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Abstract: In long-distance heavy-load transmission systems, the unique high load-bearing
capacity and trajectory constraint characteristics of the double-idler rack-and-pinionmechanism
can significantly improve the reliability of the transmission system. However, engineering
practice has revealed that factors such as tooth profile distortion caused by residual stress from
rack rolling, flatness errors of mounting surfaces, and linear expansion due to environmental
temperature changes can markedly alter the dynamic meshing characteristics of the rack and
pinion. During the meshing process of the double-idler rack-and-pinion, the deformation of
the rack and pinion and installation errors can lead to meshing impacts, thereby generating
significant impact noise. This paper analyzes abnormal meshing states influenced by changes
in center distance and pitch, constructs a defective meshing model for the rack and pinion,
and further identifies factors more sensitive to defective meshing impacts through dynamic
simulations. Finally, the paper proposes a flexible floating idler shaft structure that effectively
reduces meshing impacts. The results demonstrate that the proposed structure yields significant
improvements, particularly in the direction of pitch variation, which is more sensitive to
vibrations. Specifically, the effective vibration values for random pitch micro-variations and
sudden rack pitch changes are reduced by 60.5% and 23.4%, respectively, while those for
sudden changes in rack center distance are reduced by 57.01%. This research provides new
methodological support for optimizing the dynamic characteristics of precision rack-and-pinion
transmission systems.

Keywords: dual-idler gear-rack mechanism; meshing impact; dynamic simulation;
structural optimization; vibration and noise

1. Introduction

With the continuous improvement in industrial automation and the requirements
for high-altitude working environments, fall arresters, as critical equipment ensuring
the safety of workers, generate vibration and noise levels during operation that
significantly affect the workers’ mindset. The gear and rack, being the core of the fall
arrester’s transmission system, produce vibration and noise during the meshing process,
which is the primary source of noise in the entire arrester mechanism. Conducting
in-depth and professional analysis of the meshing vibration of the gear and rack not only
helps reveal the intrinsic mechanisms of noise generation but also provides theoretical
foundations and technical support for optimizing gear transmission design, reducing
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vibration and noise, and enhancing the overall dynamic performance of the fall arrester.
This significantly improves the safety of high-altitude operations and the reliability of
the equipment [1].

Regarding the issues of gear meshing impact and vibration noise, scholars both
domestically and internationally have conducted extensive research. Sun et al. [2]
analyzed the influence of gear meshing impact caused by tooth wear on gear dynamic
behavior. Zhang et al. [3] proposed a method that can be analyzed at the design
stage for the vibration and noise problems of gearboxes. The correlation between
gear parameters and noise is revealed by evaluating the influence of gear parameters
on the root mean square value of gear tooth acceleration (linearly related to noise).
Combined with the Simpack software dynamics model simulation and experimental
data verification, this method can optimize gearbox design parameters, effectively
reduce noise, and reduce later development costs. Liao et al. [4] proposed a new
LOD-ICA fusion method for gearbox working noise signal acquisition, which can
effectively separate the mixed signal components, complete the gearbox fault feature
extraction, and enhance the fault diagnosability. Han et al. [5] examined the meshing
characteristics of angular contact and broken-tooth fault spur gear pairs, providing an
accurate model for judging the contact state of gear pairs. Tong et al. [6] proposed
a new prediction model of gear meshing impact noise. By considering the coupling
effect of lubricating oil and elastic tooth surface, the bufferingmechanism of lubrication
on impact noise is revealed. Xiong et al. [7] established a stiffness model and a
friction coefficient model for metal-plastic gear pairs, explicitly considering the off-line
meshing caused by significant elastic deformation. They validated the accuracy of the
proposed friction model through theoretical calculation and experimental efficiency
tests. Imin and Geni [8] used the SPH method to dynamically simulate the meshing
impact process at different speeds, offering a new SPH-based numerical simulation
algorithm for gear transmission design and optimization. https://www.tandfonline.com/
author/Ning%2C+JieyuNing et al. [9] focused on the intensified driving gear-rack
interactions experienced by rack vehicles on large mountain slopes. Addressing the
limitations of treating racks as rigid bodies, they established a detailed dynamic model
considering the vertical and longitudinal flexibilities of the rack using free beam and rod
models. Validated by experimental data, the study analyzed the vibration and bending
stress features under different mounting deviations. Additionally, Yang et al. [10]
developed a rack-type vehicle-track coupled spatial dynamics model considering
the dynamic effects of multi-stage gear transmission systems, grounded in typical
vehicle-track coupled dynamics theory. Zhu et al. [11], considering the mechanism
of meshing impact, established an improved nonlinear dynamics model for spur gear
pairs that includes tooth backlash, contact ratio, multi-state meshing, and time-varying
parameters. Geng et al. [12] studied how to reduce vibration in gear systems through
active control technology, proposing a multi-channel VSMFxLMS algorithm based on
the FxLMS algorithm and validating its effectiveness experimentally. Liu et al. [13]
researched the mechanism of roller gear and involute rack meshing, demonstrating
that the instantaneous velocity change during meshing is related to rack parameters.
Ma et al. [14] proposed a Nonlinear Fast Kurtogram (NFK) method to address the
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sensitivity of the traditional FK method to aperiodic shocks, successfully extracting
gearbox fault features under strong shock interference. Dai et al. [15] proposed a hybrid
analytic-computational (HAC) method for the nonlinear vibration analysis of spur gear
pairs, which can accurately and efficiently predict the nonlinear dynamic response of
gears. Wang et al. [16] constructed a series of suitable models to analyze the influence
mechanism of pitch deviation on the meshing stiffness and vibration noise of helical
cylindrical gears.

