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Abstract: Strain wave gear reducers, also known as harmonic drives, are widely used in industrial
robots and collaborative robots. The zero-backlash feature is very important for these applications.
However, this places extremely high demands on the machining accuracy of the strain wave gear
reducer. Excessive manufacturing errors will lead to excessive backlash, affecting transmission
accuracy or making installation difficult, and the flexible spline (or flexspline) is prone to wear,
resulting in reduced accuracy with use. This study proposes a novel strain wave gear reducer with
a double flexspline structure. The original “circular spline” which was rigid will be redesigned to
be slightly flexible and deformable with an additional deformation adjustment structure, which
reduces the requirements for machining accuracy, and realizes the same zero-backlash characteristic
of traditional structure. The experimental results show that the new strain wave gear reducer has
extremely low lost motion, hysteresis loss, and high torsional rigidity. The new strain wave gear
reducer provides a more economical way to realize the zero-backlash reducer and helps to solve the
problem of the accuracy decline of the strain wave gear reducer due to the wear of the flexspline.

Keywords: strain wave gear; harmonic drive; gearbox; reducer; zero-backlash

1. Introduction

Strain wave gear mechanism was invented by the American inventor Clarence Walton
Musser in 1955 [1,2]. Strain wave gears are now installed in the most modern robotic
applications in the world, especially in industrial robots and collaborative robots. All
this is made possible by its key features [2]. Due to high reduction ratios with only three
basic components and coaxial alignment, small dimensions and low weight compared to
conventional gear types allow the use in compact and lightweight applications. Gears
exhibit the absolute zero-backlash property, having an excellent positioning accuracy of
less than one angular minute and a repeatability accuracy of only a few angular seconds.

Prior to Musser’s invention [1], efforts to achieve higher transmission accuracy in gear
mechanisms were focused solely on making the mechanism more rigid. While the strain
wave gearing, by contrast, was to make use of the flexibility of metal and apply elastic
dynamics [3,4].

However, the zero-backlash feature of the current strain wave gear reducer depends
on the tightness of the meshing between the teeth of the flexspline and the teeth of the
circular spline after the elliptical deformation of the flexspline under the action of the wave
generator. Once the meshing tightness is insufficient, the backlash will be large. On the
contrary, they will not be able to assemble or rotate difficultly. Whether the flexspline
and the rigid circular spline can be accurately mated depends on the machining precision
of the machine tools. Higher precision requirements increase the production cost and
limit some relatively cheap materials and processing techniques. At the same time, the
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flexspline, the circular spline, and the wave generator will wear to a certain extent during
operation, and the wear will also cause the meshing tightness between the flexspline and
the rigid circular spline to gradually decrease and the backlash of the reducer will gradually
increase. We propose a novel strain wave gear type with a double flexspline structure.
The original “circular spline” which was rigid will be redesigned to be slightly flexible
and deformable with an additional deformation adjustment structure, which reduces the
requirements for machining accuracy and realizes the same zero-backlash characteristic of
traditional structure.

Since the strain wave gear has only three basic components, it is difficult to come
up with new improvements. Most studies focus on the characteristic analysis of strain
wave gear reducers, such as stress analysis [5-11], kinematic errors [12-14], hysteresis, and
gear torsional stiffness [15,16]. There are also some studies that focus on the analysis of
failure analysis [17,18], and some studies on the testing technology of strain wave gear
reducers [19]. There are quite a few studies that focus on gear mesh analysis and propose
new optimized tooth profiles [20-26]. There is also related research on the relationship
between wave generator optimization and performance [27]. Article [28] proposed a new
model to estimate its mechanical efficiency. A few researchers have proposed new ideas for
the design of strain wave gear reducers [29,30].

The novelty design of the double flexspline strain wave gear type provides a more
economical way to realize the zero-backlash reducer and helps to solve the problem of the
accuracy decline of the strain wave gear reducer due to the wear of the flexspline. The re-
sults of the experiment show that the new type of gear acquires high transmission accuracy
and high hysteresis property of stiffness with low precision of machining requirement.

2. Design of the Novel Strain Wave Gear Reducer

The structure and transmission process of the new strain wave gear reducer is shown
in Figure 1. Its components are roughly the same as those of the general strain wave gear
reducer. It still includes three basic components: a wave generator, flexspline, and a circular
spline (the flexible circular spline replaces the original rigid circular spline). Furthermore, a
limit ring is provided additionally.

