
Introduction
The trend towards an increase in plastic gear usage has contin-
ued because it is cost-effective; low-density; capable of absorb-
ing vibration; its ability to operate with no lubrication, and so 
on. If the limitation of plastic gears relative to metal gears were 
to be improved as a result of new developments in both mate-
rials and processing, plastic gears could be used under more 
severe conditions, such as high load and/or high rotation speed. 
But even before that, if, say, an emergency shutdown system 
could be provided to respond in a safe manner, applications for 
plastic gears would be more widespread. And yet, there are not 
many studies concerning a failure detection system for plastic 
gears compared with metal gears.

Iba et al (Ref. 1) carried out rotation fatigue tests of POM 
(polyoxymethylene) gears using their developed power-absorb-
type gear test rig, and analyzed effects of gear tooth cracks at 
their root on measured acceleration responses. The acceleration 
responses were measured with a pick-up set at the top of a hous-
ing of the driven-side gear shaft bearing during the operation 
tests; frequency analyses were carried out to identify dominant 
frequency components in the tests. As a result of the frequen-
cy analyses the responses included not only the DC, shaft fre-
quency, its harmonics, fundamental meshing frequency, some 
mesh harmonics and its modulating sidebands, but also rolling 
elements noise of bearings, motor vibration and its harmon-
ics, and so on. The particularly conspicuous frequency compo-
nents in the responses were the shaft rotation frequency; fun-
damental meshing frequency; and some meshing harmonics 
and its modulating sidebands — whose frequency is the same 
as the shaft frequency. The responses were strongly affected by 
amplitude and frequency modulations. These modulation phe-
nomena may be due to the fact that plastic gears are so flexible 
in that their tooth stiffness is lower than that of metal gears, 
and are thus subject to greater dimensional instabilities due to 
their larger coefficient of thermal expansion. These modulating 
components complicate the procedure of analysis of the accel-
eration responses and hide plastic-gear-failure signs. In the fre-
quency analyses of the response data, the peak of the meshing 
frequency results in a slight change in complete tooth fracture. 

The response data include amplitude modulation; frequency 
modulation; rolling elements noise of bearings and motor; driv-
ing torque variation; and so on. Such complex data make detec-
tion of gear failure signs difficult, because the detection requires 
distinguishing slight changes in complex data.

On the other hand, non-linear oscillators — which were models 
for rhythm generators consisting of neurons — have been stud-
ied in biological study (Ref. 2) and are known as “neural oscil-
lators.” Neural oscillators have a specific property to synchro-
nize with periodic, external inputs in a certain frequency range. 
Mathematical models of the neural oscillators were also pro-
posed and examined (Refs. 3–4), and their applications to walking 
robots were reported (Refs. 5–6). Iba and Hongu studied a new 
control system for active, mass dampers using the mathematical 
model of the neural oscillators that can track the vibration behav-
ior of high-rise buildings due to this synchronization character-
istic (Refs. 7–8). These studies provide the knowledge that the 
neural oscillator can be used as an adaptive notch filter that filters 
out the background noise of vibration and follows a variation of a 
designated frequency — autonomously.

In this study a new signal processing method has been devel-
oped using neural oscillators to filter out the background noise 
of vibration in meshing plastic gear pairs for detection of failure 
signs. As mentioned above, the acceleration responses — which 
are measured at the top of the bearing housing during operat-
ing tests — include multiple frequencies. If these unnecessary 
frequency components were eliminated from the responses, 
it would be easy to detect gear failure signs. But the normal 
notch filter cannot follow the change in the designated, unnec-
essary frequencies by driving torque variation, and the adap-
tive notch filter needs a periodic reference signal to follow the 
change. Therefore a new filter system (or feed-forward-type 
noise-cancelling system) — using neural oscillators that can 
autonomously follow the change due to their synchronization 
properties — is developed in this study. Each neural oscillator is 
designed to tune the natural frequency to a particular frequen-
cy of the components. This tuning process is called on for the 
removal. Moreover, the output phase of the oscillators is set at 
a difference of 180° from the input phase, and is combined with 
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the original, measured response to eliminate unnecessary com-
ponents. The ultimate goal is to detect the failure signs of gears 
from the output of the proposed filter system, but while devel-
opment of the filter system is discussed in this paper, there is no 
direct mention of its failure detection method. The basic con-
cept of the proposed system is introduced, after which the neu-
ral oscillator that constructs the proposed filter system and the 
configuration of the feed forward control system are explained. 
Next, a simulated acceleration response of a meshing gear pair 
is constructed and the proposed noise cancellation system is 
applied to the simulated response to confirm the validity of the 
proposed system.

