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Abstract. To reveal the influence patterns of various internal and external excitations, such as
errors, clearances, stiffness, rotational speeds, and loads, on the gear transmission system of the
height adjuster, and to optimize the vibration and impact generated by these excitations, theoretical
modeling, numerical analysis, and simulation verification methods were comprehensively utilized
to calculate and analyze the periodic motion characteristics and response amplitudes of the seat
height adjuster. The results show that, to prevent the system from entering a chaotic state, the input
gear speed should avoid the speed ranges of 1349 r/min-1359 r/min and 1589 r/min-2060 r/min.
This work provides a theoretical basis for the selection of operating conditions for the gear
transmission system of the height adjuster, and also offers valuable references and insights for
engineers and technicians in related fields.

Keywords: seat height adjuster, vibration impact, lumped parameter method, periodic motion
characteristics.

1. Introduction

In today’s society, with the diversification of transportation vehicles, people’s demand for
comfort is also increasing. Especially for car seats, the comfort of the seat directly affects the
feelings of drivers and passengers. However, everyone's body shape and comfort requirements
vary. By optimizing the seat adjuster, the comfort of driving and riding can be improved [1].
However, seat adjusters often produce vibration and noise during operation, which not only affects
the riding comfort but may also have a negative impact on people’s health. Therefore, studying
the vibration and noise problems existing in the operation of seat adjusters has important practical
significance. The height adjuster component is shown in Fig. 1.

Fig. 1. Height adjuster assembly. Image source: Car seat reclining motor, model: T73GM-0000 12V,
Wuyuan Jieyi Automobile Electric Appliance Co., Ltd, China
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As an important component of car seats, the design and comfort of seat height adjusters have
always been a focal point of research for scholars both domestically and internationally. Jiaxing
Zhan conducted an in-depth study on the self-locking gears in seat height adjusters, quantitatively
analyzing the effects of torque, tip radius, center-to-center distance error, and misaligned shafts
on the self-locking gear pair [2]. Sung-Yuk Kim and Key-Sun Kim delved into the impact of the
dynamic characteristics of lead screws. Through modal tests, they studied the vibration
characteristics of lead screws under different boundary conditions and applied the test results to
mathematical models for numerical analysis. The research revealed that the main causes of
resonance noise and unstable vibration in lead screws are related to the constraint method of the
front bracket [3-5]. Purnendu Mondal [6] evaluated the vibration levels inside cars for seated
human subjects and the seats themselves. His simulation system can predict the ultimate vibration
levels inside the seats and human subjects, providing strong support for related research and
design. During the operation of the seat height adjustment gear transmission system, internal
excitations such as transmission errors, backlash, and time-varying meshing stiffness can induce
vibrations, shocks, and chaotic behaviors, leading to fatigue damage, noise pollution, and reduced
operational efficiency in the transmission system [7]. Adrien Mélot and others proposed a
nonlinear dynamic analysis method that considers the holes on the gear blank and the resulting
multi-harmonic internal excitations. By connecting two flexible shafts to a pair of spur gears with
holes, time-varying meshing stiffness (TVMS) and load static transmission error (LSTE) are
identified as the main sources of vibration in the gear system [8-10]. Song [11] demonstrated a
negative correlation between the gears' geometric center distance and meshing stiffness amplitude,
and discovered that gear vibration can affect the relative position of the gears. To optimize fuel
economy and improve vehicle longitudinal control performance, Lyu [12] proposed a gear
planning strategy considering traffic light information and velocity tracking control. Takes into
account various nonlinear factors such as nonlinear oil film force, time-varying meshing stiffness,
and tooth-side clearance, Gao [13] analyzed the impact of nonlinear oil film force on the system's
dynamic characteristics, for a plain bearing-secondary helical gear planetary system.

Based on the literature review above, it is evident that the vibration and impact phenomena in
gear transmission systems have garnered extensive research attention both domestically and
internationally. While existing literature has explored the vibration and impact phenomena caused
by internal excitation in gear transmission systems, there is a lack of theoretical construction and
optimization analysis specifically targeting the vibration and impact behavior of seat height
adjusters, given their unique structure and load characteristics

1 2 3 4
number of teeth 17 40 17 32
Normal modulus 1.5 1.5 2 2
Tooth profile angle(°) 20 20 20 20
center distance(mm) 4275 | 4275 |49 40

Fig. 2. 3D model diagram of the height adjuster transmission system and its basic parameters

This study focuses on the gear transmission system of the car seat lifting mechanism. Fig. 2
depicts the three-dimensional simplified model of the research object: the transmission system of
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the car seat height adjuster. The model data is derived from a small electric mechanism developed
by Xiangyang Hangli Electromechanical Technology Development Co., Ltd. (Patent No.: CN
217029719 U). By combining theoretical modeling with simulation verification, an in-depth
analysis of the system's vibration and impact phenomena is conducted. Firstly, a nonlinear
dynamic model is constructed, which fully considers the translational and torsional degrees of
freedom of all components. Based on this, corresponding differential equations are derived.
Numerical analysis is used to analyze the periodic response patterns, seeking the periodic response
characteristics of the system. Based on this, the harmonic balance method is applied to reveal the
system's vibration and impact phenomena. Finally, a multi-factor analysis model for vibration and
impact is established using the Taguchi method, identifying and optimizing the most critical
excitation factors affecting vibration and impact behavior. The optimization effect is verified
through the simulation model.

