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High-performance plastic gears are increasingly replacing metal
gears in a multitude of applications due to their many advan-
tages. The most important of these are lower weight, substan-
tially reduced lubrication requirements, more cost-effective
mass production, significantly better NVH (noise, vibration
and harshness) behavior, and chemical resistance. Most plastic
gears are produced by injection molding, which enables great
design flexibility, e.g., joining several machine elements into one
molded part, while gear geometry modifications like enlarged
root rounding or altered profile shapes are possible (Ref. 1).

Plastic gears naturally exhibit also some disadvantages com-
pared to metal gears. The most notable ones are lower load-bear-
ing capacity, poorer thermal conductivity, mechanical susceptibil-
ity to temperature changes, and lower acheivable manufacturing
precision. The load-bearing capacity is the most important prop-
erty; several studies have explored ways to improve it, either with
a special gear design (Ref. 2) or enhanced materials (Ref. 3).

Along with ever-increasing customer requirements, the
NVH behavior of polymer gears is also gaining importance.
One of the early studies of the acoustic performance of poly-
mer gears was carried out by Hoskins et al. (Ref. 4), in which
the researchers examined the influence of diverse materials
used in polymer gears and different operational circumstances
on the spectrum of sound frequencies. Parameters such as the
texture of the surface, wear, and temperature, stemming from
the interaction between tooth surfaces, were recognized as the
factors affecting the intensity of sound energy.

Trobentar et al. (Ref. 5) compared the acoustic behavior of
polymer gears with different tooth profiles, i.e., involute and
S-gears. The tooth profile of the S-gears had a convex adden-
dum and concave dedendum, which resulted in a progres-
sively curved (in the shape of the letter S) path of contact. The
authors found that S-gears exhibit lower noise than involute
gears due to the more favorable contact conditions—Polanec
et al. (Ref. 6) studied the noise of coated POM polymer gears.
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Three physical vapor deposition (PVD) coatings were investi-
gated, i.e., aluminum, chromium, and chromium nitrite. The
study revealed that uncoated polymer gears exhibited the low-
est sound pressure level; hence, no positive impact of the coat-
ing on the reduced noise could be confirmed. Furthermore, the
coating started to peel off during operation causing increased
friction and meshing disturbances, which resulted in an
increased sound-pressure level.

NVH performance of Polyamide (PA) 46 gear was dealt
with in the study by van Wissen et al. (Ref. 7). Authors stud-
ied the noise behavior of a gear pair where both gears were
made of PA46 and compared results to a case where a PA46
gear was meshing with a steel one. Tests were done at three
different rotational speeds, ranging from 200 rpm up to 800
rpm, and three different torques, ranging from 0.2 Nm to 1
Nm. A steep increase in noise was reported when increas-
ing the rotational speed. Similar behavior was also observed
when increasing the transmitted torque. Cathelin presented
a systematic study on the NVH of plastic gears (Ref. 8). The
study reveals the complex behavior of plastic gear NVH, which
strongly depends on operating conditions. Different unrein-
forced material grades were tested in the study; however, both
gears were always made of the same material. A comparison
to a steel gear pair, tested at the same conditions, is provided,
highlighting the superior NVH behavior of plastic gears when
compared against steel ones.

The following study presents an experimental methodol-
ogy, employed to characterize the NVH behavior of plastic
gears NVH in application-like operating conditions, present-
ing guidelines for material selection in terms of optimal gear
NVH. Five different combinations of plastic materials were
utilized, both unreinforced and fiber-reinforced; however, it
was always a dissimilar combination of the materials applied
for the testing. The evaluated noise and vibrations are com-
pared to a benchmark steel gear pair.
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Methodology