Although existing research has extensively explored the vibration, noise, and
error impacts of general gear systems, studies specifically targeting the complex
dynamics of rack and pinion systems remain relatively limited. Due to the unique
single-sided meshing characteristics and error accumulation effects, current literature
has not sufficiently addressed the nonlinear impact of vibrations caused by the coupling
of multiple error sources. While factors such as pitch errors, meshing center distance
errors, and non-parallelism of axes [17] are known to affect transmission accuracy,
there is a lack of in-depth analysis on how these errors interact dynamically to induce
abnormal meshing states in double-idler configurations. Furthermore, few studies
have proposed effective structural optimization strategies to mitigate these specific
error-induced impacts. To address these gaps, this paper investigates the meshing
vibration response under specific error conditions. This research not only reveals the
mechanisms of error impacts on system dynamic characteristics but also proposes a
flexible floating structure to optimize the stability and reliability of the system.

2. Theoretical analysis of rack and pinion meshing vibration

Similar to gear meshing, rack and pinion meshing is also a noisy transmission
even under ideal conditions [18], with the main noise source being the friction noise on
the tooth surface [19], which is determined by the characteristics of the involute tooth
profile. In practical applications, due to the presence of an oil film, the noise generated
by tooth surface friction is usually negligible [20]. However, the inevitable deformation
under load, as well as manufacturing and installation errors, lead to vibrations and
impacts, resulting in more intense vibration noise. Generally, gear transmission noise
is divided into two categories: one is the acceleration noise caused by vibration
impacts, and the other is the self-induced noise generated by the forced vibration of the
gearbox [6]. Unlike gear meshing transmissions, most rack and pinion transmissions
are open-type transmissions, so their main noise source is acceleration noise.

2.1. Rack and pinion meshing vibration theory
Gear meshing vibration noise is mainly caused by internal and external

excitations. Internal excitations include stiffness excitation, error excitation, and
friction excitation [18]. Stiffness excitation arises from the periodic variation
of meshing stiffness [21]; error excitation is caused by tooth profile errors and
assembly errors; friction excitation is influenced by lubrication conditions and contact
characteristics [18]. External excitations are primarily caused by load fluctuations,
changes in bearing support stiffness, and assembly errors. Research has been conducted
on the vibration characteristics caused by the time-varying meshing stiffness of gear
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racks. The following analysis mainly focuses on the vibration impact caused by error
excitation.

The establishment of the dynamic model for traditional gear transmission systems
is based on the lumped parameter method [22], which treats the meshing gear and rack
as a vibration system with mass, spring, and damping. As shown in Figure 1. The
vibration of this system is mainly influenced by stiffness excitation and error excitation,
where stiffness excitation originates from the periodic variation of the time-varying
meshing stiffness of the gear and rack, and error excitation is caused by manufacturing
and assembly errors. After neglecting the elastic deformation of the gearbox, this model
can effectively describe the dynamic response characteristics of the gear pair [23].

Figure 1. Mechanical model of gear rack pair.

