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Abstract. With the wide application of worm gear drive in precision equipment,
the requirements for its transmission accuracy are becoming higher and higher.
Among many influencing factors, the influence of indoor temperature change on
transmission accuracy can not be ignored, which needs to further analyze the
transmission error of worm gear pair under different ambient temperatures. In
order to study the influence of thermal deformation of worm gear pair on trans-
mission accuracy, this paper theoretically calculates the geometric deformation
of worm gear teeth after heating, and gives the polar coordinate expression of
tooth profile after thermal deformation. The solid model of worm gear is estab-
lished by SolidWorks, and the thermal structure analysis of finite element software
is carried out to obtain the temperature distribution of worm gear after thermal
deformation and the deformation of tooth profile geometry. Then the deformed
worm gear is introduced into ADAMS for dynamic analysis, and the variation law
of worm gear transmission error with temperature is obtained. Finally, it is verified
by experiments.

Keywords: Worm gear · Ambient temperature · Thermal deformation ·
Transmission accuracy

1 Introduction

According to the existing research, the thermal error accounts for 40% of the total error
of precision machine tools, and the transmission accuracy of worm gear and worm is
an important factor affecting the machining accuracy of machine tools [4]. Therefore,
the research on the thermal deformation of worm gear pair has important academic
significance. Li yunqi and Zhang Ruiliang analyzed the temperature field of the tooth
root of the cylindrical gear by using the finite element software, and finally obtained the
variation law of the temperature and the tooth root stress of the gear [5]. Cheng Fuan
and others combined the tribology and meshing principle of worm gear transmission. In
order to obtain the geometric and kinematic characteristics of worm gear tooth surface,
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they established the mathematical model of worm gear steady-state temperature field,
and studied the temperature field distribution of worm gear tooth surface through the
calculation of input heat flux and convection coefficient [6].

At present, there are many researches on the thermal deformation of worm gear pair
and gear pair, but most of them do not consider the influence of ambient temperature on
the geometric dimension of worm gear pair. Generally, the temperature of the constant
temperature workshop is about 20 °C, but the worm gear processed at 20 °C is used at
other temperatures. Its transmission accuracy has changed, and errors will occur in the
transmission process. In this paper, through the finite element simulation and dynamic
simulation of the worm gear, the temperature field and transmission error of the worm
gear pair under different ambient temperatures are analyzed and studied. Through the
method of parametric design, the influence of temperature on the transmission accuracy
of the worm gear pair is analyzed.

2 Thermal Deformation Principle of Worm Gear Pair

Deformation under heat is the basic property of materials. When many materials are
heated, their size will change, and this deformation caused by temperature change is
called thermal deformation. There are many factors to be considered in the calculation
of thermal deformation, among which the key is the distribution of internal tempera-
ture and heat conduction. The distribution of temperature is the main factor causing the
thermal deformation of parts, because the deformation occurs with the change of tem-
perature. Secondly, the thermal expansion performance of materials can not be ignored
[7]. If different thermal expansion coefficients of materials are selected, the thermal
deformation of parts will be different under the same temperature conditions, that is, the
errors will be different.

2.1 Thermal Deformation Analysis of Worm Gear

Because the instantaneous surface temperature of the meshing tooth surface changes in
the process of worm gear transmission. However, the influence range of instantaneous
surface temperature is limited to a very thin layer of thermal surface, so it is generally
assumed that the temperature of each point on the worm gear is a fixed value. In addition,
the meshing time of each tooth of the worm gear in one cycle of worm gear rotation
is shorter, which is much shorter than the time required for the change of worm gear
temperature distribution. Therefore, it can be assumed that the temperature distribution
of each tooth is the same and a constant value is maintained.

When the temperature changes, the height and thickness of the worm gear teeth will
be deformed, resulting in the points on the worm gear tooth profile deviate from the
original position, as shown in Fig. 1.

Then the polar coordinate parameter equation of the actual tooth profile after thermal
deformation is: {

rk2 = rk + �rk = rb+ub cosαk+�tλrb(1−cosαk )
cosαk

θk2 = θk − �θk = invαk − �tλSk
2rk2

(1)
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Fig. 1. The position of tooth profile point after thermal deformation.

