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Abstract: In order to assess the stable operating duration of an ultrasonic vibration system, a reliability-
based analysis method for the stability of the ultrasonic vibration system is proposed. Firstly, the
failure mechanisms of the ultrasonic vibration system are analyzed, and the resonant frequency
and amplitude are selected as two degradation features of the system. Subsequently, accelerated
degradation experiments under different force loads were conducted, and the degradation model of
the ultrasonic vibration system was established by comparing experimental data with degradation,
distribution, and acceleration models. Finally, Copula functions were introduced to connect the two
degradation features, resonant frequency, and amplitude, and lifetime curves were plotted under the
influence of univariate and bivariate degradation factors. Through the analysis of the lifetime curves,
the conclusion is drawn that the decay of amplitude is the primary indicator of system lifetime, and
it is predicted that the developed ultrasonic vibration system can operate continuously and stably for
26.69 h. This research is of great significance for enhancing the reliability and lifespan management
of ultrasonic vibration systems.

Keywords: ultrasonic vibration system; reliability theory; degradation model; copula function;
lifetime prediction

1. Introduction

With the continuous development of industrial technology, ultrasonic processing
technology has been widely applied in material processing due to its advantages of a low
cutting force, high processing efficiency, and environmental friendliness [1]. In the process
of ultrasonic cutting, it is essential for the ultrasonic vibration system to work continuously,
without faults, and stably to ensure the quality of the processing. However, research has
shown that the ultrasonic system can experience phenomena such as frequency drift and
amplitude decay during processing due to external loads, which can impact the stability
and the quality of ultrasonic cutting. Currently, there are no standardized regulations
for evaluating the continuous and stable operation of ultrasonic systems, and there is a
lack of corresponding experimental test data. Reliability studies utilize the degradation
characteristics of a system to assess its reliability, providing a new approach for studying
the continuous operational lifespan of ultrasonic systems.

Research on the working characteristics of ultrasonic vibration systems has been
limited both domestically and internationally. Zhou H et al. [2] proposed an output
amplitude model that takes into account the effects of loading, exploring how loading
affects the amplitude stability of ultrasonic vibration systems. Zhao B et al. [3], through
variable load experiments, concluded that mechanical loading can impact the resonant
frequency and amplitude output of the system. Chenjun W et al. [4] established a dynamic
model for ultrasonic vibration milling based on mechanical vibration and the longitudinal
torsion theory and used a modified semi-discrete approach to describe its stability. However,
they did not study the degradation process of ultrasonic vibration systems under loading.
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For general systems, Dong X et al. [5] combined Weibull distribution with the hazard ratio
to construct a prediction model and predicted the lifespan of electricity meters. Park M
et al. [6] conducted accelerated lifespan tests on railway vehicle contactors by applying
high stress, determining the failure modes of the contactors, and evaluating their lifespan.
Nevertheless, during the process of modeling system performance degradation, there
may be various coexisting failure characteristics, leading to the introduction of Copula
functions. Fang G et al. [7] studied a coherent system with positively correlated performance
degradation processes and proposed a flexible bivariate stochastic process considering
the influence of environmental stress variables to analyze accelerated degradation data,
modeling the correlation between the two degradation processes using Copula functions.
Sun F et al. [8] described the degradation of characteristics using Brownian motion for
products with multiple performance degradation features and established a time-varying
Copula function to address reliability assessment issues for such products.

In recent years, the modeling of performance degradation has become the mainstream
approach for predicting product lifespan. This paper focuses on the ultrasonic cutting
processing system as the research subject. It analyzes and selects two failure assessment
features, namely resonant frequency drift and amplitude decay, to reflect the entire system’s
degradation process. It explores the degradation models of ultrasonic vibration systems
under the influence of single failure features and dual failure features. This enables the
assessment of the lifespan of ultrasonic vibration systems operating continuously and
stably. The research provides a reference basis for practical production applications of
ultrasonic processing.