Flexible circular spline
Limit ring &

Flexspline

Wave generator ’

Limit ring

Flexible circular spline

Wave generator
Flexspline

Figure 1. The structure and transmission process of the new strain wave gear reducer.
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The wave generator has nothing to change, an elliptical steel disc at the center of the
gear. It has an elliptical flexible ball bearing. The wave generator uses the flexible ball
bearing to deform the flexspline, a deformable cylindrical steel sleeve with teeth arranged
radially around the outside. As a deformable cylindrical outer ring, it is the flexible circular
spline, which is the third component surrounding both the wave generator and flexspline,
and is equipped with internal teeth.

As the wave generator rotates, the major axis and the gear meshing area shift. The
number of the external teeth of the flexspline have exactly 2 teeth less than the internal
teeth of the flexible circular Spline. Accordingly, during a half rotation of the elliptical wave
generator, there is a relative movement of one tooth between the flexspline and the flexible
circular spline; during a full rotation, there are already two teeth.

The elastic deformation of the flexible circular spline is restricted by the limit ring.

Figures 2 and 3 shows the installation relationship of each component of the new
strain wave gear reducer, especially the structure of the limit ring.

Limit ring  Flexible circular spline

)

|

Offset caused by wear on flexible circular spline J
Axial displacement
of the limit ring

Elasticity from ‘ ' ’ !
elastic eushion

Limit Ring

Flexible circular spline
Flexspline

Figure 3. New strain wave gear reducer in perspective view with partially sectioned.

The wave generator causes the flexspline to undergo elliptical elastic deformation and
meshes with the flexible circular spline part. The contact part of the flexible circular spline
and the flexspline are subjected to the radial pressure of the flexspline to produce elliptical
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elastic deformation. The flexible circular spline is deformable, but under the same pressure,
it has smaller deformation than the flexspline. The non-toothed side of the flexible circular
spline is processed with a tapered contact surface. The deformable limit ring is relatively
fixed with the flexible circular spline, and it is processed with an annular limit surface. The
limiting contact surface of the flexible circular spline is in contact with the annular limiting
surface of the limit ring. The amount of deformation of the flexible circular spline is limited
by the adjustment of the limit ring.

While the strain wave gear reducer is running, the flexible circular spline is allowed
to have a small or slight amount of elliptical elastic deformation along with the flexspline.
This not only can allow higher machining tolerance but also improves the wear resistance of
the gear reducer to prolong the precision life, so it also allows the use of cheaper materials
and processing technology to produce a better manufacturing accuracy strain wave gear
reducer, thus greatly reducing the cost of the strain wave gear reducer.

3. Stress Analysis of the Strain Wave Gear Reducer

In this section, the stress simulation results of the given structure are shown to illustrate
the reliability of the structure. Overall simulation analysis was based on H2F-14-80 series
reducers. The model includes the following components: 1. Wave generator bearing;
2. Flexspline; 3. Flexible circular spline; 4. Limit ring. The analysis process can be divided
into three analysis steps: (a) the assembly of the wave generator, the flexspline, and the
flexible circular spline, so that the wave generator bearing, the flexspline, and the flexible
circular spline produce initial deformation; (b) the preload is applied to the limit ring
(elastic pad elasticity), preload the assembly; (c) apply external loads. Analyze the stress
condition of the reducer and calculate its performance parameters through post-processing.

As shown in Figure 4, the limit ring will affect the contact state of the tooth surface of
the flexspline and the magnitude of the contact stress. After the limit ring is assembled, the
total length of the contact line on the tooth surface increases significantly, and the amplitude
of the contact stress increases by 32 MPa. The limit ring makes the tooth surface contact
more fully by tightening the flexible circular spline.
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82.02

“‘1 67.616 "\‘ ‘
THMNM = w'f’“
[+ A
/! \ ‘.l‘ | ZMin (A\'T’!Ll[\‘l i“.
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Figure 4. The contact stress of the tooth surface before and after the assembly of the limit ring:
(a) Before assembly; (b) After assembly.

