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Abstract. A geared rotor system model consisting of UPE gears and steel gears for medium speed, medium 
load and long servo time is proposed. The solid models of steel-steel, steel-UPE and UPE-UPE gear systems 
were established. The dynamic models of steel-UPE gear system and UPE-UPE gear system were 
reconstructed by using the theoretical mechanical model of UPE. The time-varying meshing stiffness of three 
gear systems is analyzed. The vibration responses of three gear systems are studied by STFT method. The 
dynamic loads of three gear systems under different loads and rotational speeds are researched in detail, and 
the changing rules of dynamic loads of three gear systems under different loads and rotational speeds are 
revealed. At last, the first ten modes of three gear systems are calculated and the results are discussed. At the 
same time, the modal results are used to verify the correctness of the research on vibration response and 
dynamic load of three gear systems. 

1 Introduction  

With the rapid development of logistics industry, the 
performance requirements of transport equipment are also 
rising. Low seismic, low noise, high wear-resistant 
transmission equipment is required by more and more 
people. For transmission equipment, vibration and noise 
mostly come from mechanical transmission system, and 
the main part of mechanical transmission system is gear 
transmission system. Gear transmission is one of the most 
important transmissions of the mechanical transmission, 
and is widely used for its efficiency, structure, and 
stability. Vibration characteristics of gear-rotor system 
under multi-body faults are studied by simulation. A 
majority of the gears used in modern industry is made of 
metal. Due to the properties of metals, vibration and noise 
may be relatively obvious during the transmission of gears, 
which is also one of the causes of faults and invalidation 
of gears, thus, to reduce vibration and reduce noise of the 
operating gears has become one of the major researches 
on improving the performance of the gear transmission 
system. Active vibration suppression includes enhancing 
machining accuracy, gear structure and tooth 
modification, etc., however, these methods cannot 
eliminate excitation and time-varying stiffness, besides, 
active vibration suppression has problems including high 
cost, heavy working load and other problems. While 
passive vibration suppression applies energy-consuming 
equipment to absorb energy generated from gear vibration, 
in order to reduce vibration and reduce noise. Researches 
on the passive vibration suppression mainly focus on the 

study of viscoelastic damper and friction damper. 
Currently, the majority of researches and application of 
the passive vibration suppression uses particle damping 
technology; the vibration and noise of the geared rotor 
system would then be suppressed by adding the particle 
damping in the cavities of the machinery. 

Ultrahigh molecular polyethylene (UPE) is a kind of 
engineering plastics with linear structure and excellent 
comprehensive properties, it has the advantages of wear 
resistance, corrosion resistance, shock resistance, self-
lubrication, small friction coefficient and low temperature 
resistance, the average wear rate of different materials is 
shown in Table 1. Macromolecules are mainly made up of 
methylene. There are no branched chains and double 
bonds in the molecular structure, this gives UPE the 
superior mechanical properties that other conventional 
molecular weight polyethylene does not have. It is widely 
used in general transmission equipment, mining and 
metallurgical equipment, food machinery, medical 
equipment and artificial joints. 

Table 1. Average wear rate of different materials 

Material Average wear rate(%) 
UPE 0.46 
nylon 1.51 
PTEF 2.31 

45#steel 4.02 
Stainless steel 4.05 

 
As a new macromolecule polymer material, UPE gear 

has incomparable advantages under conditions such as 
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medium load, medium speed and low temperature, etc. 
Most importantly, UPE gear has properties including 
large damping and small friction coefficient, etc., and its 
performance in vibration reduction, noise reduction, 
lightweight and improve power transmission accuracy is 
more excellent than most metal gears. The output of 
plastic gears is almost equal to that of metal gears. 
Previous macromolecule polymer gears rarely used the 
material of UPE, and the portfolio of metal gear and 
nonmetal gear is even more rare; this article properly 
proposes the implementation of a computer stimulation 
experiment of the three types of the geared rotor system, 
i.e. steel-steel gear system, steel-UPE gear system and 
UPE-UPE gear system, under simulated normal operating 
condition. We will use STFT method to study the dynamic 
response of the three systems, and make a detailed 
analysis of the dynamic load of the system under different 
rotational speeds and loads. Finally, the first ten modes of 
three gear systems are calculated, and the results of modal 
calculation are discussed.  

