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Abstract: The study of hysteresis can be traced back to the 19th century. The key characteristics of
hysteresis are rate independence and rate dependence. A typical system with hysteresis characteristics
is the reducer. In the industrial sector, the hysteresis phenomenon of a reducer is often illustrated by
the lost motion, which is always consistent with the rate independence by default. In the paper, a
hysteretic model of reducer considering geometric errors is established. Theoretically, the hysteretic
characteristics of the reducer are found to mostly maintain the rate dependence rather than the rate
independence. The loading rate will lead to a change in the hysteretic characteristics of the reducer,
thereby affecting the lost motion test and the design of the reducer. Through further experimental
research, it is verified that the dependence of the loading rate will have an impact on the results
of the lost motion test, and different gear materials have different effects on the dependence of
the loading rate.

Keywords: hysteresis; loading rate dependence; reducer; lost motion

1. Introduction

Hysteresis, as a physical phenomenon, exists widely in nature and man-made sys-
tems [1,2]. Ewing first mentioned the hysteresis phenomenon in 1885 in his article on elec-
tromagnetism, which discussed the rate independence of the hysteresis phenomenon [3].
The theory of rate independence believes that the hysteresis phenomenon is a result of the
comprehensive action of internal factors of the system and that it has nothing to do with
the external input rate. However, long-term follow-up research has found that rate inde-
pendence is an ideal state for physical systems [4]. When the external input rate is lower
than a certain critical value, the system can approximately maintain the rate independence
state. However, in most cases, it will be rate dependent [5,6].

The dependence of the rate considers that the rate of external input also affects the
hysteresis phenomenon of the system. Figure 1 shows a hysteresis curve of a shape memory
alloy [7], which is a NiTi shape memory alloy wire with an alloy composition of Ti-50.8at%
Ni. The material was tested at four different loading rates, and it was found that when
the same strain amplitude value was loaded, the faster the loading rate, the greater the
stress value required. For example, when the strain reached 0.06, the stress corresponding
to 0.01 Hz was about 450 MPa, and the stress corresponding to 1 Hz was about 600 MPa.
Consequently, the hysteresis curve decreases inward with the acceleration of the loading
rate. Figure 2 shows the hysteresis curve of BNT-BT piezoelectric ceramics prepared at
three different cooling rates. It is found that with the acceleration of the cooling rate,
the coercive field strength increases. For example, when the cooling rate is 1 °C/min,
the strength of the coercive field can reach +30 p C/ cm?; when the cooling rate exceeds
10 °C/min, the strength of the coercive field can reach +40 @ C/cm?. The faster the
cooling rate during the preparation of piezoelectric ceramics, the stronger the ferroelectric
properties [8]. Other materials are also affected by the external input rate. For example,
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the tensile strength of natural rubber materials is enhanced with an increase in the loading
rate [9]. With the increase in the loading rate, the bearing capacity of reinforced concrete
beams also improves, etc. [10]. The literature [11] explored the performance of cyclic static
dynamic loads of aluminum alloys.
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Figure 1. Hysteresis curves of shape memory alloy.
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Figure 2. Hysteresis curves of piezoelectric ceramics.

The reducer is a common basic component of equipment. It is a typical system with
hysteretic characteristics [12-14]. Research on the hysteretics of the reducer has a long
history. However, from a comprehensive review of these studies, it can be found that they
have always defaulted on rate independence and ignored rate dependence. As a result, the
effect of the loading rate dependence on the reducer was not considered in the design and
test of the lost motion of the reducer, and the results obtained are questionable [15,16].

To solve the above problems, the loading rate dependence of the hysteretic of the
reducer and its influence on the lost motion test is discussed in the paper. In view of the
above problems, this paper discusses the loading rate dependence of the retarder hysteresis
and its influence on the lost motion test. The paper is divided into six parts: (1) The first
part is the introduction, which will analyze the research status of rate dependence. (2) In the
second part, the loading rate dependence of the retarder hysteresis is analyzed theoretically,
and the retarder hysteresis model considering geometric error is established to explore the
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influence of the loading rate dependence on the lost motion theoretically. (3) The third
part is the experimental design, including the introduction of test objects, test methods,
and test equipment. (4) The fourth part is the experimental research. The lost motion
test experiment is carried out for three kinds of reducers to explore the effect of loading
rate and compare with the theoretical analysis results. (5) In the fifth part, the theoretical
analysis and experimental results are discussed, and some suggestions are put forward
for the design and test of the lost motion of the reducer. (6) The last is the conclusion of
this paper.

2. Loading Rate Dependence of Hysteretic of Reducer
2.1. Hysteresis Model

Different explanations for the mechanism of hysteresis can be obtained from re-
searchers in different fields. The reducer hysteresis phenomenon is usually considered
to be the result of the coupling effect of elastic deformation and hysteresis caused by
friction [17,18]. Thus, in modeling and analysis, the hysteretic model of the reducer is
expressed as the coupling structure of the stiffness module and the hysteretic module,
which are, respectively, characterized by springs and massless Maxwell spring sliders
subject to Coulomb friction [19-21].

