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To achieve the characteristics of the cash cycle module of a financial machine, such as a compact transmission mechanism, high
transmission accuracy, large torque, high rotation speed, high service temperature, no lubrication, and long service life, this work
presented a solution to optimize the tooth shape of a thermoplastic gear and the design of a thermoplastic gear with a limit pressure
angle of 35°. Through the modeling and simulation analysis of the factors affecting the life of the gear, it was found that the gear with
the improved tooth profile was superior to the control gear without the improved tooth profile in terms of sliding wear of the tooth
surface, thermal deformation wear, and interference wear. The experimental results demonstrated that the wear resistance of a
thermoplastic gear with a tooth profile of 35° was 1.1 times higher than that of the gear with a tooth profile of 20°, which was consistent
with the simulation analysis results and can be used as a theoretical basis for thermoplastic gear design in related fields.

1. Introduction

A cash circulation module is used for the deposit, trans-
mission, and identification of banknotes in financial in-
struments, and its transmission system is composed
primarily of gears. A cash circulation module has more than
300 gears in its transmission system. A cash circulation
module is usually placed in a safe because it involves cash,
which means that the cash circulation module operates in an
unlubricated environment with a narrow space and high
temperature. However, metal gears do not satisfy require-
ments such as high speed of money receipt and low noise.
Compared with metal gears, thermoplastic gears have the
characteristics of less weight, low noise, stainlessness, and
the ability to work under no lubrication conditions, which
can meet the requirements for cash circulation modules of
financial instruments. However, plastic is a viscoelastic
material, and its failure form and mechanism are quite
different from those of metal gears; in open transmission,
gear tooth wear is the main failure form of plastic gears [1].

Therefore, the reduction of gear wear and improvement
in the life of thermoplastic gears have become popular re-
search topics. In [2, 3], the authors proposed a method to
improve the service life of a plastic gear by enhancing the
thermal conductivity of materials by using calculation and
analysis methods. Franklin [4] performed conducting wear
tests under dry reciprocating sliding conditions and reported
that the reduction of friction heat and improvement of wear
resistance could be realized by reducing the friction coef-
ficient of materials. Yousef et al. concluded that the use of
suitable materials could reduce the friction and improve the
fatigue strength and wear resistance of gears [5-8] and that
better performance could be achieved by introducing certain
modifications [9-11]. Taburdagitan and Akkok [12] ana-
lyzed the friction heating process of a cylindrical spur gear
and calculated the instantaneous temperature rise of a tooth
surface using the finite element method. The Blok flash
temperature formula was used to theoretically verify the
simulation results for the tooth surface flash temperature,
and the distribution law of the temperature rise of the tooth
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surface in the meshing process was comprehensively ana-
lyzed. It was concluded that the sliding rate and contact
strength exerted direct influence on the temperature rise of
the tooth surface. Mao [13] extensively analyzed the in-
stantaneous temperature rise and heat flow distribution of
the tooth surface of a plastic helical gear in the meshing
process and numerically calculated the average instanta-
neous temperature of the tooth surface in the meshing area
in combination with the finite element method. Kapelevich
[14] proposed the design idea of a larger pressure angle on
the working face and smaller pressure angle on the non-
working face of the asymmetric gear with one-way operation
and pointed out that the gear has the characteristics of large
tooth root bending strength, small volume, low vibration,
and noise. The abovementioned studies analyzed the main
factors affecting the gear life, involved considerable efforts to
improve the material, and clarified that the modification of
materials could help improve the gear life. However, im-
provement in the gear life through the modification of the
symmetry tooth profile has not been reported yet.

Considering the two-way working characteristics of the
cash circulation module of financial machinery, this paper
proposes a solution to optimize the tooth profile of ther-
moplastic gear, discusses the design of a thermoplastic gear
with a maximum symmetry pressure angle of 35°, and
clarifies the influence of the improvement of the tooth profile
on the life of the gear by comparing it with an existing gear
with a symmetry pressure angle of 20°.

2. Materials and Methods

2.1. Materials. Polyformaldehyde of the RTP0800 type
(RTP0800-POM) was purchased from RTP company.
According to ASTM D-3702, (US), the specific performance
parameters of RTP0800-POM were obtained by performing
a thrust washer wear test using the ECT1604 equipment, as
given in Table 1.

2.2. Calculation of Gear Pressure Angle. According to the
addendum thickness formula of the tooth tip of the sym-
metric gear, the pressure angle of the gear is calculated by the
following formula:

1
S.=d, E(n+4><xtana)+invoc—invoca , (D)
dcosa 2)
cosa, = ——,
o d“
2
inve = tana — —a, (3)
360

where S, is the addendum thickness, d, is the addendum
circle diameter, x is the displacement coefficient, «, is the
addendum circle pressure angle, « is the indexing circle
pressure angle, and d is the indexing circle diameter.