2 Modeling and calculation  

In order to reflect the actual vibration situation, a gear 
rotor dynamic model is established on the basis of solid 
geared rotor system. analysis on mechanical 
characteristics of steel and UPE. The mechanical model 
of UPE is established.  

2.1. The dynamic model of gear system  

The dynamic model of involute cylindrical gear is 
generally shown in the Figure 1. According to Newton's 
mechanics principle, the dynamic equation of involute 
cylindrical gear is shown in Eq. (1). 
 

 
Figure 1. The dynamic model of involute cylindrical gear 

 

                    (1) 
Where, rb1 is the radius of base circle of driving gear; 

rb2 is the radius of base circle of driven gear; Ji is the 
moment of inertia; θi is the rotation angle of the gears; 
Subscript 1 and 2 denotes driving and driven gear; T1 is 
the torque applied to the driving gear; T2 is the torque 
applied to the driven gear. 

2.2 The curvature radius of gear pair  

The dimensionless coordinate Г is introduced, which can 
represent any position on the meshing line. The curvature 
radius of any position is deduced with dimensionless 
coordinate as variable, so that the accurate contact stress 
can be obtained, as shown in Figure 2. Taking theoretical 
meshing line N1N2 as reference axis, node C as coordinate 
origin, CN2 direction as coordinate positive direction, and 
dimensionless coordinate of any node Y on meshing line 
as follows: 
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Figure 2. The dimensionless coordinate of gear. 
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Where, rb1is radius of base circle of driving gear, ry1 

represents the pitch radius of gear, a is the pressure angle 
of pitch circle, ay1 represents the pressure angle at any 
point of the driving gear. 

The comprehensive curvature radius of gear ρred 
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In the process of meshing between the driving and the 
driven gears, the tangential velocity of the contact line is 
inconsistent, which results in the relative sliding speed. 
The existence of relative sliding velocity leads to the 
generation of friction heat flux on the tooth surface. 

v1 and v2 are the absolute velocity of the driving and 
driven gears along the tangent direction of the meshing 
surface at the any meshing point 

1 1
1 1 1= (1 ) sin (1 )sin

30 2

n d
a a

       
      (5) 

2 2
2 2 2= ( ) sin (1 )sin

30 2

n d
u a a

u

       
      (6) 

Where, ω1 and ω2 are the angular velocity of the 
driving and the driven gears(r/s); n1 is the speed of the 
driving gear(rad/s); v´ denotes the pitch speed; Γ is the 
dimensionless coordinates of any meshing position of 
gear pair. 
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2.3 Calculation of contact stress  

According to the Hertz contact stress formula, the parallel 
cylinder contact stress model is shown in Figure 3. 
Contact half width bH in Fig 3 is 

2 2
1 2

1 2

red

1 1

4
b

1H

E EF

L

 




 


 

                    (7) 
-1

red
1 2

1 1
= +

 
 
 
                           (8) 

where, F is the normal pressure; L is the length of the 
contact line; ν1 and ν2 are Poisson's ratio of two cylinder 
materials, while E1 and E2 are the modulus of elasticity 
concerning two cylindrical materials. 

Using dimensionless parameter Γ to represent contact 
half width: 
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Figure 3. Contact Stress of the Parallel Cylinder 

 
The resultant force of stress on the contact surface 

should be balanced with external force F, so 
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Bringing Eq. (4), (9) into Eq. (12), the basic equation 

of basic stress can be obtained as  
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2.4 The dynamic model of UPE 

Because the UPE is a solid linear polymer. Therefore, the 
viscoelastic model usually as the three element model is 
shown in Figure 4(a). The mechanical model of any 
viscoelastic body can be considered as a combination of 
the most basic Maxwell model and the Kelvin model as 
shown in Figure 4(b) and Figure 4(c) 

 
Figure 4. The dynamic model of UPE: (a) Standard linear 

viscoelastic solids three element model, (b) Maxwell 
mechanical model, (c) Kelvin mechanical model, (d) Multiple 