Neural Oscillator
In this section the mathematical model of a neural oscillator 
is introduced, and the synchronization property of the oscilla-
tor  — a key capability of nonlinear oscillators — is explained.

Mathematical model. Here Matsuoka’s neural oscillator is 
used as the neural oscillator (Refs. 3–4). The mathematical 
model of Matsuoka’s neural oscillator is expressed as follows:

(1)
XM,i (t) = AMXM,i (t) + BM max (0, XM,i (t)) + CM = FM (XM,i(t)) ∙∙∙i = 1,2

Where, t is a time, and
(2)

XM,i (t) = [xe,i (t) xf,i (t) x'e,i (t) x'f,i (t)]tr

(3)

AM = [ −1/τ 0 −b/τ 0 ], BM = [ 0 −a/τ 0 0 ], CM = [ s/τ ]0 −1/τ 0 −b/τ −a/τ 0 0 0 s/τ
0 0 −1/T 0 1/T 0 0 0 0
0 0 0 −1/T 0 1/T 0 0 0

This model contains two first-order lag elements to express 
excitation and inhibition, and can generate sustained oscillation. 
Generally, the five coefficients — s, τ, T, b, a — have been decid-
ed by identification of a biological neuron, but the specified ani-
mate being is not considered in this study. These parameters are 
chosen by our design method to generate the oscillation with a 
desired natural frequency (Ref. 8).

Further, in order to narrow the synchronization region to the 
rhythm generator, a mutual inhibition connection consisting of 
two neural oscillators is considered as follows:

(4)

{ XM,1 = FM (XM,1) + Gmax (0, XM,2)
XM,2 = FM (XM,2) + Gmax (0, XM,2)

Where, considering the connection weight w, the matrix to 
connect the two oscillators is obtained as follows:

(5)

G = [ w −w 0 0 ]−w w 0 0
0 0 0 0
0 0 0 0

Moreover, if XD = [XM,1 XM,2]tr, the equation, which expresses 
the dynamics of the neural oscillator, is given as follows:

(6)
XD = FD (XD)

Synchronization property. When the oscillator is subjected 
to an external periodic signal p (Ωt), the mathematical model of 
Matsuoka’s neural oscillator becomes:

(7)
XD (t) = FD (XD) + EDp(Ωt)

Where, ED is an input matrix as follows:
(8)

ED = [ε −ε 0 0 0 0 0 0]tr

Here, ε is an input gain, and p (Ωt) is a normalized sinusoidal 
signal whose frequency is Ω. If the frequency Ω is partially close 
to the Eigen frequency ωD of the neural oscillator, the oscillator 
is thus synchronized with the external sinusoidal wave.

This synchronization phenomenon can be seen when the 
detuning Ω-ωD between the oscillator’s frequency ωD and the 
external periodic force’s frequency Ω is a finite value. According 
to an analysis by the phase reduction method (Refs. 9–10), the 
synchronization region ε Γmin < Ω-ωD < ε Γmax is decided. Here, 
Γmin, max is the phase coupling function of the oscillator.

