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ABSTRACT In the working process of the axial piston pump, the composite multi-degree motion of
the slipper and its coupling, as well as the complex working conditions, cause the slipper to overturn
and collide irregularly with its coupling. The overturning of the slipper leads to partial abrasion of the
slipper, and the magnitude of the force generated by direct solid contact between the slipper and the
swash plate significantly impacts the wear speed of the slipper. This article is based on the rigid-flexible
coupling model of the axial piston pump jointly established by Adams and Ansys. It analyzes the collision
relationship between the slipper and its coupling, the overturning behavior characteristics of the slipper, and
the variation law in the overturning and collision behavior of the slipper under different spring forces and load
pressure, besides, the correlation analysis of the result data is conducted through multiple linear regression
method. The research results indicate that the overturning and collision behavior of the slipper exhibits a
certain periodicity. Appropriate spring preload and piston chamber oil pressure can effectively reduce the
overturning degree of the slipper, reduce the collision strength between the slipper and its coupling, and thus
reduce the partial abrasion of the slipper. The research results of this article provide a reference for the wear
failure analysis and structural optimization of the slipper.

INDEX TERMS Slipper, overturning, collision, partial abrasion.

I. INTRODUCTION
With the development of hydraulic technology, piston pumps
are widely used in fields [1] such as engineering machin-
ery, mining metallurgy, and agricultural machinery due to
their compact structure, high power density, and convenient
variable control [2], [3]. The axial piston pump is a typical
positive-displacement hydraulic machine that relies on the
relative motion of various internal components [4], [5] to
complete the flow distribution action. Its high-pressure and
high-speed operation [6], [7] is beneficial for improving vol-
umetric efficiency, but it also leads to poor internal friction
conditions [8], through analysis of the causes of the piston
pump failure, it was found that thewear problem of the slipper
and swash plate is one of the main factors causing the piston
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pump failure, especially the slipper, as the most complex
motion mechanism and the harshest working environment
component [9], is prone to overturning behavior, and it had
a strong collision with its coupling [10] which led to the
failure of the slipper to form a stable oil film lubrication.
The partially mixed friction or even dry friction of the slip-
per/swash plate interface increased energy consumption, and
the energy consumption turned into heat [9], reducing the
oil viscosity, weakening the bearing capacity of the oil film,
leading to partial abrasion of the slipper [11], which seriously
affected the mechanical efficiency and volumetric efficiency
of the whole pump, and even led to the failure of the piston
pump [12].

To study the cause of wear failure of slippers, Zhang et al.
[13] designed a new type of slipper rotation testing device,
and the measurement results showed that the slipper follows
the piston and cylinder block in reciprocating circumferential
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and axial motion at the macro level, while at the micro
level, there is spin motion, squeezingmotion, and overturning
motion; Ransegnola et al. [14] studied the spin behavior of
slippers and pistons by establishing a fully coupled model;
Zhou et al. [15] designed a dynamic lubrication performance
testing platform for slippers, which is used to measure the
working attitude of slippers in real time under actual working
conditions; Xu et al. [16] established a numerical model
of the slipper pair based on the theory of elastohydrody-
namic mechanics, and studied the micromotion and pressure
distribution of the slipper. The study pointed out that the
overturning behavior of the slipper is themain cause of partial
abrasion of the slipper; Chao et al. [17] pointed out that the
collision and direct solid contact between the slipper and the
swash plate are important factors causing the wear of the slip-
per; Jiang andWang [18] pointed out that the overturning and
partial abrasion of the slipper increases the frictional power
loss of the piston pump, and the micro-chamfering structure
of the slippers helps to increase the oil film thickness, reduce
direct solid contact and collision between the slipper and
swash plate; Meng et al. [19] and Ozmen [20] proposed that
as the rotational speed increases, the oil film thickness of the
slipper pair decreases. Avoiding direct solid contact between
the slipper and the swash plate is of great significance in
reducing slipper wear; Shorbagy et al. [21] found that the
characteristics of lubricating oil films largely depend on the
micromotion and elastic deformation of rotating components;
Tang et al. [22], [23] established a mathematical model of oil
film thickness and a thermos-elastohydrodynamic lubrication
model for the slipper/swash plate interface of axial piston
pump based on considering the thermal effect of the oil. The
study found that the piston chamber oil pressure and speed
have a certain impact on the overturning behavior and leakage
amount of the slipper, and the performance of the slipper can
be improved by optimizing the structure of the slipper.