Maxwell two element parallel model 
 

The model is usually referred as a standard linear solid 
viscoelastic model by Zener. During the creep, the two 
springs stretch, therefore 

a
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                           (14) 
In the stress relaxation process, the dashpot ηM is still 

working, so 
M

ME

 
                                  (15) 

The stress strain differential equation of the three 
element model is 

 a a

d d
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According to the principle of Boltzmann superposition, 
the equation of stress relaxation is  

       de
d

d

t

rt G e G t t


 


  
             (17) 

In the Eq. (17), Gr is Equilibrium modulus 
Although the dynamic of viscoelastic solids described 

by the three element model is more practical than that of 
the two element, it can only give an exponential response 
with a relaxation time. In order to make the relaxation 
behavior of viscoelastic solids described model more 
similar to the polymer viscoelastic body. The Maxwell 
parallel complex models are presented, as shown in 
Figure 4(d). 

For stress relaxation under constant strain conditions，
the Maxwell model is  

  exp
t
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(18) 
Thus, the stress relaxation modulus is 
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If the element strain of Maxwell model is e, for model 
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Use integral instead of summation 
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In the Eq. (21), The first term is defined as the final 
relaxation stress, the spring constant En is replaced by the 
weight function f(τ)dτ, it determines the relaxation time 
for τ to τ+dτ of Maxwell model element Fraction 
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The stress relaxation modulus is defined as 
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According to multiple Maxwell two element parallel 
model, the dynamic models of steel-UPE system and 
UPE-UPE system are shown in Figure 5. 

 
Figure 5. The dynamic model of gear systems: (a) steel-UPE 

gear system, (b) UPE-UPE gear system 

2.5 The dynamic model of UPE 

The time-varying meshing stiffness of steel gear system 
has been studied by many people, but the time-varying 
meshing stiffness of steel-UPE system and UPE-UPE 
system has rarely been reported. Time-varying meshing 
stiffness is the main parameter of the dynamic 
characteristics of gear system. Analyzing the time-
varying meshing stiffness of the system can better 
understand and study the dynamic characteristics of the 
system. Figure 6 shows the time-varying meshing 
stiffness of three gear systems. It can be seen that the 
steel-steel system has the largest time-varying meshing 
stiffness, while the steel-UPE system and the UPE-UPE 
system are relatively small. This shows that when gears 
mesh, the vibration response and dynamic load fluctuation 
of steel-UPE system and UPE-UPE system are smaller 
than that of steel-steel system. 

 
Figure 6. Time-varying meshing stiffness of three gear 

systems 

3 Modeling and solving process of 
geared rotor system 

In order to make the simulation data closer to the actual 
situation, we choose the geared rotor system used in the 
reducer of the existing logistics transmission equipment 

to carry out entity modeling and simulation analysis. Only 
by analyzing the actual system can we get the most 
accurate experimental data. 

3.1 Modeling and parameter design of geared 
rotor system 

We select the geared rotor system in the gear reducer as 
the modeling object. The dimensioning schematic model 
of gear-rotor system is shown in Figure 7, and the gear 
parameters are shown in Table 2. According to the size of 
Figure 7, three different three-dimensional models of 
gear-rotor system are established, including steel-steel 
gear system, steel-UPE gear system and UPE-UPE gear 
system. Steel-Steel represents that both the driving gear 
and the driven gear are made of steel. Steel-UPE 
represents that the driving gear is made of steel and the 
driven gear is made of UPE. UPE-UPE represents that 
both the driving gear and the driven gear are made of UPE. 
3D models of three geared rotor system are shown in 
Table 3. 

 

Figure 7. 2D drawing of the geared rotor system 

Table 2. Parameter of the geared rotor system 

parameters  
Driving 
gear 

Driven 
gear 

Number of teeth  19 79 

Module(mm)  3 3 

Pressure angle(deg.)  20 20 

Young'smodulus, 
E(N/mm2) 

Steel 2.07×105 2.07×105 

UPE 1.9×104 1.9×104 

Poisson's ratio 
Steel 0.29 0.29 

UPE 0.44 0.44 
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Table 3. 3D Model of Geared rotor system 

Combination mode  

Steel-Steel 

 

Steel-UPE 

 

UPE-UPE 

 

3.2 Discussion on contact problems 

In the process of simulation, the setting of contact force is 
very important. It is possible to obtain the simulation 
results consistent with the fact when the contact force of 
the gear is calculated correctly. There are two ways to set 
contact force, including IMPACT function and 
RESTITUTION function. According to the object of this 
study, we choose IMPACT function as the contact force 
calculation method in this paper. 

