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This paper presents a new transmission mechanism with multistage face gears as the core components for realizing variable speeds
with differential meshing. To improve face gear transmission smoothness, suppress meshing resonance, reduce noise, and
optimize power transmission performance during the gear shifting process, load distribution between meshing teeth during the
transmission process and impact loads during various shifting stages must be determined. Herein, we present a gear impact model
considering double crown gear meshing configuration, contact deformation, variable working conditions, and jump impact at
meshing points. A single-stage face gear pair is considered as object that the impact characteristics are comparatively studied
under four conditions: with/without load and constant/variable speed. The results were used to analyze transient characteristics of
the crown gear under contact deformation or frequent shifting impact. Based on this, the impact characteristics of multistage face
gear pairs between ratio switching were extendedly investigated under four input conditions: constant/variable torque or
constant/variable speed. The results were used to determine the meshing force and impact force fluctuation characteristics of
multistage face gear pairs while adapting to various loads and continuous acceleration/deceleration. The proposed model can be
beneficial to evaluate the feasibility of multistage gear structures with crown configuration and to obtain boundary conditions for
transmission systems.

1. Introduction

Multistage face gears need to adapt to the conditions of
heavy load, high speed, and variable load, in order to im-
prove the reliability of transmission system under the ex-
treme conditions such as impact and slide during shifting
process [1]. However, to analyze contact impact states of face
gears, accurate models of real application conditions are
built. During dynamic meshing, the transmission systems
generate impact, vibration and noise due to large conditions
fluctuating, elastoplastic deformation and sliding friction
load in acceleration, deceleration, variable torque, and ratio
shifting [2, 3]. Therefore, it is of great significance to study

the impact characteristics of face gear for the vibration noise
reduction mechanism and dynamic design of transmission
system.

For impact problem, scholars have mainly focused on
the meshing behavior of single-stage gear caused by load
elastoplastic deformation and installation error [4, 5]. Fewer
studies have assessed the transient impact of transmission
system with speed ratio switching [6]. Wang systematically
investigated the effect of transient squeezing on the per-
formance of spiral bevel gears with and without real ma-
chined surface roughness, which was compared with the
corresponding steady-state elastohydrodynamic lubrication
(EHL) results. The results reveal that the transient squeezing
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action can significantly affect the film thickness distribution
in each contact zone and along the meshing track line in
spiral bevel gears and lead to dramatic growth in asperity
contact area as well [7]. Tan proposed an electromechanical
coupled dynamic model of wind turbine drivetrain. Con-
sidering the bearing clearances, the impacts occur in the
planet bearing in the minimum load zone followed by
significant stress variation; the planet position angle has a
significant effect on the planet bearing impacts because of
the asymmetry of load and structure of the planetary gear
stage [8]. Xiang proposed an improved gear contact force
model for dynamic analysis in helical gear transmission
system. In this model, a new factor associated with hysteresis
damping is developed for contact-impact state. For deter-
mining the selection strategy of these two damping factors,
the fundamental contact mechanics of contact-impact event
affected by supporting forces are analyzed [9]. Gui estab-
lished a lumped parameter model for a typical planetary gear
system with various types of errors. In the model, the in-
fluences of tooth faults on time-varying mesh stiffness and
tooth impact force are derived analytically [10]. Mu pre-
sented an optimization design method for vibration control
base on the meshing impact model to minimize the running
vibration of spiral bevel gear. Firstly, based on the impact
model of spiral bevel gears considering tooth deformation,
the initial meshing position, meshing stiffness, and the
meshing impact are studied. Secondly, the effects of load
torque and rotation speed on meshing impact are analyzed
[11]. Kimme presented a detailed simulation of the gear
production process, providing crucial information about
characteristic process properties and enabling investigations
on the impact of manufacturing process on gear mesh
acoustics. Microgeometry of the gear is of relevance for the
vibration excitation in the tooth contact and significantly
affected by the manufacturing process, especially the fin-
ishing operations [12]. Chung proposed a dynamic model
for a spur gear transmission system that contains damping
particles inside the holes on gear bodies, using two-way
coupling with multibody dynamics and discrete element
method. Numerical results show that vibration in the
transmission is appreciably attenuated by the particle
damping mechanism and the contact friction [13]. Ziegler
presented a modally reduced elastic multibody model in-
cluding contact that allows very precise simulations in
reasonable time. To evaluate how appropriate these rigid
body models are to simulate impact forces, a very detailed
finite element model is used to simulate several impacts, and
the results are compared to simulations with a rigid body
model [14]. Tang introduced a nonlinear viscoelastic contact
force model to establish the impact dynamic equations
considering the meshing gear system as an impact-contact
model. With the application of numerical integration, the
bifurcation characteristics and energy dissipation are ana-
lyzed. Numeric results show that the system has complex
dynamic behaviors [15].