2. Theoretical modeling research on the gear transmission system for automobile seat height
adjustment

In the seat height adjuster transmission system, errors are inevitably present in the processing
and installation of various components. These errors not only exist in individual components but
may also accumulate and amplify during the coordination and assembly of components, thereby
significantly affecting the overall performance of the gear transmission system [14]. This is
manifested in multiple aspects. Firstly, when assembling components into a complete transmission
system, various factors such as fit clearance and pre-tightening force can lead to deviations in the
relative position and angle of components. Secondly, the runout error of the gear's pitch circle is
also an important factor affecting system performance. Furthermore, during the processing and
assembly process, the measurement of component dimensions and shapes is also influenced by
the accuracy of measuring tools and the skill level of operators, resulting in measurement
deviations. These factors collectively constitute the dynamic excitation sources of the gear
transmission system, which may cause problems such as vibration, impact, and noise during
system operation [15].

2.1. Backlash

During the gear transmission process, to ensure that a lubricating oil film can effectively form
between the meshing tooth profiles, and to prevent the phenomena of seizure and expansion
caused by heat generated from inter-tooth friction, a certain gap, namely the tooth flank clearance
or simply referred to as side clearance [16], needs to be maintained between the tooth profiles. Its
expression is as follows:

b b
Sj—z, 5j>E’
b
f() =10, |5;] <z (1)
b b
6j+5' 6j<_5'

where b represents the measurement value of the tooth clearance converted to the meshing line.
2.2. Meshing damping
The energy dissipation during gear meshing is a complex phenomenon, involving multiple

physical mechanisms and factors. Plastic deformation, inter-tooth friction, lubricating oil film, as
well as the material and structural characteristics of gear teeth, all have an impact on this process.
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These factors not only act individually but also have alternating and coupled effects on each other,
making precise modeling of meshing damping very challenging.

Currently, the quantitative description of meshing damping typically relies on empirical
formulas. These formulas are often based on experimental data and observed phenomena,
attempting to capture the relationship between meshing damping and key parameters such as
damping ratio, meshing stiffness, and gear quality [17]. Generally, the empirical formula for
meshing damping can be expressed as:

2

where, ¢ represents the damping ratio; k,,, represents the average value of time-varying meshing
stiffness; m, and m, represent the masses of gears 1 and 2, respectively.

2.3. Meshing stiffness

During gear operation, a phenomenon of periodic meshing between single and double teeth
occurs, leading to periodic changes in the elastic deformation and stiffness excitation of the gear
teeth. This, in turn, produces periodic impacts on the transmission system. As shown in Fig. 6,
this stiffness variation caused by the transition from single to double tooth meshing is referred to
as “time-varying meshing stiffness”.

meshing \ \
line \ \ h
o
- L - L O - ‘}‘:
[
7
. [
single / ;
—— tooth b .
double 1T I double tooth // RN !
tooth meshin, '
meshing & / / /
| | | | | | | | | meshing root base tip
stiffness circle ~circle circle
Fig. 3. Meshing stiffness variation Fig. 4. Cantilever beam model

The analytical calculation model for solving gear meshing stiffness using the potential energy
method is shown in Fig. 3. The comprehensive elastic deformation energy of the meshing gear in
this model is composed of multiple parts, including the Hertzian contact energy, bending potential
energy, radial compression deformation energy, shear deformation energy, and matrix energy of
the cantilever beam, and energy changes occur during the meshing process [18]. These five types
of potential energy can be represented as follows:

F? F? F? F? F?

Uy==——, Up=o, Uy=o, Uy ==, Uy = —,
T2k, P T 2K, T 2K, 2K, T 2K

€)

where, F represents the meshing force exerted on the gear; K, K;,, K,, K;, K¢ and respectively
represent the Hertzian stiffness, bending stiffness, radial compressive stiffness, shear stiffness,
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and matrix stiffness produced by a single gear under meshing conditions. As can be seen from
Fig. 4, the meshing force exerted on the gear can be decomposed into horizontal and vertical forces
F,. According to the parallelogram rule, it can be deduced that:

F,=Fsina,;, F, =Fcosa;. 4)
Based on the principles of elastic mechanics, the relationship between relative displacement

and load, influenced by the geometric shape of the tooth surface and material properties, defines
the Hertzian contact stiffness as described in [19]:

