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Abstract: The flexspline (FS) of the harmonic drive (HD)
is subjected to thermal load and force load during opera-
tion, leading to the deformation difference between the
inner and outer surfaces of the FS. As a result, the trans-
mission performance of the HD assembly decreases. To
overcome this problem, the thermal–mechanical cou-
pling deformation mechanism of the FS is analyzed,
and then the influence of the deformation difference on
the transmission accuracy of the HD is studied in this
article. On this basis, the structural parameters of the
wave generator are optimized to eliminate actual back-
lash and to improve the actual transmission accuracy.
Finally, the effectiveness of the calculation method pro-
posed in this article was proved by the prototype test.

Keywords: harmonic drive, thermal–mechanical coupling,
transmission performance, deformation difference, struc-
tural optimization

1 Introduction

A harmonic drive (HD) is widely used in complicated
mechanical systems, such as machine tools, robots, and
spacecraft, due to its large transmission ratio, straightfor-
ward structure, and small size. An HD consists of three
components, namely, a rigid “circular spline (CS),” an
elliptical “wave generator (WG),” and a non-rigid “flexs-
pline (FS).” CS has inner teeth, and FS has outer teeth.

WG has an elliptical ball bearing. The operation of HD
depends on the harmonic elastic deformation of the FS.

HDwas invented as a practical application by American
engineers [1,2]. To improve transmission performance,
many researchers have conducted studies to improve the
tooth profiles of HD [3–5]. The main tooth profiles of HD
are the involute profile, S profile, and double circular arc
profile. The objective of design optimization is to increase
the meshing area to improve the load-carrying capacity
and transmission stability [6]. In Kayabasi and Erzincanli
[4], the authors increased the fatigue strength of the tooth
root by improving the tooth profile parameters, and the
torsional stiffness of the gear was also enhanced [4]. Zhu
et al. [7] established a kinematic model of HD to discuss
the relationship between the cone angle of FS and the
engagement profile, aiming at the different neutral curves
in cross sections perpendicular to the axis made by the
taper deformation under FS of HD produced by the cam
WG. Liu et al. [8] established a design method for the space
tooth profile of CS, which spatially engaged with deformed
FS, and a calculation method of backlash between engaged
teeth surfaces. To enable more teeth engagement, a com-
plete method to design a tooth profile and its backlash
assessment in an HD was presented by Pacana et al. [9].

The strain calculation of FS is very important in the
design and optimization of the HD system [10]. Plegue-
zuelos et al. [11] reported some results on conventional
internal gearing. They used elastic potential energy in
calculating load sharing and contact stress in high-con-
tact-ratio internal spur gears. Later, Sahoo and Maiti [12]
also produced similar results using different methods and
took the effect of the variation in the rim-thickness into
account in load-sharing patterns. Wang et al. [13] studied
the stress calculation methods for short FS and proposed
a rapid stress calculation method for short HD.

In addition to the above studies, an experimental
method was proposed to investigate the effect of the
driving speed on the deformation characteristics of FS,
and the comparison results revealed that the radial dis-
placement of FS is composed of harmonic and random
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components [14]. Chen et al. [15] calculated the circum-
ferential strain using Hooke’s law in the assembly state.
Tian et al. [16] proposed a multibody contact model of
flexible bearing, which was developed with ANSYS and
used to study load distribution.

Owing to the installation error, manufacturing error,
elastic deformation, thermal deformation, and other fac-
tors, the straight bevel gear pair will incur the serious
phenomenon of meshing interference and impact in the
meshing process. Therefore, it is necessary to design a
suitable modification tooth to improve the gear pair’s
transmission performance and enhance its bearing capa-
city. Zhang et al. [17] considered elastic deformation of
gear pair, obtained the optimal isometric modification
parameters using orthogonal design, and then used the
optimal isometric modification parameters and symmetric
crowned modification parameters to modify the tooth
separately. In terms of thermal deformation analysis of
gears, Lee et al. [18] measured thermal deformation
through the uncertainty of material properties and pro-
posed a precise and efficient tooth profile analysis method.
Lu and Tang [19] proposed the thermal time-varying stiff-
ness model and the thermal time-varying backlash model
of tooth deformation, and the influencing mechanism of
temperature on the tooth profile error, mesh stiffness, total
deformation, and backlash was revealed. Backlash plays a
significant role in gear design and gear dynamic analysis.
The time-varying backlash increases with an increase in
torque load and a decrease in rotation speed and tooth
surface temperature [20].

