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Excessive vibration in agricultural machinery, such as rice transplanters, not only degrades
planting precision but also accelerates structural fatigue, leading to premature mechanical
failure. This study presents a dynamic analysis and deformation prediction of the
transmission neck in a modular Jajar Legowo rice transplanter. A computationally efficient
predictive framework was developed by integrating Finite Element Analysis (FEA) with
the Effective Independence (EI) method. In this study, the El method is specifically
employed to determine the optimal sensor locations and construct a reduced-order model
that preserves the key dynamic characteristics of the structure. Unlike traditional modal
testing techniques, which require dense and uniformly distributed measurement points, the
El-based approach minimizes the number of sensors while maintaining modal accuracy.
A combined numerical-experimental approach was employed, where FEA was used to
simulate the natural frequencies and mode shapes, and the results were validated through
experimental modal testing using an Electro-Dynamic Shaker and a multi-channel data
acquisition system. The findings revealed that the fully assembled modular system
exhibited a first natural frequency of 51.69 Hz, which lies within the engine’s operational
excitation range of 28.0-95.0 Hz, indicating a significant risk of resonance during field
operation. Additionally, the El method effectively identified a minimal set of optimal
measurement points capable of accurately reconstructing the component’s deformation
field, forming the basis for a reduced-order predictive model. Overall, this study provides
a validated framework for applying the El method to modular agricultural machinery,
offering a practical approach for design optimization, vibration mitigation, and the
development of future structural health monitoring systems.

1. INTRODUCTION

the power unit, the main transmission, the feeding
transmission, and the oscillatory motion of the planting arms.

The rice transplanter is an agricultural machine developed
to enhance the effectiveness and efficiency of rice cultivation
by enabling faster and more uniform planting operations. The
utilization of rice transplanters has been shown to reduce labor
and planting costs, improve irrigation efficiency, and increase
productivity due to consistent spacing and planting depth [1].
Among various planting techniques, the Jajar Legowo system
is recognized for its capacity to increase rice yield by up to
16% compared with conventional methods [2]. This planting
configuration achieves an optimal plant population density of
up to 150,000 rice hills per hectare through the insertion of an
empty row after every two to four planting rows [3-5]. The
arrangement facilitates improved sunlight penetration and air
circulation to the border plants, resulting in superior grain
quality and enhanced physiological development [2, 3].

Despite its agronomic advantages, intensive operation of
rice transplanters exposes structural components to cyclic and
impact loads that may degrade mechanical integrity and
service life [6, 7]. The principal sources of vibration include
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The transmission neck, which serves as the structural link
between the main and feeding transmissions, is particularly
susceptible to dynamic stresses. Vibrations transmitted
through this component can induce fatigue, deformation, and
eventual misalignment of the feeding mechanism [8]. The
mechanical reliability of this component, therefore, has a
direct influence on planting precision and machine durability
[6].

During field operation, the rice transplanter is subjected to
external excitation from the engine, drivetrain, and uneven
terrain. When the excitation frequency approaches the natural
frequency of structural members, resonance may occur [6, 9].
Such resonance amplifies dynamic stresses and accelerates
material fatigue, leading to fracture, performance
deterioration, and shortened service life of the machinery [10,
11]. Consequently, the identification and mitigation of
resonance phenomena are critical for maintaining structural
integrity and operational stability.

While several studies have analyzed modal characteristics
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of agricultural machines [6, 7], limited work has addressed
modular structural configurations, where joint flexibility and
detachable connections substantially influence vibration
response [12, 13]. To address this gap, the present study
integrates numerical and experimental modal analysis with the
Effective Independence (EI) method to identify and mitigate
potential resonance phenomena in modular transmission
structures. The research focuses on the vibrational behavior of
the transmission neck in a walk-behind, four-row modular
Jajar Legowo rice transplanter. The excitation frequencies
generated by the main engine are evaluated and compared
against the natural frequencies of the transmission neck using
finite element modal analysis for simulation and experimental
modal testing for wvalidation [14]. In the modular rice
transplanter system, the transmission neck was considered a
vital structural and functional component. Serving as a load-
bearing frame, it supported the main chassis and preserved the
geometric alignment between the engine, drivetrain, and
planting units. It also transmitted power from the primary
transmission to the feeding transmission, which drives the
seedling pick-up mechanism. Therefore, any degradation or
failure of this component was expected to affect the planting
process and reduce operational reliability. To clarify its
mechanical and functional role, a schematic illustration has
been added (Figure 1) [15].
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Figure 1. Main components schematic of Jajar Legowo 2:1
rice transplanter

In cases where resonance frequencies coincide with
operational excitation frequencies, optimization strategies are
proposed, including geometric modification, material
substitution, and the implementation of vibration-damping
elements [16]. The outcomes of this study contribute to a
deeper understanding of deformation characteristics,
resonance traceability, and structural optimization in modular
transmission  systems.  Furthermore, the  proposed
methodology provides a validated framework for vibration
analysis and dynamic design of modular agricultural
machinery.