The pressure angle of the gear was calculated by setting
the coefficient x of the gear. For the standard symmetric gear,
when x=0, formulas (1)-(3) can be obtained that the
maximum pressure angle of the gear is 35° when the
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addendum thickness meets S.>0. Therefore, this paper
chooses the standard symmetric gear with a pressure angle of
35° and 20° for comparative analysis.

The gear material was polyformaldehyde containing 2%
silicone oil. The relevant parameters of gears with pressure
angles 20" and 35" are listed in Table 2.

2.3. Statistical Analysis. All experimental data in this paper
are expressed as the mean +standard deviation. The dif-
ference between the factors and levels was evaluated by the
analysis of variance (ANOVA). Duncan’s multiple range
tests were used to compare the means to identify the groups
that were significantly different from other groups. The
statistical significance was set at P <0.05.

3. Results and Discussion

3.1. Kinematic and Dynamic Analyses of Gears. The wear
amount of engineering plastics is usually determined using
the following formula:

W= Kxpxvxt, (4)

where W is the volume wear (mm?), K is the wear factor
(mm?®/N-m)-107%, p is the pressure (MPa), v is the velocity
(m/sec), and t is the elapsed time (sec).

The wear of engineering plastics includes both adhesive
wear and abrasive wear. Therefore, the influence of contact
stress, relative sliding speed, and friction heat flow must be
considered when establishing a mathematical model and
using the MATLAB software to analyze the wear of a plastic
gear mesh.

3.2. Effect of Pressure Angle on Contact Stress in the Gear
Meshing Zone. According to the analysis of geometric re-
lations between the surfaces of contact objects based on the
Hertz theory, points with the same distance between the
surfaces of objects form a region similar to an ellipse on the
common section [12, 15] and the average contact pressure of
the tooth surfaces can be calculated according to the fol-
lowing formula of the Hertz theory:

s F\cE
P, = 5
Pg \}2ﬂpecb(1—V2) )

where P, is the average contact pressure of the tooth
surfaces, Fyc is the normal load acting on the tooth
surface, E is the elastic modulus of gear material, b is the
gear width, V is the gear material Poisson’s ratio, and p,.
is the equivalent curvature radius of the meshing gear
teeth and can calculated according to the following
formula:

Pe1Pe2

pec = >
Pe1 +pe2

(5a)

1
Pel = Edl sinat g, (5b)
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TaBLE 1: Wear test parameters.

RTP product Silicon oil

Loading (Ib) Speed (ft/min)

Wear factor

PV (ft Ib /in’min) Friction coefficient

type content(%) (mm?3/Nm)E~8

RTP0800 8 50 2000 187 0.4
RTP0800 10 100 5000 206 0.42
RTP0800 SI2 2 8 50 2000 85 0.43
RTP0800 SI2 2 10 100 5000 92 0.41

TaBLE 2: Operating parameters of gears with different number of teeth.

Modulus
(mm)

Driving wheel torque

The gear teeth number (mN.m)

Speed Pressure Tooth width
(rpm) angle(") (mm)

Modulus of elasticity
(MPa)

36 1
24
35
22

1000
666
1000
666

—

750 35 6
1125 35
750 20
1120 20

2700
2700
2700
2700

NN N

Per = %dz sina ¥gup (50)
where p,, and p,, are the radius of curvatures of the tooth
profile at the contact point of the gear tooth, d1 and d2 are
the pitch circle diameters of the meshing gear, « is the
pressure angle of the pitch circle, and g, is any contact
point M (as shown in Figure 1) on the tooth surface; the
radius of this point on the driving wheel is r,;, which is the
position on the gear engagement line, that is, the distance
between the contact point M (as shown in Figure 1) and the
node on the engagement line:

1, L, N (1., 6)
g},M=+§d1 sina + <Edlslntx) _<§d1> + 15,

In equation (6), the above set of symbols is applicable
to the tooth root contact point of the driving wheel or
driven wheel, while the following set of symbols is ap-
plicable to the tooth root contact point of the driving
wheel or driven wheel. Formula (7) corresponds to the
normal load acting on the tooth surface, and the coefhi-
cient of load distribution between the teeth in the gear
meshing area is set as K; thus, the normal load of the gear
tooth profile can be expressed by the torque T, of the
driven wheel shaft, as follows:

_ KT, z,/z,
7y COS &

(7)

NC

The distribution of load between the teeth, generated by
the alternate meshing of the gear teeth during work, and the
influence of gear teeth biting and biting impact (as shown in
Figure 2) make the contact pressure distribution of the gear
tooth surface uneven.