From the above studies, it is evident that the defor-
mation analysis of the FS under a non-working state and
the optimization of the parameters of the tooth profile
have been extensively studied. Nevertheless, the tradi-
tional HD model is often simplified by taking the defor-
mation of the neutral line in FS as the deformation of
FS. The deformations of the inner and outer surfaces of
FS are not taken into consideration. The transmission
performance of HD is influenced by these simplifications.
Additionally, the HDproduces thermal deformation during
actual operation, which also influences the meshing effect
between the gear teeth. Therefore, it is crucial to study the
deformation of FS under the action of thermal–mechanical
coupling and modify the actual position of the tooth pro-
file by considering the deformation difference between the
inner and outer surfaces of FS.

At present, the research on the thermal deformation
of gear meshing mainly focuses on the optimization of
the tooth profile to improve the degree of gear meshing.
However, the inertia moment of the longitudinal section
of the tooth is about 10 times that of the section in the

middle of the gear. When the FS is deformed, the tooth
profile is unchanged [21]. The previous analysis method
for the thermal deformation of the tooth profile is not
fully applicable to the actual situation of the HD.

In this article, the thermal–mechanical coupling defor-
mation of HDwas proposed to calculate the actual deforma-
tion of FS. The deformation difference between the inner
and outer surfaces of FS was established, the actual defor-
mation curve of the tooth profile is solved by considering
this deformation difference. Subsequently, the actual tooth
profile of the FS was made consistent with the theoretical
tooth profile by optimizing the structure ofWG to ensure the
transmission accuracy of the HD during operations.

This article is organized as follows: the calculation of
thermal load and heat transfer coefficient for HD is
described in Section 2. The force deformation of the FS
is analyzed in Section 3. Section 4 illustrates the solution
of the thermal–mechanical coupling deformation differ-
ence of FS. Section 5 demonstrates the application of the
proposed method in case. The conclusions are given in
Section 6.

2 Calculation of the thermal load
and heat transfer coefficient
of HD

As shown in Figure 1, during the operation of the HD, on
the one hand, it is loaded by the force of WG and flexible
bearing, resulting in flexible deformation of FS; on the
other hand, working heat will also lead to deformation of
FS, including gear meshing heat and flexible bearing
heat. From these initial conditions, the thermal deforma-
tion and force deformation of FS can be calculated.
Furthermore, the deformation difference between the
inner and outer surfaces of the FS can be analyzed.

2.1 Calculation of heat generation of tooth
meshing of HD

The meshing friction heat flux of the gear teeth is mainly
determined by the sliding friction coefficient of the tooth
surface, the relative sliding speed of the tooth surface,
and the contact stress of the tooth surface [22].

=q γμσ v ,m p r (1)

where qm is the meshing friction heat flux, γ represents
the conversion coefficient of friction energy into heat
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energy, μ and σp are the sliding friction coefficient and
average contact stress of the tooth surface, respectively,
and vr is the relative sliding speed of the tooth surface.

The sliding friction coefficient at any meshing posi-
tion is [23]
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where σH is the maximum contact stress of the tooth sur-
face, v1, v2 are the tangential speed of the driving gear and
driven gear at the meshing point, respectively, R1 and R2

are the equivalent radii of driving gear and driven gear
respectively, as shown in Figure 2, ηoil represents dynamic
viscosity of lubricating oil, and Ra represents tooth surface
roughness.

When the running conditions are the same, the con-
tact state between the teeth can be simulated by a pair of
rollers [24], with ρ1 and ρ2 being the curvature radii at the
contact line of two cylinders, respectively, as shown in
Figure 3.