MrẌ + CẊ +K(t)[X − E] =
T2

R1
− F (1)

In the formula:
X—the relative displacement of the gear along the action line direction;
Mr—the equivalent mass of the gear pair;
C—the gear meshing damping;
K(t)—the gear meshing stiffness, which is a periodic function of time;
E—the relative displacement of the two gears along the action line direction

caused by tooth deformation, errors, and faults;
T2—the torque acting on the gear;
F—the force acting on the rack;
Since the tooth surface friction is negligible, T2/R1 − F = 0. Decompose E into

two parts: E1—the gear deformation caused by loading (zero when unloaded), E2—the
normal offset caused by errors and faults, and the time-varying meshing stiffnessK(t) is
taken as the average meshing stiffness. Then the above equation can be simplified as:

MrẌ + CẊ + k0X = k0E2 (2)

A typical single-degree-of-freedom forced vibration system is constructed, where
the vibration response of the gear transmission system is mainly influenced by the
combined effects of damping, equivalent stiffness, and error excitation of the gear pair.
Among these, the term k0E2, as an external excitation, reflects the impact of normal
displacement caused by manufacturing errors and faults on the dynamic behavior of
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the system. By introducing the average meshing stiffness k0 and error excitation
E2, the changes in vibration characteristics caused by error excitation during the gear
transmission process are analyzed.

2.2. Defect engagement analysis
In practical applications, the defective meshing errors of gear racks usually stem

from rack failure and installation errors [17]. These errors cause the actual tooth profile
to deviate from the ideal meshing position, disrupting the correct meshing of involute
gears, leading to instantaneous transmission ratio changes, causing tooth collisions
and impacts, and forming error excitation. Among the many factors influencing the
vibration and noise of gear racks, pitch error and center distance error dominate, with
other errors ultimately manifesting as these two types [18]. Therefore, in the field
of gear rack vibration and noise research, error excitation analysis typically focuses
on pitch error and center distance error. Defective meshing errors directly cause
fluctuations in the instantaneous transmission ratio, leading to meshing impacts and
fluctuations in meshing force, thereby becoming the main source of vibration and noise.

As shown in Figure 2, it is the schematic diagram of interference on single tooth
engagement under the influence of pitch variation.

Figure 2. Offline meshing with variable rack pitch.

When the pitch of the rack changes, the engagement process that should have
started at point N1 is advanced to start at point P , At this time, the engagement angle
γ at point P :

γ = π − arctan

(
OK

KP

)
− arcsin

(
OQ

OP

)
(3)

Since the gear rack was installed as a standard prior to this, after entering the
meshing point at P , it will slide to the point N1 and then enter standard meshing.
This sliding process is the impact process caused by pitch variation. According to the
out-of-line engagement impact model [24], the direction and magnitude of the linear
velocity at the actual contact point P and the theoretical meshing point N1 undergo a
sudden change, and the difference in normal velocity directly leads to the generation of
normal impact load. The velocity difference∆vDJ serves as a quantitative measure of
the impact.

∆vDJ = vP cos (αt − β)− vN1 cos (αg − δ) (4)

In the formula: vP, vN1 are the linear velocities at the actual contact point P and
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the theoretical contact point N1 of the gear, respectively; δ is the angle between the
direction of the linear velocity at the theoretical contact point N1 and the tooth top line
of the rack; β is the angle between the direction of the linear velocity at the actual
contact point P and the tooth top line of the rack; the angles δ and β are calculated as
follows: 

δ = π
2 − ∠ON1K

β = π
2 − ∠OPK

(5)

The Figure 3 shows the interference diagram of single-tooth meshing under the
influence of center distance variation.

Figure 3. Off-line meshing with varying rack center distance.

When the center distance of the rack changes, the meshing process that should
start at point N1 is advanced to start at point P . At this time, the meshing angle γ at the
point P is:

γ = π − arctan

(
OE

EP

)
− arcsin

(
OQ

OP

)
(6)

Since the gear and rack were installed in a standard manner before this, after
entering the mesh at point P , they would slide to point N1 and then enter the standard
mesh. This sliding process is the impact process caused by the change in pitch. The
direction and magnitude of the linear velocity of the actual contact point P and the
theoretical mesh point N1 undergo a sudden change, and the difference in normal
velocity directly leads to the generation of normal impact load.