Based on the abovementioned results, the average
contact pressure in the gear meshing area was simulated and
analyzed. The simulation analysis results of the pinion as the
main driving wheel are shown in Figure 3. The coordinates
from the left to right indicate the tooth root bite point, single
tooth bite point, and tooth tip bite point of the double tooth

Q1

ml

N,

m2 P

ml

Q2

FiGure 1: Meshing point velocity.

mesh active large gear, respectively. The average contact
pressure in the mesh area for gear pressure angles of 20° and
35" was, respectively, represented as P, (5 and P,s in
Figure 3. The variation rule and distribution of the average
contact pressure of the tooth surface from the root of the
tooth to the top of the tooth could be obtained under dif-
ferent pressure angles. When the pressure angle was 20°, the
average contact pressure of the tooth surface of the gear
reached the maximum value of one meshing cycle in the
meshing area of a single pair of teeth, that is, 68 MPa. When
the pressure angle was 35, the average contact pressure of
the tooth surface of the gear, irrespective of whether single
tooth or double tooth meshing area was considered, pre-
sented a significant downward trend, and the maximum
average contact pressure of the tooth surface was 56 MPa.
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FiGure 3: The simulation analysis results of pinion as the main
driving wheel.

3.3. Effect of Pressure Angle on the Relative Sliding Speed in the
Gear Mesh Area. The involute of the gear is formed by pure
rolling of the generating line on the base circle; however, in
the actual working meshing process, relative sliding occurs
between the gear teeth. The relative sliding speed of gear
teeth is different at different engagement points; the relative
sliding speed near the nodal line is the minimum, and the

21 _ _ 1 1
Vi =Vl = Vi = Wypy + 71,1 COsSa

)

where v2! is the relative sliding speed of gears at different
meshing points, v,,; and v,,, are the sliding speed of the
driving and driven gears, i,; is the ratio of the teeth of the
driven and driving gears, r,,, is the driving gear meshing
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FIGURE 4: Meshing point pressure angle.

relative sliding speed at the nodal line is 0 [16]. Under the
action of positive pressure between tooth profiles, tooth
surface wear occurs due to relative sliding. Long-term ex-
periments indicated that under certain conditions, the ratio
of tooth surface wear of a pair of gears engaged at any point
is equal to that of the tooth profile sliding coefficient [17, 18].
Based on this finding, the degree of tooth surface wear is
usually reflected by the sliding coefficient of the tooth profile.
The relative sliding velocity of the gear profile at different
points was obtained by analyzing the kinematics of the gear
teeth. As shown in Figures 1 and 4, assuming the tooth
surfaces of gears 1 and 2 engage at point m at a certain
moment, the expression of their relative sliding speed is
given in equation (8) and the relative sliding rate is defined
in equations (9) and (10).

According to Figures 1 and 4, the relative sliding velocity
of M points can be obtained as follows:

1
tan a, —-— (ry +1,)sin oc)], (8)
21

radius, «,, is the pressure angle of the meshing point of
the driving gear, r; and r, are the radius of the gear
indexing circle, and « is the pressure angle of the gear
indexing circle.
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The relative slip rate of the driving and driven gears is

v2l 1 )
A =—"=(1+—|[cosa tana,, —sinal, (9)
Ym1 21
21
%
Ay =—"=(1+iy)[cosa tana,, —sinal. (10)
Vin2

According to equations (9) and (10), a gear with a
modulus of 1, number of driving wheel teeth of 36, number of
driven gear teeth of 24, and indexing circle pressure angles of 20°
and 35" was used for simulation, as shown in Figures 5 and 6. It
can be seen from the figures that the absolute value of relative
sliding speed of the gear at the node position is 0 and gradually
increases towards the gear tooth top and the tooth root meshing
area; when the pressure angle of the indexing circle increases
from 20° to 35, the absolute value of relative sliding speed at
each meshing point decreases. It can be concluded that the
absolute value of relative sliding speed of gear decreases when
the pressure angle of indexing circle increases.

3.4. Effect of Pressure Angle on the Friction Heat Flux in the
Gear Mesh Area. For a plastic gear, the failure mode changes
with the difference in the material properties. Compared
with a metal gear, a plastic gear has poor thermal con-
ductivity, poor heat resistance, and low thermal expansion
factor, and it is easily affected by temperature. Yousef et al.
[5] considered a plastic spur gear as the research object and
proposed a method to predict the meshing temperature and
fatigue strength of spur gear transmission considering
plastic thermoplasticity.