2. Ultrasonic Machining Systems and Failure Analysis
2.1. Introduction to Ultrasonic Machining Systems

The ultrasonic machining system consists of an ultrasonic power source and an ul-
trasonic vibration system. The ultrasonic vibration system is primarily composed of a
transducer, an amplitude modulator, and a machining tool. The ultrasonic power source
converts low-frequency AC power at 50 Hz into ultrasonic frequencies of 20 kHz and
above, supplying them to the ultrasonic vibration system while continuously tracking the
resonant frequency of the vibration system. Transducers are generally of the piezoelectric
type, utilizing the inverse piezoelectric effect of piezoelectric elements to transform the
electrical signals from the power source into mechanical vibration signals. These signals are
then amplified by the amplitude modulator and ultimately transmitted to the machining
tool to facilitate ultrasonic material processing. Figure 1 shows a schematic diagram of the
ultrasonic vibration system processing a Nomex honeycomb composite material.

2.2. Failure Analysis of Ultrasonic Vibration Systems

The types of failures in electromechanical systems are typically categorized based on
failure mechanisms as sudden and degradation types. Sudden failure refers to a situation
where the system abruptly transitions from normal operation to a state where it can no
longer function. In contrast, degradation-type failures involve the gradual deterioration of
certain performance parameters within a normally functioning system over time, ultimately
reaching the system’s failure criteria. Ultrasonic vibration systems, as typical examples of
electromechanical integrated systems, have relatively few instances of sudden failure and
are more commonly associated with degradation-type failures.

Drawing on the research conducted by our research group on the development and
engineering application of ultrasonic machining systems [3,9], we chose to focus on the
ultrasonic cutting of aerospace Nomex honeycomb composite materials. Initially, ultrasonic
vibration systems are typically designed under no-load conditions. However, in practical
working conditions, the influence of machining loads can alter the system’s resonant fre-
quency. When the resonance frequency shifts beyond the tracking range of the ultrasonic
power source, typically within ±200 Hz, the resonance frequency no longer matches the
power source’s output frequency, rendering the entire system unable to resonate and main-
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tain stable machining conditions. Additionally, due to the continuous impact of machining
loads, the ultrasonic power source must output higher power to accommodate, leading to
an increase in the working temperature of the piezoelectric transducer. This rise in temper-
ature can result in delamination between the piezoelectric material layer and the electrode
layer, reducing the electromechanical coupling performance. As a result, the efficiency
of ultrasonic energy transmission decreases, and the amplitude output at the tool end
diminishes, occasionally leading to cessation of vibration. When the amplitude decreases
to below 10 µm, cutting the material becomes notably challenging, causing a decline in the
quality of the workpiece. Given these factors, the analysis of ultrasonic vibration system
failures selected resonant frequency drift and amplitude as degradation characteristics.
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Currently, there are no unified standards for evaluating the failure of ultrasonic
vibration systems, both domestically and internationally. Based on the analysis mentioned
above, the criteria for ultrasonic vibration system failure have been established as drift in
the working resonant frequency exceeding ±200 Hz and an output amplitude decreasing
to below 10 µm. Considering that the predominant form of cutting load in ultrasonic
machining of honeycomb composite materials is in the form of cutting forces, cutting forces
are identified as the primary cause of failure in ultrasonic vibration systems.

3. Ultrasonic Vibration System Accelerated Degradation Model
3.1. Degradation Modeling Process

Products with degradation-type failures can use degradation modeling to describe
their degradation process. By applying the concept of accelerated degradation, an ultra-
sonic machining system degradation model can be established. The steps of the statistical
modeling process for reliability are depicted in Figure 2. Based on the system’s working
load conditions and its tolerance levels, suitable stress levels and corresponding experi-
mental times are designed. Degradation data are then fitted through degradation modeling
and distribution modeling to obtain a distribution model of pseudo-failure lifespan under
accelerated degradation. Subsequently, a mathematical relationship between the parame-
ters in the distribution model and the external stress is established to create an acceleration
model. This transformation allows for the conversion of distribution parameters from high-
stress levels to normal stress levels, thereby completing the entire degradation modeling of
the system.
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3.2. Accelerated Experiments and Data Collection

Accelerated experiments are a method for subjecting a product to load conditions
higher than those encountered under normal operating conditions to collect additional sys-
tem degradation parameters [10]. Accelerated experiments can be divided into accelerated
lifespan experiments and accelerated degradation experiments. Accelerated degradation
experiments are less time consuming and cost effective compared to the former. The
fundamental assumption is that the performance degradation trend in the system under
accelerated conditions is the same as that under normal conditions, and the failure mech-
anism of the system under accelerated conditions remains unchanged. The performance
degradation process of the ultrasonic machining system meets the basic assumptions of
accelerated degradation experiments. Therefore, it is reasonable to control the range of
accelerated stress for accelerated degradation experiments. This study uses a constant
stress level for accelerated degradation experiments to simplify the computational process.