∆vDZ = vP cos (αt − β)− vN1 cos (αg − δ) (7)

In the formula: vP, vN1 are the linear velocities at the actual contact point P and
the theoretical contact point N1, respectively; δ is the angle between the direction of
the linear velocity at the theoretical contact point N1 and the top line of the rack; β is
the angle between the direction of the linear velocity at the actual contact point P and
the top line of the rack; the calculation of angles δ and β is as follows:

δ = π
2 − ∠ON1K

β = π
2 − ∠OPE

(8)
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3. Simulation analysis of meshing under actual rack defective
conditions

This chapter categorizes the error factors that significantly contribute to the
vibration during the meshing process of the gears and racks in the fall arrest safety
device. By analyzing the two major categories of factors—the center distance and the
pitch—it explores their impact on the vibration and noise generated during the meshing
process of the gears and racks in the fall arrest safety device. These factors interact
to form complex vibration excitations, providing a theoretical basis for subsequent
simulations and structural optimizations.

3.1. Double idler rack and pinion system construction
With the continuous increase in the lifting capacity of hoisting equipment, the

working load of the safety device has also correspondingly increased. Currently,
commonly used safety devices are usually equipped with two idler gears, which
function by distributing the impact force generated during braking through the upper
and lower teeth of the safety device gear [17], thereby reducing the bending stress at the
tooth root. This design effectively prevents gear fracture caused by excessive force on
a single tooth, thereby improving the smoothness and reliability of the braking process.

However, the presence of two idler gears essentially constitutes an over-constrained
state. In actual operation, interference may occur between the idler gears and the rack
(as shown in Figure 4a). To ensure that both idler gears can simultaneously engage
with the rack, the center distance between the idler gears and the safety device gear must
be precisely adjusted. Specifically, the distance between the two idler gears must be
exactly equal to an integer multiple of the rack pitch, and the interference phenomenon
can be eliminated. Additionally, to ensure the strength of the safety device gear, positive
displacement treatment should be applied to the safety device gear while adjusting the
center distance (as shown in Figure 4b). This measure ensures that the strength of the
safety device gear teeth is not affected during the process of changing the center distance.

(a) Standard gear. (b)Modified gear.

Figure 4. The meshing interference phenomenon between the double idler and the rack.

7



Sound & Vibration 2025, 59(6), 3284.

The relevant data of the safety device gear and rack are shown in Tables 1 and 2:

Table 1. Gear data.

Modulus Number of teeth Pressure angle Modification coefficient

safety gear
8

15
20°

0.2951
idle wheel 19 0

Table 2. Rack data.

Modulus Pressure angle Pitch Top clearance coefficient Addendum Dedendum

8 20° 25.1327 mm 0.25 8 mm 10 mm

3.2. Defective rack and pinion construction under actual working
conditions
This section aims to conduct an in-depth analysis of defective racks under two

typical meshing conditions: pitch variation and center distance variation, and to
construct corresponding models. Specifically, the variation in center distance mainly
stems from factors such as assembly errors or rack bending damage, manifesting in two
forms: sudden changes and gradual changes; while the variation in pitch encompasses
sudden changes in single tooth pitch caused by gaps, as well as randomminor changes in
a section of rack pitch due to long-term stress deformation. To ensure the orthogonality
of the experimental design, as shown in Figure 5, the experimental rack is divided
into three sections: the two ends are standard racks, used to ensure normal meshing
processes; the middle section is the experimental rack, containing the aforementioned
characteristics to be studied. This sectional treatment method effectively isolates
experimental variables, thereby ensuring the reliability and validity of the experimental
results.

Figure 5. Experimental model layout.

3.2.1. Center distance deviation

Under the condition of defective meshing between the gear and rack, the variation
in center distance primarily manifests in two forms. Firstly, due to installation errors
and the bending deformation of the rack itself, there is a continuous and varying
deviation between the actual center distance and the designed center distance. Secondly,
during the splicing process of the rack, improper assembly at the joints may lead to a
sudden change in the center distance. The combined effect of these two situations
can cause the meshing center distance of the gear and rack to shift, thereby affecting
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the continuity of meshing and the smoothness of transmission, ultimately leading to
vibration and noise issues.

The phenomenon of sudden changes in center distance often occurs during the
splicing process of the rack. When the rack is improperly assembled at the joints,
it often leads to a sudden change in the center distance. As shown in Figure 6a of
the experimental model, the installation error at the joint between two standard rack
sections causes the second section to shift overall in the vertical direction, resulting in a
sudden change in the center distance. The vertical coordinate in the figure represents the
difference in the center distance direction between each tooth and the standard installed
rack.