However, from long-term engineering practice, it is established that geometric errors
caused by processing and installation, etc., also cause hysteresis. Thus, the hysteresis
module actually includes friction and geometric errors [22]. Therefore, the hysteresis model
shown in Figure 3 is established in the paper. Here, the hysteresis module is composed of a
friction module and a geometric error module. In the figure, 6;, stands for the input corner,
Bout stands for the output angle, R stands for the transmission ratio of the reducer, K stands
for the stiffness of the reducer, N; stands for the positive pressure on the slider in each basic
unit, and y stands for the Coulomb friction coefficient of the slider.
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P I Stiffness module
| 0 N& | : iffness m
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Figure 3. Hysteresis model structure of reducer.

Figure 4 is a typical hysteresis curve of the reducer. The reducer undergoes the process
of cyclic loading, unloading, reloading, and unloading; 6,4 is the rotation angle of the
output end of the reducer; and T represents the torque at the output end of the reducer. The
reducer from forward state 71 along the descending curve ABC to 7, and then returning
to the initial position 77 along the rising curve CDA forms a closed hysteresis curve. Let
the hysteresis curve in the figure be: 6y,:(7). The 6y,:(T) curve can be expressed as a
combination of rising curve 6,4 (7) and falling curve (7). The Equation is (1). 7 is the
rate of change of torque.
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Figure 4. Hysteresis curves of reducer.

[ Boua(T), T>0
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Assume the rotation angle generated by the elastic deformation of the stiffness mod-
ule is 05(7), and the angle generated by the hysteresis module is 6;(7). Both of these
can be expressed as a combination of a rising curve and a falling curve, as shown in
Equations (2) and (3). Thus, 6,,¢(7) can be expressed as Equation (4).

[ by (1), T>0
0:(7) = { 9:(1), T<0 @)
= { e 120 o
() + 0 (D) + %, T>0

Bout (T) = { 0 (T) + 0y, (1) + i T<0 @)

Assume the rotation angle caused by a geometric error in the hysteresis module is
f¢(7), which is also the combination of a rising curve 6y, () and falling curve 6, (1),
as presented in Equations (5)—(7). The curve is shown in Figure 5, a,b is affected by the
processing, installation, and other factors of the reducer.

0 , >0

() = { 9?8 ; i 0 ®)
0,1, —00,

b+ (7) = { f)i, : 2 Ea,+of)) ©)
0,0, b, +oo

bs—(1) = { ei ig E—;:,b]) @
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Figure 5. Geometric error curve.

Assume the rotation angle generated by friction in the hysteresis module is 0,(7),
which is also the combination of a rising curve 6, (7) and falling curve 6¢_(7), as shown
in Equation (8). Then, Equation (3) can be expressed as Equation (9), and Equation (4)
represents Equation (10).

9 , T>0
om={ g e 20 o
_ [ 05 (T) + 05 (T), T>0
Op(7) = { gi(r) +9§_(T), T<0 ©
_f b (D) H 65 (D) + 0 (1) + B, T>0
eout(T) _{ GS,(T)—FGf—(T)“_Qg*(T)_'—G%’ T<0 (19

When considering the influence of the torque change rate on hysteresis, 8,,¢(7) can be
expressed as the 6, (T, i’) curve as shown in Figure 6, and Equation (10) can be expressed
as Equation (11).

05 (T) + 05 (T,7) + 01 (T) + %, T>0

11
GS,(T)+9f,(r,‘b)+9g,(r)+9’%, T<0 an

Oout (T, T) = {

N

Figure 6. Hysteresis curve function model of reducer.
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Oout (T, i’) reflects that the hysteresis phenomenon of the reducer is related to the
magnitude of the loaded torque. It is also related to its change rate. This means that the
loading rate will also lead to a change in the hysteresis characteristics of the reducer.

2.2. Concept of Lost Motion

In engineering practice, the lost motion is used to characterize the hysteresis phe-
nomenon of the reducer. Meanwhile, the hysteresis curve method is used to test the lost
motion of the reducer. The “GB/T 40731-2021 Method of test and evaluation for the lost
motion of precision reducer” is the existing standard [23]. It defines the lost motion: the
output end on the angle after the movement direction of the reducer input end changes,
and the movement direction of the output end follows the change. Used in standards J,
d¢, and &, represents the lost motion, geometric lost motion and elastic lost motion. When
the reduced motion is lost, the input end is usually fixed, and the output end is loaded.
At this time, the angle 6;,, of the input end is 0. According to the standard provisions and
the analysis of the hysteresis phenomenon of the reducer in this paper, the lost motion
Equation (12) of the reducer can be obtained from Equation (11).