According to the Hertz theory [25], the maximum
contact stress is given as
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where ρ, μ, and E, respectively, represent the radius of
curvature, Poisson’s ratio, and the modulus of elasticity,
subscript 1 represents the FS, and subscript 2 represents
the CS. L is the length of the contact line between the FS
and the CS. Fn is the nominal normal load of the gear
teeth, and the relationship with the circumferential load
(Ft) on the FS can be described using the following
equations:

= /F F αcos ,n t (4)

Figure 1: FS deformation principle of HD.

Figure 2: A simplified contact model. Figure 3: Cylindrical contact.
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= /F T r N ,t b (5)

where α is the pressure angle of the FS, N is the number
of teeth involved in meshing at the same time, and T and rb
are the torque and index circle radius of the FS, respectively.

2.2 Calculation of heat generation of the
flexible bearing of HD

Flexible rolling bearings are mostly used in the HD. Based
on the coupling mechanism between their nonlinear
mechanical characteristics and thermal effects, a dynamic
bearing heat generation calculation model is established,
which comprehensively considers factors such as force
load and spin motion of rolling elements. Based on the
Palmgren overall heat generation model, the bearing fric-
tion torque is divided into two components: the inner and
outer ring Mi and Mo [26]
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where Z is the number of rolling elements of the bearing,
Db represents the diameter of the rolling element, Di and
do are the diameters of the contact points between the
inner and outer raceways with the rolling elements,
respectively, dm and n are the pitch, diameter and speed
of bearing, respectively. f0 is the coefficient related to
bearing type and lubrication method, Pi, Po represent
the calculated load of the friction torque of the inner
and outer rings of the bearing, and the coefficient f1
depends on the bearing type and load.

( )= × /

−f P C1.3 10 ,1
3

0 0
0.33 (7)

here, C0 is the rated static load of the bearing, and P0
represents the equivalent static load of bearing

= +P F F0.5 0.46 ,0 a r (8)

where Fa and Fr are the axial and radial load of the bearing,
respectively. During the operation of the HD, the flexible
bearing is mainly subjected to the force of the radial load.
The calculations are given in detail in Section 3.

When the bearing rotates, the rolling element spins
to generate friction torque

( )
=M

μ Q a L K3
8

,zx
si ij ij ij (9)

where μsi represents the sliding friction factor of the
rolling element and the inner ring raceway, aij is the

major axis of the Hertz contact between the rolling ele-
ment and the inner ring raceway, and L(K)ij is the second
type of complete integration of the rolling element and
the inner ring raceway Hertz contact.

The frictional heat generation of the contact area
between the single rolling element and the inner and
outer rings of the bearing can be described as follows:

= / +H nd M D ω M ,ij m i b sij zx (10)

=H ω M ,oj ball o (11)
where ωsij is the spin angular velocity of the rolling
element.

According to Burton’s theory [27], the effect of the cage
and the guide ring on heat generation is ignored, the
bearing friction heat generation is distributed to the rolling
elements, and the inner and outer rings contact raceways
at 1:1, and then the heat generation of each part of the
bearing can be modeled using the following equations:
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= +H H H ,b i o (14)
here, Hi, Ho, and Hb are the heat generation of the inner,
outer ring raceway surfaces, and rolling element surfaces
of the bearing, respectively.

2.3 Heat transfer coefficient on the end face
of gear teeth

The convective heat transfer on the end face of the gear
teeth can be simplified as the convective heat transfer ana-
lysis of the rolling disc. The flow of lubricating oil along the
disc surface can be divided into a laminar flow, transition
layer flow, and turbulent flow. The convective heat transfer
coefficient of the end face of the gear tooth is determined by
the Nusselt number (Nu), Reynolds number (Re), Prandtl
number (Pr), and the local radius (Rc) of the end face [28]

=

×h λ
R

Nu .f
f

c
(15)

The Reynolds number is formulated as follows:

=

×u l
v

Re ,liquid contact

liquid
(16)

where uliquid is the coolant speed, lcontact represents the
characteristic length of the contact surface, and vliquid is
the kinematic viscosity of the coolant.
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When Re < 1.95 × 105, the flow on the end face of the
gear teeth belongs to laminar flow
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among the formulas, λf is the thermal conductivity of the
coolant, ρf and cf are the coolant density and specific heat
capacity, respectively, ω represents the angular speed of
rotation of the FS.