The frictional heat flux ¢, and g, of the main and
driven wheels at contact point C of the teeth at any meshing
position can be, respectively, expressed as

{ 91 = Pr4c = ﬁlrlﬂcpncvgc x 10°,

(11)
de2 = /'))ch = /32’7[4anch5 X 106>

where 5, and f, are the distribution factors of the friction
heat flux density and S, + 8, = 1, 1 is the coefficient on the
conversion of friction energy to heat energy, y, is the friction
factor, P, is the tooth surface contact pressure, and V,_ is
the relative sliding speed of the tooth surface. Assuming that
the frictional heat flux g, of the driving wheel and driven
wheel are equally distributed, then 3, = 5, = 0.5.

Gear 1 had the following specifications: the modulus was
1, tooth number was 36, material was POM, and biting was
from the root to the top of the tooth. Gear 2 had the fol-
lowing specifications: the modulus was 1, tooth number was
24, and material was POM. Since the two materials used for
the preparation of the gear were the same, the heat distri-
bution coefficient beta was f3; = 3, = 0.5. The heat flux of the
gear in the meshing area is shown in Figure 7.

Figure 7 indicates that the frictional heat flow density of
the gear is zero at the pitch circle and increases towards the
tooth root and the tooth top meshing area, the frictional heat
flux density in the gear root meshing area is higher than that
in the gear tip meshing area, the frictional heat flow density
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FIGURE 5: Absolute value of relative sliding ratio of the small gear.
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FIGURE 6: Absolute value of relative sliding ratio of the big gear.

of the gear tooth at each point in the meshing area decreased
with the increase in the indexing circle pressure angle, and
the amplitude of frictional heat flow at the tooth root and
tooth part decreases more obviously. Therefore, increasing
the indexing circle pressure angle was beneficial in reducing
the friction heating of the tooth surface.

3.5. Effect of Pressure Angle on Tooth Profile Interference Wear.
For involute gear transmission, the working tooth profile
curves of the large and small gears are both involute. When
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FIGURE 7: The heat flux of the gear in the meshing area.

the gear teeth number is small, the base circle is larger than
the root circle, and thus, the tooth profile curve from the
base circle to the root circle is noninvolute. The tooth surface
of the involute part of the top of the large gear and the
noninvolute tooth surface of the root part of the small gear
contact is the tooth profile interference [19]. Thus, the in-
terference of gears depends on the difference between the
diameters of the bottom circle of teeth and the base circle,
and this difference is related to the number of teeth and
pressure angle, as shown in Figure 8. For gears with modulus
1, when the pressure angle of the indexing circle is 20°, the
root circle diameter of the gear with 15 teeth is less than the
base circle diameter. When the pressure angle of the
indexing circle is 35, the root circle diameter of the gear with
15 teeth is larger than the base circle diameter.

If the gear base circle is larger than the tooth root circle,
the tooth profile curve from the base circle to the tooth root
circle is noninvolute, so it is necessary to modify the tooth
profile curve during gear processing. The main processing
mode of plastic gears is injection molding. During injection
molding, the volume shrinkage of each point on the gear is
different, as shown in Figure 9. Therefore, it is difficult to
avoid tooth profile interference and wear by modifying the
tooth profile curve.

It can be concluded that when the number of teeth is
small, the larger the pressure angle of the dividing circle is,
the more favorable it is to prevent the tooth profile of the
plastic gear from interfering wear.

3.6. Gear Processing. According to the calculation and
analysis results for the gear, the software ProE was used to
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FiGure 8: Variation of diameter difference between the bottom
circle and the base circle with the number of teeth.

generate a 3D model and a gear manufacturing enterprise
was entrusted to complete the injection molding of the gear.
The gear was processed and molded using a mold, as shown
in Figure 10. The gear materials and injection molding
process are summarized in Table 3.

According to the requirements given in Table 2, a pair of
35° pressure angle gears with 36 teeth and 24 teeth and a pair
of 20° pressure angle gears with 35 teeth and 22 teeth were
processed. The self-developed TCRMe1000 large circulation
module test machine was used for physical testing, and the
prototype is shown in Figure 11.

Two pairs of plastic involute cylindrical gears with
pressure angles of 20° and 35°, made using POM, were in-
stalled in the transmission system of the test prototype for
testing. The stress condition of each pair of gears was
equivalent. After the pressure test, the influence of the
pressure angle on the wear performance of gears was
examined.

After the gear had operated for 3529 h on the test ma-
chine (shown in Figure 12), the images of the gears with
different pressure angles, before and after wear, are shown in
Figures 13 and 14.

