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Abstract

Objectives. A variety of technical condition control methods are used in the production and operation of printed
circuit assemblies (PCA) for radio-electronic means (REM). The main methods are optical, electrical, and thermal.
However, not all possible defects can be detected using these methods. For example, a weakened PCA fastener
in a block or the incorrect installation of an electric radioelement (ERE) on a printed circuit board (PCB) can be
detected only by analyzing the mechanical characteristics of the REM. These factors, in particular, are the values of
the vibration acceleration amplitudes on ERE or at selected PCB control points (hereinafter referred to as the PCA
vibration acceleration amplitude). In order to draw a conclusion about the presence of a defect, the measured values
of the vibration acceleration amplitudes obtained as a result of testing PCA for the effects of harmonic vibration are
compared with the permissible values calculated during the simulation of mechanical processes in PCA. This takes
into account the variations in the physical and mechanical parameters of materials and geometric parameters of the
PCA design. The aim of this paper is to determine the permissible values of PCA vibration acceleration amplitudes to
be compared with the measured values.

Methods. The Monte Carlo simulation method is used to calculate the permissible deviations of vibration
accelerations. This consists in repeatedly calculating the values of the vibration acceleration amplitudes at random
values of the physical and mechanical parameters of materials and geometric parameters of the PCA design within
their tolerances.

Results. Experimental verification of this method was carried out using the SolidWorks software for modeling
mechanical processes. This enabled the tolerance values for PCA vibration acceleration at the control point at the
first resonant frequency to be established and experimental data to be obtained when introducing various defects.
The results of comparing the measured values with the calculated tolerance enabled conclusions to be made with
regard to the possibility of detecting PCA defects.

Conclusions. Using this method of calculating tolerances for the PCA vibration acceleration amplitude allows the
presence of defects in REM that do not affect the electrical or thermal characteristics of REM to be determined, thus
increasing the efficiency of technical condition control.
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Peslome

Llenu. MNpun npon3BoacTBe 1 aKcryaTaumm nevatHbix y3nos (MY) pagmoanekTpoHHbix cpeacts (PAC) ncnonbayoTes
pasnnyHble METObI KOHTPOMS TEXHNHYECKOrO COCTOSAHNSA. OCHOBHBbIE U3 HUX — 3TO OMTUYECKMIA, NIEKTPUHECKNIA 1 TEMO-
BOI. Ho He BCce BO3MOXHbIE AeDEKTHI BLISB/SIOTCS C MCMNOMb30BaHWMEM yKa3aHHbIX METOO0B. Hanpumep, ocnabneHHoe
kpenneHue MY B 6n1oKke M HEKOPPEKTHAsA YCTaHOBKA anekTpopaamoanemMeHTa (9P3) Ha neyaTHoOM nnate BbISBASIOTCS
TOJSIbKO MYTEM aHaIM3a MEXaHNYECKMX XxapakTepncTnk POC, B YaCTHOCTM 3HAYEHWIA aMnanTy g, BUOpOycKopeHuii Ha QP
WS B BbIOPaHHbIX KOHTPOJIbHBIX TOYKaX NeYaTHOM nnaTel (fanee — amnauTyaa BubpoyckopeHus Y). Yrtobel coenatb Bbl-
BOZ, 0 HaNM4um aedekra, UISMEePEHHbIE 3HAYEHUS aMMNTYL, BUOPOYCKOPEHUIA, MOJTy4YEHHbIE B Pe3y/bTaTe UcnbitaHuii MY
Ha BO3AENCTBUE rapMOHMYECKON BUOpaLMm, CPaBHUBAKOTCS C JOMYCTUMbIMU 3HAYEHUSIMU, PACCHUTAHHBIMW NMPUY UMU-
TaLMOHHOM MOJENNPOBAHNN MEXaHUYECKNX MPoLLEeccoB B 1Y ¢ yueToM pa3bpocoB GrU3MNKO-MexaHNHECKNX MapamMeTpoB
MaTepuanoB 1 reOMETPUYECKNX MapaMeTpoB KOHCTPYKLmK Y. Lienb paboTbl COCTONT B ONpeaeneHnm oNyCTUMbIX 3Ha-
YeHUI aMnnTy, BUGpoyckopeHuia MY, ¢ kKoTopbiMy OyAyT CPaBHMBATLCSH M3MEPEHHBIE 3HAYEHNS.