In terms of the dynamic relationship between the slipper
and its coupling, Wang et al. [24] proposed that there is
serious collision interference between the neck of the slipper
and the slipper retainer, and the collision intensity increases
with the increase of the swash plate angle and pump shaft
speed; Haidak et al. [25] studied the deformation and fracture
mechanism of the slipper retainer and proposed solutions
for the structural dimensions and materials of the slipper
retainer to ensure its service life; Hu et al. [26] introduced the
body coordinate system of the piston pump and established a
precise mathematical model of the slipper-piston component
to achieve dynamic evaluation of the dynamic performance
of the slipper-piston component throughout the entire cycle;
Decken and Murrenhoff [27] established a virtual prototype
of piston pump through ADAMS and self-designed hydraulic
system software DSHplus and studied the complex inter-
action between contact friction, dynamics, and kinematics
of pump components. Shen et al. [28] established a virtual
prototype of a piston pump and comprehensively analyzed
the effects of the piston chamber oil pressure, piston radius,
and radial clearance on the contact force of the slipper/piston;

Yang et al. [29] simulated and analyzed the stress and tem-
perature distribution of the slipper and piston in view of the
problems that are easy to occur in the severe working condi-
tions of the aviation hydraulic pump; Yao et al. [30] analyzed
the stress and strain generated by the slipper and piston during
the crimping process using finite element software Ansys.

To sum up, the existing research on the overturning behav-
ior of the slipper focuses on the distribution of the oil film
thickness of the slipper pair, and mostly uses the simplified
numerical model for analysis. It cannot reflect the impact of
the slipper’s coupling on the kinematics and dynamic behav-
ior of the slipper in the whole movement cycle. However, the
overturning behavior of the slipper and the collision behavior
of the slipper and its coupling have an important impact on
the partial abrasion of the slipper. In addition, there is a lack of
research on the real-time stress and deformation of the slipper
under the conditions of overturning and collision behavior.
Therefore, this article studies the dynamic characteristics
of slipper overturning and collision behavior based on the
rigid-flexible coupling model of the piston pump, discusses
the effects of the spring preload and piston chamber oil
pressure on slipper overturning and collision behavior, and
analyzes the correlation of the results data through multiple
linear regression method. At the same time, real-time stress
and deformation of the slipper are observed. To achieve the
goal of reducing wear, improving lubrication, and increasing
the service life of piston pumps.

II. DYNAMIC MODEL OF AXIAL PISTON PUMP
A. HERTZ CONTACT MODEL
There are two calculation methods for contact force in
Adams. One is to calculate the contact force through penalty
parameters and regression coefficients, and the other is the
collision function contact algorithm based on Hertz contact
theory. In this article, the contact force between the slipper
and the swash plate, as well as the contact force between the
slipper and the slipper retainer, are solved using the impact
method based on Hertz contact theory. The Hertz contact
force can be expressed as:

FHer = Kδn + KδnDnδ̇ (1)

K =
4
√
R

3
E (2)

E =
1 − µ2

1

E1
+

µ2
2

E2
(3)

where FHer is the Hertz contact force, δ is the contact
deformation, K is the contact stiffness, Dn is the damping
coefficient, R is the equivalent radius, E is the equivalent
elastic modulus,E1,E2,µ1,µ2 represents the elastic modulus
and Poisson’s ratio of the two contact bodies.

B. MATHEMATICAL MODEL OF THE SLIPPER/SWASH
PLATE INTERFACE
The piston pump is a power component that converts mechan-
ical energy into hydraulic energy throughmechanical motion.
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FIGURE 1. Kinematics and dynamics analysis of slipper pair.

The prime mover is connected to the drive shaft of the
piston pump, which drives the cylinder block to rotate, and
the slipper-piston follows the cylinder block in circumferen-
tial motion; At the same time, under the combined action
of high-pressure oil and slipper retainer, the slipper-piston
completes the reciprocating axial motion in the hole of the
cylinder block, and ultimately the piston pump completes
periodic oil suction and discharge actions through this com-
posite motion.

Fig. 1 shows the kinematics and dynamics analysis of
the slipper-piston. In Fig. 1, R is the radius of the cylin-
der block distribution circle, γ is the inclination angle of
the swash plate, ω is the speed of the drive shaft. When
the slipper-piston is located at point A, the piston extends the
longest length in the cylinder block. When the piston moves
from point A to point B, the angle is ϕ, and the displacement
of the slipper-piston relative to the origin O in all directions
is: 

x = −Rsinϕ = −Rsinωt
z = −Rcosϕ = −Rcosωt
y = RtanΥ cosϕ = RtanΥ cosωt

(4)

Equation (4) takes the derivative of time to obtain the
velocities of the slipper-piston relative to point O in all
directions: 

vx = ẋ = −ωRcosωt
vz = ż = ωRsinωt
vy = ẏ = −ωRtanΥ sinωt

(5)

The acceleration of the slipper-piston relative to theO point
in each direction can be obtained by taking second derivative
of Equation (4):

ax = ẍ = ω2Rsinωt
az = z̈ = ω2Rcosωt
ay = ÿ = −ω2RtanΥ cosωt

(6)

The piston pump often operates under high-speed and
high-pressure conditions, and each component bears a large
load. The slipper-piston is the core working component in the
piston pump, so it is necessary to conduct a dynamic analysis
on it.

The oil pressure Fp in the piston chamber is:

Fp =
πd2

4
P (7)

where d is the diameter of the piston and P is the piston
chamber oil pressure.