I = nEL 5
hT 41 =02y )
where, E represents the elastic modulus of the material; L is the width of the gear tooth; v is
Poisson’s ratio.
Based on the beam deformation principle in material mechanics, when subjected to meshing
force F, corresponding bending potential energy will be generated [19]. In addition, radial
compression deformation energy and shear deformation energy are as follows:

F? 4[F,(d — x) — F;h]?
Uy =—= f dx, 6
72K, ), 2EI, ©
FZ d Fa2
Up=o—= f dx, (7)
2K, J, 2EA,
U F? fdl.Zszd ®
= = x,
ST2K, ), 2GA,

where, A, represents the area of the cross-section at point x where the meshing force acts; I,
denotes the moment of inertia; and G stands for the shear modulus. The expression for the time-
varying meshing stiffness of the gear pair in the single tooth meshing state is as follows:

1

1 1 1 1 1 1 1 1 1 9)
-+ + + + + + + +
Kh Kobl Kosl Koal Kofl Kobz Kosz Koaz Kofz

K =

The parameters of the seat height adjustment system are shown in Table 1. Using Maple
software and the aforementioned formula, the time-varying meshing stiffness of a pair of gears
was calculated, and the results are presented in Fig. 8.

Table 1. Main parameters of gear pairs

S1 Sy S3 Sa
Number of teeth z 17 40 17 32
Modulus m 1.5 mm 1.5 mm 2 mm 2 mm
Pressure angle a 20° 20° 20° 20°
Full tooth height h | 3.375 mm | 3.375 mm 4.5mm 4.5 mm
Base circleradius 7 | 11.98 mm | 28.19 mm 15.97 mm 30.07 mm
Moment of inertia j 3.13x10° | 5.5485x10% | 1.4921x107° | 9.370x107
kg-mm? kg'mm? kg mm? kg-mm?
Young’s modulus E 2.05x10" 2.05x10'"! 2.05x10" 2.05x10'"!
N/m? N/m? N/m? N/m?
Poisson’s ratio v 0.269 0.269 0.269 0.269
Tooth width b 10 mm 8 mm 12 mm 10 mm
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As can be seen from Fig. 5, the time-varying meshing stiffness of the gear pair exhibits
alternating changes due to the periodic variation of contact ratio. This alternating variation divides
the comprehensive stiffness into two distinct regions: the single tooth meshing region and the
double tooth meshing region. In these two regions, the comprehensive stiffness exhibits different
characteristics, which have a significant impact on the transmission performance of the gear pair.
At the boundary between the two regions, there is a significant jump in stiffness. This alternating
meshing characteristic induces sudden changes in load, generating dynamic excitation. Similarly,
Fig. 6 shows the comprehensive meshing stiffness of gear pair Ps,, which is consistent with the
results in reference [20].

36%10°
H 34x10°
26%10 -

Meshing stiffness (N/m)
Meshing stiffness (N/m)

0 01 02 03 V o 0.1 02 0.3
] ]
Fig. 5. Meshing stiffness of gear pair P;, Fig. 6. Meshing stiffness of gear pair P3,

2.4. Kinetic model and equations

This article constructs a dynamic model of the height adjuster transmission system based on a
two-dimensional plane. Considering the translational vibration (x;, y;) and torsional vibration (8;)
of each gear in the system, it aims to more comprehensively reflect the dynamic behavior of the
system. By employing the lumped mass method to build the dynamic model and using the
second-order Lagrange equation to derive the corresponding set of nonlinear dynamic differential
equations, a solid theoretical foundation is provided for subsequent analysis and research, based
on the following assumptions:

1) The meshing force always acts along the direction of the meshing line. A spring damping
unit is used to describe the dynamic characteristics of the meshing pair, including its meshing
stiffness that varies with time, damping effect, tooth backlash, and possible errors that may occur
during the transmission process.

2) Assume that the meshing force generated by all gear pairs is completely confined within the
meshing plane, without considering the force components outside the plane.

3) The friction impact of each component at the support point is ignored, as well as the friction
force generated during the meshing process of gear teeth.

Based on the above assumptions, a “translation-torsion” dynamic model of the seat lifting
mechanism transmission system is established, as shown in Fig. 7.

In Fig. 7, k, and k3, represent the equivalent meshing stiffness of gear 1 and gear 2, as well
as gear 3 and gear 4; k, and k,,; represent the axial and tangential support stiffness of the gears,
respectively; I, T, and m represent the rotational inertia, load, and mass, respectively; c,, and e,
represent damping and transmission error, with counterclockwise rotation taken as the positive
direction.

By introducing eccentricity error, clearance piecewise function, and clearance influence
coefficient into the differential equation, the precise dynamic equation for the height adjuster is
ultimately obtained:

(1) The revised nonlinear motion differential equation for input gear s;:
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my¥y — kq2(t) - f(812) - sin(@q13) — ¢z - 5"12 -sin(@q2) + pikix; =0,
m i + k(@) - f(612) - COS((P12)'+ C12 * 612 - €OS(@12) + kY1 =0, (10)
J101 + 11 - kap(8) - 815 + 1y - C1p - 64 + 112k 0, = Th.