As shown in Figures 5 and 6, the assembly of the limit ring will affect the equivalent
stress distribution and amplitude of the flexspline and flexible circular splines. The equiva-
lent stress of the flexspline is concentrated on the upper part. Since the limit ring restricts
the deformation of the flexible circular spline in the direction of the long axis, the location
of the maximum bending stress point changes. From the outer edge of the flexible circular
spline to the root of the tooth, the stress of the flexible circular spline varies slightly more
than that of the flexspline.

As shown in Figures 7 and 8, under the torque loading working condition, the location
of the maximum equivalent stress moves to the dedendum area where its allowable load
is mostly affected. However, the simulation results illustrate that the limit ring does not
induce much additional stress on the flexspline dedendum, and the equivalent stress on
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the flexible circular spline under the maximum torque is also significantly less than the
yield strength limit.
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Figure 5. The equivalent stress of the flexspline before and after the limit ring is assembled: (a) Before
assembly (304 MPa); (b) After assembly (339 MPa).
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Figure 6. Equivalent stress of the flexible circular spline before and after assembly of limit ring:
(a) Before assembly (153 MPa); (b) After assembly (218 MPa).
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Figure 7. Flexspline dedendum stress: (a) Dedendum stress under rated load (10 Nm); (b) Dedendum
stress under instantaneous maximum torque (61 Nm).
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Figure 8. Flexible circular spline dedendum stress: (a) Dedendum stress under rated load (10 Nm);
(b) Dedendum stress under instantaneous maximum torque (61 Nm).

4. Analysis of the Flexspline Deformation under the Influence of the Limit Ring

In this section, the analysis results of the influence of the limit ring on the deformation
of the flexspline are attached. Taking the centroid of the reducer as the coordinate origin,
a cylindrical coordinate system is established, and the post-processing outputs the radial
displacement, tangential displacement, and axial displacement of each flexspline at different
positions along the circumferential direction, as shown in Figures 9-11. The limiting ring
restricts the deformation of the flexspline, so that the teeth are fully meshed and ensures
the meshing rigidity. Compared with the non-limiting ring structure, the backlash is more
optimally suppressed.
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Figure 9. Radial displacement of the flexspline before and after the limit ring is assembled (a) the
upper part of the inner flexspline; (b) the lower part of the inner flexspline; (c) the upper part of the
outer flexible circular spline; (d) the upper part of the outer flexible circular spline.
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Figure 10. Tangential displacement of the flexspline before and after the limit ring is assembled
(a) the upper part of the inner flexspline; (b) the lower part of the inner flexspline; (c) the upper part
of the outer flexible circular spline; (d) the upper part of the outer flexible circular spline.
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Figure 11. The axial displacement of the flexspline before and after the limit ring is assembled (a) the
upper part of the inner flexspline; (b) the lower part of the inner flexspline; (c) the upper part of the
outer flexible circular spline; (d) the upper part of the outer flexible circular spline.

The limit ring makes the radial deformation of the upper major axis of the inner
flexspline smaller but has little effect on the deformation of the lower part of the inner
flexspline; the limit ring constrains the deformation of the outer spline more significantly.
The maximum rate of change is between 16-24% of the radial and tangential displacement
amplitudes. The simulation results show that the limit ring mainly realizes the backlash
control by suppressing the deformation of the outer flexible circular spline and makes the
meshing state of the teeth tighter than the lack of the limit ring.

5. Experiment Test of the Strain Wave Gearbox
5.1. Test Equipment and Samples

As shown in Figure 12 and Table 1, the input and output ends of the reducer to be
tested are, respectively, connected to high-precision grating angle encoders, which can
accurately obtain the absolute angle information of the input and output of the reducer,
by calculating the difference between the actual output angle and the theoretical output
angle. The outer sides of the two angle encoders are high-precision torque sensors that
measure the torque at the input and output ends. The torque sensors can be used to
measure parameters such as transmission efficiency, starting torque, torsional stiffness, and
hysteresis characteristics. In this paper, the torque sensor only performs torsion testing
of the stiffness and hysteresis characteristics. Finally, the two ends of the test bench are
the input motor which provides the input speed and the output motor which provides the
simulated load. As it is difficult for a single motor to provide a high enough torque, the
load motor is also connected to a precision planetary gearbox.