The axial inertia force Fa of the piston group is:

Fa = (m1 + m2)Rω2tanΥ cosϕ (8)

where m1 is the mass of a single piston, and m2 is the mass of
a single slipper.

The centrifugal force Fb generated by the circumferential
movement of the piston group is:

Fb = (m1 + m2)Rω2 (9)

The centrifugal force generated during the circumferential
movement of the piston group with the cylinder block causes
the piston to tilt in the cylinder block, causing contact of the
piston/inner wall of the cylinder block and generating upper
support reaction force N1 and lower support reaction force
N2. The relationship between N1 and N2 can be expressed as:{

N1L22 = N2L21
N1 [3 (L − L0) + L1] = N2 (3L − L2)

(10)

where L is the length of the piston, and L0 is the fitting length
between the piston and the hole of the cylinder block when
the piston is at its longest extension.

Due to the presence of upper and lower reaction forces
between the piston and the inner wall of the cylinder block,
as well as the relative axial movement between the piston
and the cylinder block, frictional forces Ff 1, Ff 2, and total
frictional force Ff 3 are generated, which can be expressed as:

Ff 3 = Ff 1 + Ff 2 = sgn (v) f1(N1 + N2) (11)

where f1 is the friction coefficient between the piston and the
cylinder block.

There is contact force FHer1 and friction force Ff 4 between
the slipper and the swash plate. The friction forceFf 4 between
the slipper and the swash plate is:

Ff 4 = FHer1f2 (12)
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where f2 is the friction coefficient between the swash plate
and the slipper.

The force between the slipper and the slipper retainer
includes the compression force Fc of the slipper retainer
on the slipper, the irregular collision force FHer2 between
the slipper and the slipper retainer, and the anti-overturning
momentMc applied by the slipper retainer to the slipper. The
compression force Fc of the slipper retainer on the slipper is:

Fc = kxcosΥ (13)

where k is the single spring stiffness, and x is the spring
compression amount.

C. MULTI-BODY DYNAMIC MODEL OF AXIAL PISTON
PUMP
This article first establishes a 3D model of an axial piston
pump in Creo and saves the model in Parasolid (. X_T) file
format for importing the 3D model into Adams software. The
model only retains the necessary components (drive shaft,
swash plate, slipper retainer, slipper, piston, cylinder block,
center steel ball) to improve computational efficiency.Motion
pairs are added based on the dynamic relationship between
components, where the flexible slipper and swash plate are
contact pairs. Based on the relevant theories of component
flexibility and collision, key parameters in the model are
analyzed and set to accurately analyze the overturning and
collision behavior of the slipper. Add material properties to
each part of the piston pump, and the material parameters are
shown in Table 1.

TABLE 1. Material parameter.

The piston pump is the unity of mechanism and fluid. Due
to the absence of fluid force in the basic dynamicmodel, it can
only simulate the movement of the piston pump and does not
have the function of oil suction and discharge to drive the
load. In the previous work [31], we studied the hydraulic pres-
sure characteristics of the piston chamber through a dynamic
model of the piston pump. To fully reflect the impact of the
piston chamber oil pressure on various components of the
piston pump, the oil pressure data obtained from previous

research is imported to simulate the process of oil suction
and discharge driving the load. Under the piston chamber
oil pressure of 343 bar, the load forces of the three adjacent
pistons are shown in Fig. 2, while the load force curves
of the other six pistons move in phase by 40 degrees in
sequence.

According to the working conditions, set the spring force
and spring parameters in the spring damping module; To
avoid unreasonable force and severe collision of components
when the piston pump starts working, a certain acceleration
time is added to the drive. After setting the spring and adding
the drive, a preliminary multi-body dynamic model can be
obtained.

FIGURE 2. Piston load force.

D. RIGID-FLEXIBLE COUPLING MODEL OF THE AXIAL
PISTON PUMP
In flexible body dynamics, when a component is considered
as a flexible body, the finite element method is generally used
to discretize it into a certain number of elements, and the
number of elements is positively correlated with the calcu-
lation accuracy. The force is transmitted between elements
by sharing the same node, resulting in relative displacement
between two points on the same element. Then, the stress
and strain of the component are further calculated based on
the material properties of the element, and the carrier of
flexible bodies in multi-body dynamics software is a neutral
file containing modal information of components.

As an intermediate link connecting the piston and the
swash plate, the force on the slipper is extremely complex,
and compared to the couplings of the slipper, the material of
the slipper is more prone to wear. Therefore, the slipper is
used as a flexible body to observe the stress concentration and
deformation of the slipper. Due to the interaction between the
slipper and the piston, swash plate, and slipper retainer, there
are a total of three rigid areas. Import the modal neutral file
generated by Ansys and establish the rigid-flexible coupling
model of the piston pump, as shown in Fig. 3.
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FIGURE 3. Rigid-flexible coupling model of the piston pump.