(2) The revised nonlinear motion differential equation for gear s,:

myX, + k() - f(612) - sin( @) + €12 8.12 -sin( @q2) + pzkyx, =0,
mg'yz = k12(t) - f(812) - cos( (P12)._ C12 - 012 - €0S(P12) + ok, =0, (11)
J202 + 15 kip(t) - 12+ 15 €1 642 + 722k2t92 =T,.

(3) The revised nonlinear motion differential equation for gear s5:

M3¥3 — k34 (t) - f(834) - SIN(P34) — C34 - 8‘34 -sin(@34) + Uzksxs =0,
M3¥s + K34(t) - f(834) - COS(@34) + C34 + 634 - COS(P34) + Uzk3ys = 0, (12)
J303 + 75 - kg (t) - 34 + 75+ €34~ O34 + 13°k5,03 = Ts.

(4) The modified nonlinear motion differential equation for output gear s,:

My¥y + k34 (t) - f(834) - SIN(P34) + C34 - 8_34 - Sin(@3q) + Uskaxy = 0,
MyYs = K34(8) - f(834) - COS(P34) = C34* 834+ COS(P34) + UsksVs = 0, (13)
JaOs + 7y K3y (t) - 834 + 7y - €347 834 + 1uhgr0y = Ty

Among them, meshing damping: ¢4, = 2 - &4y - /ﬁ, a,b=1,23 4.
a b

& transmission error

- damping
Vv mesh stiffness

Fig. 7. “Translation-Torsion” dynamic model of the seat lifting mechanism transmission system
2.5. Non-dimensional equations

In this work, the gear transmission system of the seat height adjuster exhibits distinct
characteristics in its parameter performance under the international standard unit system. The
magnitude of the stiffness coefficient is roughly distributed between 107 and 10°, while the
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magnitude of the damping coefficient is located in the range of 102 to 10°!. Correspondingly, the
magnitude of the vibration displacement that needs to be solved is between 10 and 10*. To
effectively avoid such problems and improve the accuracy and efficiency of the solution, it is
particularly important to perform dimensionless processing on Egs. (14-15). The time
dimensionless representation is as follows:

T=wgt, (14)

where, w, represents the nominal time scale:

_ 2 T3
Wq = \/kslsz : (Is_l + Is_2>’ (15)
s1 s2

where, kg5, represents the average meshing stiffness; r is the radius of the base circle; I is the
moment of inertia.
1) Dimensionless nonlinear motion differential equation of input gear s;:

. 1 . 1 1
myx, — ? “k12(8) - f(612) - sin(@q2) — w_ C12 - 512 sin( @) +— w2 “Ukix; =0,

d d d
1 1 1
my iy +—5 - ki2(t) - f(612) - cos(P12) +— ¢z - 612 - cos(@12) +— - ikyys =0, (16)
ws Wy w3
L1 1 .1, T,
J161 +w_§ 1y kyp () - 612 + w_d Ty Cpp O +w_‘21'7'1 k16, = bcwé

2) Dimensionless nonlinear motion differential equation of gear s,:

. 1 . 1 1
myX, + o k12 (t) - f(812) - sin( @) + — d “ ¢y 815 - sin(@y) + — 5 Uakox, =0,
d

d
. 1
myy; — el ki2(t) - f(612) - cos(@12) ——¢C1z 812 cos( ¢12) t3 5+ Uakoy, =0, (17)
| 1 1, Tz
20, + w_é 1y kip(t) - 615 + w_d "1y Ciz 512 + w_czl 1%k 0, = bcwczz

3) Dimensionless nonlinear motion differential equation of gear s;:

. 1 1 1
MmzXx3 — F k3a(t) - f(834) - SIN(@34) —— C34 534 sin(@z4) +— ,u3k3x3 =0,
d

wj
1 “ 1
mzys + o2 k34(t) - f(834) - cOS(@34) +— 0 ©C34 - O34 - COS(@34) +— z “usksys; =0,  (18)
d
L1 1 .1 Ty
J365 + a)—é 13 k3 (t) - 834 + (U_d T3 C34° O34 + w_ﬁ 13°K3:03 = bcwé

4) Dimensionless nonlinear motion differential equation of output gear s,:

. 1 . 1 1
myXy + o k34(t) - f(834) - Sin(@34) + — g + €34+ O34 - SIN(P34) +— o2 “Ugkaxy =0,

d
. 1 1 . 1
MyYs — —5 - k34(t) - f(834) - COS(P34) =~ C34 - O34 COS(P34) +— - Uakyys = 0, (19)
(J)d (OF] (L)d
1 1 . 1 5 Ty
/494 1y Kag(t) - 634 + Tyt C3q 034+ 5 k8, = 2
wd wq w5 b.w§
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2.6. Numerical calculation by Runge-Kutta