Figures 13 and 14 indicate that compared with the tooth
of the plastic gear with a pressure angle of 35°, the gear with a
pressure angle of 20° exhibited more critical tooth profile
wear after pressure testing for 3925 h, and notable burrs and
black wear marks could be observed at the tooth root and
tooth tip. The wear rates of the gears with different pressure
angles in each stage are listed in Table 4.

Table 4 indicates that the wear rate of the gear increased
with an increase in the test time; however, the wear rate of
the gear with a pressure angle of 35° exhibited a smaller
increase with an increase in the test time. When the test time
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Average volume shrinkage
(%) time = 30.37(s)
15.19

12.16

9.135
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6107

3.080 Shrinkage (90 mm)

FIGURE 9: Volume shrinkage of plastic gears in forming.

FIGURE 10: Photographs of the gear die.

TaBLE 3: Gear forming parameters.

Equipment Material Molding cycle (s) Injection temperature ("C) Injection pressure (MPa)

Haitian120 T RTP0800 33 225 77

was 3925 h, the wear rate of the gear with a pressure angle of
20° was 2.57%, while that of the gear with a pressure angle of
35 was only 0.88%. In the same testing time, the average
wear of the gear with a pressure angle of 35° was significantly
lower than that for a gear with a pressure angle of 20°. This
phenomenon indicated that the wear of the modified gear
with a pressure angle of 35° was less than that of the basic
gear with a pressure angle of 20°.

The analysis of the abovementioned results indicated
that the modified gear with a pressure angle of 35" was

Ficure 11: TCRMe1000 large circulation module testing machine.



Mathematical Problems in Engineering

3529 Hour(s)

3529 Hour(s)

3529 Hour(s)

Checksun[0000, BSEB]
(0000, 50AB;

2383 Hour(s)
1859 Hour (s)
8898 Hour(s)
2197 Hour(s)
2383 Hour(s)

Checksun[0000, 1766]
Checksun[0000, 47DD]

0:00:00_ [E2019-07-11 11:29:08

FicUure 12: Result of wear test for 3529 hours.

FIGURE 13: Photographs of the tooth profile of the gear with

a pressure angle of 20° before (a) and after (b) the wear test.

FIGURE 14: Photographs of the tooth profile of the gear with

a pressure angle of 35° before (a) and after (b) the wear test.

TaBLE 4: Effect of testing time on gear wear rate and single tooth wear quality.

Wear rate (%
Working (%)

Wear quality of single tooth (mg)

Gear with a pressure Gear with a pressure Gear with a pressure Gear with a pressure
hours (h) " . . .
angle of 20 angle of 35 angle of 20 angle of 35
1000 0.08 £0.01 0.06 +0.01 0.06 +0.01 0.07 +0.01
2000 0.23+0.01 0.19+0.01 0.28 £0.01 0.21 £0.01
3000 1.03+0.01 0.52+0.01 0.86 +0.01 0.58 +0.01
3925 2.57+0.01 0.88+0.01 2.13+0.01 1.01 £0.01

better than the basic gear with a pressure angle of 20" in
terms of the contact stress, relative sliding speed, and
friction heat flux, and the data obtained in practical ex-
periments were consistent with the theoretical analysis
results.

4., Conclusion

This study investigated and analyzed the gear transmission
mechanism considering the special requirements of the gear

transmission mechanism for the cash circulation module of



Mathematical Problems in Engineering

financial machinery, such as compact structure, high
transmission accuracy, large torque, fast speed, high tem-
perature, no lubrication, and long service life. A plastic gear
with a pressure angle of 35° was designed. Through kine-
matic analysis and experimental verification, the designed
gear was noted to satisfy the performance requirements of
financial machinery and achieved the set targets. The re-
search results indicated that with an increase in the pressure
angle, the average contact pressure on the tooth surface of
plastic gears decreased and the maximum reduction was up
to 15.9%, demonstrating a significant downward trend. The
relative sliding velocity of the meshing tooth surface was
related to the pressure angle of the gear. With an increase in
the pressure angle, the relative sliding velocity decreased and
the relative sliding wear between the teeth decreased. With
an increase in the pressure angle, the friction heat flux of the
gear teeth decreased at each point of the meshing area and
the maximum value of friction heat flux decreased primarily
at the small tooth root and the top of the large gear teeth.
Therefore, increasing the pressure angle suitably was ben-
eficial in reducing the friction heat generation on the tooth
surface. An increase in the pressure angle of the gear could
make the involute of the gear extend to the root circle and
considerably reduce the wear caused by the interference of
the plastic gear teeth. The practical application test dem-
onstrated that the service life of the gear increased con-
siderably with an increase in the pressure angle.
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