III. ANALYSIS OF THE OVERTURNING AND COLLISION
BEHAVIOR CHARACTERISTICS OF SLIPPERS
This section analyzes the overturning and collision behavior
of the slipper under the working condition of 343 bar piston
chamber oil pressure and 115 N single spring preload. The
five points on the bottom surface of the slipper marked a,
b, c, d, and e shown in Fig. 4, are chosen and then the
trajectory of each marking is available. The trajectory of
the slipper without overturning behavior is regarded as the
ideal trajectory, measure the overturning degree of the slipper
by the axial distance of the corresponding bottom surface
marking point deviating from the ideal trajectory.

FIGURE 4. The mark point position of the slipper.

Fig. 5 (a) shows the radial positions of each marked point
on the slipper (the axial and radial directions mentioned in
this article are the axial and radial directions of the spatial
coordinates of the piston pump). It can be seen that each
marked point is not always in a parallel state, indicating that
the slipper exhibits obvious spin behavior during operation;
Fig. 5 (b) shows the radial positions of the slipper marking
points a and b under 15 N and 115 N single preload condi-
tions. Comparing the radial positions of the slipper marking
point b, it is easy to see that the spin speed of the slipper is not
consistent under different working conditions. This is caused

by the different mechanical characteristics of the slippers and
their coupling under different working conditions.

From Fig. 3, it can be seen that the plane between the
bottom surface of the slipper and the XZ axis of the piston
pump is not consistent. In an ideal working state, the bottom
surface of the slipper closely fits the swash plate. Due to the
different spin speeds of the slipper under different working
conditions, the samemarking point will be located in different
spatial positions. The micro-motion of spin behavior causes
the axial offset distance of the correspondingmarking point of
the bottom surface of the slipper to constantly change, which
cannot reflect the impact of the micro-motion of overturning
behavior. The spatial position of the marking point a on the
bottom surface of the slipper is not affected by the spin
behavior of the slipper. Only when the slipper overturns, its
axial coordinates will shift relative to the trajectory without
overturning. Therefore, this article uses the axial distance
of the marking point a on the bottom surface of the slipper
to offset the ideal trajectory as a parameter to measure the
overturning degree of the slipper.

Fig. 6 shows the contact force of the slipper/slipper retainer
and slipper/swash plate. From Fig. 6, it can be seen that the
contact force of the slipper/slipper retainer and slipper/swash
plate, exhibits periodicity, which is determined by the oil
pressure and flow characteristics of the piston pump. The
frequency of curve fluctuation is high, but the contact force
does not have a big mutation, indicating that there is a regular
collision between the slipper and its coupling, but the fit is
relatively stable. Therefore, under this working condition, the
slipper has a certain overturning behavior but is not severe,
as shown in Fig. 7.

In the working process of the axial piston pump, the piston
moves in a reciprocating axial direction within the piston
hole, while the slipper follows the piston tightly to fit the sur-
face of the swash plate and performs the high-speed circum-
ferential movement. The centrifugal torque generated by the
high-speed circumferential motion of the slipper causes the
slipper to have a radial overturning trend, and the frictional
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FIGURE 5. Radial position of the mark point: (a) under different position; (b) point a and b under different preloading forces.

FIGURE 6. Contact force of slipper/slipper retainer and slipper/swash
plate.

torque generated by the matching between the bottom surface
of the slipper and the swash plate causes the slipper to have
a circumferential overturning trend. When the working load
is complex and variable, or there is no appropriate spring
force acting on the slipper retainer, it further exacerbates the
overturning behavior of the slipper during periodic operation
and also leads to frequent collisions between the slipper and
its coupling. The frequent collision between the slipper and its
couplings, as well as the overturning behavior of the slipper,
will result in uneven oil film thickness on the bottom surface
of the slipper, mixed friction, or even dry friction between
the bottom surface of the slipper and the swash plate. The
friction energy consumption of the piston pump significantly
increases, leading to severe partial abrasion of the slipper and
even affecting the normal oil suction and discharge process of
the axial piston pump. The centrifugal torque generated by the
high-speed circumferential movement of the slipper and the
friction torque generated by the matching between the bottom

FIGURE 7. Overturning degree of the slipper.

surface of the slipper and the swash plate are the fundamental
reasons for the overturning and partial abrasion of the slipper.
If we want to reduce the overturning degree of the slipper
and improve the wear condition, in addition to optimizing the
structure of the slipper and its components, we can start from
the influence of spring force and piston chamber oil pressure
on the overturning and collision behavior of the slipper.

IV. ANALYSIS OF INFLUENCING FACTORS ON SLIPPER
OVERTURNING AND COLLISION BEHAVIOR
A. EFFECT OF SPRING PRELOAD ON SLIPPER
OVERTURNING AND COLLISION BEHAVIOR
The preload force of the spring is an important factor affecting
the overturning and collision behavior of the slipper. In this
article, the spring design preload of the piston pump in this
article is 1035 N (single spring preload force is 115 N), and
the piston chamber oil pressure is 343 bar. In this section, the
influence of spring preload on the overturning and collision

94014 VOLUME 11, 2023



L. Wan et al.: Analysis of Slipper Overturning and Collision Behavior of the Axial Piston Pump

behavior of the slipper is studied under the oil pressure
of 343 bar.