Figure 1 shows a synchronization region of the neural oscil-
lator (Table 1). The colored area is the region also known as 
Arnold’s tongue. In this figure the horizontal axis is the fre-
quency Ω of input, and the vertical axis is the amplitude ε of 
input. It is clear that the synchronization region has spread 
from the oscillator’s frequency ωD = 1 — when the amplitude of 
the external forcing is increased. The synchronization region 
depends on the ampli-
tude of the forcing. 
Increased the coeffi-
cient for the external 
forcing in the neural 
oscillator, the region 
can be freely adjusted. 
The color in this fig-
ure shows the phase 

difference (phase locking points) between input/output of the 
neural oscillator.

While the neural oscillator has a sensitive reaction to the sinu-
soidal input within the synchronization region, it does not have 
the same sensitivity to the input outside of the region. Thus the 
neural oscillator can be used as an adaptive, single-frequency 
generator, and as an adaptive notch filter to cancel the unnec-
essary frequency component in the vibration response of the 
meshing gears.

Gear Meshing
In this section a model of gear meshing vibration in a circumfer-
ential direction — used for verification of a proposed noise-can-

Table 1  Parameters of neural oscillator
Parameters Value

s 1.634
τ 0.212
T 2.54
b 2.52
a 2.52
w -7.046

Figure 1  Synchronizing region of neural oscillator.
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cellation system by simulation — is explained. Later, amplitude 
and frequency modulation caused by the eccentricities of gears 
are considered.

Dynamic loads on gear teeth. A simple vibration model in 
meshing gear pairs is used for simulation (Fig. 2). Each gear has 
a mass and is connected to the other by a spring and damper 
(Ref. 11). This vibration model — in a circumferential direc-
tion — is considered to be a single-degree-of-freedom vibration 
system as follows:

(9)
xth, meshing (t) + 2 ζg ωg xth, meshing (t) + ωg

2 xth, meshing (t) = ωg
2 e(t)

Where, xth, meshing (t) is spring deflection of the vibration sys-
tem; ωg is the natural frequency of the system; ζg is the damp-
ing ratio depending on the gear material; e(t) is tooth profile 

error — and this error is the input displacement to the system. 
Here it was assumed that the driving torque variation of the 
rotating shaft was small and the effect of the shaft stiffness on 
the line of action of force was small as well.

A meshing condition of a spur gear pair varies with time t. 
Considering the meshing period Tz, periodic change of total 
tooth stiffness during 0 ≤ t < z2Tz is expressed as follows:

(10)

Tsmooth ωg (t) + ωg (t) = {√ ωg,j−1 2(t' + T1−2) + ωg,j 2(t') if 0 ≤ t' < T1−2
ωg,j (t') else

In this study, the tooth profile error e(t) is also expressed as 
follows:

(11)

e(t) = { E0 sin ( (t' + T2−1)) + E0 sin (  
t')

E0 sin (  
t')

Where, εth is contact ratio of the spur gear pair, and is 
obtained as follows:

(12)
t'= t − (j − 1) × Tz − r × z2Tz

ωg,j is the time-varying, natural frequency of the meshing gear 
system during meshing period that is derived from Ishikawa’s 
tooth stiffness variation and the equivalent inertia mass on the 
pitch circle (Ref. 12). In addition, subscript j indicates the num-
ber of meshing tooth pairs, obtained as follows:

(13)

{ j = fix (  ) + 1

r = fix ( )
By using contact ratio εth,the transition time T2-1 from two 

pair teeth in mesh to a single pair is obtained as follows:
(14)

T2−1 = (εth − 1) × Tz

And Tsmooth is a time constant of a first-order lag system to 
vary the natural frequency smoothly, here as Tsmooth = σsmoothTz.

Xth,meshing changes periodically, the timeframe dependent upon 
the rotation of the driven gear as follows:

(15)
xth, meshing (t) = xth, meshing (t + z2Tz)

Amplitude and frequency modulation by an eccentric error 
of a driven gear. Generally the vibration caused by the tooth-to-
tooth meshing of a rotating gear pair contains various frequency 
components that are due not only to amplitude and frequency 
modulation caused by eccentricity of gears, but also to the roll-
ing-elements noise of bearings, motor vibration and its harmon-
ics, and so on. The effects of these unnecessary components on 
the measured vibration make detection of gear faults — such as 
gear tooth cracks — difficult.