Fig. 2. The tooth profile error of worm gear caused by temperature change.

where, rk2 is the polar diameter on the actual contour after thermal deformation, is the
polar diameter on the theoretical contour, rk is the polar diameter variation, �rk is the
radius of the base circle, rb is the thermal deformation of the base circle, ub is the pressure
angle at any point on the involute of the base circle, αk is the temperature variation, λ is
the linear expansion coefficient of the material, θ2, θk is the expansion angle, and �θ is
the expansion angle.

It can be seen from the above formula that the theoretical pressure angle is different
from the pressure angle after deformation, so the polar diameter and extension angle have
changed. This shows that after the thermal deformation of the worm gear, the points on
the actual tooth profile are no longer satisfiedwith the equation of the theoretical involute,
that is, the temperature change has an impact on the tooth profile of the worm gear, and
brings the tooth profile error, which affects the accuracy of the worm gear transmission.

In order to explain the deviation degree between the actual tooth profile and the
theoretical involute tooth profile of the worm gear after thermal deformation, a thermal
deformation error is introduced, that is, the normal distance between the actual thermal
deformation tooth profile and the theoretical involute tooth profile in the working part
of the worm gear tooth height. As shown in Fig. 2.
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In Fig. 2, 1 represents the theoretical tooth profile and 2 represents the actual tooth
profile. Therefore, without considering the influence of other factors on the worm gear,
the tooth profile error caused by temperature change is:

�ft = �θkrk1 cosα = − �tλ

2(1+ �tλ)
[ s
r
−

2(invαk − invα)(1+ �tλ)rb

= �tλrbinvαk − �tλrb
2

(
S

r
+ 2invα)

(2)

In the formula,�f is the tooth profile error of the worm gear, rk1 is the polar diameter
of the base circle after thermal deformation, α is the pressure angle, S is the tooth
thickness of the indexing circle, and r is the radius of the indexing circle.

2.2 Analysis of Worm Thermal Deformation

The worm will deform axially and radially after heating, but the thermal deformation
in the axial direction is the main factor affecting the accuracy of worm gear and worm
transmission. Therefore, this paper mainly studies the thermal deformation in the axial
direction of the worm. Because one end of the worm is relatively fixed, when it is heated,
it will produce an expansion to the free end along the axis direction. The influence of
this expansion is to make the worm move towards the free end at its meshing position
[8–10]. The expansion at the same temperature is directly proportional to the length of
the material, that is, the worm gear; The expansion of meshing tooth surface is different,
which has a great impact on the transmission accuracy of worm gear.

The coefficient of linear expansion of thematerial is that the elongation of thematerial
with a length of 1 m is the coefficient of linear expansion for each rise of 1. Then the
formula for calculating the thermal expansion of the worm is as follows:

αexpansion = �tαmaterial
l

100
(3)

In the formula, αexpansion is the actual expansion of the worm, �t is the change of
temperature, αmaterial is the inherent differential accuracy of the material, and the major
influence is the thermal deformation in the axial direction. l is the equivalent length of
the worm.

3 Transmission Error Analysis of Worm Gear Pair

Transmission error te refers to the difference between the actual motion and the theoreti-
calmotion in the transmission process.When the actualmotion output value of the output
end is different from the theoretical output value, it will cause transmission error. This
kind of error will lead to vibration and noise in the transmission process [11]. In serious
cases, it will also cause manufacturing error and shape error of workpieces. Therefore,
transmission error has always been a problem of great concern in the industrial field.

Because the worm gear has geometric deformation after heating, it can be seen from
formula (3) above that the deformation of the worm in the axial direction is greater than
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Fig. 3. Rotation distance of worm gear after thermal deformation.

that of the worm gear in the radial direction, that is, when the worm rotates one turn, the
worm gear rotates more in the horizontal direction than before the thermal deformation,
resulting in transmission error. The rotation distance of the worm gear after the worm
turns one circle after thermal deformation is shown in Fig. 3.

Since the workpiece is often processed at the low-speed end, when calculating the
worm gear and worm transmission error, the angular displacement of the worm at the
high-speed end is often converted (divided by the transmission ratio I) to the worm gear
at the low-speed end for comparison, and the transmission error of the worm gear and
worm is:

TEi = Φ1i

I
− Φ2i (4)

In the formula, TEi is the transmission error value of point i, I is the transmission
ratio of worm gear, Φ2i is the angle value of worm gear at point i, and Φ1i is the angle
value of worm at point i.