The fourth-order Runge-Kutta method is renowned for its high-precision characteristics.
Compared with lower-order methods, it can provide more accurate calculation results under the
same conditions, thus meeting more stringent requirements for calculation accuracy [21]. The
formula of the fourth-order Runge-Kutta method is as follows:

Yn+1 = Yn + 6h(ky + 2k, + 2k5 + ky), (20)

where, ¥, + 1 represents the value of the next discrete point, and y,, is the value from the previous
iteration. h is the time step, and k4, k,, k3, k, are four intermediate variables, which are calculated
using the following formulas:

kl =f(tn'yn)'
h h
k, =f(tn+§'3/n+§k1>;

h h
k3 = f(tn + E'Yn +Ek2>:
Uk, = F(t, + R,y + hks).

2D

In each iteration, based on the value of the previous iteration y,, and the time step h, the next
discrete point’s value y, + 1 is calculated using the above formula. The deviation A between the
two calculated results is then checked, that is:

A= |y + i) (22)

Define an allowable error € as the criterion for judging the calculation accuracy. When the
difference A between the current result and the previous result is greater than ¢, it is considered
that the current result has not yet met the required precision requirement. Therefore, the iterative
calculation will continue, usually using the halving method to narrow the calculation range. This
process will repeat until the A obtained in a certain iteration is less than &.

3. Numerical analysis
3.1. The influence of meshing frequency on the periodic motion

Set the backlash parameter of the adjuster transmission system to 20 um, with a meshing
damping ratio of 0.07. The bifurcation diagram of the meshing pair Pgq,, within the interval
[0.1, 2.01] is shown in Fig. 8.

404

T T T T T
02 o4 06 08 10 12 14 16 18 20
Q

Fig. 8. Bifurcation diagram of the response of the meshing pair P,
with respect to the meshing frequency Q,,
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Through in-depth analysis of Fig. 3, it can be observed that when the system’s dimensionless
meshing frequency (1,, is within the interval [0.1, 0.69], the system exhibits a single-period motion
pattern, which is predictable. When the dimensionless meshing frequency exceeds a certain
specific value, the motion state of the system begins to transition to quasi-periodic motion. When
the meshing frequency reaches 0.7, as shown in Fig. 9, under certain specific conditions, the
system will fall into a chaotic state. The time history curve of the system will no longer exhibit
periodic characteristics, but will instead present a non-periodic complex pattern. This reflects the
complexity and uncertainty of the system's internal dynamic behavior. At the same time, the phase
trajectory exhibits an unclosed state, which further confirms the instability of the system
dynamics. On the Poincaré section, many irregular points can be observed scattered among them,
which reflect the complex and disorderly motion pattern of the system in the chaotic state.

12 °
10 M °

s o o ° °

- o
Los o
»

o

830 840 850 860 -2 0 2 4 6 8 10 12 2 3 4 5 6 7 8 9

a) Time history curve b) Phase trajectory ¢) Poincaré section
Fig. 9. Pseudo 3-cycle response of the system with meshing frequency 1.98, a) in which the x-axis
represents non-dimensional time 7 and the y-axis represents non-dimensional penetration depth,
while in b)-c), the x-axis represents non-dimensional penetration depth of the meshing pair
and the y-axis represents non-dimensional penetration speed

Under the condition of (), = 1.98, the transmission system transitions from a chaotic state to
a quasi-periodic state, as illustrated in Fig. 10. The time history curve exhibits a periodic motion
characteristic, with a clear periodicity of 3. Simultaneously, the phase trajectory forms a closed
state after circling three times, displaying a certain degree of repeatability and forming a specific
curve band. On the Poincar¢ section, three dotted lines spiraling according to the same pattern can
be observed, further confirming that the system has entered a quasi-3-periodic motion state.

640 645 650 655 660 665 1o s 0 3 10 Is 13 14 15 16
‘

a) Time history curve b) Phase trajectory c¢) Poincaré section
Fig. 10. Pseudo 3-cycle response of the system with meshing frequency 1.98, a) in which the x-axis
represents non-dimensional time 7 and the y-axis represents non-dimensional penetration depth,
while in b)-c), the x-axis represents non-dimensional penetration depth of the meshing pair
and the y-axis represents non-dimensional penetration speed
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The gear meshing frequency represents the rotational speed of the gear. To optimize the
vibration performance of the height adjuster during operation, chaotic states should be avoided.
When the output load is 600 N-M, the dimensionless meshing frequency should avoid the two
specific intervals of [1.29-1.30] and [1.52, 1.97]. Converted to the rotational speed of the input
wheel s1, it falls within the ranges of 1349 r/min to 1359 r/min and 1589 r/min to 2060 r/min. By
avoiding these speed intervals, it can ensure that the gear system maintains a stable periodic
motion state, thereby effectively reducing the vibration noise of the height adjuster transmission
system and improving the overall smoothness and reliability of operation.