Fig. 8 shows the overturning degree of the slipper under
different spring preloads. It can be seen that the overturning
degree of the slipper exhibits a certain periodicity, and the
change in spring preload does not affect the period of the
overturning behavior of the slipper, which is determined by
the oil pressure and flow characteristics of the piston pump.
As the preload force of the spring decreases, the overturning
degree of the slipper gradually increases. When the preload
force of a single spring is less than 30 N, the influence of
the preload force on the slipper overturning behavior is more
significant. Moreover, when the slipper-piston moves to the
oil suction area, the overturning degree of the slipper is the
highest, under a single spring preload of 15 N, the maximum
overturning degree of the slipper is 1.96 mm; When the
slipper-piston moves to the oil discharge area, it is affected by
the axial force of the piston and the slipper retainer, and the
overturning degree of the slipper is relatively low compared
to the oil suction area.

FIGURE 8. Overturning degree of the slipper.

Fig. 9 shows the contact force between the slipper and
the slipper retainer under different spring preloads. From
Fig. 9, it can be seen that as the spring preload increases, the
contact force between the neck of the slipper and the slipper
retainer orifice significantly increases. The strong collision
between the slipper and the slipper retainer will have an
impact on the slipper’s attitude. However, at 235 N single
spring preload, the contact force between the slipper and the
slipper retainer is the highest, and the overturning degree is
actually lower. This is because the huge spring force causes
the slipper retainer to tightly press the slipper onto the swash
plate, reducing the impact of the collision between the slipper
and the slipper retainer on the slipper attitude, however, the
strong collision between the slipper and the slipper retainer
can easily cause fatigue failure of the slipper retainer and
excessive wear on the neck of the slipper.

Fig. 10 reflects the effect of spring preload on the contact
force between the slipper and the swash plate. It can be

FIGURE 9. Contact force between slipper and slipper retainer.

FIGURE 10. Contact force between slipper and swash plate.

seen from Fig. 10 that when the spring preload is low, the
fluctuation amplitude of the contact force between the slipper
and the swash plate is maximum, and the amplitude change
is most significant in the oil discharge area. It is because
when the preload force of the spring is low, the overturning
behavior of the slipper is more serious, which is more likely
to cause a strong collision between the slipper and the swash
plate. When the preload force of a single spring is 15 N, the
maximum overturning degree of the slipper occurs, and the
maximum contact force between the slipper and the swash
plate can reach 26000 N, which indicates that there is a
strong collision between the slipper and the swash plate. The
minimum contact force is close to 0 N, indicating that there
is an instantaneous detachment of the bottom surface of the
slipper from the contact with the swash plate at this time;
As the preload force of the spring increases, the overturn-
ing degree of the slipper decreases, and the amplitude of
contact force fluctuation between the slipper and the swash
plate significantly decreases. The coordination between the
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FIGURE 11. Stress nephogram of slipper under different spring preload forces: (a) 15 N; (b) 25 N; (c) 30 N; (d) 60 N; (e) 115 N;
(f) 235 N.

FIGURE 12. Deformation nephogram of slipper under different spring preload force: (a) 15 N; (b) 115 N.

slipper and the swash plate tends to stabilize; When the single
spring preload increases to 235 N, compared to the working
condition under 115 N single spring preload, the overturning
degree of the slipper does not change significantly. Due to the
centrifugal torque generated by the circumferential motion of
the slipper and the friction torque generated by the matching
between the bottom surface of the slipper and the swash plate,
there is still a small angle between the bottom surface of the
slipper and the swash plate, and the contact force between
the slipper and the swash plate shows an increasing trend,
as shown in Fig. 10, and the fluctuation amplitude of the

contact force between the slipper and the swash plate has
increased, indicating that the collision between the slipper
and the swashplate is more severe at this time.

To analyze the relationship between the data in more detail,
we calculated the mean and standard deviation of the data in
Fig. 9 and Fig. 10 in an oil discharge area, and conducted
multiple linear regression analysis on the average contact
force of the slipper and its coupling and spring preload using
SPSS. The regression equation is as follows:

Fpre = −354.96 + 0.214A+ 0.028B (14)
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Among them, A and B are the average contact force between
the slipper and the slipper retainer, and the contact force
between the slipper and the swash plate, while Fpre is the
single spring preload. The regression equation R2 is greater
than 0.95, and theDW value is between 1.5 and 2.5, indicating
a high fitting degree of the equation. From Equation 14, it can
be seen that the average contact force between the slipper
and the slipper retainer, as well as the average contact force
between the slipper and the swash plate, is positively corre-
lated with the spring preload. Therefore, as the spring preload
increases, the average contact force between the slipper and
the slipper retainer increases, and the average contact force
between the slipper and the swash plate also increases. When
the spring preload is low, the collision strength between the
slipper and its coupling has high randomness. For example,
the strong collision behavior between the slipper and its
coupling may occur in different periods. Therefore, under
low preload conditions, there is no significant correlation
between the standard deviation of the contact force between
the slipper and its coupling and the spring preload; As the
spring preload increases, the fit between the slipper and swash
plate tends to stabilize, the standard deviation of the contact
force between the slipper and the swashplate is positively
correlated with the spring preload. Therefore, the fluctuation
amplitude of the contact force between the slipper and the
swash plate increases with the increase of the spring preload,
as shown in Fig. 10.