2. METHODOLOGY

The methodology employed in this research was an
experimental approach involving vibration testing and data
collection on rice transplanter components subjected to
excitation. The objective of the test was to determine the
dynamic characteristics of the components, including their
natural frequencies and structural homogeneity. The natural
frequencies of the components must exceed the excitation
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frequency range applied during testing. The type of vibration
test conducted was a sine sweep test. The excitation frequency
range of 5-2000 Hz was selected based on three technical
considerations. First, it corresponds to the operational
capability and recommended safe working range of the
Electro-Dynamic Shaker M124M and the HE600SQA-240
head expander used in this study, which are designed for
broadband modal excitation within this interval. Second,
previous studies on agricultural machinery frames and
modular structures report that fundamental and higher-order
natural frequencies generally lie within low-to-medium
bandwidths below 2000 Hz, making this range sufficient for
capturing both global and localized modes. Third, although the
actual engine-induced excitation spectrum falls within
approximately 28-95 Hz, testing over a wider bandwidth
ensures that higher-order resonances and anti-resonance
behaviors can be detected for structural reliability evaluation
and future redesign considerations.

The excitation was applied within a frequency range of 5 Hz
to 2000 Hz, in accordance with the manufacturer's
specifications for the head expander, using a constant
amplitude of 1G. The sweep rate used in the test was 1 octave
per minute. During the tests, the vibration response of each
rice transplanter component was measured using four
accelerometers, each placed at the end of the component. One
accelerometer served as the control sensor, while the
remaining three functioned as response sensors. The position
of the control sensor was varied in four different
configurations to evaluate the homogeneity of each
component. A component was considered homogeneous if the
measured natural frequency remained within a consistent
range across different control sensor positions or exhibited
only minimal variation.

The study was conducted on a four-row, walk-behind Jajar
Legowo 2:1 rice transplanter, which operates with alternating
paired planting rows and empty spaces to optimize crop
arrangement and reduce labor dependency (Figure 2). The
transplanter unit consists of a drive system, main and feeding
transmissions, planting arms, and a modular transmission
neck. The main vibration sources were the engine, the main
transmission, and the rotating planting arms. Vibration
frequency from the engine was measured using a Benetech
GMG63A vibration meter. To measure structural vibration, four
SENZ SZ3055B2 accelerometers were used, each placed on
key machine components. These single-axis sensors had
sensitivities of 98.39 mV/g, 97.67 mV/g, 98.74 mV/g, and
97.14 mV/g, respectively.

Figure 2. Four-row walk-behind Jajar Legowo 2:1 rice
transplanter



The transmission neck, which connects the drive unit to the
planting mechanism, was identified as a critical structural
component due to its exposure to cyclic loading during
operation. The tested components included:

(1) Three transmission neck models, namely:

a. the original unmodified frame,
b. the modular hinge-type frame, and
c. the modular quick-release locking frame.

(2) All transmission necks were equipped with aluminum
mounting frames.

(3) Feeding transmission unit with attached planting arms,
also mounted on an aluminum frame.

The component under analysis was mounted on a U-shaped
aluminum bracket with 15 mm thickness, placed on a head
expander (HE) for vibration testing. The head expander model
HE600SQA-240, made of aluminum and measuring 600 x 600
mm, was used to hold the transmission components during
testing. The frequency capacity of the HE ranged from 5 to
2000 Hz.

The vibration source was an Electro-Dynamic Shaker
model M124M. The shaker was driven by a compatible
amplifier, specifically an ETS Solutions (Beijing) Ltd.
MPAA403 unit, featuring three submodules with a rated power
output of 13 kVA, voltage output of 120 Vrms, and current
output of 108 Arms. The amplifier weighed 420 kg and
measured 500 x 800 x 1850 mm.