When 1.95 × 105 < Re < 2.5 × 105, the end face of the
gear teeth is in the transition layer flow state

= ×

−Nu 10 10 Re .20 4 (20)
When Re >2.5 × 105, the flow on the end face of the gear
teeth belongs to turbulence flow

=Nu 0.0188 Re .0.8 (21)

2.4 Heat transfer coefficient on the
circumferential surface of the tooth tip

The convective heat transfer coefficient between the cir-
cumferential surface of the tooth tip and the lubricating oil
can be approximately equivalent to the lubricating oil pas-
sing across the elongated flat plate laterally [29]. The Rey-
nolds number and Nusselt number of the lubricating oil
flowing on the circumferential surface of the tooth tip are
shown as follows:
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where ra is the radius of the tip circle of FS. Therefore, the
heat transfer coefficient of the tooth face circumferential
flow is formulated as follows:
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2.5 Heat transfer coefficient of bearing
lubrication

After the lubricating oil passes through the bearing, a part
of the grease adheres to the rolling element and the inner
and outer rings of the bearing to cool and lubricate. The
other part will remove the heat and disperse it into the air.
The heat dissipation coefficient has been shown in [30]
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where Da is the size of the geometric characteristics of the
heat exchange, and the Reynolds number is formulated as

=
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3 Analysis of force and deformation
of FS

3.1 Calculation of force load on FS

When the FS is assembled with a WG, its contour shape
changes, and the deformation curve is determined by the

Figure 4: Deformation curve of FS under cosine WG.
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WG. In this article, the cosine cam WG is selected as an
example, and the deformation of the FS is shown in
Figure 4.

Assuming that the inner surface of the FS is con-
nected with the WG, the maximum radial deformation
of the inner surface of the FS is w0. The deformation of
the inner surface under the WG is

( )= + ⋅r r w ϕcos 2 ,b 0 0 (27)

where ϕ0 represents the rotation angle between the defor-
mation curves of the FS with the long axis of WG. rb
denotes the inner surface radius of FS before deformation.
Because the FS has a certain thickness, the increase of the
tooth top radius on the outer surface of the FS will be
different from that on the inner surface of the FS. The
actual increase of the tooth top circle circle radius will
be less thanw0·cos(2ϕ0) [31]; that is, there is a deformation
difference between the inner and outer surfaces of FS.

The simplified FS is a smooth cylindrical model,
which does not consider the influence of the gear ring,
boundary effect, the form of WG, and the distortion of the
FS on the stress and strain. The usual method is to ana-
lyze the influence through experiments and then make
some correction to the theoretical calculations [32]. The
radial stress at the contact position between the FS and
the WG is shown as follows:

=σ C vw Eδ
r

,σr
0

b
2 (28)

where ν and E are Poisson’s ratio and the elastic modulus
of FS, respectively. w0 = w* × m, w*, and m are the radial
deformation coefficient and modulus of the FS, respec-
tively. δ represents the wall thickness of FS. Cσ represents
the normal stress coefficient [33].

3.2 Analysis of the relationship between
deformation difference and transmission
error

The FS rotates in the opposite direction during the rota-
tion of the WG; the radial and circumferential deforma-
tion occur, but the deformations of the FS’s cross section
are different. Theoretically, the difference between the
long and short half-axes of the WG is equal to the max-
imum deformation of the FS’s neutral layer. However, the
FS has a certain wall thickness. The spatial position
change of the FS’s tooth profile is less than the maximum
deformation of the neutral layer. Compared with the the-
oretical tooth profile, the actual tooth profile of FS is far
from the tooth profile of CS; this also causes the actual

backlash to be larger than the theoretical backlash
(Figure 5) [34].