To date, the studies of face gears have mainly focused on
the geometric structure, meshing behavior, and kinematics
characteristics. Face gear is thought to inherit the periodic
and smooth meshing characteristics of involute gears, but
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less attention has been paid to the impact characteristics
during meshing process [16, 17]. For a crown face gear with
point contact, impact impacts are easily caused by factors
such as contact deformation and meshing point fluctuations
due to design, machining errors, or changes conditions [18].
This paper studies the impact characteristics of single/
multistage face gear pairs by numerical calculations and
multibody dynamics modeling methods under four condi-
tions: no/variable load or constant/variable speed. A tran-
sient contact dynamic model is established for various
conditions that can be used to determine dangerous points
of contact or bending strength of face gears tooth surface by
analyzing the impact force fluctuations rule during meshing
processing. Finally, a model of impact load is derived for
varijous transmission stages to assess changes rule in impact
load or sliding friction during gear shifting process and
determine the meshing strength limit of interstage loading.
The results provide important references for the design and
manufacture of novel multistage face gear transmission
which accelerate toward practical engineering applications.

2. Structural Model and Contact Relationship of
Multistage Crown Face Gear Pair

The multistage face gear pair consists of a series of single-
stage face gears meshing with cylindrical gears. A face gear
double crown constructed from a straight tooth surface was
previously proposed to prevent interference by unsyn-
chronized motion between various face gears within the
same cylindrical gear, improve contact characteristics, and
achieve stable transmission, which was verified by experi-
ment [19, 20].

2.1. Structural Model of Multistage Face Gear Pair with Double
Crown Configuration. Structure parameters of the model
were selected according to the transmission system. Cy-
lindrical gear: module (4 symmetrical arrangement) m_ = 2,
number of teeth z, = 19, pressure angle o = 20°, addendum
coefficient b = 1.0, and tip clearance coefficient c* = 0.25.
Face gear: module m; = 3, number of teeth (per level must
be in multiples of 4) z ¢, = 56, z5, = 68, zy. = 80, pressure
angle o =20°, addendum coeflicient h; = 1.0, and tip
clearance coefficient ¢* = 0.25. The components’ structure
and assembly structure are shown in Figure 1.

Physical prototypes of each single-stage face gear, as
shown in Figure 2, were milled by a three-axis computer
numerical control (CNC) machine tool.

2.2. Definition of Contact and Impact Relationship for Mul-
tistage Crown Face Gear Pair. Contact impact of face gearisa
nonlinear process, which includes normal meshing contact
and transient impacts due to factors such as machining
error, variable speed, backlash, and deformation. Therefore,
the contact-impact relationship must include deformation
due to gear teeth shearing, bending, meshing point load
concentration, and tooth body deflection [21]. During the
meshing process of the multistage face gear, the load and
speed are transferred between the working face gear and
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FIGURE 1: Model of multistage face gear pair with double crown configuration. (a) Level 1 face gear entity. (b) Level 2 face gear entity.

(c) Level 3 face gear entity. (d) Multistage face gears entity.

(a)

(b)

FIGURE 2: Physical prototype of multistage face gears. (a) Single-stage face gear. (b) Assembled multistage face gears.

original free-running face gear through cylindrical gears in
order to accommodate variable speeds. However, when the
gear exits the upper and enters the next meshing stages, the
actual position of the meshing point will not be on the same
stage gear meshing line but will jump directly to the next-
stage meshing line. Thus, unsynchronized meshing occurs
causing variable speeds between stages of the transmission
process which results in impact excitation between meshing
stages.

The gear meshing force is assumed to be the impact force
between two cylinders with different curvatures in contact.
The contact relationship can be defined according to the
Hertz elastic contact theory [22], as shown in Figure 3. When
two objects come into contact with each other, the impact
force is composed of two parts: an elastic force due to mutual
penetration between two objects and a sudden change in
momentum caused by the damping force as a result of
changes in relative speed or load, as shown in Figure 4.
