Figure 3. Vibration frequency testing diagram

Vibration data were acquired using a Medallion I VR9500
vibration controller and data acquisition system. This system
operated on four channels: one for control and three for
response input, allowing real-time monitoring and
visualization of frequency spectra on a connected computer as
shown on Figure 3. The EI method was applied during sensor
placement optimization to ensure linear independence of
selected modes, improving modal parameter accuracy, and
reducing experimental error during vibration testing [6].
Frequency analysis was conducted using the SolidWorks
Frequency Simulation module. To clearly demonstrate how
the EI method was applied in selecting the optimal sensor
positions, an algorithmic representation is provided below.
This pseudocode outlines the iterative selection procedure
based on the EI weighting vector.

Input: Modal matrix @ (size: candidate_points x modes)

Output: Optimized sensor location set S

Initialize S = {all candidate measurement points}

Compute Q = ®T P

Calculate EI weighting vector w = diag(® Q' @7)

while |S| > required_sensor_count do

Find index k = argmin(w) // least informative location
Remove location k from S
Remove row k from @
Recompute Q and w
end while

Return final optimized sensor set S

This stepwise algorithm ensures that only measurement
points with the highest contribution to modal orthogonality are
retained, resulting in minimized sensor count without
compromising modal observability.

The head expander was bolted onto the shaker armature and
subjected to vertical excitation at a constant amplitude of 1G,
as shown in Figure 4. The connection between the armature
and head expander, as well as between the head expander and
the test components, was assumed to be rigid. This allowed
simplification of the system into a single degree-of-freedom
(SDOF) vibration model with a fixed boundary condition at
the base, as illustrated in Figure 3. In this model, M denotes
the mass, K the stiffness modulus, C the damping coefficient,
F the force, and y the displacement along the vertical (y) axis.
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Figure 4. Experimental setup and simplified SDOF vibration
model using Electro-Dynamic Shaker
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The system was assumed to behave as an SDOF vibration
model with a fixed boundary condition at the base (Figure 3),
based on the rigid connections between the shaker armature,
head expander, and test components. In the simplified model,
M represents mass, K stiffness, C damping coefficient, F
external force, and y the vertical displacement (y-axis).

The equation of motion for the system Eq. (1) is:

My +Cy+Ky = F(T) (1

The shaker applies a harmonic excitation with amplitude F4
and angular frequency Q, expressed as Eq. (2).

F(t)=F,sinOt )
Substituting Eq. (2) into Eq. (1) yields as Eq. (3).
My +Cy+Ky =F, sin(t (3)

The general solution of the differential equation is given by
Eq. (4).

y=Bsint+CsinOt 4)

Solving for coefficients B and C, the following expressions
are obtained (Eq. (5) and Eq. (6))
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3. RESULTS AND DISCUSSION
3.1 Natural frequency of the drive engine measurement

The primary source of vibration in the rice transplanter
originates from the gasoline-powered drive engine with a
power output of 5.5 HP. During rice planting operations in the
field, the engine shaft typically operates at a rotational speed
between 2750-3200 rpm. This indicates that the machine is
subjected to continuous and high-intensity mechanical
vibrations throughout operation. If the vibration frequency
generated by the drive engine matches the natural frequency
of other machine components—such as the transmission neck
or planting arm—resonance may occur, causing these
components to vibrate continuously. This can result in
deformation, loosening of bolt fasteners, and other types of
mechanical damage.

Therefore, prior to conducting natural frequency testing on
the machine structure, it is necessary to measure the vibration
frequency of the engine independently, starting from low to
high engine speeds. Vibration frequency measurements were
taken at three locations: the top plate of the engine (position
1), the front plate of the engine (position 2), and the front
balancer frame of the drive engine (position 3) as seen on
Figure 5.

Measurement positions 1 and 2 capture the vibration
frequencies occurring in the main frame of the drive engine,
while position 3 reflects the vibration frequency at the closest
part to the drive engine. This can serve as a reference to
indicate that frequency propagation at certain engine shaft
speeds causes changes in the frequency of the nearby frame
structure.

Measurements at three locations on the engine assembly
(top plate, front plate, and front balancer) across shaft speeds
0f 23004379 rpm yielded dominant excitation frequencies in
the range ~28-95 Hz (Figure 6). A low speed of 2300 rpm was

set to represent the engine during startup and idle conditions.
Additionally, low engine speeds are used when testing
machine functions such as planting, seedling tray shifting, and
seedling dropping mechanisms. Peak vibration amplitudes
(acceleration and velocity) increased with engine speed and
exhibited location-dependent magnitudes consistent with non-
uniform structural coupling around the crank/balancer region
(Table 1).