0(t,T) = 8e(T) + 6¢(7, T) + 84(7) (12)

1) (T, "r) represents the lost motion of the reducer, 6,(7) is the elastic lost motion caused
by elastic deformation, ¢ (7,7) stands for the lost motion caused by internal and external
friction of the reducer, and &, (7) is the geometric lost motion caused by geometric errors.

2.3. Effect of Loading Rate Dependence on Lost Motion

The loading rate 7 is obtained using Equation (13), where ¢ is the loading time. The T
can be constant, linear, and nonlinear according to the requirements of the test.

T =1(t) (13)

The output torque T can be expressed as Equation (14):

o(t) = /O (bt (14)
0¢(T) can be expressed as Equation (15):
e = 5 as)

In Figure 6, the area enveloped by the 0o, (T, T) curve represents the dissipated energy
E(t) of the reducer during loading and unloading. Here, 6; (7, T) does not affect the area of
the hysteresis curve. It only changes the inclination of the curve. E(t) is actually composed
of dissipated energy E((t), which is a result of internal and external friction and dissipated
energy E¢(t) caused by geometric errors, as shown in Equation (16).

E(t) = E¢(t) + Eq (1) (16)
At this time, Equation (12) can be expressed as Equation (17):

5(0,7) = o flg)dt 4 258 (17)

Further expressed as Equation (18):

Jya(t)dt  dEq(t)  dEg(t)
K T A

5(t,7) = (18)
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d¢(T,T) can be expressed as Equation (19):

(19)

The area enveloped by the geometric error increases uniformly with the change of 7.

dEg(t)

Therefore, —* ® is actually a constant, that is dq.

_dEg(t)
% = T () (20)

Therefore, Equation (18) can be expressed as Equation (21).

_ Jo eyt L dE(D)

o) K at(t)

+0g (21)

From Equation (21), it can be seen that the lost motion of the reducer is affected by
the loading rate, whereas the geometric lost motion is not affected by the loading rate. The
impact of the reducer of different materials, too, may be different, which is discussed below.

2.4. Discussion

The material of the reducer gear is usually metal or plastic. Here, the stiffness of
different materials is different. In the lost motion test, the loading method is usually equal
to gradient loading. This means that 7(¢) is a constant value. The influence of the loading
rate dependence on the lost motion test of the same reducer and the reducers of different
materials is discussed below.

2.4.1. Effect of Loading Rate on the Same Reducer

For example, take the plastic gear reducer and set the stiffness as K;. The geometric
lost motion is Jg/. In the lost motion test, the reducer is usually loaded to the rated
torque 7, in equal gradient. Assume the loading rates as 71 and Ty, and 71 > Ty, then
d7i(t) > d(t). Assuming that dE¢(t) is the same, the test results of lost motion J can be
seen in Equations (22) and (23), respectively.

. T dEf(t)

5;71 (TI’/ T]) - E dT] (t) +5g/ (22)
. Tr dEf(t)

0p2(Tr, T2) = X + ;0 + 8gr (23)

According to the analysis, 1 (17, T1) < 6p2(T, T2). The faster the loading rate, the
smaller the lost motion.

2.4.2. Effect of the Loading Rate on Reducers of Different Materials
Assume the stiffness of metal and plastic composite gear reducer as K;. The rigidity of
the metal gear reducer is K3. K1 < Ky < K3. The geometric lost motion &, and dE¢(t) of the

three reducers are the same. When the same 73 is loaded to rated torque 7, the corresponding
lost motion ¢ is seen. The results are shown in Equations (24)—(26), respectively.

N T dEf(t)
5P(Tr, 73) = E + dT3(t) +5g/ (24)
Tr dEf(t)

5p+m (Tr/ T3) = E dT3(t) + (Sg/ (25)
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T n dEf(f)
K3 d’l’g,(t)

Om (Tl’r T3) = + 5g/ (26)

The analysis shows that the lost motion relationship is 6, (7, 7o) > dm+p (T, To) >
Om (Tr, "i'o). In addition, the influence of the loading rate on the hysteretic characteristics
of reducers with different materials is analyzed. The reason for the occurrence of load
dependency is that the rate from one equilibrium point to another within the system is
lower than the rate in the external input. Plastic gears have small stiffness and are easy
to deform, which may cause the change of gear system dynamics to not catch up with
the loading rate. The faster the loading rate, the smaller the deformation. The reaction
to the change of the rotation angle of the output shaft: (1) the loading rate is slow, and
the change of the rotation angle can catch up with the loading rate; (2) the loading rate
is fast, and the load is advanced to the rated torque. At this time, the corner is not in
place. Thus, the higher the loading rate, the smaller the § of the plastic gear reducer may
be. On the other hand, the metal gear reducer may be the opposite. This means that the
hysteresis characteristic of the reducer with small stiffness is affected greatly by the loading
rate dependence and the lost motion test. The high stiffness hysteresis characteristic of the
reducer is less affected by the loading rate dependence. Additionally, it has little influence
on the lost motion test.