3.2. The influence of meshing damping ratio on the periodic motion

When the meshing damping ratio ¢ is set to 0.07, 0.09, 0.11, and 0.13, corresponding
bifurcation diagrams of the system’s periodic response with respect to the meshing frequency are
plotted, as shown in Fig. 11. The stability region of the system expands as the meshing damping
ratio increases. This implies that a higher damping ratio aids in suppressing the system’s unstable
behavior, allowing the system to maintain periodic response across a broader range of meshing
frequencies. Furthermore, as the damping ratio increases, the bifurcation points shift towards
higher meshing frequencies. This suggests that increasing the damping ratio can elevate the
threshold for system bifurcation, enabling the system to maintain stable periodic response even at
higher excitation frequencies.

prd

{

oo o‘o o

=7
-
I
}.,
ey
”/

¥}

0 03 1 15 2 0 05 1 15
Q Q

c)¢é=0.11 d)&=0.13
Fig. 11. Bifurcation diagrams with different meshing damping ratios

By analyzing the bifurcation diagram of the system dynamic response with respect to the
meshing damping ratio & and combining it with the bifurcation diagram of the system periodic
response with respect to the meshing frequency under different meshing damping ratios, we can
draw the following conclusion: at lower damping ratios, the system is prone to entering a chaotic
state and experiencing more complex bifurcation paths. At higher damping ratios, the dynamic
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behavior of the system becomes simpler and more predictable, but an excessively high damping
ratio may lead to an overly sluggish system response. Therefore, when designing a gear
transmission system, an appropriate damping ratio can be selected based on the required dynamic
performance. As shown in Fig. 12, when & =0.03, the system transitions to a four-periodic
motion.

=20

°
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‘

a) Time history curve b) Phase trajectory ¢) Poincaré section
Fig. 12. Pseudo 4-cycle response of system with meshing damping ratio 0.03. In a), the x-axis represents
dimensionless time 7, and the y-axis represents dimensionless penetration depth. In b)-c), the x-axis
represents the dimensionless penetration depth of the meshing pair, and the y-axis represents the
dimensionless penetration speed

By analyzing the bifurcation diagram of the system dynamic response with respect to the
meshing damping ratio ¢ and combining the bifurcation diagram of the system periodic response
with respect to the meshing frequency under different meshing damping ratios, it can be concluded
that at lower damping ratios, the system is prone to entering a chaotic state and experiencing more
complex bifurcation paths. At higher damping ratios, the dynamic behavior of the system becomes
simpler and more predictable, but an excessively high damping ratio may lead to an overly
sluggish system response. Therefore, when designing a gear transmission system, an appropriate
damping ratio can be selected based on the required dynamic performance.

3.3. The influence of backlash on the periodic motion

As shown in Fig. 13, the system exhibits a quasi-2-period state. In this state, although the time
history curve resembles a 2-period cycle, there are still subtle differences. The phase trajectory
appears as a closed curve band that circles twice and has a certain width, further revealing the
complexity of the system’s motion. Meanwhile, the two closed loops on the Poincaré section also
indicate the instability of the system's dynamic behavior. As the dimensionless backlash of the
gear continues to increase, the dynamic behavior of the system undergoes significant changes. For
example, in b = 6.0 a certain state, the system enters a chaotic state, as shown in Fig. 14. This is
because excessive backlash leads to impact and noise, exacerbating system vibration and wear,
and reducing the transmission efficiency of the equipment, thereby affecting the stability of the
equipment.

Based on the above conclusions, it can be inferred that under light load conditions
T, = 100 N'm the selection of the dimensionless tooth side clearance should fall within the range
of 2 to 5. An excessively small clearance can lead to issues such as inflexible meshing, significant
tooth surface wear, and tooth jamming, while an excessively large clearance can result in
significant energy loss during transmission and affect system stability. Therefore, when designing
the body height adjuster, it is necessary to reasonably control the size of the tooth side clearance
to achieve optimal transmission efficiency and equipment stability.
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a) Time history curve b) Phase trajectory c¢) Poincaré section
Fig. 13. Quasi-2-cycle response of a system with a dimensionless flank clearance of 5.5. In a) the x-axis
represents the dimensionless time 7, and the y-axis represents the dimensionless penetration depth.
In b)-c) the x-axis represents the dimensionless penetration depth of the meshing pair,
and the y-axis represents the dimensionless penetration speed
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Fig. 14. Chaotic response of the system with a dimensionless tooth side clearance of 6, where a) shows the
x-axis representing dimensionless time 7 and the y-axis representing dimensionless penetration depth,
while b)-c) show the x-axis representing the dimensionless penetration depth of the meshing pair
and the y-axis representing the dimensionless penetration speed

3.4. The influence of load on the periodic motion

Under the conditions of maintaining a dimensionless meshing frequency of 1, a meshing
damping ratio of 0.07, and a tooth backlash set at 20 um, a bifurcation diagram of the system with
respect to the change in load T, is plotted, as shown in Fig. 18. This diagram specifically presents
the calculation results of the meshing pair Pg;g,.