According to national standards, the minimum number of stress levels for accelerated
experiments should be at least three, with the lowest stress level being greater than the
normal operating stress value. The highest stress level should be as high as possible within
the stress range that the product can physically withstand. In normal cutting of honeycomb
materials, the ultrasonic vibration system is mainly subjected to the cutting force in the feed
direction, and the maximum range of the normal cutting force load is within 20 N [11]. Due
to experimental limitations, the cutting force is considered as a constant force load, and a
tension–compression force gauge is used to simulate the primary cutting force acting on the
tool during the cutting process. When the cutting force increases to 40 N, the experiment
shows that the dynamic resistance of the ultrasonic vibration system is close to 110 Ω [12],
and changes in dynamic resistance can affect the system’s matching performance. Therefore,
to minimize the impact on the system, three sets of experimental stress levels are designed
as follows: S1 = 25 N, S2 = 30 N, S3 = 35 N.

The experimental setup is shown in Figure 3, with a self-developed ultrasonic vibra-
tion system with a resonant frequency of approximately 20 kHz. The ultrasonic generator
uses a Mingquan MQ-2000 anti-resonant frequency electronic signal generator, which
has automatic frequency tracking capabilities. The ultrasonic generator generates an AC
electrical signal of 20 kHz, which is then transmitted to the piezoelectric element of the
ultrasonic vibration system’s transducer. Through the piezoelectric effect, the electrical sig-
nal is converted into mechanical vibrations, thereby generating small ultrasonic vibrations.
These vibrations are then amplified by an amplitude modulator and transmitted to the tool
head to generate high-frequency vibrations. The ultrasonic tool, developed in-house, is
made of high-speed steel and has a length of 37 mm. To determine the ultrasonic ampli-
tude of the tool, a Keyence LK-G5000 laser displacement sensor is used, with a sampling
rate of 392 kHz and an accuracy of ±0.02%. To simulate the cutting force load during
ultrasonic vibration cutting, an HP-100 digital tension–compression force gauge is used,
with a resolution of 0.01 N, an accuracy of ±1%, and a maximum load capacity of 100 N.
The tension–compression load cell is applied to the cutting edge, and a honeycomb-like
material is inserted between the load cell probe and the tool to simulate real cutting of
honeycomb material. The slide table can be adjusted as needed to obtain different cutting
forces. The frequency acquisition module uses an Advantech ADAM-5081.
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Following the above design, experiments were conducted, and to enhance experimen-
tal accuracy, data from five samples were collected for each stress level. Figure 4 displays
the median values and error bands for each sample group.
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Figure 4. Degradation data graph of feature quantity with working time. (a) Resonant frequency
degradation diagram; (b) Amplitude degradation diagram.

As shown in Figure 4, under the influence of the force load, both degradation char-
acteristics, namely resonant frequency and amplitude, exhibit a decline. Furthermore,
as the force load increases, the degradation of these amplitude and resonant frequency
characteristics becomes more pronounced.

3.3. Establishment of the Degradation Model

A degradation model is a mathematical function expression established using math-
ematical statistical methods to describe the relationship between degradation and time.
Commonly used degradation fitting models include linear models, exponential models,
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Weibull models, power law models, and others [13]. Using the CFTOOL tool in Matlab,
least-squares fitting is performed separately on the degradation trajectories of resonant
frequency and amplitude at different stress levels. Figure 5 displays the fitted curve for the
degradation trajectory of resonant frequency at 25 N stress.

Processes 2024, 12, x FOR PEER REVIEW 6 of 14 
 

 

Figure 4. Degradation data graph of feature quantity with working time. (a) Resonant frequency 
degradation diagram; (b) Amplitude degradation diagram. 