Because the errors calculated by the above formula are discrete points, it can be
understood as the transmission error of single measurement, and then after summing
them, the transmission error is:

TE =
∑

�TEk =
∑

(
Φ1k

I
− Φ2k) (5)

In the formula, �TEk is the transmission error measured in a single time, Φ1k is
the angle value of the worm at point k, and Φ2k is the angle value of the worm gear at
point k.

4 Thermal Structural Simulation of Worm Gear

The finite element simulation software ANSYS is used for thermal simulation analysis
of worm gear pair, and then the simulation result data is extracted. ADAMS is used to
simulate the movement of worm gear pair, and the simulation results are extracted and
then plotted.
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Firstly, determine the materials and material properties selected by the worm gear,
because different materials will affect its thermal expansion coefficient [12], and the
simulation results will be different. The material properties of the worm gear are shown
in Table 1.

Table 1. Properties of materials

Name Material Coefficient of
expansion/(m/°C)

Modulus of elasticity
/GPa

Poisson’s ratio

Worm gear ZCuSn10P1 16.7 × 10–6 115 0.34

Worm 40Cr 12.5 × 10–6 210 0.3

Fig. 4. Finite element model of worm gear.

Fig. 5. Model after meshing.
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Import the worm gear model into ANSYS, as shown in Fig. 4. When doing ANSYS
simulation, theworm gearwill automatically generate contact pairs at itsmeshing points,
and can mesh as needed. Because the tooth surface of worm gear is an irregular spatial
curved surface, especially the tooth of worm gear, its shape is very complex, so the free
mesh method is selected for finite element mesh division. Considering the number of
grids and the solving speed, the unit size is set to 2 mm. The number of divided nodes
is 35,991,357, and the number of units is 26,392,654. Figure 5 shows the model after
meshing of worm gear.

Through the analysis of the boundary value conditions of the temperature field,
combined with the actual situation of the worm gear, it is finally decided to take the
change of the ambient temperature as the main factor affecting the geometric accuracy
[13]. Therefore, the first type of boundary condition is selected, that is, the instantaneous
temperature of any point on the object surface is known, then:

TS = f (t) (6)

where, TS is the surface temperature of the object. If the surface temperature remains
unchanged, TS is a constant.

Because this paper only considers the influence of ambient temperature on the worm
gear, the constraint mode is set: add frictionless constraint to the inner circle of the worm
gear, and apply cylindrical constraint to the bearing fit at both ends of the worm.

Because the worm gear working in our laboratory is in the range of 25 °C to 35 °C
for a long time, the worm gear pair is studied based on the actual ambient temperature
in the laboratory. Set the variation range of ambient temperature as 25 °C to 35 °C. The
initial condition of analysis is that the worm gear is at 20 °C, and the temperature load
of 25 °C, 30 °C, 35 °C is applied to the surface in contact with the environment, The
obtained temperature field distribution is shown in Fig. 6.

It can be clearly seen from Fig. 6 that the outer ring temperature of the worm gear is
high and concentrated. The temperature decreases gradually along the radial direction
to the inner ring. This is because the outer ring of the worm gear is in contact with the
environment, the inner ring is connected with the machine, and the heat is transferred
from the outer ring to the inner ring. Therefore, the temperature is also lower as it goes
inward along the axial direction. The change of overall dimension of worm gear caused
by temperature change is shown in Fig. 7.

It can be clearly seen from Fig. 7 that with the increase of ambient temperature, the
deformation of the worm gear is changing, the deformation of the worm gear gradually
increases from the inner ring to the outer ring, and the maximum deformation is obtained
at the outermost ring. The deformation of the worm increases gradually from bottom
to top, and the maximum deformation is at the top of the worm. This shows that when
the ambient temperature changes, the maximum deformation of the worm gear is at the
position of tooth width or tooth height. However, in the post-processing module, click
the displacement view command to accurately know the thermal changes of the worm
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(a) Temperature distribution of worm gear at 25 . 

(b) Temperature distribution of worm gear at 30 . 

(c) Temperature distribution of worm gear at 35 . 

Fig. 6. Temperature distribution of worm gear at different temperatures.

gear pair in the axial and tangential directions at the meshing, that is, the deformation of
the tooth height and width of the worm gear. The relationship between temperature and
the thermal deformation of worm gear tooth width and tooth height is shown in Fig. 8
and Fig. 9.
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(a) Thermal deformation of worm gear at 25 . 

(b) Thermal deformation of worm gear at 30 . 

(c) Thermal deformation of worm gear at 35 . 

Fig. 7. Thermal deformation of worm gear at different temperatures.