200 400 600 800 1000 1200 1400 1600 1800 2000
T,
Fig. 15. Bifurcation diagram about load torque T,
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As can be seen from Fig. 15, when the torque T, is less than 420 N-m, the system exhibits
chaotic motion, with dynamic behavior that is difficult to predict and lacks obvious periodicity.
However, as the torque gradually increases, the motion characteristics of the system begin to
change. When the torque increases to a certain level, the system transitions from chaotic state to
quasi-three-period motion. In this state, although the system still exhibits a certain degree of
complexity and uncertainty, it begins to show a periodic trend, that is, its motion state cycles
between three different periods. As the torque continues to increase, the system eventually evolves
from quasi-three-period motion to stable single-period motion. At this point, the motion of the
system becomes highly regular and predictable, repeating in a fixed cycle. This stable
single-period motion state indicates that the system has reached a certain equilibrium, and its
response to external disturbances is relatively stable. Therefore, under heavy load conditions,
appropriately increasing the torque can help reduce the vibration response of the system and
improve its shock absorption effect. However, it should be noted that excessive torque can lead to
excessive stress, causing fatigue damage to the gears. Therefore, in practical operations, the torque
needs to be appropriately increased according to the working conditions and system characteristics
to achieve the best shock absorption effect and system stability.

4. Simulation verification

The simulation experiment requires the use of computers and related software, which can be
conducted quickly and at a low cost in a virtual environment. Moreover, in the simulation
environment, the adjustment and optimization of parameters become extremely convenient,
allowing for the easy observation of the impact of various parameter changes on the system
performance.

Fig. 16. Three-dimensional dynamic model of the gear transmission system
of the height adjustment device based by ADAMS

This work uses the SolidWorks 3D software to establish the parametric model of the gear and
conduct interference-free assembly. The basic geometric parameters of the studied height
adjustment device are shown in Table 2. Based on the basic geometric parameters of the two pairs
of gear pairs in the table, the 3D modeling is carried out using the SolidWorks software, as shown
in Fig. 16. The generated files are imported into the ADAMS software, and the material properties
of each component are defined. The software will automatically calculate the mass and moment
of inertia of each component.

There is a close relationship between the vibration of the gear transmission system and the
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dynamic meshing force. The dynamic meshing force is the main excitation source causing the
vibration of the gears, and its variation directly affects the vibration response of the gears. By
analyzing the fluctuations of the dynamic meshing force, the vibration condition of the system can
be indicated. By changing parameters such as the tooth side clearance, eccentricity error, and load,
the vibration condition of the gears can be understood, and the obtained conclusions can be
compared with the theoretical results. Based on the parameters set in the Table 2, 11 different
working conditions were simulated, and the results are shown in Table 3.

Table 2. Parameter settings of simulation model
Running time (s) 5
Material Steel
Ky, =2.234x108
Ks, =3.097x10%
Ky, = 4.529x10% N/m
K34 = 5.051x108N/m
Cy, =2.2645E+05
C,3 = 2.526E+06

Average value of time-varying meshing stiffness of gear pair (N/m)

Contact stiffness (N/m)

Dynamic damping

Penetration depth coefficient 1x10#
Static friction coefficient 0.23
Dynamic damping coefficient 0.16

Table 3. Display of 11 working conditions

Eccentricity error (um) | Backlash (um) | Load T, (N-m) | Speed ng; (r/min)
Condition 1 0 0 300 132
Condition 2 20 0 300 132
Condition 3 40 0 300 132
Condition 4 0 0 300 132
Condition 5 0 10 300 132
Condition 6 0 30 300 132
Condition 7 20 30 100 132
Condition 8 20 30 300 132
Condition 9 20 30 600 132
Condition 10 0 30 300 60
Condition 11 0 30 300 300

4.1. The influence of backlash on the periodic motion

To study the influence of the tooth side clearance on the dynamic tooth contact force, only the
tooth side clearance of the input gear s1 was added to the model (conditions 4, 5, and 6). Without
changing the torque and rotational speed, the size of the tooth side clearance was controlled by
changing the center distance of the gear engagement. The changes in the contact force between
the meshing pairs were analyzed, as shown in Fig. 17.

By comparing the working conditions 4 and 5, it was found that when the tooth side clearance
was 0 um, the contact force reached a peak, indicating that the system experienced vibration at
that moment. However, when a 10 um tooth side clearance was introduced, the dynamic contact
force of the meshing pair s;5, showed small-amplitude sinusoidal fluctuations within the range of
approximately 5000 N, which indicated that the system was running smoothly without any
meshing shock phenomenon. This is because the presence of the tooth side clearance helps absorb
deformations caused by manufacturing errors, thermal expansion, etc., and avoids excessive
compression between the gear teeth, thereby reducing friction and stress concentration.