To summarize, theoretically, it can be seen that the loading rate dependence will affect
the hysteretic characteristics of the reducer, and the influence on the reducers of different
materials is different. This results in the unreliable results of the lost motion test. Therefore,
if the loading rate dependence and the design of the lost motion of the reducer are not
considered in the test, the actual results may deviate from the expected results. The work
involved experimental research on the lost motion test to explore the influence of loading
rate dependence.

3. Experimental Design
3.1. Introduction to Reducer

In this paper, three small reducers with different characteristics were tested and studied.
The physical diagram of reducer is shown in Figure 7. The relevant characteristics are as follows.

Figure 7. Appearance of three reducers.

The structure of a small-size reducer 1 can be seen in Figure 8. The reducer is a
planetary reducer with a diameter of 38 mm. A small module cylindrical spur gear of
0.5 mm is used here. It adopts the three-stage reduction with a reduction ratio of 64. The
sun gear is a powder metallurgy gear. Here, the first and second stage planetary gears
are plastic gears, and the third stage planetary gears are powder metallurgy gears. The
inner surface of the metal shell is an internal ring gear. The motor shaft gear is installed
on the motor output shaft through an interference fit. The planetary gears at all levels are
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installed on the planet carrier through a clearance fit. It can be seen that the bearing is a
rolling bearing. The relevant parameters are shown in Table 1.

Output axis ~ Metal case Sun gear motor  encoder
)\
o
Bearing Planet Planet Planet Motor
gear gear gear output axis
Figure 8. Composition of reducer 1.
Table 1. The parameters of small-size reducer.
Model Reducer 1 Reducer 2 Reducer 3
Material POM, Fe, Cu, Ni Fe, Cu, Ni POM
Gear ratio 64 1296 1296
Size 38 12 12
Rate speed 117 rpm 6.0 rpm 6.0 rpm
Max speed 469 rpm 23.0 rpm 23.0 rpm
Rate torque 3 Nm 0.1 Nm 0.1 Nm
¢ 100.0/ 180.0/ 190.0/
Gearbox efficiency 80% 56% 58%

Reducers 2 and 3 can be seen in Figure 9. The material of reducer 2 gear is powder
metallurgy, and the material of reducer 3 gear is plastic. The other specifications remain
the same, as can be seen in Table 1. The reducer is a planetary reducer. A small module
cylindrical spur gear of 0.22 mm is used here. It adopts a four-stage reduction with a
pressure angle of 20°. The reduction ratio is 1296. The motor shaft gear is installed on the
motor output shaft through an interference fit. The planetary gears at all levels are installed
on the planet carrier through a clearance fit. The bearing is a rolling bearing.

output axis .
output axis

bearing

metal case

bearing
’ N plastic case
4 stage planet gear ;
planet gear
sun gear 4 stage
sun gear
motor

| motor

“ encoder

Reducer 2 Reducer 3

encoder

Figure 9. Composition of reducer 2 and 3.
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3.2. Test Method

The steps to carry out the test are shown in Figure 10 [23]; (a) The output end is loaded
forward to the rated torque T,. (b) The output end is unloaded to 0. (c) The output end
is loaded reversely to the rated torque —T;. (d) The output end is unloaded to 0. (e) The
output end is loaded forward to the rated torque T;.

i

Torque

T, f-----

3 ]

Tim

L

Figure 10. Test step.

3.3. Appraising Method

The “GB/T 40731-2021 Method of test and evaluation for the lost motion of preci-
sion reducer” is the existing standard. It has provided corresponding explanations for
the reduced motion loss evaluation method [23]. It specifies that the hysteresis curve is
composed of a rising curve f(T), falling curve f_(T) and mean curve f,,(T), as it can
be seen in Figure 11. The f,,(T) is the curve formed by the average value of the output
angle corresponding to the same output torque in f1 (T) and f_(T). Equations (27)-(29)
show the relationship between ¢, §; and 4, in the hysteresis curve. T; is the rated torque at
the output end, k represents J, the selected coefficient. This is affected by factors, such as
reducer processing and installation, and is usually specified according to actual needs.

‘5:fm(Tr) —fm(—Tr) (27)
O¢ = fm(kTy) — fu(—kT;) (28)
0e =0 — &g (29)
Angle 4
fn(D)
£ e
//// S -
~T, f_(T) // T, Torque
kT, — KT,

Figure 11. Relationship between 6, ¢ and J,.
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3.4. Test Equipment

Figure 12 shows a design of testing machine for small-sized reducer created by the
author, considering the current lack of small-size reducer lost motion tests in the field. The
parameters of the tester are shown in Table 2. The tester comprises a precision mechanical
system, hardware system, and test software.