Therefore, the overturning degree of the slipper can be
effectively reduced by increasing the spring preload force,
and the collision strength between the slipper and swash plate
can be significantly reduced, which can effectively reduce the
partial abrasion of the bottom surface of the slipper; But the
preload force should not be too large, otherwise, it will cause
the thickness of the oil film on the slipper to become thinner,
and the collision between the slipper and its couplingwill also
bemore intense, whichwill exacerbate the wear of the slipper.

In order to further analyze the influence of spring preload
on the overturning behavior and mechanical characteristics
of the slipper, the stress distribution and deformation at the
time corresponding to the maximum stress of the slipper with
different preload forces of the spring are analyzed.

For ease of observation, a stress gradient of 0 to 30MPa and
a deformation gradient of 0 to 1.4× 10−3 mm were selected,
it can be seen from Fig. 11 that under a single spring preload
of 15 N, the stress distribution of the outer auxiliary support
belt of the slipper is extremely uneven. There is severe stress
concentration in the oil groove between the sealing belt and
the auxiliary support belt, the inner side of the inner auxiliary
support belt, and the neck of the slipper. It is because the
slipper exhibits obvious overturning behavior under a single
spring preload of 15 N. When the slipper-piston transitions
from the oil suction area to the oil discharge area, the bottom
surface of the slipper collides strongly with the swash plate
due to the huge axial force of the piston in the oil discharge
area, and the contact force between the slipper and swash
plate is as high as 26000 N. The huge contact force not only

causes significant stress concentration in the slipper, which
also causes large deformation on the auxiliary support belt
and sealing belt of the slipper where they contact with the
swash plate, as shown in Fig. 12, resulting in partial abrasion
on the bottom surface of the slipper.

As the preload force of the spring increases, the overturn-
ing degree of the slipper decreases, the collision strength
between the slipper and the swash plate decreases, and the
stress concentration area and maximum stress on the bottom
surface of the slipper significantly decrease, as shown in
Figs. 11 and 13, and the partial abrasion of the slipper is
significantly alleviated; When the preload is 115 N, the stress
concentration area on the bottom surface and neck of the
slipper is the smallest and the stress distribution is the best. In
this working condition, the overturning degree of the slipper
is relatively small, and the maximum contact force between
the slipper and the swash plate is 16879 N, which is much
lower than the working condition when the single spring
preload is 15 N; When the preload increases to 235 N, the
stress concentration area and maximum stress at the bottom
surface and neck of the slipper tend to increase, and the
fluctuation amplitude of the contact force between the slipper
and the swash plate increases under this working condition,
and the collision between the slipper and the slipper retainer
becomes more intense.

FIGURE 13. Maximum stress of slipper.

In addition, due to the overturning behavior of the slipper,
the collision between the piston and the slipper is more
intense. Under the large axial force of the piston in the oil
discharge area, the ball socket of the slipper undergoes large
deformation. Therefore, the deformation of the slipper ball
socket under the 15 N single spring preload is larger than that
under the 115 N single spring preload condition, as shown
in Fig. 12. Besides, the stress concentration in the neck of
the slipper is more pronounced with a single spring preload
of 15 N. At this time, the stress in the neck of the slipper
reaches a maximum of 193 MPa. However, at a single spring
preload of 115 N, the slipper works more stably without
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FIGURE 14. Overturning degree of the slipper: (a) and (b) under different piston chamber oil pressure.

FIGURE 15. Contact force between slipper and slipper retainer: (a) and (b) under different piston chamber oil pressure.

strong collisionwith the swash plate, and the stress in the neck
reaches amaximumof 154MPa. Except for the obvious stress
concentration in the neck of the slipper and the oil groove at
the inner side of the inner auxiliary support belt, the stress
and deformation in other positions are relatively even.

B. EFFECT OF PISTON CHAMBER OIL PRESSURE ON
SLIPPER OVERTURNING AND COLLISION BEHAVIOR
The piston chamber oil pressure is an important factor affect-
ing the overturning and collision behavior of the slipper. In
this section, the influence of piston chamber oil pressure on
the overturning and collision behavior of the slipper is studied
under a 1035 N spring preload.