In this subsection a model that includes the amplitude and fre-
quency modulation caused by an eccentric error of a driven gear 
is considered. Considering the meshing frequency ωz = 2π/Tz, the 
periodic variable is expressed as follows:

(16)
xth, meshing (ωzt) = xth, meshing (ωzt + 2π)

The effect of amplitude and frequency modulation on the 
variable can be expressed as follows

(Ref. 13):
(17)

xth, meshing, AM, FM (t) = {1 + ka cos (ωmt)} × xth, meshing {ωzt + mf sin(ωmt)}
Where,

(18)

{ωm = ωz/z2

mf = e2 ×
z2

(1 + z2/z1) sin α
and e2 is the ratio of the radius of pitch circle of the driven gear 
to the eccentric error of the gear; ka is the amplitude modulation 
factor; mf is the frequency modulation factor; α is the pressure 
angle; and z the tooth number.

Numerical simulation of meshing gear vibration. According 
to the abovementioned gear model, numerical simulations of 

Figure 2  Vibration model in meshing gear pairs.

Table 2  Parameters of gears
Driving gear Driven gear

Module (mm) 1.0
Pres. angle (deg) 20.0
Number of teeth 67 48
Face width (mm) 10 8

Equivalent inertia weight (kg) 1.8195 0.0085
Damping ratio 0.2
Stiffness (GPa) 230 2.6

ka - 0.5
e2 - 0.003

E0 (mm) 0.001
Revolution per second - 50
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Figure 3  Natural frequency of gear meshing.

Figure 4  Acceleration response of gear meshing.

Figure 5  Acceleration response of gear meshing with AM and FM.

Figure 6  FFT of gear meshing.

Figure 7  FFT of gear meshing with AM and FM.
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meshing gears are carried out using the Runge-Kutta Fourth 
Order Method (Table 2). The step time of the simulations is 
10-6 s, and σsmooth = 10-2.

The results of numerical simulations are shown in following 
figures. Figure 3 shows the change of the natural frequency of 
the system. In this figure the natural frequency changed periodi-
cally because the meshing condition of a spur gear pair varied 
with time t. In considering the change of the natural frequen-
cy, the acceleration response of the system is obtained (Fig. 4). 
As for the eccentric error of the gear, the acceleration response 
of the system is subject to influence by both amplitude and 
frequency modulation (Fig. 5). Figures 6 and 7 show the fre-
quency responses, with and without modulation, respectively. 
As a result of the modulation some sideband peaks can be seen 
(Fig. 7) when compared with Figure 6.

Noise-Canceling System
Here a noise cancellation system using neural oscillators to fil-
ter out the background noise of vibration in meshing plastic 
gear pairs for detection of failure signs of the gears is explained. 
The acceleration response, which is measured on the top of the 
housing at the gear shaft bearing, includes not only the DC; 
shaft frequency; its harmonics; fundamental meshing frequen-
cy; some mesh harmonics; and its modulating sidebands; but 
also rolling-elements noise of bearings, motor vibration and its 
harmonics, and so on. Detecting gear faults is much more dif-
ficult in the complex response; therefore these unnecessary fre-
quency components should be eliminated from the response.

However, the frequency of the unnecessary components 
attracts a great amount of influence from the driving torque vari-
ation. The proposed new filter system using the neural oscillators 
can autonomously follow the frequency change of the unneces-
sary component due to the synchronization property (Fig. 8).