As shown in Figure 4, under the influence of the force load, both degradation char-
acteristics, namely resonant frequency and amplitude, exhibit a decline. Furthermore, as 
the force load increases, the degradation of these amplitude and resonant frequency char-
acteristics becomes more pronounced. 

3.3. Establishment of the Degradation Model 
A degradation model is a mathematical function expression established using math-

ematical statistical methods to describe the relationship between degradation and time. 
Commonly used degradation fitting models include linear models, exponential models, 
Weibull models, power law models, and others [13]. Using the CFTOOL tool in Matlab, 
least-squares fitting is performed separately on the degradation trajectories of resonant 
frequency and amplitude at different stress levels. Figure 5 displays the fitted curve for 
the degradation trajectory of resonant frequency at 25 N stress. 

 
Figure 5. Fitting curve of resonant frequency degradation trajectory under 25 N stress. 

Similarly, the degradation trajectories of resonant frequency at stress levels of 30 N 
and 35 N, as well as the degradation trajectories of amplitude at different stress levels, 
were fitted. From Figure 5, it is evident that the linear model and Weibull model have poor 
fitting effects, while the Power-law model and Exponential model have better fitting ef-
fects. It is necessary to evaluate the fitting degree of these two models; therefore, the com-
plex correlation coefficient R2 was introduced [14]: 𝑅ଶ = 1 − 𝑆𝑆𝐸𝑆𝑆𝑇 (1)

where SSE represents the sum of squared residuals, and SST represents the total sum of 
squares. The calculated results are presented in Table 1. 

  

Figure 5. Fitting curve of resonant frequency degradation trajectory under 25 N stress.

Similarly, the degradation trajectories of resonant frequency at stress levels of 30 N
and 35 N, as well as the degradation trajectories of amplitude at different stress levels,
were fitted. From Figure 5, it is evident that the linear model and Weibull model have poor
fitting effects, while the Power-law model and Exponential model have better fitting effects.
It is necessary to evaluate the fitting degree of these two models; therefore, the complex
correlation coefficient R2 was introduced [14]:

R2 = 1 − SSE
SST

(1)

where SSE represents the sum of squared residuals, and SST represents the total sum of
squares. The calculated results are presented in Table 1.

Table 1. R-squared value with resonance frequency as the degradation factor.

Fitting
Model Linear Model Weibull Model Power-Law Model Exponential Model

Degenerative
Features

Resonant
Frequency Amplitude Resonant

Frequency Amplitude Resonant
Frequency Amplitude Resonant

Frequency Amplitude

25 N 0.9636 0.9859 −4.5 × 105 −77.95 0.9805 0.8461 0.9974 0.9806
30 N 0.9215 0.9946 −2.9 × 105 −20.68 0.9926 0.8835 0.9943 0.9892
35 N 0.9550 0.9961 −1.4 × 105 −8.895 0.9831 0.8231 0.9954 0.9742

R2 is an indicator used to assess the goodness of fit between independent and depen-
dent variables. Its values range from 0 to 1, with values closer to 1 indicating a higher
degree of fit. If the value is negative, it suggests significant deviations. Based on the R2

test results in Table 1, the conclusion can be drawn that the degradation trajectories of the
resonant frequency and amplitude in the ultrasonic vibration system are best fitted using an
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exponential model and a linear model, respectively. Thus, the equations for the degradation
trajectories of resonant frequency and amplitude can be expressed as Equation (2) and
Equation (3), respectively [14]:

y1 = a · ebx + c·edx (2)

y2 = a1x + b1 (3)

The parameters a, b, c, d in the exponential model, and the parameters a1 and b1 in
the linear model can be obtained through fitting using the least-squares principle within
the CFTOOL toolbox. By substituting the failure thresholds for resonant frequency and
amplitude into their respective performance degradation trajectory equations, the pseudo-
failure lifespans of the ultrasonic vibration system at different load levels can be calculated,
as shown in Table 2.

Table 2. Pseudo-failure lifespans under different failure factors.