As shown in Figure 13 and Table 2, a simple test setup for testing repeat positioning
accuracy was set up. The motor is directly connected to the tested reducer, which drives
the connecting rod of a certain length of the simulated single-arm robot to reciprocate. The
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end of the mechanical arm is constantly in contact with the high-precision displacement
sensor, so as to measure the repeatability of the reducer.

1 3 5 7
Servo motor Angle encoder Torque sensor Servo motor

2 4 6
Torque sensor Angle encoder Planetary gearbox

Figure 12. Performance test system.

Table 1. Key equipment and measurement parameters of the performance test system.

Position Number Equipment Manufacturer Measurement Parameter

2.62 kW, rated torque 10 Nm, peak torque

1 Servo motor Kollmorgen, America 30 Nm, 27-bit resolution, precision 0.33 arcmin.

Accuracy: +0.03%. Equipped with a dedicated
four-channel frequency measurement amplifier,
the signal bandwidth is 20 kHz, and the
frequency measurement deviation is 0.01%.

Input 2 Torque sensor HBM, German

28-bit absolute value, system accuracy

3 Angle encoder HEIDENHAIN, German
+2 arcsec

Absolute value type 29 bits, system accuracy

4 Angle encoder HEIDENHAIN, German
+1 arcsec

Accuracy: +0.03%. Equipped with a dedicated
four-channel frequency measurement amplifier,
the signal bandwidth is 20 kHz, and the
frequency measurement deviation is 0.01%.

5 Torque sensor HBM, German
Output

Reduction ratio 50, rated torque 1400 Nm,
maximum torque 1760 Nm, hysteresis 1 arcmin

5.25 kW, rated torque 33.4 Nm, peak torque
110 Nm, 27-bit resolution, precision 0.33 arcmin

6 Planetary gearbox Wittenstein, German

7 Servo motor Kollmorgen, America
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Figure 13. Horizontal swing arm for repeat positioning accuracy test.

Table 2. Repeat positioning accuracy test bench core device parameter table.

Equipment Manufacturer Parameters

750 W, rated torque 2.4 Nm, peak torque

Servo Motor Delta, China 8 Nm, 24-bit resolution
Motion Detector Magnescale, Japan Resolution: 0.1 um
Swing Arm Machined aluminum block Length: 420 mm

In this paper, 5 H2F-14-80 reducers are tested as shown in Figure 14. The reducer
test samples for this research are shown in Figure 5. These design parameters are listed in
Table 3. The test environment for precision is at a room temperature of 24 °C and a relative
humidity of less than 70%.

Figure 14. Reducer samples.
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Table 3. Reducer-rated design parameters.

Design Parameters Values

Transmission ratio 80
Rated torque at 2000 r/min input speed (Nm) 10
Maximum instantaneous torque (Nm) 61
Peak start-stop torque (Nm) 30

Maximum allowable input speed (r/min) 8500
Torsional rigidity (Nm/arcmin) 22
Moment rigidity (Nm/arcmin) 25
Allowable moment (Nm) 74

Moment of inertia (10~4 kg~m2) 0.454

5.2. Test Method for Stiffness Hysteresis

Fix the input of the reducer, gradually load the output side to 80% of the rated torque
and then unload it, and then gradually load it in the reverse direction to the rated torque
and then unload it, recording the corresponding torque and rotation angle value of the
output side. The number of samples for forward and reverse loading should be greater than
100 points, and the torque-rotation angle curve is drawn as the stiffness hysteresis curve.

Calculate the torsional stiffness, lost motion, and hysteresis of the reducer from the
stiffness hysteresis curve data:

(1) The torsional stiffness value is fitted according to the hysteresis curve in sections,
and the unidirectional loading and unloading curves can be divided into 3 sections
according to the slope. Perform the least squares linear fitting for each section of
the loading and unloading data sets, and obtain the slope K = a/b (a is the angle
difference, b is the torque difference) of this section, and the reciprocal of the K value
is the torsional stiffness within the torque range of this section, that is, K, Ky, and Ks.