MeToabl. [1ns pacyeTa [ONYCTUMbIX OTKIOHEHMIA BUOPOYCKOPEHUI NpeafiaraeTcs UCnosib30BaHMe MeToaa UMu-
TauMOHHOro MopenupoBaHns MoHTe-Kapno, 3aknoyalolerocss B MHOMOKPaTHOM pacyeTe 3HayYeHuin aMnianTyz,
BMOPOYCKOPEHMWI NPU ClyYalriHbIX 3HaYEHNSX GUIMKO-MEXaHNYECKMX MApPaMEeTPOB MaTEPMANOB U FEOMETPUYECKUNX
napameTpoB KOHCTPykuun MY B npeaenax CBOMX AOMYCKOB.

PesynbTaTthbl. B pesynbtate akcneprMeHTabHON NPOBEPKM OMMCAHHOIO0 MeToAa C MOMOLLbIO MpOorpamMMbl MOAE-
NMpoBaHns MexaHu4deckux npoueccoB SolidWorks onpefeneHbl 3Ha4eHus gornycka Ha BubpoyckopeHust MY B KOH-
TPOJIbHOM TOYKE HA NEepPBOM PE30HAHCHOW 4YacTOTe W MOy4eHbl 3KCNEPMMEHTa/IbHbIE [A@HHbIE NPW BHECEHUN pa3-
NNYHBIX e DeKTOB. Pe3ynbTaThl CPaBHEHMS NU3MEPEHHbIX 3HAYEHWUI C PACCUYUTAHHBIM J,0MNYCKOM NO3BONSAOT cAeNaTb
BbIBOZ, O BO3MOXHOCTM 00HapyxeHus gedektos Y.

BbiBoAbl. VIcnonb3oBaHne [aHHOro MeTofa pacyeTa [OMYyCKOB Ha aMnauTyny BubpoyckopeHnus MY nossonser
onpenenstb Hannune pedektoB B POC, KOTOpble HE BAMSIOT HA 3NEKTPUYECKME UMW TEMNOBbLIE XapaKTEPUCTUKN
P3C, n Taknm 06pa3om noBbICUTb 9DDEKTUBHOCTb KOHTPOJIS TEXHNHECKOTO COCTOSIHUS.

KnioueBble cnoBa: Hepa3pyLlaloLLNiA KOHTPOSIb, UMUTALMOHHOE MoaenupoBaHue, meton MoHnTe-Kapno, nevat-
HbI y3€es, paamoaNeKTPOHHOE CPEeACTBO, MEXaHNYECKME NPOLLECChI
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Mpo3spavyHocTb hUHAHCOBOW AeATENIbHOCTU: ABTOPbI HE UMEIOT PMHAHCOBOM 3aMHTEPECOBAHHOCTU B MPEeACTaB/IEH-

HbIX MaTepunanax nin metogax.

ABTOPbI 3a5BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Modern radio-electronic means (REM) are complex
devices, both in terms of electrical circuits and in terms
of design. A wide variety of circuit and design solutions, !
as well as materials used in REM production? can cause
the presence of deviations in their characteristics from
their nominal values. As a rule, the technical condition
of REM can be diagnosed [1, 2] by electrical, thermal,
and mechanical characteristics.? Methods for diagnosing
electrical and thermal characteristics are fairly well
developed and elaborated [3—6], while diagnostics by
mechanical characteristics still remains relevant due to
the difficulties in controlling mechanical characteristics
and the variety of mechanical connections present in
modern REM designs [7-9].

Despite the high requirements for the quality and
reliability of products at the production stage, there is
a probability of various defects such as: deformation
of electro-radio elements (ERE); weakening of their
fasteners or printed circuit board (PCB); formation of
cracks in PCB, which to a certain extent would affect the
mechanical mode of operation and may result in REM
failure.

The production stage of printed circuit
assemblies (PCA) is completed by testing, in order to
confirm their reliability throughout their life cycle.
Depending on the REM specifics, they are subjected to
a large number of different in situ tests* [10]. The vast
majority of REMs are tested for mechanical effects:
primarily vibration [11-13]. In this case, the measured
characteristics are compared with the maximum
permissible, in order to assess the vibration resistance

I Muromtsev D.Yu.,, Tyurin LV, Belousov O.A.,

Kurnosov R.Yu. Design of functional units and modules of
radioelectronic devices: A textbook for universities. 2nd ed.
St. Petersburg: Lan; 2021. 252 p. (in Russ.).