Stress Level S1 = 25 N S2 = 30 N S3 = 35 N

Degenerative
Features

Resonant
Frequency Amplitude Resonant

Frequency Amplitude Resonant
Frequency Amplitude

Sample 1 25.1 h 19.7 h 20.7 h 12.1 h 13.9 h 9.2 h
Sample 2 31.7 h 20.5 h 23.5 h 11.9 h 13.2 h 9.8 h
Sample 3 24.4 h 20.5 h 17.5 h 10.8 h 13.4 h 9.3 h
Sample 4 24.0 h 20.7 h 18.1 h 11.9 h 13.6 h 9.1 h
Sample 5 26.5 h 19.8 h 18.4 h 12.5 h 12.9 h 9.5 h

3.4. Establishment of the Distribution Model

When conducting each set of degradation experiments, multiple sample data points are
typically collected. The lifespans of these samples can exhibit variations, and understanding
the distribution that the sample lifespans follow using an appropriate distribution model
can enhance the reliability of the experiments. Commonly used distribution functions
for electromechanical products include the log-normal distribution, Weibull distribution,
normal distribution, and exponential distribution [15]. Using Minitab 20 data analysis
software, a test was conducted on the pseudo-failure distribution of resonant frequency at
the S1 = 25 N stress level from Table 1, as shown in Figure 6, the red line represents the
95% confidence interval of each distribution, and the blue dots represent the data points.

From the graph, it can be seen that the data points for the normal distribution, log-
normal distribution, and Weibull distribution are all within the 95% confidence interval,
while the data points for the exponential distribution are not entirely within the 95%
confidence interval. Therefore, it can be concluded that the resonant frequency does not
follow an exponential distribution.

Likewise, hypothesis tests were performed on the distributions at other stress levels,
and probability plots were created. The p-value was introduced for hypothesis testing,
and in the hypothesis testing process, the p-value is the standard for significance testing.
The larger the p-value, the closer it is to the null hypothesis. The calculated p-values are
presented in Table 3.

Table 3. The p-values of each group distribution (with resonance frequency as the degradation factor).

Stress Level Normal Lognormal Weibull Exponential

25 N 0.084 0.119 0.081 0.007
30 N 0.228 0.280 0.223 0.008
35 N 0.946 0.946 >0.25 0.003
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From Table 3, it can be concluded that the pseudo-failure lifespan of the ultrasonic
vibration system, with resonant frequency as the degradation metric, is better represented
by a log-normal distribution. The corresponding probability density function F(t) and
reliability function R(t) are as shown in Equations (4) and (5) [16]:

F1(t) =
1

σt
√

2π
exp

[
−1

2
(lnt − µ)2

σ2

]
(4)

R1(t) =
∫ ∞

t

1
σt
√

2π
exp

[
−1

2
(lnt − µ)2

σ2

]
dt, t > 0 (5)

Here, the parameters µ and σ2 represent the mean and variance of the log-normal
distribution, respectively.

Using a similar analytical approach, it can be determined that the pseudo-failure
lifespan of the ultrasonic vibration system, with amplitude as the degradation metric,
is better represented by a Weibull distribution. The corresponding probability density
function F(t) and reliability function R(t) are as shown in Equations (6) and (7) [16]:

F2(t) =
β

η

(
t
η

)β−1
exp

[
−
(

t
η

)β
]

(6)

R2(t) = exp

[
−
(

t
η

)β
]

, t > 0 (7)

In these equations, β represents the shape parameter and η represents the scale parameter.
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The parameters obtained from the fitting for both the log-normal and Weibull distribu-
tions are presented in Table 4.

Table 4. Parameters of log-normal distribution and Weibull distribution.

Stress 25 N 30 N 35 N

Lognormal Distribution µ 3.226 2.972 2.595
σ 0.113 0.1215 0.0284

Weibull
Distribution

β 61.7 29.9 37.09
η 20.42 12.08 9.521

3.5. Establishment of the Acceleration Model

The acceleration model is used to transform the distribution model parameters corre-
sponding to high-stress levels into distribution parameters under normal stress conditions.
Currently, widely applicable acceleration models include Arrhenius, Inverse Power Law,
Eyring, Polynomial acceleration models, and more. The relationship between the degrada-
tion rates under mechanical stress and stress is often described using the Inverse Power-law
model, obtained from a large number of physical experimental data [8]:

K = AS−c (8)

where K is the degradation rate in the degradation process, S represents the stress level,
and A and c are constants. The linear inverse Power-law model can be obtained by taking
the logarithm of both sides of the equation:

ln K = lnA − c · ln S (9)