When the backlash reached 30 um, the gear meshing shock gradually increased, and the
fluctuation amplitude became more obvious. Compared with a 10 um clearance, the meshing
shock increased significantly. This is because an excessively large backlash would cause the gears
to lose their continuous meshing state during the transmission process, leading to axial movement.
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This shock and vibration would cause significant fluctuations in the contact force, thereby
increasing the contact force. Moreover, the larger clearance on the gear pair 12 would also have
an adverse effect on the smooth operation of the next gear. Through the above analysis, it was
found that either an excessively large backlash or no backlash at all would have an adverse impact
on the stability of the system. Choosing an appropriate backlash value is necessary to balance the
performance and stability of the gear transmission, which is consistent with the results of
theoretical analysis.
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Fig. 17. Effect of tooth side clearance on dynamic meshing force

Table 4. The influence of tooth side clearance of gear pair 12 on dynamic meshing force

Min (um) | Max (um) | Avg (um) | Rms (um)
Condition 4 3890 6752 5395 5424
Condition 5 3894 6823 5459 5488
Condition 6 3888 21480 5655 5826

4.2. The influence of load on the periodic motion

When the eccentric error and the input speed remain unchanged, apply loads of 100 N, 300 N,
and 600 N respectively to the output gear s, (conditions 7, 8, and 9), observe the changes of the
dynamic meshing force of the gears over time, and the calculation results are shown in Fig. 18.

As shown in Fig. 18, as the load on the gear increases, the dynamic meshing force also
increases accordingly. This indicates that the load has a significant impact on the dynamic meshing
force. When the load is 100 N, there is a significant fluctuation in the gear meshing force and a
situation where the meshing force is zero (teeth separation) occurs, indicating that there is a
vibration and impact phenomenon in the system with a high frequency. When the load is increased
to 300 N, it is observed that the frequency of the gear's impact phenomenon significantly
16
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decreases, and when the load is 600 N, the dynamic meshing force tends to be stable. This shows
that the vibration and impact phenomena of the gear system are alleviated within a certain range
as the load increases. This is because a larger load causes the gear tooth surfaces to have a more
closely contact, reducing vibrations and impacts caused by manufacturing errors or improper
assembly. However, when the load is too large, it may lead to overload damage, bearing jamming,
and other phenomena. The simulation results is consistent with the results of theoretical analysis.
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Fig. 18. Effect of load on dynamic meshing force

5. Conclusions

This work primarily investigates the periodic motion characteristics of the gear transmission
system of a seat adjuster under different parameters. By establishing a “translation-torsion”
dynamic model and employing numerical solution methods, the study delves into the effects of
meshing frequency, damping, load, and backlash on the system's bifurcation and chaotic
characteristics. In the research, tools such as time history curves, phase space trajectories, and
Poincaré sections were comprehensively utilized for analysis. The computational results indicate
that:

1) As the meshing frequency increases, the natural frequency of the system also increases
accordingly, which means that the system's sensitivity to external excitation will increase,
potentially exhibiting more complex dynamic behaviors. As the meshing frequency continues to
increase, the system may undergo quasi-periodic motion and eventually enter a stable
single-period motion state. When the meshing damping ratio & = 0.07, tooth backlash b = 20 pm,
and load torque of all meshing pairs in the system are 600 N-m. To prevent the system from
entering a chaotic state, the input gear speed should avoid the speed ranges of
1349 r/min-1359 r/min and 1589 r/min-2060 r/min.

2) Increasing the meshing damping ratio helps to suppress the chaotic behavior of the system
and improve its stability. This provides theoretical support for improving system performance by
adjusting the meshing damping ratio in practical applications.

3) As the load or input torque increases, the system's motion state transitions from chaotic to
quasi-periodic or single-periodic motion. Appropriately increasing the load or torque can improve
gear meshing, enhance system stability, reduce vibration, and optimize shock absorption effects.
However, excessive torque may lead to excessive stress, causing issues such as gear fatigue
damage.

4) An appropriate backlash value can enhance the stability and reliability of the system, avoid
chaotic motion, and improve the transmission efficiency of the system. However, too small a
backlash may cause the system to be too rigid, lacking sufficient damping and adaptability, thereby
affecting the stability and reliability of the system; too large a backlash can cause chaotic motion
in the system, which can be suppressed by loading.
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5) The trend of simulation results is similar to that of numerical analysis, which verify the
effectiveness of theoretical models.

The currently employed centralized parameter method for constructing the translation-rotation
model neglects the mass and moment of inertia of the drive shaft. In the future, to more accurately
simulate the dynamic behavior of the actual system, the mass and moment of inertia of the drive
shaft can be further incorporated into the model, thereby improving its accuracy.
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