The proposed system has a measured signal and consists of 
some neural oscillators. The number of oscillators is the same as 
the number of unnecessary components. Each neural oscillator 
is designed to tune the natural frequency in to a particular fre-
quency of the component. Moreover, the output of the oscillators 
is set to be out-of-phase with the input by 180° and is combined 
with the original, measured response to reduce the amplitude of 
the unnecessary components. The system is expressed as follows:

(19)

{ XD,k = FD,k (XD,k) + ED,k sg (t)

y(t) = sg (t) −
n

Σ
k=1

βD,k yD,k (t − Lk)

where βDk is an arbitrary output gain of the oscillator, and Lk 
is a delay time of the system. Moreover, the output of the each 
oscillator is obtained as follows:

(20)
yD,k (t) = [1 −1 0 0 0 0 0 0] ∙ max (0, XD,k

 )

Results of Numerical Simulation
In this section the proposed noise-cancellation system is applied 
to the simulated response to confirm validity of the system. In 
this simulation the analyzed signal consists of the abovemen-
tioned acceleration response and an unnecessary component 
20sin (2π *7,250*t), which is the same frequency of the modu-
lated, third-order, high-frequency content.

Figure 9 shows the abovementioned acceleration response 
without the noise, and Figure 10 the signal with the noise; in 
both figures the time is multiplied by 2π *7,250.

As can be seen, the modulated noise complicates the accelera-
tion response of gear meshing, even if the noise consists of the 
single component.

Next are shown the results of the noise cancellation system. 
The frequency of the neural oscillator was set to the frequency 
of the unnecessary component (Table 1). Figure 11 shows the 
output of the designed neural oscillator and the noise compo-
nent; as can be seen, the output of the neural oscillator has the 
same frequency of the noise, and is out-of-phase by 180°.

Figure 12 shows the result of noise cancellation using the 
original output of the neural oscillator. In this simulation, ε 
=0.0002 βD = 20/7, L = 5.5s. In the figure the unnecessary com-
ponent was reduced by the effect of the proposed filter, but dis-
continuous changes can be seen due to the non-linear property 
of the neural oscillator. This non-linear oscillator — having a 
sinusoidal input — has a limit cycle. If “phase” is pre-defined on 
the limit cycle, the phase and amplitude of the neural oscillator 
as a sinusoidal wave can be constructed by the defined “phase.” 
To realize this construction, a phase map was used (Ref. 14). 
Figure 13 shows the result of noise cancellation using the con-
structed sinusoidal wave by the neural oscillator and the phase 
map. As can be seen, the original vibration of gear meshing is 
reconstructed.

Figure 8  Concept of feed-forward noise cancelling system using neural oscillators.
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Figure 9  Acceleration response of gear meshing with AM and FM.

Figure 10  Acceleration response of gear meshing with AM, FM and external noise.

Figure 11  Output of the designed neural oscillator and noise component.

Figure 12  Result of noise cancellation using output of the neural oscillator.
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Conclusions
This paper proposed a new method using neural oscillators to 
filter out the background noise of vibration in meshing plastic 
gear pairs for detection of gear failure signs. It was shown how 
to eliminate unnecessary frequency components, with a feed-
forward control system providing a neural oscillator’s synchro-
nization property. Each neural oscillator is designed to tune the 
natural frequency to a particular frequency of unnecessary com-
ponents. The designed neural oscillators can follow the change 
in the driving torque variation autonomously, using their syn-
chronization property. Moreover, the output of the oscillators 
is set to have a difference in the phase of 180 degrees from the 
input, and is included in the original measured response to 
reduce the amplitude of unnecessary components. The pro-
posed noise cancellation method applied to the simulated 
response, and it was concluded that the proposed system could 
sufficiently eliminate unnecessary vibration content.

In future works we will design the suitable input and output 
gain for these oscillators, which could be determined through 
trial and error, and will confirm the oscillators’ tracking proper-
ties. Furthermore, we will validate the multiple-elimination of 
unnecessary components and will apply the advanced system to 
the acceleration response measured by operating tests of gears, 
and assessing the efficacy of the system. 
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