In contrast, during the meshing process of the gear and rack, the variation in center
distance caused by installation errors and the bending deformation of the rack often
exhibits a gradual nature. This deviation is manifested as a continuous change in the
center distance along a section of the rack. As shown in Figure 6b of the experimental
model, each tooth has experienced varying degrees of offset in the vertical direction,
with the vertical coordinate similarly indicating the difference in the center distance
direction between each tooth and the standard installed rack.

Figure 6. Rack model construction of the center distance change.

3.2.2. Pitch deviation

In the case of defective engagement of the gear and rack, the change in the
rack pitch is mainly manifested in two aspects. Firstly, manufacturing defects, wear
from long-term use, and overload deformation, among other factors, may cause
slight changes in the pitch of a section of the rack during engagement with the gear,
thereby affecting the engagement accuracy and transmission efficiency. Secondly, gaps
generated during the joining of the rack can lead to pitch changes, primarily due to
clearances at the joint, installation errors, or local deformation. The gaps at the joint
cause sudden pitch changes at the splice of the rack, affecting transmission accuracy.
With impact and wear during use, the sudden pitch change caused by the joint gap may
further extend to adjacent teeth, exacerbating the uneven pitch.

The pitch changes caused by manufacturing defects, long-term wear, and overload
deformation are usually small in amplitude and irregular, often randomly distributed
over a section of the rack. Therefore, in the experimental model shown in Figure 7a,
the pitch of the middle section of the rack model has been subjected to random variation.
The vertical coordinate in the figure represents the difference between the pitch of two
adjacent teeth and the standard pitch. For the sudden pitch changes caused by gaps, the
pitch variation is characterized by a small range (typically limited to one or two teeth
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at the joint) but large amplitude. The corresponding experimental model is shown in
Figure 7b, where the joint between two standard racks causes a sudden change in pitch.
The vertical coordinate in the figure represents the size of the gap.

Figure 7. Pitch change rack model construction.

3.3. Analysis of defective meshing vibration under self-weight loads
Acceleration can serve as an important indicator for measuring vibration.

It not only intuitively reflects the intensity of vibration but also exhibits higher
sensitivity to high-frequency vibrations, capturing high-frequency components caused
by instantaneous impact forces during meshing [25]. Additionally, acceleration
facilitates comparative analysis with vibration test results in experiments and serves
as foundational data for spectrum analysis, revealing the system’s vibration frequency
and resonance characteristics. This provides precise data support for subsequent
vibration optimization design. This experiment employs Adams software for dynamic
simulation, accurately modeling complex behaviors such as contact, friction, and
deformation during gear and rack meshing, thus realistically reflecting the system’s
operational state.

3.3.1. Simulation pre-processing

Import the model file in STP format into Adams, assign material properties, apply
revolute joints between the three gears and the housing, apply translational joints
between the housing and the rack, and apply fixed joints between the rack and the
ground. Select the positive direction of the x-axis as the direction of gravitational
acceleration, and define the contact conditions between the two idler gears and the
safety gear, as well as between the two idler gears and the rack. The load during the
operation of the safety device comes only from gravity, so only a gravitational load
needs to be applied to the gear mechanism. The preset simulation time is 5 s with 500
steps. After the preliminary simulation is completed, modify the simulation time to 1.5
s and the number of steps to 8000 based on the simulation results. The pre-processing
setup for the simulation is now complete.

3.3.2. Simulation results and analysis

Figure 8 is the acceleration curve of the center of mass of the shell along the
gravity direction extracted from the post-processing interface of the simulation.
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Figure 8. Shell acceleration time domain diagram.

According to the amplitude of acceleration, the influence of gaps on pitch variation
is relatively significant, with a larger amplitude. Continuous minor pitch variations also
cause noticeable acceleration fluctuations, though the amplitude is smaller compared to
the impact of gaps. For changes in center distance, constant center distance variations
do not result in significant acceleration changes. However, the center distance changes
caused by joints are positively correlated with speed. The acceleration change caused
by the first gap is smaller, while the second segment is more pronounced.