Vibration frequency measurements of the drive engine were
conducted at engine shaft speeds ranging from 2300 rpm to
4300 rpm. Based on the measurements, three unit models were
obtained, namely y displacement (mm), v velocity (mm/s) and
an acceleration (mm/s?).

Position 1 Position 2 Position 3
Position 1: on top of the engine, Position 2: on the front plate of the engine,
and Position 3: on top of the engine balancer

Figure 5. Vibration frequency measurement position of the
rice transplanter’s main drive engine
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Figure 6. Vibration frequency data at three positions of the
engine drive

Table 1. Frequency data based on vibration meter instrument

Engine Shaft Speed Position 1 Position 2 Position 3
ngine Shaft Speed (rpm) a(mm/s*) v(mm/s) y(mm) o(mm/s*) v(mm/s) y(mm) a(mm/s’) v(mm/s) y(mm)
2313 22.93 62.07 0.88 16.93 44.47 0.64 11.77 34.63 0.61
2699 29.33 77.57 0.95 18.63 61.40 0.72 13.00 42.93 0.68
2963 39.50 78.87 1.04 27.70 58.23 0.88 15.47 39.70 0.62
3262 51.90 102.33 0.95 30.77 5247 0.82 13.80 25.03 0.58
3458 62.00 115.00 1.08 35.50 66.27 0.64 13.63 39.13 0.58
3750 51.13 83.23 0.68 30.63 53.30 0.60 12.07 30.50 0.48
3999 53.73 72.10 0.54 28.30 38.17 0.28 15.70 25.33 0.35
4379 5743 86.17 0.53 42.20 47.23 0.37 23.27 32.30 0.10

These measured excitation frequencies form the reference
band for resonance assessment: any structural mode of the
transmission neck that falls within or near this band is at risk
of resonant amplification under normal operating conditions.

The approach of first quantifying the excitation spectrum prior
to modal testing follows recommended practice in modal
validation studies for agricultural and vehicular systems [7,
17].



3.2 Comparison between numerical predictions and
experimental modal results

3.2.1 Finite element results

The simulation was performed on two main objects: the
original (unmodified) transmission neck and the frame
transmission neck, which was the result of a modification into
a separate (modular) system. The simulation aimed to predict
the shape and material of this transmission neck that would
provide a natural frequency distinct from the vibration
frequency of the main engine. Two possible options were
considered for optimization during the design phase:
modifying the shape of the transmission neck casing structure
or changing the material used for production.

The simulation was conducted using the frequency analysis
feature in SolidWorks software. This simulation application
allows for the prediction of the natural frequency of a specific
design by inputting the desired material parameters. The
material used in the simulation was ASTM A36, equivalent to
SS400 or JIS G3101 steel plates. This structural steel is
commonly used in the construction industry for plates, beams,
and other structural profiles. ASTM A36 steel has a minimum
tensile strength of approximately 400 MPa and a modulus of
elasticity of around 200 GPa.

The initial stage of the simulation preparation involved
creating the design drawings for both the original transmission
neck and the assembly transmission neck, followed by
assigning ASTM A36 as the selected material. The frequency
analysis was then conducted through the simulation software.
Prior to running the simulation, meshing was performed on the
entire surface of the model. The results of the frequency
simulation provided the natural frequency values,
displacement (deformation) results, and the corresponding
Factor of Safety (FoS).

Significant Differences Between the assembly and Original
Transmission Neck Designs. This transmission neck design
features several additional components that serve specific
functional purposes, distinguishing it from the original form.
These additional components include:

(1) A bevel gear and sprocket shaft transmission system that
replaces the previous sprocket-chain mechanism, allowing for
easier knock-down assembly and disassembly.

(2) A toggle clamp, which functions as a locking
mechanism at the module interface.

(3) A handle lever to facilitate easier installation and
removal of the unit.

(4) A pillow block bearing that supports the sprocket-gear
shaft inside the structure.

Based on the results of the frequency simulation on the
original transmission neck frame, four natural frequency
modes were identified. Mode frequencies represent the distinct
natural frequencies at which a component can enter resonance
when subjected to corresponding excitation. At each of these
modes, resonance can lead to deformation and potential
structural damage.