Figure 12. Testing machine.

Table 2. Main technical indexes of testing machine.

Program Parameter
Test object Small-size reducer
Test Project Lost motion
Torque range 0-10 Nm
Torque measurement accuracy +0.1% ES
Circular grating resolution 1.44"
Working condition 220 V £ 10% V, 50 Hz humidity: 20-70%

The main structure of the testing machine is shown in Figure 13, and the reducer
installation mode is shown in Figures 14 and 15. During the test, the input end of the
reducer is locked, and the load motor is driven by the industrial computer through the field
bus control driver to achieve accurate torque control. The actual angle at the output end of
the reducer is collected by the circular grating, and the angle data collected are transmitted
to the industrial control computer through the field bus. The torque change of the tested
reducer is tested with high accuracy by the torque sensor. The test software processes and
analyzes the test data according to the test standard to obtain the J, d¢, de results and print
them into reports.
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11
1

12
1. T-slot 6. Bearing 11. Motor bracket
2. Tightening mechanism 7. Coupling 12. Marble base
3. Small-size Reducer 8. Torque sensor 13. Torque sensor bracket
4. Reducer fixture 9. Coupling 14. Slider
5. Grating encoder 10. Load motor 15. guide

Figure 13. Structure of testing machine.

Figure 15. Clamping state of reducer 2.

4. Experimental Study

The lost motion test experiment is carried out on the three small-size reducers, respec-
tively. Then, the lost motion when loaded to the rated torque at different loading rates is
tested. The experimental conditions, results, and analysis are explained below.
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4.1. Experimental Conditions

The three reducers are tested three times at different loading rates and different
positions. The experimental conditions are shown in Table 3.

Table 3. Experiment conditions.

Reducer Rate 1 Rate 2 Rate 3 Position
1 0.05 Nm/s 0.1 Nm/s 0.2 Nm/s
2 0.01 Nm/s 0.05 Nm/s 0.1 Nm/s 0°, 180°, 360°
3 0.01 Nm/s 0.05 Nm/s 0.1 Nm/s

In Table 3, the loading rate 2 is the default loading rate in the lost motion test. In order
to verify the effect of the loading rate and make the test results more obvious, the loading
rate of the corresponding multiple is increased and decreased, respectively, for testing. The
common motion mode of the reducer is rotary motion, and the lost motion at different
positions may be different. Therefore, three positions 0°, 180° and 360° in one circle of the
output shaft of the reducer are selected for testing, which respectively represent the start,
middle and end positions of the reducer during rotary motion.

4.2. Experimental Results

The hysteresis curve of the first test of reducer 1 is shown in Figure 16a—c, and the lost
motion J. The test results are shown in Table 4. According to the experience of engineering
practice [12,13,23], the lost motion at 10% of the rated torque is taken as the geometric lost
motion Jg. The results are shown in Table 5. The elastic lost motion J, as shown in Table 6.

Table 4. Experiment results of 5.

Loading Rate 0.05 Nm/s 0.1 Nm/s 0.2 Nm/s
Position 0° 180° 360°
Test 1 150.77' 146.69’ 142.86'
Test 2 150.84 147.39 142.78'
Test 3 150.85 146.16 143.63
average 150.82/ 146.74' 143.09'

Table 5. Experiment results of J.

Loading Rate 0.05 Nm/s 0.1 Nm/s 0.2 Nm/s
Position 0° 180° 360°
Test 1 88.32 88.31 88.31
Test 2 88.94 88.54' 88.22/
Test 3 88.49/ 88.12/ 88.47'
average 88.58’ 88.32/ 88.33

Table 6. Experiment results of J..

Loading Rate 0.05 Nm/s 0.1 Nm/s 0.2 Nm/s
Position 0° 180° 360°
Test 1 62.45' 58.38' 54.55'
Test 2 61.90' 58.85' 54.56'
Test 3 62.36' 58.04' 55.16'

average 62.22 58.42/ 54.7¢
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Figure 16. Hysteresis curve of reducer 1 during the first test at three positions of 0°, 180° and 360°.
(a) 0.05 Nm/s and 0°; (b) 0.IN m/s and 180°; (c) 0.2N m/s and 360°.
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The hysteresis curve of the first test of reducer 2 is shown in Figure 17a—c, and the lost
motion J. The test results are shown in Table 7, and the geometric lost motion J; as shown
in Table 8, elastic lost motion ., as shown in Table 9.

Table 7. Experiment results of J.