Gear Sample Preparation

The test gear geometry was defined as per VDI 2736; Part 4,
Table 1 (Ref. 1). Plastic gears were produced and used according
to VDI 2736 “size 1-gear geometry” for the tests. The gear’s geo-
metric parameters are presented in Table 1.The gears were made
by injection molding in a single cavity injection molding tool.
An Engel Victory 50 (Engel Austria GmbH, Austria) machine
was used for molding. A mold with a hot runner system and a
central pin-point gate of diameter 1.3 mm was used. The gear
body is designed with a wavy structure that follows a uniform
thickness of 2.5 mm (Figure 1). The transition from the gear
body to the teeth is designed with a symmetric groove, which
enables symmetric filling of the teeth. Gears were produced uti-
lizing 7 commercially available plastic compounds, commonly
employed for gear applications. The tool was designed with the
possibility of exchanging cavities; hence, several different cavi-
ties were employed for molding to compensate for the differ-
ent shrinkage of the tested materials. The goal was to produce
all gears in the same quality range to exclude the gear quality
affecting the NVH performance. The basic composition of the
used grades was as follows:

1. Polyoxymethylene (homopolymer)—POM

Polyamide 66—PA66

Polyamide 6 + 15% glass fibers—PA6+15%GF
Polyphthalamide + 30% glass fibers—PPA+30%GF
Polyamide 66 + 30% glass fibers—PA66+30%GF
Polyoxymethylene + 10% aramid fibers—POM+10%AF
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As a benchmark for comparison, three sets of steel gears
(heat-treated 42CrMo4) were also produced.

Parameter Nomenclature Unit Value
Centre distance a mm 38.45
Normal module My mm 1
Face width b mm 6
Number of teeth 21/ 22 / 39
datmaz/ datmin mm 40.40/40.30
Tip diameter
ozmaz/ dazmin mm 40.40/40.30
fimac] Apinin mm 35.866/35.691
Root diameter
Apomar] Apomin mm 35.866/35.691
Tip rounding w1/ TR mm 0.08
Profile shift 2 / -0.259
coefficient . / -0.259
Pressure angle a, ° 20
Helix angle 6 ° 0
h*.p / 0.96/0.96
Profile h*p / 1.25/1.25

Table 1—Geometric parameters of the tested gear pairs.
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Figure 1—Tested gear samples.

Gear Quality Inspection

Three gears of each material were subject to geometric qual-
ity measurements on a Zeiss CMM machine, employing a
Zeiss VAST XXT scanning sensor (Figure 2). The measured
gear parameters were profile, lead, pitch, and runout, which
were characterized according to ISO 1328 (Ref. 9) gear qual-
ity inspection standard. The evaluated parameters and the
associated quality grades are summarized in Table 2. Based
on the evaluated quality grades, which were at a comparable
level for all seven grades, it can be concluded that the gear’s
quality grade did not have a notable effect on the gear pair’s
NVH response during testing.

Figure 2—Sample gear during the geometric quality inspection.
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POM PA66 PA6+15%GF PPA+30%GF PA66+30%GF POM+10%AF Steel
Total profile
deviation () 9 10 10 10 10 10 8
Profile form
deviation (f,) 4 5 6 5 5 6 6
Profile slope
deviation (fx.) 10 10 10 10 10 10 8
Total lead
deviation (Fs) 10 10 10 10 10 10 8
Lead form
deviation (f75) 4 6 5 4 4 5 6
Lead slope
deviation (f,5) 10 10 11 11 11 11 7
Single pitch
deviation (f,) 8 9 9 8 8 8 6
Total pitch
deviation () 9 10 10 9 9 9 7
Runout (£7) 10 9 10 9 10 10 7
Table 2—Determined quality grades for produced sample gears.
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Figure 3—Torque and gear temperature were precisely controlled.

Rotational Nominal
index TR speed | rootstress youoriii, )
L1 2.0 500 50.74 80
L2 3.25 500 82.46 80
L3 2.0 1500 50.74 80
L4 3.25 1500 82.46 80
L5 2.0 2500 50.74 80
L6 3.25 2500 82.46 80

*All loads were tested in grease and in dry conditions. Three tests were
executed for each selected test condition, and a new set of gears was used
for each test.