The simulation results show that with the increase of ambient temperature, the ther-
mal deformation of tooth width and tooth height of worm gear are also increasing. It can
be seen from Fig. 8 and Fig. 9 that the curve of the thermal deformation of the worm gear
tooth width and tooth height has an upward trend, which clearly shows that the change
of ambient temperature has a certain impact on the tooth shape size of the worm gear,
and the deformation of the worm is greater at the same temperature.
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Fig. 8. Thermal deformation of worm gear.

Fig. 9. Worm thermal deformation.

5 Worm Gear Motion Simulation and Experiment

Firstly, the three-dimensionalmodel ofwormgear established bySolidWorks is imported
into ADAMS. As shown in Fig. 10.

Then determine the material properties of the worm gear as shown in Table 1, and
then add contact constraints at the engagement of the worm gear, add rotating pairs on
the worm gear, add rotating pairs and drive pairs on the worm [14]. The model of virtual
prototype is shown in Fig. 11.

Set the speed of the worm as 48(°)/s. Since the transmission ratio of the worm gear
is 48, the speed of the worm gear can be calculated as 1(°)/s. Set the simulation time
to 360 s, so as to ensure that the worm gear rotates once, and more intuitively see the
relationship between the rotation angles of the worm gear and worm. The rotation angle
curve of the worm gear and worm obtained by simulation is shown in Fig. 12.
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Fig. 10. Three dimensional model of worm gear.

Fig. 11. Virtual prototype model.

Fig. 12. Rotation angle of worm gear.

It can be seen from Fig. 12 that the rotation curves of the worm gear and the worm
are straight lines inclined upward, and the ratio of the two is about 48. Because the
sizes of the worm gear and worm are the original sizes, the transmission at this time
can be regarded as the transmission of the worm gear under 20 °C, and Fig. 12 is the
transmission relationship before the thermal deformation of the worm gear and worm.
After processing the data, the transmission error of worm gear can be obtained, as shown
in Fig. 13.
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Fig. 13. Worm gear transmission error before thermal deformation.

Fig. 14. Worm gear transmission error after thermal deformation.

Similarly, the worm gear after thermal deformation is imported into ADAMS. Here,
the dimensions of worm gear, worm tooth width and tooth height are mainly changed.
From the above worm gear thermal structure simulation results, it can be obtained that
when 35 °C is, the worm gear tooth height and tooth width increase by 4.6 um and
9.8 um, while the worm tooth height and tooth width increase by 2.1 um and 6.2 um.
After ADAMS motion simulation, the transmission error of worm gear after thermal
deformation is finally obtained, as shown in Fig. 14.

The simulation results show that the transmission accuracy, i.e. transmission error,
of the worm gear changes with the increase of the ambient temperature. It can be seen
from Fig. 13 and Fig. 14 that the transmission error of the worm gear after thermal
deformation fluctuates more than that before thermal deformation, and the image tends
tomove downward, but the peak value of the transmission error after thermal deformation
is obviously larger than that before thermal deformation, Therefore, when the ambient
temperature increases, the transmission error of worm gear and worm tends to become
larger.

The theory is verified by the single-sided and double-sided meshing tester of
GEARTEC and infrared thermal imager. The experimental site is shown in Fig. 15.

The experimental results show that when the worm gear pair temperature is 25 °C,
the maximum transmission error is 26.8 um, and when the worm gear pair temperature
is 35 °C, the maximum transmission error is 27.5 um. Therefore, it is concluded that
with the increase of temperature, the transmission error of worm gear pair also increases,
which is consistent with the previous simulation conclusion.
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Fig. 15. Experimental site.

6 Conclusion

The thermal structural simulation of the worm gear is carried out by using the finite
element software, and the thermal deformation of the tooth size of the worm gear under
the condition of temperature change is obtained. Through ADAMS motion simulation
software, the motion simulation of worm gear and worm is carried out to obtain the
transmission error of worm gear and worm, and then through experimental verification,
the influence relationship of temperature change on worm gear and worm transmission
error is finally obtained, which provides an important reference and basis for control-
ling and reducing the thermal deformation of worm gear and worm and improving the
transmission accuracy.

The analysis of this paper provides a basis for the high-precision analysis of worm
gear and worm drive on the transmission error caused by thermal deformation. With
the further research, the parameters of the transmission error change model caused by
thermal deformation can be refined. With this model, the change of transmission error
can be compensated by temperature information.
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