Loading Rate 0.01 Nm/s 0.05 Nm/s 0.1 Nm/s
Position 0° 180° 360°
Test 1 262.17' 261.81 262.18'
Test 2 261.89 261.77' 262.32
Test 3 262.03 261.94/ 26247
average 262.03 261.84/ 262.32/
Table 8. Experiment results of J.
Loading Rate 0.01 Nm/s 0.05 Nm/s 0.1 Nm/s
Position 0° 180° 360°
Test 1 186.62 188.33' 188.12
Test 2 185.99’ 188.16' 187.67'
Test 3 186.41' 188.78' 188.39
average 187.01 188.42/ 188.06'
Table 9. Experiment results of Je.
Loading Rate 0.01 Nm/s 0.05 Nm/s 0.1 Nm/s
Position 0° 180° 360°
Test 1 75.55' 73.48' 74.06'
Test 2 73.90' 73.61' 74.65'
Test 3 75.62' 73.16/ 74.08'
average 75.02/ 73.41 74.26/
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Figure 17. Hysteresis curve of reducer 2 during the first test at three positions of 0°, 180° and 360°.
(a) 0.01 Nm/s and 0°; (b) 0.05N m/s and 180°; (c¢) 0.1N m/s and 360°.

The hysteresis curve of the first test of reducer 3 is shown in Figure 18a—c, and the lost
motion é. The test results are shown in Table 10, the geometric lost motion J¢ is shown in
Table 11, and elastic lost motion J, is shown in Table 12.

Table 10. Experiment results of J.

Loading Rate 0.01 Nm/s 0.05 Nm/s 0.1 Nm/s
Position 0° 180° 360°
Test 1 620.86' 610.53' 583.65
Test 2 620.63' 611.92/ 585.31/
Test 3 621.02/ 610.19 592.11'
average 620.84' 610.88 587.02/
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Figure 18. Hysteresis curve of reducer 3 during the first test at three positions of 0°, 180° and 360°.
(a) 0.01 Nm/s and 0°; (b) 0.05N m/s and 180°; (c¢) 0.1N m/s and 360°.
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Table 11. Experiment results of .

Loading Rate 0.01 Nm/s 0.05 Nm/s 0.1 Nm/s
Position 0° 180° 360°
Test 1 262.25' 261.46' 256.66'
Test 2 263.41 260.87 258.15
Test 3 261.12/ 259.43' 257.58'
average 262.26/ 260.59’ 257.46/

Table 12. Experiment results of J,.

Loading Rate 0.01 Nm/s 0.05 Nm/s 0.1 Nm/s
Position 0° 180° 360°
Test 1 358.61 349.07' 326.99
Test 2 357.22/ 351.05' 327.16'
Test 3 359.90/ 350.76' 334.53
average 358.58 350.29 329.56

4.3. Result Analysis

From the form of the hysteresis curve, (1) the hysteresis curve of reducer 1 forms an
anti-Z shape. A greater slip and rotation angle occurs when it was close to 0 Nm. A slender
feature can be seen in the envelope part of the hysteretic curve near 0 Nm. This reflects that
the mechanism clearance of the reducer itself is large. (2) The hysteresis curve of reducer 2
also forms an anti-Z shape. The envelope area of the curve near the position of 0 Nm is
large. On the other hand, the envelope area away from the position of 0 Nm is small. This
shows that it is wide in the middle and narrow on both sides. (3) The hysteresis curve of
reducer 3 is S-shaped. The envelope area of the curve near the position of 0 Nm is small.
On the other hand, the envelope area away from the position of Onm is large. This shows
that it is narrow in the middle and wide on both sides, which reflects a small geometric gap
and large elastic deformation.

From the numerical results, (1) the lost motion value of reducer 1 § decreases with the
increase in loading rate, decreasing by about 4 ‘each time, and the geometric lost motion d¢
is close. Elastic lost motion J, decreases with the increase in the loading rate and decreases
by about 4’ each time, which indicates that it mainly affects the elastic lost motion and
shows rate dependence. (2) Reducer 2, with the increase in loading rate, the lost motion of
reducer J, geometric lost motion error dq, and elastic lost motion &, is close to each other,
and the effect of the loading rate dependence is small, which is approximately the rate
independence. (3) As the loading rate of reducer 3 increases, the lost motion J and elastic
lost motion . all show a downward trend, each decreasing by about 10". Geometric lost
motion Jg changes little, reflecting the effect of the loading rate dependence.

The reason may be affected by the gear material. Reducer 1 is a combination of metal
gear and plastic gear, while reducer 2 is metal gear. Compared to the metal gear, the plastic
gear is more vulnerable to the impact of loading rate. Compared with the reducers 1 and
2, the gears of reducer 3 are all made of plastic. This is more vulnerable to the loading
rate. When the loading rate is fast, the loading is advanced to the rated torque. Thus, the
rotation angle is not in place at this time.