Combining the parameter values from Table 4, the Inverse Power-law model for the
normal distribution and Weibull distribution is given by Equations (10) and (11):{

µ = 9.242 − 1.816 × lnS

σ = 0.9099 − 0.2424 × ln S
(10)

{
β = 301.3 − 76.2 × ln S

η = 125.2 − 32.79 × ln S
(11)

4. Ultrasonic Machining System Lifetime Assessment
4.1. Univariate Reliability Modeling

For the ultrasonic vibration system with resonant frequency as the degradation metric,
the pseudo-failure lifespan follows a normal distribution. By substituting the normal
cutting force S = 20 N into the Inverse Power Law model in Equation (10), the distribution
parameters for the ultrasonic vibration system under normal stress conditions are obtained
as: µ = 3.892, σ = 0.1849. For the ultrasonic vibration system with amplitude as the degra-
dation metric, the pseudo-failure lifespan follows a Weibull distribution. By substituting
the normal cutting force S = 20 N into the Inverse Power-law model in Equation (11), the
distribution parameters for the ultrasonic vibration system under normal stress conditions
are obtained as: β = 73, η = 27.

By plugging these distribution parameters into Equations (5) and (7), the reliability
functions R1(t) and R2(t) are obtained. These reliability functions, derived from a single
degradation metric, represent the working lifespan of the system influenced by a single
degradation metric, as shown by the black square curve and brown dashed curve in
Figure 7.
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4.2. Bivariate Reliability Modeling
4.2.1. Modeling with Two Independent Degradation Features

In practice, the ultrasonic vibration system may be influenced by multiple degradation
features simultaneously. If there is no correlation between these degradation features,
according to reliability theory, the total reliability function R′(t) of the system is the product
of the reliability functions under the distributions of each degradation feature, i.e.,

R′(t) = R1(t) · R2(t) (12)

A bivariate reliability curve can be plotted for the ultrasonic machining system where
two independent degradation modes affect the system, as shown by the red dashed line
curve in Figure 7.

4.2.2. Modeling with Two Correlated Degradation Features

If there is a correlation between the different degradation features of the system;
Copula functions can be used as connecting functions. Copula functions can connect
the marginal distribution functions corresponding to amplitude and resonant frequency,
effectively solving the problem of complex correlations under multiple degradation modes.
There may be a certain correlation between the degradation of amplitude and resonance
frequency, which jointly affect the performance of the ultrasonic vibration system. This
helps in establishing the joint distribution reliability function R′′(t) for the ultrasonic
vibration system under the influence of different degradation features together.

Copula functions are commonly used to describe the correlation between multiple
random variables. Assuming there are n-dimensional random variables X1, X2, · · · , Xn
with correlations among them, and there is a Copula function C(u1, u2, · · · , un) such that
the marginal distribution functions of the random variables are F1(x1), F2(x2), · · · , Fn(xn);
the following expression holds between the joint distribution function F(x1, x2, · · · , xn)
and the Copula function [17]:

F(x1, x2, . . . , xn) = C[F1(x1), F2(x2), · · · , Fn(xn); θ]

= C[Fi(xi); θ|i = 1, 2, . . . , n]
(13)

where θ is the parameter vector in the Copula function, and its value determines the strength
of the correlation described by the Copula function among various random variables.
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Commonly used families of Copula functions in research include Gaussian Copula,
t-Copula, and Archimedean Copula. Among these, the Archimedean Copula family has
a simpler structure, and its analytical expressions are clearer, making it widely applied.
Some commonly used Archimedean Copula functions include the Frank Copula function,
Clayton Copula function, and Gumbel Copula function [18].

The marginal distribution functions u = F1(t) and v = F2(t) for frequency and amplitude
are used as input values in the Copula function. The Copula function parameters θ are
then calculated using the maximum likelihood estimation method [19].

L(θ) =
n

∑
i=1

lnc(F1(t), F2(t); θ) (14)

By taking the derivative of the parameters θ in Equation (14) and setting the derivative
to 0, the values of the Copula function parameters can be determined, as shown in Table 5.

Table 5. Parameter value θ of the copula function.