Fig. 14 shows the overturning degree of the slipper under
different piston chamber oil pressure. It can be seen that the
overturning degree of the slipper exhibits a certain period-
icity, and the change in piston chamber oil pressure does

not affect the period of slipper overturning, which is deter-
mined by the oil pressure and flow characteristics of the
piston pump. As the piston chamber oil pressure increases,
the overturning degree of the slipper tends to increase, and
the slipper overturning behavior is most severe when the
slipper-piston transitions from the oil discharge area to the
oil suction area. The reason is that the oil has compressibility,
the piston chamber oil in the oil discharge area is in a state of
high pressure, and the oil has a large elastic potential energy.
When the slipper-piston translates from the oil discharge area
to the oil suction area, the sudden change of flow and the
instantaneous release of elastic potential energy will easily
lead to a collision between the slipper and the swash plate,
and then the bottom surface of the slipper cannot cling to
the swash plate. At the same time, the slipper will over-
turn under the influence of centrifugal torque and friction
torque.
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FIGURE 16. Contact force between slipper and swash plate: (a) and (b) under different piston chamber oil pressure.

Fig. 15 shows the contact force between the slipper and the
slipper retainer under different piston chamber oil pressure.
From Fig. 15, it can be seen that as the piston chamber
oil pressure increases, there is no significant change in the
trend of the contact force between the slipper and the slip-
per retainer, while there is a certain change in the fluctu-
ation amplitude of the contact force, at the turning point
of the 250 bar piston chamber oil pressure, the fluctuation
amplitude of the contact force between the slipper and the
slipper retainer shows a pattern of first decreasing and then
increasing. This is because under higher piston chamber oil
pressure, the degree of slipper overturning is greater, resulting
inmore frequent collisions between the slipper and the slipper
retainer. However, the increase in piston chamber oil pressure
does not directly affect the magnitude of the axial force
between the slipper and the slipper retainer, therefore, there
is a phenomenon where the contact force between the slipper
and the slipper retainer does not increase with the fluctuation
amplitude.

Fig. 16 reflects the effect of piston chamber oil pressure
on the contact force between the slipper and the swash plate.
From Fig. 16, it can be seen that as the piston chamber oil
pressure increases, the contact force between the slipper and
the swash plate in the oil discharge area increases, and at
the same time, the fluctuation amplitude of the contact force
between the slipper and the swash plate also significantly
increases. It is because as the piston chamber oil pressure
increases, the overturning degree of the slipper increases, and
the fit between the slipper and the swash plate tends to be
unstable. The collision between the slipper and the swash
plate occurs frequently and becomes more severe, thereby
exacerbating partial abrasion on the bottom surface of the
slipper.

To analyze the relationship between the data in more detail,
we calculated the average value and standard deviation of
the data in Fig. 15 and Fig. 16 in an oil discharge area, and

conducted multiple linear regression analysis on the average
contact force between the slipper and its couplings and the
piston chamber oil pressure using SPSS, as well as the stan-
dard deviation of the contact force and the piston chamber oil
pressure. The regression equation is as follows:

Foil1 = −34.884 + 0.019A+ 0.028B (15)

Foil2 = −24.635 − 0.028C + 0.102D (16)

Among them, C and D are the standard deviations of the
contact force between the slipper and the slipper retainer and
the contact force between the slipper and the swash plate,
and Foil is the piston chamber oil pressure. The regression
equations R2 are all greater than 0.95, the VIF values are all
less than 4, and theDW values are 1.817 and 2.887, indicating
a high degree of equation fitting. From Equation 15, it can
be seen that the average contact force between the slipper
and the slipper retainer, as well as the average contact force
between the slipper and the swash plate, are positively corre-
lated with the piston chamber oil pressure. Therefore, as the
piston chamber oil pressure increases, the average contact
force between the slipper and the slipper retainer increases,
and the average contact force between the slipper and the
swash plate also increases. From Equation 16, it can be seen
that the standard deviation of the contact force between the
slipper and the swash plate is positively correlated with the
piston chamber oil pressure. Therefore, as the piston chamber
oil pressure increases, the standard deviation of the contact
force between the slipper and the swash plate increases,
which means that the fluctuation amplitude of the contact
force between the slipper and the swash plate increases;
The standard deviation of the contact force between the
slipper and the slipper retainer is negatively correlated with
the piston chamber oil pressure. As the piston chamber oil
pressure increases, the calculated standard deviation of the
contact force between the slipper and the slipper retainer
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FIGURE 17. Stress nephogram of slipper under different piston chamber oil pressure: (a) 343 bar; (b) 400 bar.

FIGURE 18. Deformation nephogram of slipper under different piston chamber oil pressure: (a) 343 bar; (b) 400 bar.

decreases first and then increases. This is because, in the
regression analysis of Equation 16, the DW value is 2.887,
greater than 2.5, indicating a certain degree of autocorrelation
between variables, which affects the accuracy of the correla-
tion between each variable, however, for the values of each
variable, Equation 16 still has a good fitting effect.
Due to the maximum overturning degree of the slipper

under the working conditions of 343 bar and 400 bar oil
pressure, and the most unstable matching between the slipper
and its coupling, in order to further analyze the influence
of piston chamber oil pressure on the overturning behav-
ior and mechanical characteristics of the slipper, the stress
distribution and deformation at the time corresponding to
the maximum stress of the slipper under the oil pressure of
343 bar and 400 bar piston chamber are analyzed.