2 Pokrovskaya M.V., Popova T.A. Materials and structural
elements of REM: A textbook. Moscow: RTU MIREA; 2021.
Part 1: Material science and structural materials. 200 p. (in Russ.).

3 Davydov PS. Technical diagnostics of radioelectronic
devices and systems. Moscow: Radio and Communications; 1988.
256 p. (in Russ.).

4 Baranov V.M., Karasevich A.M., Sarychev G.A. Testing
and quality control of materials and structures: A textbook for
universities. Moscow: Higher School; 2004. 359 p. (in Russ.).

of REM [14]. However, a number of defects (e.g., PCA
weakened mounting, ERE incorrect installation, etc.)
may not lead to the measured value of the mechanical
characteristic exceeding the maximum permissible
value. They may, however, result in REM failures
during operation. Therefore, the paper proposes that
the measured values of mechanical characteristics be
compared with the values of their tolerances due to
the wvariation of physico-mechanical and geometric
parameters of REM materials. This will enable
a conclusion about REM technical condition based on
the results of comparison to be drawn.

METHOD FOR CALCULATING PERMISSIBLE
DEVIATIONS OF PCA VIBRATION
ACCELERATIONS

One of the technical condition control methods
necessary to ensure high reliability of REM involves
non-destructive testing by mechanical characteristics.
This is based on a comparison of values of the ERE
vibration acceleration amplitudes and in PCB control
points of the tested PCA and the PCA reference sample.
The presence of defects in PCA results in the deviation
of the ERE vibration acceleration amplitudes from their
nominal values, both higher and lower.

The PCA vibration acceleration amplitude depends
on the physico-mechanical parameters of PCA materials,
geometric parameters of PCA structural elements, and
PCA fastening points.

To control PCA by mechanical characteristics,
a reference mechanical model needs to be created, the
calculation results of which would be used for comparison
with the measured values of vibration acceleration
amplitudes of the studied PCA samples. In order to
create the mechanical model, a variety of programs can
be used to model the mechanical processes in REM. The
accuracy of modeling PCA mechanical characteristics is
determined by many factors. These include: correctness
and completeness of describing the topological model
of mechanical processes; precisely describing fastening
conditions; as well as setting such values of physico-
mechanical parameters of materials and geometrical
dimensions of construction elements which correspond
to real values as much as possible. Practice shows
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that for the majority of engineering calculations the
modeling error of mechanical characteristics is no more
than 30% for preliminary calculations and about 5-10%
for calculations with refined data.

Initial data on the values of physico-mechanical
parameters of REM materials necessary for modeling
mechanical processes, as indicated in a range of reference
books, can be obtained as a rule from experimental
studies and set in a certain range of values. The model
of mechanical processes in PCA, analyzed by specified
physico-mechanical parameters of materials and with
experimentally investigated distribution of PCA ERE
vibration acceleration amplitudes, can be taken as
a reference model. This model can also be used for
technical condition control during experimental tests of
PCA samples.

When using the reference mechanical model of
PCA, the tolerances for the values of ERE vibration
acceleration amplitudes are calculated using the program
for modeling mechanical processes. Based on the results,
the maximum permissible value ¢™®* and minimum
permissible value ™" of vibration acceleration
amplitudes for each ERE can be determined. These
modeling results form the basis for comparison with
experimentally obtained values, wherein the deviations
beyond the tolerance limits are considered as various
kinds of defects [2].

In order to determine the PCA suitability for
operation, the tolerance interval [afif . ,ab@% ] needs
to be calculated for each mth control point of the vector

of vibration acceleration measured values dpcp ,, PCA
would be considered serviceable, if the following
condition is met:

min max
pcam € [aPCA m>9PCA m ]

When controlling PCA technical condition, the
minimum permissible value apy ,, and the maximum

permissible value ap@} ,, of PCA vibration acceleration

amplitudes are used, while the maximum value apd} ,,
can be used to calculate reliability factors.

After calculating the PCA reference mechanical
model, vibration accelerations are measured in the
control points of the studied PCA group using vibration
detectors. The values of the PCA vibration acceleration
amplitudes obtained as a result of measurements are
compared with their maximum permissible values.
Then a conclusion about the PCA technical condition is
made on the basis of the comparison results. The values
of vibration acceleration amplitude of elements for
serviceable PCA samples should lie within the range of
values obtained by calculating the reference mechanical
model. A PCA sample with a deviation of PCA vibration
acceleration amplitude beyond the calculated limits
detected is considered defective.