Copula Function θ

Frank Copula 0.19629
Clayton Copula 0.08887
Gumbel Copula 1.10000

In order to assess the strength of different Copula functions in describing the correla-
tion between different variables, the AIC, BIC, and DIC evaluation criteria were introduced
to evaluate the Copula function models [20]. The model with the smallest value was chosen
to describe the system’s correlation, as shown in Table 6.

Table 6. AIC, BIC, DIC values.

Copula Function AIC BIC DIC

Frank Copula 0.02026 0.04631 0.00013
Clayton Copula 0.01124 0.03730 −0.00438
Gumbel Copula 2.75826 2.78431 1.36913

After calculations, the Clayton Copula function model with the smallest value was
chosen to describe the correlation between the two degradation features, resonant frequency,
and amplitude. In this case, θ = 0.08887.

Considering the overall reliability function R′′(t) for the ultrasound vibration system
with the correlation between different failure characteristics, it can be expressed as [16]:

R′′ (t) = P[F1(t) ≤ D1, F1(t) ≤ D2]

= 1 − C[F1(t), F2(t)]

= 1 − F1(t)− F2(t) + C(u, v; θ)

= R1(t) + R2(t) + C(u, v; θ)− 1

(15)

where: D1 and D2 are the failure thresholds for the resonant frequency and amplitude,

respectively, C(u, v; θ) =
(
u−θ + v−θ − 1

)− 1
θ . The reliability function for the system with

correlated degradation features, as depicted by the solid blue line in Figure 7, was generated
using Matlab (R2018b) software.

Substituting R(t) = 0.5 into Equations (5), (7), (12), and (15), the median pseudo-failure
time and the failure time for each group can be calculated, as shown in Table 7.
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Table 7. System performance degradation time.

Degradation Character Stable Working
Time

Median Pseudo
Failure Time Failure Time

Resonant Frequency 23.86 h 49 h 86 h
Amplitude 25.15 h 27.01 h 28 h
Relevant 25 h 26.86 h 27.7 h

Independent 24.83 h 26.69 h 27.6 h

From Table 7 combined with Figure 7, it can be seen that:

(1) When considering resonance frequency as the degradation feature, the stable working
time of the ultrasonic vibration system is 23.86 h, and the failure time reaches 86 h.
This indicates that, even when the frequency tracking is good, the ultrasonic vibration
system can maintain its operation for a longer period, even if it cannot maintain its
initial optimal working state.

(2) When considering amplitude as the degradation feature, the stable working time and
failure time are 25.15 h and 28 h, respectively, with only a 3 h difference between
them. This suggests that amplitude degradation can rapidly lead to the failure of the
system’s operation.

(3) Whether considering only amplitude as the degradation feature or simultaneously
considering both degradation features, the stable working time and failure time
are roughly the same, ranging from 24.83 to 25.15 h and 27.6 to 28 h, respectively.
The stable working time and failure time are both close to 3 h. This indicates that
amplitude decay is the primary factor affecting the stable operation of the ultrasonic
vibration system, making it more likely to cause the system’s failure compared to
frequency degradation.

5. Conclusions

During ultrasonic machining, the system’s operational parameters degrade under the
influence of applied mechanical loads. This paper investigates the degradation models of
resonance frequency and amplitude of the ultrasonic machining system under different
stress levels, with the main work and research findings summarized as follows:

(1) A detailed explanation of a degradation modeling approach for the ultrasonic vi-
bration system is provided, encompassing the establishment of degradation models,
distribution models, and acceleration models, which can serve as a reference for
studies on the reliability of other complex systems.

(2) Based on accelerated degradation experiments and obtained degradation data, it is
established that the exponential model works well to describe the drift in resonance
frequency in the ultrasonic machining system under accelerated stress, while the
linear model effectively represents the amplitude decay of the tool.

(3) Acceleration experiments were conducted on the developed ultrasonic vibration sys-
tem under constant stresses of 25 N, 30 N, and 35 N. Considering the correlation
between amplitude and resonance frequency, the conclusion drawn was that ampli-
tude attenuation is the primary factor affecting the system’s lifespan. The assessment
indicated that, under normal conditions, the developed ultrasonic vibration system
can work continuously and stably for a minimum of 26.69 h, providing a reference for
practical applications in ultrasonic machining.
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