Table 3—Test conditions.
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Figure 4—NVH testing set-up.
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Testing Conditions

The gear pairs were tested inside a closed acoustic chamber,
mounted on the gear test rig, isolating the tested gear pair
from the surroundings. That way only the noise generated by
the tested gear pair could be measured, without major influ-
ence from other noise sources. Rotational speed, torque and
gear temperature were precisely controlled during all tests (Fig.
3). As the NVH performance depends on the operating condi-
tions, the gears were tested at two torque levels, and for each
torque level at three rotational speeds, evaluating the effect of
both operating parameters. The gear temperature was controlled
at 80 °C in all tested cases. The tested loads are summarized in
Table 2. The tests were run in dry conditions. For each material
combination, three test repetitions were conducted. A new gear
pair was employed for each test. The center distance at which
the gears operated was precisely set by a precision positioning
mechanism with an accuracy of 0.01 mm.

Six material combinations were tested, employing grades
commonly used for gear applications. A steel gear pair of the
same geometry was tested as a benchmark for comparison.
Tested material combinations:

1. Steel—Steel (reference) (536.30 MPa)

POM—PAI9T+30%GF
PA66—PAYT+30%GF
POM—PA66
PA6+15%GF—POM+10%AF
POM—PA66+30%GF

The testing setup is presented in Figure 4. A Dytran
3055D1T (Dytran Inc., USA) accelerometer was mounted
on the bearing housing near the driven gear and a PCB
Piezoelectronics 378B02 (PCB Piezoelectronics Inc., USA)
free-field condenser microphone was placed in front of the
tested gear pair. Data acquisition was conducted by using
Dewesoft’s SIRIUSm (Dewesoft, d.o.o., Slovenia) module.

The tests with plastic gears were run for 10° load cycles, where
the operation was considered to reach steady state conditions,
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Figure 5—Acquired vibrations and sound pressure signal.

and the wear was not yet present affecting the NVH perfor-
mance. After the 10° load cycles had been reached, the noise
and vibration signals were captured. The duration of each
measurement window was 10 s, with a sampling frequency rate
of 20kHz. Signals, as presented in Figure 5, were acquired in
each measurement. Steel gears were run for just a few minutes
for the torque and rotational speed to stabilize; after that, the
NVH measurement was made.

Three metrics are usually evaluated for the acquired signals,
i.e., the peak value (max. amplitude), the peak-to-peak and the
RMS value. The metrics are presented in Figure 5. The peak
and peak-to-peak values represent only a single point value
and do not consider the total signal energy; any fluctuation or
transient vibration of a higher value can influence this metric.
The increase of peak value or peak-to-peak may indicate the
appearance of impacts in the signal, which can be isolated once
a time. The RMS (root mean square) value is the effective
value of the signal. It is calculated based on the entire sample
using the following equation:

xRMs:\/%'(xf—l-xﬁ—l-—l-xi)

@)

More practically, the RIMS value measures the vibratory
energy of the system. Unlike the peak and peak-to-peak val-
ues, the RMS value is not a point value, but rather a represen-
tation of the total signal energy.

The measured sound pressure was converted to sound pres-
sure level, which is a logarithmic (decibel) measure of the
sound pressure relative to the reference value of the 20 pPa
threshold of hearing. The threshold of hearing is the quietest
sound that most young healthy people can hear. The following
equation was employed for the conversion:

L[) =20= 10?&0(%) o

where p is the root mean square sound pressure and py is the
reference sound pressure (20 pPa or 0.00002 Pa).
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Results and Discussion