The function expression of the IMPACT is as follows 

0 max 0 max 0 0

0

0, ( ) ( , ,1, ,0)

0

e dq
MAX k q q c STEP q q q q q

F dt

q q


          
  (23) 

where q is the actual distance between the two contact 

objects；
dq

dt  is the change rate over time of the actual 
distance between two contact object；q0 is the reference 
distance of the two contact objects; based on the 
abovementioned expression: when q>q0, the two objects 
do not strike, the striking force would be zero; when q<q0, 
the two objects strike, and the striking force of the contact 
is jointly determined by stiffness K, penetration q0-q, 
striking force index e, maximum damping cmax and 
penetration depth δmax. 

According to the Hertz elastic contact theory 
1
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the relationship of the normal force P and transformed δ 
is: 

3

2P K                                 (25) 

where K is the contact stiffness, which is subject to the 
material, structure and shape of the contact objects.  

1
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Where R1, R2 are the contact radius of the contact point 
between the two contact objects.  
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                    (28) 

Where E1, E2 are the modulus of the two contact 
objects, μ1, μ2 stand for the Poisson ratio of the two contact 
objects. 

4 Calculating Examples and Result 
Analysis  

In this section, three different combinations of gear 
systems, i.e. steel-steel, steel-UPE and UPE-UPE are 
simulated and analyzed. The time domain, frequency 
domain and dynamic loads of the gear system under 
different operating conditions were analyzed. In order to 
reduce the interference of vibration to the system and 
obtain more accurate frequency response, the vibration of 
bearing in working state is neglected in this paper. The 
simulation model is shown in Figure 8.  

 
Figure 8. Simulating geared rotor system 

4.1 STFT spectra analysis of geared rotor system 
under three combinations 

A 600rpm speed is applied to the driving gear and a 500 
Nm load is loaded on the driven gear. The vibration 
characteristics of three combined modes under the same 
working conditions are analyzed. For the traditional 
Fourier transform, only the frequency and amplitude of 
the system can be seen, but the frequency spectrum along 
the time direction is not displayed. Therefore, STFT 
method is used to study the vibration characteristics of the 
system. STFT can not only see the frequency and 
corresponding amplitude, but also show the change of 
frequency points along the time direction, so as to analyze 
the vibration response of the system more accurately. 
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Figure 9. STFT spectra of Geared rotor system 

 
The STFT spectra of three different combinations of 

geared rotor systems are shown in Figure 10. Figure 
9(a)(b) represents the STFT spectra of steel-steel geared 
rotor system, Figure 9(c)(d) represents the STFT spectra 
of steel-UPE geared rotor system, Figure 9(e)(f) 
represents the STFT spectra of steel-UPE geared rotor 
system. As can be seen from Figure 9, under the same 
rotational speed and load, the vibration of UPE-UPE 
system is the smallest, while that of steel-steel system is 
the largest. The energy of main frequency and double 
frequency of steel-steel and UPE-UPE systems is 
basically unchanged along the time direction, while the 
position of main frequency and double frequency of steel-
UPE system fluctuates obviously along the time direction. 
This is because the elastic modulus and Poisson's ratio of 
the two materials are quite different, so the position of the 
main frequency and double frequency will fluctuate along 
the time direction, but this will not increase the vibration 
of the whole system, because the main frequency and 
double frequency have a significant decrease compared 
with steel-steel system. 

4.2 Dynamic load analysis of geared rotor 
system under three combinations 

For the vibration characteristics of geared rotor system, it 
is very necessary to analyze the dynamic load. From the 
dynamic load spectrum, we can see the load changes and 
the response changes in the meshing process very clearly. 
In this section, the dynamic loads of three systems are 
studied, which are loaded with different rotational speeds 
and loads. The dynamic loads of the three systems are 
analyzed with the increase of rotational speed and load. 
We applied 600rpm, 1200rpm and 1800rpm rotational 
speeds to the driving wheel and 300, 500 and 700 Nm 
loads to the driven gear respectively. 