(2) According to the methods commonly used in the industrial field, on the hysteresis
curve, when the abscissa is £3% of the rated torque, the difference between the
average values 6; and 6, of the 2 rotation angles corresponding to the forward and
reverse curves is the geometric lost motion of the test piece. This takes into account
factors such as internal friction, oil film resistance, backlash, and bearing clearance
in the transmission chain. As the strain wave gear has almost zero backlash, the lost
motion is used as a reference for gear accuracy.

(3) When the torsional torque is gradually applied to the gear output shaft until it reaches
80% of the rated torque in one direction, the torsional angle becomes smaller as the
torque is reduced. However, the torsion angle never reaches zero, even when the
torsional torque is completely returned to zero. On the hysteresis curve, when the
torque is 0, the torsional angle has a small amount that is not 0, and this amount is
called the hysteresis loss.

5.3. Test Method for Transmission Accuracy

Transmission accuracy refers to the difference between the actual rotation angle of the
output end and the theoretical rotation angle when the reducer is running stably. During
the test, the reducer is driven to run stably, and the real-time rotation angle values of
the input and output ends are recorded within the range of continuous operation of the
output end for one circle. Take the output angle as the abscissa, and the transmission error
corresponding to the angle as the ordinate, draw the transmission error curve, and the
maximum value of the error change on the curve is the transmission error of the tested
gear reducer.

The input speed of the reducer is set to 400 RPM (Revolutions Per Minute).

5.4. Test Method for Repeat Positioning Accuracy

The working condition of the tested gear reducer is set as the input-output axis is
vertical, with a horizontal rotating load. The load arm is 4 kg and the measuring point at
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the end is 420 mm from the axis of the reducer. Under this working condition, continuously
test the fixed point drift of the output load end of the reducer.

6. Results
6.1. Stiffness Hysteresis Test Results
6.1.1. Stiffness Hysteresis Test Curves

After the assembly, five tested reducer samples are installed in the performance test
system. And they are tested with the stiffness hysteresis method. Data collected in these
experiments are analyzed and compared.

The stiffness hysteresis curves of the 5 tested reducers are shown in Figure 15, and the
detailed data obtained from these curves are shown in Table 4.
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Figure 15. Stiffness hysteresis curves under rated load (10 Nm): (a) Stiffness hysteresis curve of #1-1;

(b) Stiffness hysteresis curve of #1-2; (c) Stiffness hysteresis curve of #1-3; (d) Stiffness hysteresis curve
of #1-4; (e) Stiffness hysteresis curve of #1-5.
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Table 4. Torsional stiffness, lost motion, and hysteresis loss data under rated load (10 Nm).

1311:1%1; (Nm. /frlcmin) N m/frzc min) (Nm. /iacmin) Lost Motion (arcsec)  Hysteresis Loss (arcsec)
#1-1 2.68 2.64 2.81 10.08 38.67
#1-2 2.55 2.54 2.59 10.97 37.05
#1-3 2.38 2.35 244 11.35 36.88
#1-4 2.67 2.59 2.71 10.17 35.72
#1-5 2.54 244 2.58 11.30 36.54
Average value 2.56 2.51 2.63 11.03 36.97

From the data in Table 4, we can find that the tested reducers maintain high rigidity
throughout the entire torque range. Lost motion keeps low values below 12 arcsec. Torsional
rigidity, lost motion, and hysteresis loss are all superior to traditional strain wave gear
reducers (as shown in the data in Table 5) [31].

Table 5. Torsional stiffness, lost motion, and hysteresis loss data of conventional type reducer.

Conventional Tvpe Ky K, K3 Lost Motion Hysteresis Loss
yP (Nm/arcmin) (Nm/arcmin) (Nm/arcmin) (arcsec) (arcsec)
. . ®
HarmonicDrive 13734 1.7658 2.0601 23 60

CSF-GH Series

Angle/arcmin
LS hAbbborvws oo

6.1.2. Influence of the Limit Ring on Stiffness Hysteresis Character

As the stiffness hysteresis curves illustrate in Figure 16 and Table 6, the limit ring plays
an important role in double flexible spline strain wave gear reducer. The vital indexes,
torsional stiffness, lost motion, and hysteresis loss are disappointing without installing a
limit ring. However, it reaches terrific performance once the limit ring has been installed.
It is because this strain wave structure requires big unidirectional stiffness on the flexible
circular spline, which controls its elliptic deformation and ensures teeth are meshing
completely. Flexible circular spline is easily deformed toward the inside as the limit ring
does not restrict it at the inside. Unidirectional rigidity ensures tooth meshing along circular
boundary conditions and its deformability to refill backlash caused by wear.