The average RMS values of the sound pressure level results
are presented in Figure 6, and the average RMS values of
measured vibrations are in Figure 7. The results show an
average of three tests at each tested operating condition, and
the error bars represent one standard deviation between the
measured values. A relatively linear increase of measured
sound pressure level could be observed for the benchmark
steel gear pair while a much more complex behavior was
found for the plastic gear pairs. The measured noise levels for
the steel gear pairs were approx. 10 dB higher than the loud-
est tested plastic gear combination. Between the plastic gear
pairs and at the lowest tested rotation speed, a difference of
10 dB could be observed between the best-performing and
the worst-performing combination. Increasing the rotational
speed led to an increase in the measured sound pressure level.
A small difference between the measured noise levels could
be observed at the highest rotational speed. It should be
noted that an average person can distinguish a sound pres-
sure level difference of 3 dB, which can hardly be recognized,
especially at noise levels above 100 dB.
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Figure 6—Sound pressure level, measured for the tested gear pairs.
The temperature of plastic gears was controlled at 80°C in all tests
(temperature measured on the teeth).
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At this point, it must be stressed that the gear pairs
were tested in an isolated acoustic chamber and only the
noise generated by the gear pair was measured. In a real
gearbox, most of the noise is usually generated by the
housing, while the main cause for housing excitation is
vibrations generated by the gears, which are transmit-
ted to the housing through the bearings and shafts. In
some cases, the RMS values of the vibrations for the steel
gear pairs were more than compared to the plastic-plastic
pairs;; hence, a much louder operation of gearboxes con-
taining only steel gears can be expected.

All material combinations were tested at the same load, i.e.,
the same torque, rotational speed, and controlled gear tem-
perature. However, the modal characteristics of the tested gear
pairs are not the same since the materials exhibit different
densities and stiffness. Hence, the gear’s eigenfrequencies are
located at different positions in the frequency domain. That
means the steel/steel gear pair has a different eigenfrequency
than the plastic/plastic gear pairs. Also, the eigenfrequencies of
plastic/plastic combinations (composed of different materials)
can vary substantially.
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Figure 7—Vibrations, measured for the tested gear pairs. The tem-
perature of plastic gears was controlled at 80°C in all tests (tempera-
ture measured on the teeth).
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Figure 8—FFT of the measured vibrations and sound pressure signal. The rotational speed of the test was 1500 rpm.
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If a structure is excited at the eigenfrequency or near it, the
amplitude of the response rises significantly (in theory, it is
an exponential rise). Therefore, one material pair can show
higher vibrations at a certain rotational speed than the other
and lower vibrations than the comparing material pair at a dif-
ferent rotational speed (excitation level). Such phenomena will
also occur in a real application if the load is varying (which,
many times, is the case).

Fast Fourier transforms (FFTs) of the measured vibration
and sound pressure signals were generated to verify that the
measured NVH resulted from gear meshing and not any other
associated effects, e.g., motor noise, bearings or exterior noise.
It was crucial that for all the analyzed signals, the most pro-
nounced peak in the frequency domain corresponded to the
gear meshing frequency, as shown in Figure 8. By that, it could
be confirmed that the measured values were the resulting
NVH of the meshing gear pair.

Conclusions

'The present results provide a quantitative comparison of the plas-
tic gear’s NVH level against that of a steel gear pair of the same
geometry, operating at the same conditions. While the noise levels
measured for the steel gear pairs were 10 dB or higher than those
of the tested plastic gear pairs, the main benefit can be seen in the
much lower vibrations generated by the plastic gear pairs. Vibra-
tions generated by a gear pair are the main noise generator in most
practical applications. The differences between the different plas-
tic combinations were not on the same level as when compared
to steel gear pairs. However, a difference in NVH performance
could nevertheless be observed. The best-performing material
combination (especially in terms of vibrations) was the POM—
PA66+30%GE, while the highest vibrations against the plastic gear
pairs were measured for the POM—PA66 gear pairs. The meshing
stiffness of the POM—PA66 gear pair was the lowest among the
tested pairs. While this ensured good damping, it also resulted in
the highest transmission error among the tested pairs, which is the
main source of vibrations in gear pairs. Gear pairs consisting of one
unreinforced and one reinforced gear exhibited a higher meshing
stiffness and, consequently, a lower transmission error, resulting in
lower vibrations generated by the gear pair.

Future Outlook

Several open topics on the plastic gears NVH still need to be
addressed and systematically studied. The professional public
accepts that the plastic gear NVH increases with the increas-
ing wear of the gears. To the best of the author’s knowledge,
there have not been any relevant studies published yet, where
the wear’s effect on the NVH would be systematically studied
and evaluated. A similar open topic is the effect of grease. It is
generally accepted that by introducing grease to the gearbox,
the noise and vibrations get reduced. However, having such an
effect more systematically quantified would be valuable.
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