3.3.3. Vibration analysis

The vibration condition of a structure can be measured by the vibration severity
of the structure. Vibration intensity can be quantitatively described by the root mean
square values of structural vibration displacement, vibration velocity, or vibration
acceleration [25]. In engineering, the root mean square of vibration velocity is
commonly used to quantitatively describe vibration intensity, and its mathematical
definition is:

Vs =

√(∑
Vx

Nx

)2

+

(∑
Vy

Ny

)2

+

(∑
Vz

Nz

)2

(9)

In the equation, Vsrepresents the vibration severity described by vibration velocity,
with the unit of mm/s; Nx, Ny, Nz are the number of measurement points in the three
mutually perpendicular directions of x , y, z respectively; Vx, Vy, Vz are the root
mean square values of structural vibration velocity in the three mutually perpendicular
directions of x , y, z , and the corresponding calculation expressions for each direction
are:

Vrms =
√

1
T

∫ T
0 V 2(t)dt (10)

In the formula, Vrms is the root mean square value of vibration velocity, with the
unit of mm/s; V (t) is the function of vibration velocity varying with time, with the
unit of mm/s; T is the measurement period, with the unit of s.
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In order to accurately evaluate the dynamic response of the structure and obtain
the nodal vibration velocity, the shell model was imported into the ANSYSWorkbench
transient dynamics module. To replicate the actual working conditions, as shown in
Figure 9, fixed supports were applied to the contact surfaces of the slide rails on both
sides; simultaneously, the dynamic joint loads obtained from the preceding Adams
dynamic simulation were mapped onto the three intermediate shafts as time-varying
boundary excitations [26].

Figure 9. Vibration finite element.

Consequently, the vibration velocity data of the shell was obtained, as shown in
Figure 10. To quantify the vibration intensity, four characteristic nodes (Figure 9) at
the top were selected as monitoring points to extract the response curves. Figure 11
presents the corresponding mesh quality statistics and force convergence residual plot.
The discretized model consists of 193,507 nodes and 42,589 elements, predominantly
composed of high-quality Hex20 units. These metrics indicate that the model exhibits
good convergence and high mesh quality.

Figure 10. Time-domain plot of vibration intensity.
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Figure 11. Mesh Quality Statistics and Model.

From these four time-domain plots, it can be observed that different error
conditions exhibit distinct impact patterns in the vibration response: when the center
distance changes abruptly, a pronounced and steep impact peak appears in the latter
half, demonstrating a strong instantaneous acceleration pulse; gradual center distance
variation induces relatively mild but prolonged vibration fluctuations; when pitch
mutation occurs due to gaps, the meshing process generates sudden large pulses
at specific moments, with higher and concentrated peaks; whereas random minor
pitch variations scatter multiple small-to-medium amplitude peaks throughout the time
domain, forming a dispersed vibration feedback. The sensitivity of defective meshing
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between double idlers and the rack to pitch variation is significantly higher than that to
center distance changes.

4. Comparison of improvement programs and vibration data

This chapter focuses on the structural optimization of the gear-rack meshing
mechanism, with an emphasis on improving vibration and noise issues caused by
installation errors and long-term use. In actual working conditions, the meshing state
between the gear and rack often deviates from the designed state due to insufficient
installation accuracy and accumulated wear during use, leading to additional off-line
meshing impact forces, which in turn cause vibrations and noise, affecting the stability
and service life of the system’s transmission. The structural optimization scheme
proposed in this chapter adopts a floating gear structure, where a mechanism similar
to a cross slider is installed on the gear shaft of one side idler, allowing the gear
shaft to have two degrees of freedom in a plane perpendicular to the axis. Flexible
constraints are provided by springs, enabling automatic adjustment and compensation
for deviations caused by installation errors and wear. This improvement can effectively
reduce the impact forces under non-ideal meshing conditions, enhance contact quality,
and thereby achieve a reduction in vibration and noise. Through Adams dynamics
simulation verification, this optimization solution demonstrates significant advantages
in improving transmission dynamic performance and extending equipment service life.

4.1. Improvement program and modeling
The core of the design lies in the adoption of a floating gear structure. By installing

a mechanism similar to a cross slider on the idler gear shaft on one side, the gear shaft
gains two degrees of freedomwithin a plane perpendicular to its axis, enabling adaptive
fine-tuning during the meshing process. The cross slider mechanism allows the gear
shaft to independently adjust its position in both horizontal and vertical directions,
compensating for pitch deviations and center distance changes caused by imprecise
installation and cumulative rack wear. This compensation effectively reduces the
additional off-line meshing impact force introduced by pitch deviations at the seam
of the gear rack, thereby improving the dynamic performance of the entire meshing
process.