4.2.1 Dynamic Load Characteristic of Three 
Systems at Different Rotational Speed 

It can be seen from Figure 10 that the dynamic load 
amplitude of steel-UPE system is very small under 300 
Nm load. This is because the damping of UPE is greater 
than that of steel and its stiffness is smaller. On the other 

wise, UPE has the ability of self-lubrication, which can 
effectively reduce the change of meshing stiffness when 
the gear meshes. As can be seen from Figure 10, the 
dynamic load amplitude of UPE-UPE system is very close 
to that of steel-UPE system. It shows that when a pair of 
gears engage, as long as one of them is UPE material, the 
dynamic load amplitude of the system can be reduced. 

 
Figure 10. Dynamic Load of Geared rotor system under 300 

Nm Load: (a) steel-steel, (b)steel-UPE, (c) UPE-UPE 
 

It is observed that the dynamic load amplitude of steel-
steel system at 600 rpm and 1200 rpm differ slightly. The 
phenomenon of steel-UPE system is just reverses, the 
dynamic load amplitudes of 600 rpm and 1200 rpm differ 
greatly, while those of 1200 rpm and 1800 rpm differ 
slightly. The same rule also appears in UPE-UPE system. 
It shows that the dynamic load sensitivity of steel-steel 
system is not good at low speed. Only when the system 
reaches a relatively high speed, the dynamic load of steel-
steel system will change greatly. The sensitivity of steel-
UPE system and UPE-UPE system is relatively higher at 
low speed. 

Figure 11 shows the dynamic load spectrum of three 
systems at different rotational speeds under 500 Nm load. 
It can be seen that when the load changes, the dynamic 
load amplitude of the three systems does not change. The 
steel-steel system has the largest amplitude and the UPE-
UPE system has the smallest amplitude. The difference is 
that when the load changes to 500 Nm, the sensitivity of 
the dynamic load of different systems to the speed has 
changed. When the load is 300 Nm, the dynamic load 
amplitude of steel-UPE system varies greatly between 
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600 rpm and 1200 rpm. But when the load is 500 Nm, the 
difference of dynamic load amplitude between 600 rpm 
and 1200 rpm of steel-UPE system is much smaller. The 
same phenomenon occurs in UPE-UPE systems. 

 

 

Figure 11. Dynamic Load of Geared rotor system under 500 
Nm Load: (a) steel-steel, (b)steel-UPE, (c) UPE-UPE 

 
Figure 12 shows the dynamic load spectrum of three 

systems at different rotational speeds under 700 Nm load. 
The dynamic load amplitude of steel-UPE system at 600 
rpm and 1200 rpm are not very different under 700 Nm 
load. But the dynamic load amplitude of 1200 rpm and 
1800 rpm is much larger than that of 500Nm. In addition, 
we also find an interesting phenomenon that the dynamic 
load amplitude of UPE-UPE system is basically the same 
at three rotational speeds under 700Nm load. 

 
Figure 12. Dynamic Load of Geared rotor system under 700 

Nm Load: (a) steel-steel, (b)steel-UPE, (c) UPE-UPE 
 

In order to more clearly see the dynamic load changes 
of the three systems under different rotational speeds, we 
extract the fluctuation of the dynamic load amplitude, as 
shown in Figure 13. It can be seen from the figure that the 
dynamic load fluctuation of steel-steel system will 
increase obviously at 1200 rpm under 300 Nm load. 
Although the dynamic load fluctuation of steel-steel 
system at 500 Nm is greater than that of 700 Nm under 
1200rpm, when the speed reaches 1800 rpm, the 
fluctuation is less than that of 700 Nm. The dynamic load 
fluctuation of steel-UPE system and UPE-UPE system 
increases linearly with the increase of rotational speed at 
300Nm. When the load is 500 Nm, the increase rate of 
dynamic load fluctuation of steel-UPE system is higher 
than that of 300 Nm. The dynamic load fluctuation of 
UPE-UPE system is relatively low. The dynamic load 
fluctuation law of steel-UPE system at 700 Nm is similar 
to that at 500 Nm. However, the dynamic load fluctuation 
of UPE-UPE system is basically unchanged, and it also 
decreases at 1200 rpm. 
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Figure 13. Dynamic load fluctuation of three systems at 
different rotational speed under different loads: (a) 300Nm, (b) 