For ease of observation, a stress gradient of 0 to 30 MPa
and a deformation gradient of 0 to 1.4 × 10−3 mm were
selected. As shown in Fig. 17, under the piston chamber
oil pressure of 343 bar, the stress distribution of the outer
auxiliary support belt of the slipper is uneven. There is a
significant stress concentration on the inner side of the inner
auxiliary support belt and the neck of the slipper. When the
piston chamber oil pressure increases to 400 bar, the position
of the stress concentration does not change significantly, and
the stress value and area of the stress concentration increase.
This is because as the piston chamber oil pressure increases,
The axial force transmitted by the piston to the slipper fur-
ther increases, while the overturning degree of the slipper
increases. When the slipper piston translates from the oil
discharge area to the oil suction area, the collision between

the slipper and the swash plate becomes more severe, and
the fluctuation amplitude and frequency of the contact force
between the slipper and the swash plate increase significantly.
The stress concentration on the bottom surface of the slipper
is more significant, which also causes large deformation on
the auxiliary support belt and sealing belt of the slipper where
they contact with the swash plate, As shown in Fig. 18. This
can lead to partial abrasion of the outer auxiliary support belt
and sealing belt on the bottom surface of the slipper.

In addition, as the piston chamber oil pressure increases
and is affected by the overturning behavior of the slipper, the
collision between the slipper and the piston becomes stronger,
and the deformation of the ball socket of the slipper is more
obvious. The stress concentration in the neck of the slipper is
more significant, and the maximum stress in the neck of the
slipper is 177.49 MPa at this time.

V. CONCLUSION
Based on the nonlinear finite element contact collision theory,
the rigid-flexible coupling dynamics model of the swash plate
axial piston pump is established in this article. Under the
consideration of friction torque, inertia torque and compo-
nent flexibility and other factors, the collision relationship
between the slipper and its coupling, the overturning behavior
characteristics of the slipper, and the change law of the over-
turning and collision behavior of the slipper under different
spring forces and piston chamber oil pressure were studied
by simulation. The stress distribution and deformation of the
slipper under different working conditions were also studied.
The research found that:
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(1) In the marking points on the bottom surface of the
slipper, point a is not affected by the self-spin behavior of
the slipper, and the axial distance of point a deviating from
the ideal trajectory is taken as the parameter to measure the
overturning degree of the slipper. Under reasonable working
parameters, the slipper has a certain overturning behavior
due to the influence of centrifugal moment generated by its
circumferential movement and friction moment generated by
matching with the swash plate. The overturning behavior of
the slipper is periodic, and the maximum overturning degree
is located in the oil suction area. There is a regular collision
between the slipper and its coupling, but the cooperation is
relatively stable.

(2) Increasing the preload force of the spring appropriately
can reduce the overturning degree of the slipper, and the
matching between the slipper and the slipper coupling will be
more stable, which can effectively reduce partial abrasion on
the bottom surface of the slipper; However, the preload should
not be too high, otherwise it will cause the thickness of the oil
film of the slipper/swash plate pair to become thinner, at the
same time, the average contact force between the slipper and
the slipper retainer, as well as the contact force between the
slipper and the swash plate increases, resulting in stronger
collision between the slipper and its coupling, thereby accel-
erating the wear of the bottom surface of the slipper. Under
the working condition of a large overturning degree of the
slipper, the stress distribution of the outer auxiliary support
belt of the slipper is extremely uneven. There is significant
stress concentration in the oil groove between the sealing
belt of the slipper and the auxiliary support belt, the inner
side of the inner auxiliary support belt, and the neck of the
slipper. At the same time, there is significant deformation on
the auxiliary support belt and sealing belt of the slipper where
they contact with the swash plate, leading to partial abrasion
on the bottom surface of the slipper.

(3) As the piston chamber oil pressure increases, the over-
turning degree of the slipper tends to increase, and when the
slipper-piston translates from the oil discharge area to the oil
suction area, the overturning behavior of the slipper is the
most severe. As the piston chamber oil pressure increases,
the average contact force between the slipper and the swash
plate increases, while the average contact force between the
slipper and the slipper retainer decreases, at the turning point
of the 250 bar piston chamber oil pressure, the fluctuation
amplitude of the contact force between the slipper and the
slipper retainer shows a pattern of first decreasing and then
increasing, besides, the standard deviation of the contact
force between the slipper and the swash plate continues to
increase, indicating that the collision between the slipper and
its coupling is more frequent and severe under high pressure,
exacerbating the wear of the slipper.

The existing experiments on the overturning behavior
of slippers have undergone many simplifications. Without
neglecting the collision behavior between the slipper and
its coupling, the measurement of the overturning degree of
the slipper is relatively difficult for the current experimental

conditions, which needs to be further improved in future
work. The research results of this article provide a reference
for the wear failure analysis and structural optimization of the
slipper.
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