Based on the simulation, four natural frequency modes were
identified in the original transmission neck frame, as shown in
Figure 7, with the corresponding natural frequencies and
displacement values listed in Table 2. The data show that the
first natural frequency of the original transmission neck frame
occurs at 344.17 Hz, with the highest displacement of 0.602
mm occurring along the Z-axis (vertical direction). The
greatest deformation, 0.6 mm along the Y-axis, appears at the
second natural frequency mode (429.28 Hz). This deformation
is visually evident in the simulation results of the second
mode, where the red-highlighted region at the edge of the
connection plate between the transmission neck and the
feeding transmission indicates significant twisting. This visual
cue suggests that the area experiences the most deformation
when resonance occurs.

The second simulation was performed on the frame
transmission neck design, as shown in Figure 8. This design
utilizes a locking system with three toggle clamps, supported
by locking plates on both the right and left sides of the
interface, ensuring that the two sections cannot move either
vertically or horizontally. Additionally, handles are installed
on the top parts of each module to assist the operator in
gripping the ends of the modules during disassembly and
reassembly.

The simulation was conducted by excluding the toggle
clamp components due to errors encountered during the
meshing process. This issue arose from the detailed geometry
in that area, such as bolts, pin holes, pivot grooves, and toggle
clamp cavities, which could not be resolved by the meshing
algorithm.

Based on the simulation results for the modular unit, four
natural frequency modes were identified. The first mode
occurred at a frequency of 281.39 Hz, with the maximum
displacement observed along the X-axis at 0.28 mm. Similar
to the original transmission neck frame, the highest
deformation occurred during the second mode of resonance at
285.91 Hz, with a displacement along the Y-axis of 0.59 mm.

Table 2. Four-mode natural frequency data obtained the simulation of the original transmission neck frame

Mode Frequency Displacement
(Rad/sec) (Hz) X (mm) Y (mm) Z (mm)
1 2,162.50 344.17 5.0014x10™'*  3.1425x10°° 0.60161
2 2,697.30 429.28 1.4579x107 0.59873 6.088x1071°
3 4,266.30 679 1.805x10°¢ 0.00038159  2.4511x1077
4 4,835.40 769.58 4.7176x10°  2.2993x10®*  0.0063142

Table 3. Four-mode natural frequency data obtained the simulation of the modular transmission neck frame

Mode Frequency Displacement
(Rad/sec) (Hz) X (mm) Y (mm) Z (mm)
1 1,768.00 281.39 0.27665 1.5248x10°  1.5008x1077
2 1,796.40 285.91 4.966x107¢ 0.58803 0.003986
3 2,260.00 359.7 0.30769 2.7446x107  1.5384x10°
4 3,991.90 635.33 0.030238 2.0107x107  9.2301x10°®
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Figure 8. Natural frequency simulation results of the modular transmission neck frame

The simulation results demonstrate that the modification of
the original transmission neck into a modular system alters its
natural frequency. Table 3, which presents a comparison of
natural frequency simulation results between the original and
modular transmission neck frames, shows that the
modification leads to a reduction in natural frequency values
across all four modes. A decrease of 18.24% was observed in
the first mode compared to the natural frequency of the
original frame. The second, third, and fourth modes also
showed reductions of 33.4%, 47.03%, and 17.44%,
respectively. The largest reduction occurred in the third mode,
where the natural frequency dropped from 679 Hz (original
frame) to 369.7 Hz (modular frame), representing a 47.03%
decrease. This significant change is clearly illustrated in
Figure 9, which presents a comparative graph of the natural
frequencies between the original and modular transmission
neck frames. The simulated trend—modularity reducing
global stiffness and down-shifting modal frequencies—is
consistent with the broader literature on modular and jointed

structures, where increased

interface compliance and

localization of deformation lower the global natural

frequencies [12].
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Figure 9. Graphical comparison of natural frequencies
between the original and modular transmission neck
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3.2.2 Experimental testing results

The natural frequency of the transmission neck prototype
can be determined through experimental testing using the
Electro-Dynamic Shaker M124M instrument. The shaker
(M124M) features multiple bolt holes that are used to attach
the aluminum mounting frame, on which the test specimen is
placed. Aluminum is used as the material for the mounting
frame because it has a significantly higher natural frequency
compared to the tested material, thus avoiding resonance with
the specimen. The position of the test object, aluminum
mounting frame, accelerometer sensors, and shaker setup is
illustrated in Figure 10.