Due to the deformation difference between the inner
and outer surfaces of the FS, the actual tooth profile of FS
is different from the theoretical tooth profile. The deforma-
tion differences between radial direction and tangential
direction is Δw and Δv, respectively. If the deformation
difference between the inner and outer surfaces of FS is
not considered and the deformation of the neutral layer of
FS is taken as the actual deformation of the FS, the fitting
backlash between CS and FS will be smaller than the
actual backlash, which will lead to the deviation in the
calculation the tooth profile of CS. The backlash between
FS and CS will be affected by the deformation difference.
The relationship between transmission errors and back-
lash of HD is as follows [35]:

=

×

⋅ =

×

⋅

⋅

j
π

j j
m Z

180 60
1000

6.876
,ϕ m Z

t

2

t

11 (29)

where jϕ and jt express the transmission error and back-
lash, receptively,m is the modulus of meshing gears, and
Z1 represents the tooth number of FS. Obviously, as the
backlash increases, transmission error increases. When
calculating the tooth profile of CS, the actual tooth profile
of FS should be considered to avoid the increase of initial
backlash caused by the deformation difference, which
will affect the accuracy of HD.

4 Calculation method of
thermal–mechanical coupling
deformation difference of FS

Based on the above analysis, the deformation difference
between the inner and outer surfaces of FS affects the
transmission accuracy of HD. The deformation difference

Figure 5: The influence factors of backlash.
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of FS is considered in the thermal–mechanical coupling
calculation method of HD.

In the actual operation process of HD, the tempera-
ture gradually increases, and the kinematic viscosity and
Planck number of the lubricating fluid will also change,
which will affect the calculation of HD thermal boundary
conditions, resulting in the calculation error of the defor-
mation difference between the inner and outer surfaces of
FS at the thermal steady state. The deformation calcula-
tion method of FS based on the thermal–mechanical cou-
pling is shown in Figure 6.

From Figure 6, The thermal–mechanical coupling
algorithm of HD is divided into the following steps:
• The stress of FS is calculated by the maximum defor-
mation and material properties of FS.

• It is assumed that heat generation of HD mainly includes
flexible bearing heat generation and tooth surface meshing
heat generation. We set the speed of HD and calculate the
heat output of the bearing according to the radial load of
FS. On the other hand, the heat generation of the tooth
surface is calculated according to the tangential load of FS.

• The heat transfer coefficient and other thermal boundary
conditions are calculated and input into ANSYS work-
bench together with the heat generation value to obtain
the temperature field of HD under initial conditions.

• The kinematic viscosity and Planck number of cooling
water decrease with an increase of temperature, and
the thermal conductivity increases with an increase of

temperature. The kinematic viscosity of air increases
with an increase of temperature, while the Planck number
and kinematic viscosity of lubricating oil decrease with
an increase of temperature. Therefore, with an increase
in the temperature of the HD, the thermal boundary con-
ditions of each stage are different. By consulting the
mechanical design manual [36], according to the tem-
perature field of each iteration, the Planck constant and
other parameters are determined at the corresponding
temperature to calculate the thermal boundary conditions
in the next iterative. If the temperature difference is
greater than 0.2°C [37], the Planck number and other
parameters under the new temperature condition are
adjusted, and the new thermal boundary conditions are
brought into the ANSYS workbench to perform a ther-
mal–mechanical coupling iterative calculation.

• After several thermal–mechanical coupling iterations,
until the temperature difference is less than the threshold,
it can be considered that the HD has reached the thermal
balance, and then the deformation difference between the
inner and outer surfaces of the FS is outputted.

When the HD reaches a stable thermal state, the
thermal boundary conditions need to be modified mul-
tiple times. Here, the ANSYS workbench and MATLAB are
used in combination to set iterates during the tempera-
ture increase of the HD. The calorific value and thermal
boundary conditions are calculated by MATLAB. The
temperature fields and deformation of FS are simulated
by the ANSYS workbench.