500Nm, (c) 700Nm 

4.2.2 Dynamic load characteristic of three systems 
at different load 

It can be seen from Figure 14(a) that the dynamic load 
fluctuation of steel-steel system decreases gradually with 
the increase of load at 600rpm. The dynamic load 
fluctuation of steel-UPE system decreases only at 500Nm, 
and remains unchanged at 300Nm and 700Nm. The 
dynamic load fluctuation of UPE-UPE system increases 
slowly with the increase of load at 600rpm. 
  

 
Figure 14. Dynamic load fluctuation of three systems at 

different load under different rotational speeds: (a) 600rpm, (b) 
1200rpm, (c) 1800rpm 

 
According to Figure 14(b), the dynamic load 

fluctuation of steel-steel system increases first and then 
decreases with the increase of load at 1200 rpm. On the 
contrary, the dynamic load fluctuation of steel-UPE 
system decreases first and then increases. The dynamic 
load fluctuation of UPE-UPE system decreases with the 
increase of load. From Figure 14(c), we can see that the 
load fluctuation of steel-steel system increases slowly 
with the increase of load when the speed is 1800 rpm. 
Dynamic load fluctuation of steel-UPE system decreases 
first and then increases. The dynamic load fluctuation of 
UPE-UPE system decreases gradually when the load is 

less than 500 Nm, and remains unchanged when the load 
is more than 500 Nm. 

4.3 Modal analysis 

As an important dynamic characteristic analysis method, 
modal analysis has been widely used in various fields. In 
order to verify the vibration characteristics of the three 
systems, the modal calculation results of the three gear 
systems are discussed in this section. Table 4 shows the 
10th order modal shape of three gear systems. 

Table 4. Modal shape of three systems 

Gear system Modal shape 

Steel-steel 

 

Steel-UPE 

 

UPE-UPE 

 

 

 

Figure 15. The first ten natural frequencies of three systems 

It can be seen that the natural frequencies of the three 
systems increase gradually, as shown in Figure 15. The 
natural frequency of Steel-steel system is highest and 
UPE-UPE system has the lowest natural frequency. The 
trend of modal calculation results is the same as that of 
vibration and dynamic load analysis before. It can be seen 
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that although the natural frequency of steel-UPE system 
is gradually increasing, the fluctuation is larger than that 
of the other two systems. 

5 conclusion 

In this paper, the dynamic characteristics of geared rotor 
system composed of ultra-high molecular polyethylene 
gear and metal gear are analyzed. The vibration response 
of the system is analyzed by STFT method under constant 
load and rotational speed. The effects of different 
rotational speeds and loads on the three systems are also 
studied. Finally, the modal calculation results of the three 
systems are discussed, and the natural frequencies of the 
three systems at different orders are revealed. 

(1) A gear-rotor system with polyethylene gears and 
steel gears for medium speed, medium load and high 
servo time is proposed, and the theoretical dynamic model 
calculation method of polyethylene is given. Three solid 
3D models of gear systems are established. The time-
varying meshing stiffness of three systems is calculated. 

(2) The dynamic response of three systems under 
constant speed and load is analyzed by STFT method. It 
can be found from STFT spectra that steel-UPE system 
and UPE-UPE system can effectively reduce the vibration 
of gear system without other disturbances. 

(3) The dynamic loads of three gear systems under 
different rotational speeds and loads are analyzed. We 
find that the dynamic load fluctuation of the three systems 
increases monotonously under different loads, but the 
increase rate varies at different rotational speeds. Under 
different rotational speeds, the fluctuations of dynamic 
loads of the three systems tend to be non-linear, which 
may increase or decrease under different loads. 

(4) The modal calculation results of three gear systems 
are discussed. The natural frequencies of the system at 
different orders are revealed, and the previous studies on 
vibration response and dynamic load are fully verified by 
modal analysis. 
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