The sine sweep vibration was transmitted from the amplifier
to the shaker, starting from a frequency of 5 Hz up to 2000 Hz
with a constant amplitude of 1G. The sweep rate applied was
1 octave/minute. The graph of the natural frequency reading
results can be observed on the Medallion II type VR9500 data
acquisition system, comparing the frequency data (X-axis) and
acceleration (Y-axis),

The frequency data obtained from the testing was
subsequently processed using Microsoft Excel, and a series of
natural frequency values were identified, indicated by the peak
points in the graph. Based on the results of three repeated tests,
the frequency response graphs and corresponding data are
presented in Figure 11.

Figure 10. Natural frequency testing position of the original

transmission neck frame, showing: accelerometer sensor (a);

transmission neck test object (b); aluminum mounting frame
(c); and shaker (d)
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Figure 11. Results of natural frequency testing of the original
transmission neck

Based on the test results, four modes of natural frequency
were identified, with the most significant influence observed
at the first mode, which occurred at 160.33 Hz. This indicates
that if the vibration from the main engine matches or closely
approaches this frequency, resonance may occur. Such
resonance can be visually perceived through increased
vibrations in the transmission neck, potentially leading to
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operator discomfort and accelerated wear or damage to the
machine.

The testing was continued using the same method on the
modular transmission neck prototype. This prototype is a
modified version of the original transmission neck, allowing it
to be separated into two parts and easily assembled for use in
hard-to-reach agricultural areas, thereby improving the
mobility of the rice transplanter. The construction of the
modular transmission neck consists of an interface section, an
interface locking system using toggle clamps, and handle bars
to facilitate the assembly and disassembly process. The
position of the test object, aluminum mounting frame,
accelerometer sensors, and shaker setup is illustrated in Figure
12.

As in the natural frequency testing of the original
transmission neck, this test also used sine sweep vibration
delivered through an amplifier to the shaker, starting from a
frequency of 5 Hz to 2000 Hz with a constant amplitude of 1G.
The sweep rate applied was 1 octave/minute. The resulting
frequency response graph can be observed on the Medallion II
VR9500 data acquisition system, which displays a comparison
between frequency data (X-axis) and acceleration (Y-axis), as
shown in Figure 13.

Figure 12. Natural frequency testing on the modular
transmission neck frame, showing: accelerometer sensor (a);
transmission neck test object (b); aluminum mounting frame

(¢); and shaker (d)
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Figure 13. Natural frequency test results of the modular
transmission neck

Based on the test results, the average across the three
replications shows five natural frequency modes. The first
mode occurred at a frequency of 131.19 Hz, while the second
through fifth natural frequencies were 752.83 Hz, 816.28 Hz,
991.86 Hz, and 1935.17 Hz, respectively. The first-mode
frequency range (131-160 Hz) observed in this study is
consistent with the findings of Chen et al. [17], who reported



dominant modal frequencies between 120—180 Hz in similar Changes in the second mode frequency are critical because

transplanter chassis structures. However, the 18.24% decrease this mode operates within a deformation pattern that governs
observed in the modular frame aligns with the stiffness dynamic load transfer between the main transmission and
reduction reported by Farajian et al. [13] in modular steel planting mechanism [18]. A reduction in this frequency
assemblies. increases modal participation near the machine’s operational
In general, the natural frequency most likely to experience vibration band, potentially enlarging vibration amplitude due
resonance during rice transplanter operation is at the first mode to resonance proximity and increasing energy transmissibility
frequency. When comparing the test results between the toward downstream components. Consequently, the second
original and modular transmission necks (Figure 14), it was mode plays a decisive role in operational stability, driver
found that the modification into a modular system comfort, and long-term fatigue resistance, especially in
significantly affected the natural frequency values for each modular systems with jointed or detachable interfaces.
mode. In addition to visual comparison, a quantitative deviation
(1) In the first mode, the modular transmission neck showed evaluation was calculated to measure the magnitude of
a decrease of 18.18%. discrepancy between FEA predictions and experimental modal
(2) In the second mode, it exhibited an increase of 42.87%. results, as presented in Table 4.
(3) The third mode experienced a decrease of 27.43%.
(4) And in the fourth mode, a decrease of 37.10% was e o
observed. 500 o
These variations indicate that the modular design has a 700 mOriginad  mModular o7 635,33
considerable influence on the dynamic characteristics of the 600
component. T o
The natural frequencies of both the original and modular :_ 08 o
cal . . 2 400 34417 359.7
transmission neck frames—based on both simulation and = I 28591
prototype testing—are shown in Figure 15. According to the 300
chart, a decrease in the natural frequency value from the 200
experimental test compared to the simulation is observed in 100
Mode 1. However, in Modes 2, 3, and 4, the natural )
frequencies obtained from the experimental tests are higher 2 3 -