In the above test of the lost motion of the reducer, the influence of the loading rate
on the test is explored. The findings are as follows: First, the loading rate influences the
hysteresis of the reducer. Second, the hysteresis phenomenon of reducers made from
different materials is affected differently by the loading rate. This has two manifestations:
one is approximate to the rate independence, which has little influence on the test results.
The other is that the rate dependence has a great impact on the test results, which can be
seen in Table 13. The test results are in harmony with the results of the theoretical analysis.
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Table 13. Experiment results.

Model Reducer 1 Reducer 2 Reducer 3
Material POM, Fe, Cu, Ni Fe, Cu, Ni POM
Whether it is affected by the YES NO YES
loading rate dependency?
With the increase in loading With the increase in loading
rate, the geometric lost motion rate, the geometric lost motion
Impact on results changes little, the elastic lost Little impact on the results changes little, the elastic lost
motion increases, and the lost motion increases, and the lost
motion increases. motion increases.

5. Discussion

In the present reducer lost motion test standards, there are corresponding requirements
for test equipment, test steps, test positions, and sampling points. However, there are no
requirements for the change in loading rate.

For the medium modulus precision reducers, such as planetary gear reducers, RV
reducers, and harmonic reducers, the metal gear reducers are used mainly, which are man-
ufactured by machining. Since the hysteresis curve method itself is a static test method, the
loading rate will not be too high. Therefore, the test may conform to the rate independence.
At this time, the loading rate has limited influence on the test results. However, if the
influence of loading rate dependence is ignored in the lost motion test for small modulus
plastic and powder metallurgy gear reducers, the results may not be accurate.

Therefore, if the accuracy and reliability of the test results of the reduced motion lost
should be ensured, the influence of the loading rate dependence during the test process
must be reduced, and the rate independence must be maintained. For this, two suggestions
can be given: First, the loading rate should be slow to reduce the impact of input on the
internal system. However, this will lead to problems, such as the reduction in measurement
efficiency. Second, the test index needs to be increased. Before the lost motion test, first,
measure the best loading rate. With this loading rate, the test result is more accurate.

Considering the dependence of the loading rate is also essential to the design of the
reducer. Lost motion is the key index for evaluating the transmission accuracy of the
reducer. The method of designing a lost motion is a problem that designers must consider.
Through the research in the paper, it can be found that the loading rate dependence will
affect the lost motion of the reducer, which will provide two new directions for the lost
motion design of the reducer. (1) In general, changes in input quantities, such as gear
material, load change speed and working temperature change, are considered so that the
change rate of the internal equilibrium state of the system is faster than the input change
rate, and the designed lost motion can be more suitable for the working condition at this
time. (2) The “zero lost motion” design of the reducer only compensates for the geometric
lost motion. It does not compensate for the unstable elastic lost motion. Compensation of
the lost elastic motion is guided by the dependence on the loading rate.

6. Conclusions

Through theoretical analysis and experimental research, the paper discusses the load-
ing rate dependence of the hysteretic characteristics of the reducer and its influence on the
lost motion test. The following conclusions can be derived:

(1) The hysteretic characteristics of reducers are usually rate dependent, and some are
rate independent. Complete rate independent is an ideal state.

(2) The dependence of the loading rate affects the lost motion test. The different reducer
gear materials have different effects on the loading rate dependence: small stiffness
has a large effect, and large stiffness, on the other hand, has a small effect.

(3) The premise of ensuring the accuracy of the lost motion test results is to minimize the
influence of zero rate dependence.
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(4) The influence of the loading rate dependence on lost motion design is analyzed. The
loading rate dependence needs to be considered in the material selection and zero lost
motion design.

Author Contributions: The contribution of Z.S. is proposing the new hysteresis model. The contribu-
tion of H.C. is verifying the model and analyzing the influence of loading rate dependence on the lost
motion test. The contribution of B.Y. is giving suggestions to reduce the loading rate dependence.
The contribution of H.L. is compiling some of the figures. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Zhongguancun open laboratory concept project (grant
number Q7001004202101).

Data Availability Statement: Not applicable.

Conflicts of Interest: No conflict of interest exists in the submission of this manuscript, and the
manuscript is approved by all authors for publication.

References

1. Visintin, A. Hysteresis and Phase Transitions. Ann. Linst. Henri Poincare Non-Linear Anal. 2002, 332, 315-320.

2. Kennedy, M.P; Chua, L.O. Hysteresis in electronic circuits: A circuit theorist’s perspective. Int. |. Circ. Theor. Appl. 1991, 19,
471-515. [CrossRef]

3.  Ewing, J.A.X. Experimental researches in magnetism. Philos. Trans. R. Soc. Lond. 1885, 176, 523-640. [CrossRef]

4. Morris, K. What is hysteresis? Appl. Mech. Rev. 2011, 64, 050801. [CrossRef]

5. Brokate, M. Hysteresis operators. In Hysteresis and Phase Transitions; Visintin, A., Ed.; Springer: New York, NY, USA, 1994;
pp- 1-38.