7
|- 4 6 |- 4
L 4 5l 4
L 4 4k 4
L 4 - 3k 4
|- 4 —_— 2 |- 4
I 1 Eq ]
L 4 8 ot 4
D

L 4 =1 4
L i <Ct 2k i
[ —K1=0.66 Nm/arcmin -3 —K1 = 2.37 Nm/arcmin
r —K2 = 1.23 Nm/arcmin -4 —K2 =2.23 Nm/arcmin
= —K3 =1.54 Nm/arcmin 5F —K3 =2.24 Nm/arcmin
L —Lost motion = 44.77 arcsec 6 —Lost motion = 11.56 arcsec

— | | —Hysteresis loss = 87.85 arcsec 7 | | | | | | —Hysteresis loss = 32.84 arcsec
10 8 6 -4 -2 0 2 4 6 8 10 -10 -8 -6 -4 -2 0 2 4 6 8 10

Torque/Nm Torque/Nm
(@ (b)

Figure 16. Influence of Limit Ring on Stiffness Hysteresis Curve: (a) Stiffness hysteresis curve without
limit ring installed; (b) Stiffness hysteresis curve with limit ring installed.
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Table 6. Torsional stiffness, lost motion, and hysteresis loss data with the influence of the limit ring.

Test Status K; K, K3 Lost Motion Hysteresis Loss
(Nm/arcmin) (Nm/arcmin) (Nm/arcmin) (arcsec) (arcsec)
Limit ring installed 2.37 2.23 2.24 11.56 32.84
Limit ring uninstalled 0.66 1.23 1.54 44.77 87.85

6.2. Transmission Accuracy Test Results

The transmission error curve of the test sample is shown in Figure 17 and Table 7.
Transmission accuracy keeps low values below 20 arcsec.
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Figure 17. Transmission error curves: (a) Transmission error curve of #1-1; (b) Transmission error
curve of #1-2; (¢) Transmission error curve of #1-3; (d) Transmission error curve of #1-4; (e) Transmis-
sion error curve of #1-5.
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Table 7. Transmission error test data.

Sample Number Transmission Error (arcsec)
#1-1 16.6
#1-2 19.5
#1-3 16.7
#1-4 13.6
#1-5 16.8

6.3. Repeat Positioning Accuracy Test Results

The repeated positioning drift of the measuring points at the end of the swinging arm
is drawn as a scatter diagram, as shown in Figure 18.
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Figure 18. Repeat positioning errors: (a) Repeat positioning errors of #1-1; (b) Repeat positioning

(=}

errors of #1-2; (c) Repeat positioning errors of #1-3; (d) Repeat positioning errors of #1-4; (e) Repeat
positioning errors of #1-5.

It can be seen from the test data that the repeat positioning accuracy of the H2F-14-80
reducer varies within +0.01 mm (The red lines in Figure 8 are £0.01 mm indicator lines.),
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and the value converted to the output repeat positioning angle by using geometric trigono-
metric relationships is £4.9 arcsec.

7. Discussion

From the analysis in Sections 3 and 4, we can see that the new strain wave gear reducer
is conducive to the participation of more tooth surfaces in meshing after the assembly of the
limit ring, which is conducive to improving the overall torsional stiffness and maintaining
the zero-backlash feature. The impact of manufacturing errors on the final transmission
accuracy of the product is reduced. It is also very convenient to fine-tune the limit ring to
maintain high accuracy.

From the experimental results in Section 6, we can see that the new strain wave gear
reducer has high torsional stiffness, extremely low lost motion, and hysteresis loss. The
adjustment of the limit ring has a positive impression on the stiffness characteristics of the
gear reducer.

The new strain wave gear reducer will provide a more economical way to realize the
zero-backlash reducer and helps to solve the problem of the accuracy decline of the strain
wave gear reducer due to the wear of the flexspline.

8. Patents

Zilong, Ling. Double-flexspline harmonic reducer with limitable deformation. U.S.
Patent No. 11,614,153. 28 March 2023.
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