In structural design, the cross-slider mechanism employs a spring as a flexible
constraint element, as shown in Figure 12, whose role is to provide appropriate
feedback force for the gear shaft, enabling it to quickly buffer and return to the ideal
position when subjected to impact. Simultaneously, by reasonably designing the
geometric dimensions, travel range, and constraint torque of the slider, it ensures that
the meshing state of the gear and rack remains stable under normal operating conditions.
When affected by installation errors or wear, the mechanism can automatically adjust,
reducing impact and vibration.
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Figure 12. Enhanced floating gear shaft structure.
Note: 1—longitudinal jogging spring; 2—longitudinal floating slider; 3—Fixture; 4—transverse jogging spring; 5—transverse floating
slider.

4.2. Comparison of simulation data under the same operating conditions
By quantitatively comparing the vibration acceleration response of the improved

floating gear structure with the traditional rigid design, the actual effectiveness
of structural optimization measures is systematically evaluated. Using the Adams
simulation platform, gravity-direction acceleration loads are applied under standard
working conditions to simulate the dynamic responses under four different working
conditions. By contrasting the peak acceleration values and their spectral characteristics
of the improved scheme under various impact conditions, the advantages of the
enhanced structure in mitigating additional impact forces caused by installation errors
and usage wear are thoroughly explored.

As shown in Figure 13 by comparing the vibration time-domain diagrams of
the original mechanism and the improved mechanism under four error conditions,
it is evident that the improved structure has significant advantages in mitigating
vibrations: under the condition of pitch mutation caused by gap issues, the improved
structure effectively reduces the instantaneous impact peak and significantly decreases
severe vibrations; in the condition of random pitch micro-variation, the original
mechanism frequently exhibits medium to high amplitude acceleration pulses, while
the improved structure makes the acceleration response more stable and greatly reduces
the peak value; under the condition of center distance mutation, the improved design
significantly reduces the impact force generated during the mutation; and in the
condition of gradual center distance change, the improved mechanism, through an
adaptive adjustment mechanism, stabilizes the overall vibration amplitude, avoiding
prolonged high vibrations caused by error accumulation. Overall, the structural
optimization of the floating gear and flexible support effectively reduces acceleration
impacts caused by various errors, enhancing the stability and vibration resistance of the
rack and pinion transmission system.
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Figure 13. Post-Improvement vibration data comparison.

5. Conclusion

In this paper, the out-of-line meshing of gears and racks caused by different types
of errors is classified, and the influence of different types of out-of-line meshing on
meshing vibration is analyzed theoretically. Then, the dynamic simulation experiments
are carried out for different out-of-line meshing conditions, and the acceleration is used
as the quantitative standard of vibration intensity. Finally, the original structure is
improved to reduce the impact. The specific results are as follows:

1. For the two types of out-of-line meshing in the center distance direction and the
pitch direction, the influence of out-of-line meshing in the pitch direction on the
meshing vibration is much greater than that in the center distance direction.

2. For the offline meshing with varying center distance direction, the vibration
effect of the center distance increasing process is larger than that of the center
distance decreasing process. For offline meshing in the pitch direction, due
to the over-constrained nature of the double-idler mechanism, the influence of
pitch defect errors on the meshing mechanism is not limited to gear engagement.
Vibration impacts occur throughout the entire process as the double-idler
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mechanism passes the defect, and due to the cumulative effect of pitch errors, even
minor pitch variations can lead to significant vibration impacts.

3. Replacing the rigid gear shaft with a flexible floating gear shaft effectively
mitigates the impacts caused by off-line meshing. Given that vibrations are highly
sensitive to pitch variations, the improvement provided by the flexible shaft is
particularly significant in this regard. As illustrated in Figure 14, the effective
vibration values decreased by 60.5% and 23.4% for random pitch micro-variations
and sudden rack pitch changes, respectively. Meanwhile, reductions of 57.01% and
5.3% were observed for sudden and gradual changes in the rack center distance.

(a) Standard deviation of vibration acceleration. (b) RMS of vibration acceleration.

Figure 14. Improved comparative analysis of mechanical vibration data.
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