6.  Visintin, A. Differential Models of Hysteresis; Springer: New York, NY, USA, 1994.

7. Bin, S. Superelastic Shape Memory Alloy Research on Performance Test and Mechanical Model; Hunan University of Science and
Technology: Changsha, China, 2015.

8.  Li, C. Study on Electrical Properties of BNT-BT Ceramics Modified by Stree Modification; Guilin University of Electronic Technology:
Guilin, China, 2015.

9. Zuo, H. Test and Application of New Pipe-Rubber Friction Dissipator; Kunming University of Science & Technology: Kunming, China,
2018.

10. Cao, W. Study on Mechanical Properties of Reinforced Concrete Members at Different Loading Rates; Dalian University of Technology:
Dalian, China, 2012.

11. de Matteis, G.; Brando, G.; Mazzolani, EM. Pure aluminium: An innovative material for structural applications in seismic
engineering. Constr. Build. Mater. 2011, 26, 677-686. [CrossRef]

12. Xu, H; Shi, Z.; Yu, B.; Wang, H. Dynamic measurement of the lost motion of precision reducers in robots and the determination
of optimal measurement speed. J. Adv. Mech. Des. Syst. Manuf. 2019, 13, JAMDSMO0044. [CrossRef]

13.  Xu, H.; Shi, Z; Yu, B.; Wang, H. Optimal measurement speed and its determination method in the transmission precision
evaluation of precision reducers. Appl. Sci. 2019, 9, 2146. [CrossRef]

14. Cheng, H,; Shi, Z.; Yu, B.; Zhu, Y.; Ding, H. Experiment research on hysteresis measurement of the small-size joint of service robot.
Chin. J. Sci. Instrum. 2020, 41, 48-57.

15.  Shi, Z.; Cheng, H.; Zhu, Y.; Zhang, P.; Zhang, L.; Ding, H. Testing machine for small-size electro-mechanical actuator used in
robots. Opt. Precis. Eng. 2020, 28, 1707-1714.

16. Shi, Z.; Xu, H.; Han, F; Lin, J.; Wang, H. Current status and trends in precision reducer lost motion measurement. Opt. Prec. Eng.
2018, 26, 2150-2158.

17.  Dutta, S.M. Dynamic Hysteresis Modeling and Applications; Rice University: Huston, TX, USA, 2004.

18. Fang, J.; Chen, M.; Li, H. Hysteresis modeling for harmonic drive in DGMSCMG gimbal system. Opt. Prec. Eng. 2014, 22,
2950-2958. [CrossRef]

19. Zhang, H.; Ahmad, S.; Liu, G. Modeling of Torsional Compliance and Hysteresis Behaviors in Harmonic Drives. IEEE/ASME
Trans. Mech. 2014, 20, 178-185. [CrossRef]

20. Ruderman, M.; Bertram, T.; Iwasaki, M. Modeling, observation, and control of hysteresis torsion in elastic robot joints. Mechatronics
2014, 24, 407-415. [CrossRef]

21. Varga, LK,; Kovacs, G.; Takacs, ]. Anhysteretic and biased first magnetization curves for Finemet-type toroidal samples. . Magn.
Magn. Mat. 2008, 320, e814-e818. [CrossRef]

22.  Xu, H. Research on Measurement and Evaluation System of Precision Reducer Lost Motion; Beijing University of Technology: Beijing,
China, 2018.

23.  GB/T 40731-2021; Method of Test and Evaluation for Lost Motion of Precision Reducer. State Administration for Market

Regulation and Standardization Administration: Beijing, China, 2021.


http://doi.org/10.1002/cta.4490190505
http://doi.org/10.1098/rstl.1885.0010
http://doi.org/10.1115/1.4007112
http://doi.org/10.1016/j.conbuildmat.2011.06.071
http://doi.org/10.1299/jamdsm.2019jamdsm0044
http://doi.org/10.3390/app9102146
http://doi.org/10.3788/OPE.20142211.2950
http://doi.org/10.1109/TMECH.2014.2311382
http://doi.org/10.1016/j.mechatronics.2014.02.009
http://doi.org/10.1016/j.jmmm.2008.04.135

	Introduction 
	Loading Rate Dependence of Hysteretic of Reducer 
	Hysteresis Model 
	Concept of Lost Motion 
	Effect of Loading Rate Dependence on Lost Motion 
	Discussion 
	Effect of Loading Rate on the Same Reducer 
	Effect of the Loading Rate on Reducers of Different Materials 


	Experimental Design 
	Introduction to Reducer 
	Test Method 
	Appraising Method 
	Test Equipment 

	Experimental Study 
	Experimental Conditions 
	Experimental Results 
	Result Analysis 

	Discussion 
	Conclusions 
	References