5 Verification by Example

The WH-CS14-type HD and the three-dimensional model
are shown in Figure 7. At the initial moment, assume the
initial temperature is 22°C, and the rotating speed of the
WG is 2,000 rpm. According to the analysis in Sections 2
and 3, the calculated initial load and boundary condi-
tions are shown in Table 1. So and Si are the areas of outer
and inner gear rings, respectively.

According to the calculation method in Section 4 and
the initial data in Table 1, after five iterations, the mod-
ified value of each coefficient and the value of heat load
are shown in Figure 8.

As is illustrated in Figure 8, when the HD approaches
the thermal stable state, the heat generated by the tooth
and the heat transfer coefficient of the surface of the
teeth, gear teeth, and bearing lubrication increase with
increasing temperature. The boundary condition data
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mation analysis of FS.
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obtained from each iteration are inputted into the ANSYS
workbench for analysis.

The temperature on the tooth surface of each calcu-
lation result is compared until the temperature increase
of the HD is not evident; that is to say, after five iterations,
the HD reaches the thermal equilibrium state. The tem-
perature field of HD in the eventual thermal steady state
is shown in Figure 9.

As shown in Figure 9, under the action of thermal–
mechanical coupling, the temperature of the teeth is the
highest when the FS reaches the thermal steady state,
reaching 51.8°C.

Using the sequential coupling analysis method, the
temperature field is applied to the finite-element static
analysis module, and the boundary conditions such as
displacement constraints are applied to obtain the radial
thermal elongation calculation results of the HD. After
five iterations, the algorithm cycle is terminated, and
the deformation of FS is shown in Figures 10 and 11.

As is displayed in Figures 10 and 11, the radial defor-
mations of the inner and outer surfaces of FS are 0.353
and 0.346mm, respectively, and the radial deformation
difference of FS is 0.007mm. Due to this difference in
deformation, the actual spatial position of the tooth

Figure 7: Structure diagram of HD.

Table 1: Initial load and boundary conditions

Initial load and boundary conditions Value Unit

Heat generated by teeth (qm) 12,920 W·m−2

Heat generated in the contact area of rolling element and bearing outer ring (Ho/So) 74,660 W·m−2

Heat generated in the contact area of rolling element and bearing inner ring (Hi/Si) 82,950 W·m−2

Rotating speed (v1/2πrb) 2,000 rpm
Maximum deformation (w0) 0.44 mm
Rated torque (T) 7.8 N·m
Heat transfer coefficient of gear teeth (hf) 408.86 W/(m2·K)
Heat transfer coefficient on the circumferential surface of the teeth (hd) 454.58 W/(m2·K)
Heat transfer coefficient of bearing lubrication (hz) 31.49 W/(m2·K)

Figure 8: Data correction for each iteration. (a) Heat generated by
teeth. (b) Heat transfer coefficient.
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profile of the FS does not coincide with the theoretical
position, which increases the backlash of the tooth engage-
ment and affects the transmission accuracy.

To compensate for the increase in meshing backlash
caused by the deformation difference of FS, the size of the
cam is improved, and the long axis size of the elliptical
cam is changed from 25.510 to 25.517 mm, depending on
the deformation difference of FS. Meanwhile, the short
axis size is changed from 24.630 to 24.623 mm, making
the actual tooth profile of the FS coincide with the theo-
retical tooth profile as much as possible; thereby, the
transmission accuracy of the HD can be improved. The

HD prototypes before and after optimization are shown in
Figure 12.

The comprehensive performance test platform of HD
is shown in Figure 13. The main test equipment and para-
meters are as follows.

Comprehensive test bench: zrt-ii test bench, overall
dimension: 2.6m× 1.4m× 1.05m, linearmovement accuracy:
0.01mm, comprehensive mechanical accuracy: 0.03mm.

Servo motor: SIEMENS 1FK7086-4CC71-1BA0, Rated
speed: 2,000 rpm.

Angle sensor: Heidenhain MRP 5080, Angular error:
±0.5″/sp.