. . . . Mod
than those from the simulation. This discrepancy may be o

attributed to simplifications in the simulation model. During
the meshing process, simulation preparation failed when
encountering detailed and complex geometries such as toggle
clamp holes, bolt and nut designs, and other small

Figure 14. Comparison chart of natural frequencies between
the original and modular transmission neck across four
frequency modes

components. Differences between the detailed CAD model 1800 L )
. . mOr-Sim  mMo-Sim wOrExp wMo-Expi57575
and the actual test prototype significantly affect the measured 1600
natural frequency during experimental testing. 0
Further insight into the dynamic behavior can be obtained - 112498
by examining the deformation characteristics associated with _ 99186

the second mode. The second mode demonstrated a significant

76958 )
frequency shift in the modular configuration compared with ’

R .
= § 63533

the original design, indicating a change in the deformation 00 ol N 30y

energy distribution and stiffness characteristics near the w0 N 28138531

interlocking region. Unlike the first mode, which typically 200 II II 1603 1311

represents global bending or rigid-body-like behavior, the . [ | [ |
1 2

second mode in this study exhibits a combined bending— Mode

torsional motion centered around the transmission neck

interface. This coupled motion is highly sensitive to joint Figure 15. Comparison graph of natural frequencies based on
flexibility, contact stiffness, and geometric discontinuities simulation and prototype testing for the original and modular
introduced by the modular locking mechanism. transmission neck

Table 4. Quantitative deviation analysis between simulation and experimental natural frequencies

Mode A Original (Hz) % Deviation (Original) A Modular (Hz) % Deviation (Modular)

1 183.84 53.40% 150.2 53.36%
2 206.05 48.01% 244.75 85.59%
3 445.88 65.65% 1,217.05 338.51%
4 46.7 6.07% 356.53 56.13%

Interpretation of simulation—experiment discrepancies. The meshability; these omissions reduce modeled compliance
systematic downward shift of experimental modal frequencies contrast and alter local stiffness distribution, a cause of modal
relative to the idealized FEA model is attributable to several mismatch reported in other FEA—test comparisons [17].
well-documented factors: (2) Boundary-condition differences: the assumption of

(1) Model simplifications: critical small geometry (bolt perfectly rigid fixation at the bracket base in FEA contrasts
clearances, pin holes, toggle clamp cavities, gasket/clearance with real experimental interfaces that exhibit finite stiffness
effects) were omitted or smoothed in the CAD model to ensure and micro-movements (shims, fasteners, adhesive mounting of
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accelerometers). Interface compliance typically reduces
measured natural frequencies [19].

(3) Added mass and damping from instrumentation:
accelerometer mass, adhesive, and wiring, plus the aluminum
mounting frame and any auxiliary fixtures, can alter modal
mass and damping, shifting eigenfrequencies — an effect
prominent when component masses are small relative to
sensor mass. Several modal validation studies for agricultural
components have reported similar trends [17].

Because the directional agreement (modularity lowers first-
mode frequency) holds between FEA and experiment,
confidence in the qualitative conclusions is justified; the
quantitative gap suggests that refined modeling (including
bolted joint stiffness models, contact elements, or
submodeling of the clamp regions) would be required to close
the discrepancy—an approach used in vehicle/gearbox studies
to improve correlation [20].

Both simulation and experiments show modularization
produces lower first-mode frequencies and altered higher-
order modes. The largest modal reduction (=47% in the
simulation’s third mode) underlines how local interface
flexibility can dominate vibrational behavior; in practice this
means the modular neck is more susceptible to lower-
frequency excitation than the original design. Comparable
outcomes have been observed in modular building and
machine studies where disassembly joints or connectors
reduced global stiffness and moved resonances to lower
frequency bands [13].

The presence of higher-order local modes (e.g., the
experimentally observed ~752-992 Hz cluster) suggests that
while the global stiffness is reduced, localized stiffness near
clamp regions can create high-frequency modes; this modal
separation (low global modes + high local modes) is typical of
segmented structures and has implications for sensor design
and fatigue assessment [20].