Torque sensor: Kistler 9,389 A, sensitivity: −135 pC/ft·lb.
The test platform is connected with the console to

realize data acquisition and control signal transmission.
The torque and speed of the motor are controlled by a
converted input signal, and then HD is divided by the
input shaft. The output shaft is connected with the motor
at the other end, and the load is adjusted by the control
platform. The torque and speed of the input shaft and
output shaft are collected by the torque sensor, and the
rotation angle of the shaft is collected by the angle
sensor. Experimental data are transmitted to the test plat-
form in real time, recorded on the host computer, and
displayed in the form of tables and curves.

To measure the change of meshing backlash before
and after optimization, the output end of HD is locked,
the input end is turned to the end in one direction, and
the rotation angle is recorded and then turned to the
other direction until it cannot move. The rotation angle
is recorded, and the difference between the two rotation

Figure 9: Temperature field of HD in thermal steady state.

Figure 10: Radial deformation of inner surface of FS.
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angles is backlash. The sampling rate is set at 100ms,
and the rotation speed is set at 0.001 rpm. The reverse
maximum value is generally set as 3% of the rated torque.
When the torque is less than 1, 0.4 Nm is used as the test
value considering the problem of compensating bearing
friction; the detection results of the backlash of two HDs
are shown in Figure 14.

Figure 14 displays that the lower output angle is −2″, the
upper output angle is 9″, and the backlash is 11″ before
optimization and the lower output angle is −10″, the upper
output angle is 0″, and the backlash is 10″ after optimization.

The test results of the transmission error of HD before
and after optimization are shown in Figure 15. It can be
seen that the backlash is reduced 1″ after optimization.

Figure 11: Radial deformation of outer surface of FS.

Figure 12: HD test prototype.

Figure 13: The comprehensive performance test platform of HD.

Figure 14: Backlash test results of HD.
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The abscissa represents the rotation angle of HD, i.e., 10
to 370 degrees. The ordinate represents the transmission
error value in the process of one revolution of HD; the dif-
ference between the upper and lower bounds of the curve is
the transmission error of HD. As depicted in Figure 15, the
transmission error is 177″ + 101″ = 278″ before optimization,
the transmission error is 187″ + 43″ = 230″ after optimiza-
tion, and the transmission error is reduced by 17.3%. It is
proved that the method of thermal–mechanical coupling of
HD is correct. Through the deformation difference between

the inner and outer surfaces of FS calculated by this
method, the design improvement of HD is carried out,
which is effective for improving transmission accuracy.

6 Conclusions

This article discussed the thermal–mechanical coupling
deformation of FS. Firstly, the thermal load and thermal

Figure 15: Transmission error of HD: (a) before optimization and (b) after optimization.
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boundary conditions of HD are analyzed. Subsequently,
the relationship between the deformation difference of
the inner and outer surfaces of the FS and transmission
error is analyzed. Finally, the WH-CS14-type HD is taken
as an example. The structural parameters are optimized
based on the thermal–mechanical coupling deformation
method proposed in this article. The major conclusions
are summarized as follows.
• Considering the actual working state of HD, the ther-
mal–mechanical coupling deformation mechanism of
HD is analyzed. The thermal load and boundary condi-
tions change by an increase in temperature, and many
iterations were needed to calculate the actual deforma-
tion of the FS in the thermal steady state. Therefore, the
thermal gradient model of HD in the thermal equili-
brium state can be accurately analyzed.

• The deformation difference between the inner and outer
surfaces of the FS under the action of thermal–mecha-
nical coupling was calculated, which made the initial
backlash increase, and transmission accuracy of HD
was reduced. The research on the deformation difference
of FS can be used to improve the meshing degree
between FS and CS.

• A new structural optimization method of HD based on
thermal–mechanical coupling deformation analysis was
proposed. By modifying the cam size parameters based
on deformation difference, the actual gear tooth profile
coincides with the theoretical tooth profile position to
ensure the actual transmission accuracy of HD. The opti-
mization method presented in this article can provide
methodological guidance for improving the transmis-
sion accuracy of HD.
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