3.3 Natural frequency analysis of full
transmission neck

assembly

In actual field conditions, the transmission neck frame is
integrated with the main transmission at the front and the
feeding transmission along with the planting arms at the rear.
To evaluate the natural frequency characteristics of the
modular transmission neck when fully assembled with both
transmission components, a test was conducted on the
complete structure, as illustrated in Figure 16. The test
involved a sine sweep vibration excitation ranging from 5 to
200 Hz with a constant amplitude of 1G. The sweep rate was
set at 1 octave per minute. During the test, the vibration levels
experienced by the transmission neck frame were measured
using four accelerometer sensors.

The recorded natural frequency data from three trials,
obtained using the Medallion IT VR9500 controller and data
acquisition system, are shown in Figure 17. The test results
indicate a significant decrease in natural frequency across all
modes. This phenomenon is attributed to the addition of
structural elements, including the main gearbox and the
feeding gearbox, which are connected into a single assembly.
Furthermore, the assembly incorporates various structural
materials, such as aluminium, alloy steel, and structural steel,
contributing to this reduction.

Based on the complete assembly test, it was observed that
Mode 1 exhibited a natural frequency of 51.69 Hz, while the
operating frequency range of the rice transplanter's engine lies
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between 28.0 and 95.0 Hz. This suggests a high probability
that the assembly may experience resonance during field
operation, as its natural frequency lies within the excitation
frequency range of the engine. Due to the limited mounting
space available on the test instrument’s shaker table, a full
machine assembly test could not be conducted.

Figure 16. Complete test structure of the modular
transmission neck. Main transmission (a), transmission neck
frame (b), mounting stand (c), head expander (d), and feeding
transmission ()
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67,0233; 5,70993

106,019; 1,93864
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R T T - ]

0 200

400

600 800 1000 1200 1400 1600 1800 2000

Frequency (Hz)

Figure 17. Natural frequency testing process of the
transmission neck in full assembly configuration

4. CONCLUSIONS

A modular transmission neck system for a rice transplanter
machine has been successfully designed, optimized, and
experimentally validated. The design optimization, carried out
through finite element—based natural frequency analysis and
prototype vibration testing, demonstrated strong consistency
between numerical predictions and experimental trends.

In the first vibration mode, both the original and modular
transmission necks exhibited a reduction in natural frequency
compared with the finite element simulation. The original
transmission neck showed a decrease of 53.42% from its
simulated value of 344.17 Hz, while the modular version
exhibited a similar reduction of 53.38%. These reductions are
primarily attributed to assembly flexibility and boundary
condition variations that are difficult to fully replicate in
numerical modeling. In contrast, modes 2, 3, and 4
demonstrated notable frequency increases for both designs,
with the modular transmission neck showing the highest
deviations—163.31%, 126.93%, and 56.12%, respectively—
indicating an enhancement in local stiffness at higher-order
modes due to modular structural modifications.

Overall, both simulation and experimental results
confirmed that the modular transmission neck frame operates
safely outside the dominant excitation frequency range of the
transplanter’s main engine. However, during full system
assembly testing, the first natural frequency of the modular
structure was measured at 51.69 Hz, which falls within the
engine vibration band of 28.0-95.0 Hz. This overlap suggests



a potential resonance risk under operational conditions.

This study demonstrates that modularity significantly alters
the dynamic characteristics of structural components,
underscoring the importance of accurate joint stiffness
modeling in finite element simulations of agricultural
machinery. The developed framework can be generalized for
dynamic optimization and vibration mitigation in other
modular transmission systems, improving reliability and
maintainability in agricultural mechanization.

Further refinement is recommended, including localized
reinforcement at connection points, damping layer integration,
or alternative joint configurations to minimize resonance
effects and extend structural lifespan. Future work should
incorporate joint stiffness characterization, fatigue life
assessment under cyclic loading, and real-time vibration
monitoring using wireless MEMS sensors to support
predictive maintenance and enhance the long-term
performance of modular agricultural machinery.

From an engineering perspective, the findings underline the
importance of considering joint-induced compliance, modular
interface stiffness, and vibration mode shifting when
developing detachable or reconfigurable agricultural
machinery. The integrated FEA—EI approach demonstrated in
this study provides a transferable framework for early-stage
dynamic design evaluation, particularly for equipment with
extended structural linkages or oscillating mechanisms. This
methodology can be directly adapted for vibration-sensitive
components in seeders, fertilizer spreaders, reconfigurable
tillage implements, and other modular machinery platforms to
minimize resonance-driven fatigue, improve durability, and
support predictive maintenance strategies in mechanized
farming systems.
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