The PCA reference mechanical model is obtained
at parameter values of REM designs lying within their
tolerances. However, the mechanical model can also be
used to form a fault base which can form a reference
book of the vibration acceleration amplitude distribution
over the PCA surface in the presence of any defect.
Such a reference book is formed in advance before PCA
diagnostics. Applying this method allows defects related
to the ERE installation, as well as defects related to PCB
production.

Thus, the PCA reference mechanical model
takes two factors into account: the spread of various
parameters  (physico-mechanical  parameters  of
materials, geometric parameters of designs) within their
tolerances when using the model to search for defective
products; and the possible presence of typical defects
in PCA when using the model to identify defects in the
studied PCA.

In some cases, the existing models and methods for
calculating the mechanical modes of REM designs do not
allow the influence of physico-mechanical parameters
of REM design materials and geometrical parameters of
REM designs on the mechanical mode of the product
to be analyzed in detail. The Monte Carlo method of
statistical testing used for modeling various physical
processes in REM, in particular, mechanical processes
in PCA design and REM as a whole, is highly capable
of resolving this problem [15, 16]. The advantages of
the Monte Carlo method over other methods of studying
physical processes offer a fairly simple mathematical
apparatus of calculations, as well as a clear physical
interpretation of the considered problem. These factors
thus simplify the programming process and provide ease
of control at the stage of program debugging.

When applying the Monte Carlo method, a special
random number generator program is used. This
program repeatedly outputs random values of a certain
quantity distributed in accordance with the specified
distribution law. For each random variable value,
the values of REM mechanical characteristics are
determined. This calculation is repeated a number of
times as specified by the user. For each calculation,
the values of the model parameters take random values
lying within their tolerances. Based on modeling
results, histograms showing the laws of distribution
of mechanical characteristics are built. Then the
mathematical expectation and standard deviation of the
PCA vibration acceleration amplitudes are calculated
from these.

The applied method does not require parametric
sensitivity functions to be calculated. However, it
requires a large amount of machine time depending on
the complexity of the mechanical model and the number
of iterations. At the same time, the error of the method is
usually of the order of 10%.
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Figure 1 shows the flow diagram of the method
for calculating the maximum permissible values of the
ERE vibration acceleration amplitude using simulation
modeling of mechanical processes.

When modeling using this method, such factors
as deviations physico-mechanical parameters of
materials and geometrical parameters of REM design
within their tolerances are taken into account. The
use of simulation modeling allows a lot of statistical
information to be collected. In this way the permissible
variation of ERE vibration accelerations can be
determined.

The input data for modeling is:

e the description of REM design;

gmin, gMaX being minimum and maximum values of

the ith physico-mechanical parameter of REM

design, respectively;

o qgm , qgax being minimum and maximum values of
the jth geometric parameter of REM design,
respectively.

Using the program for modeling the mechanical
modes of REM operation, a multiple (N times)
mechanical calculation of REM design containing
PCA (the block, as a rule) is carried out at the first stage.
This calculation is performed, in order to determine
the spread in vibration acceleration amplitudes in PCA
fastening points.

The parameter nominal value can be determined
from the minimum and maximum limits of its actual
value spread range, taking into account the normal law

Modeling the spreads

of parameter distribution according to the following
equation:

qnom — (qmax + qmin) /2.

The relative tolerance value for the parameter value
is determined by the following equation:

S= ( qmax _ qmin) /qnom.

The values of physico-mechanical parameters of
materials (g,,) and geometric parameters of designs (¢ g)
for each implementation of the Monte Carlo method take
random values within their tolerances. These take into
account the value of random variable £, in accordance
with the following equations:

G = M (48,8, 4, =gI™(+E,3,).

The random variable £, values are generated
according to the normal law of distribution of the
random variable with zero mathematical expectation
and standard deviation ¢ = 0.33. The truncated normal
distribution of variable &, on the interval £3c is derived.

After performing N calculations of the mechanical
mode of PCA design, N values of vibration acceleration
amplitudes (ap) in PCA fastening points are obtained.
According to these values, the mathematical expectation
of the vibration acceleration amplitude in each PCA
fastening point m(a;) can be determined as follows:

qmin gmax . .
mi > Hmi of physico-mechanical Calculating
ag", g parameters of materials and - tolerances
a g . Modeling the . . min max
—  »| geometrical parameters mechanical for vibration ag, &
of REM block design > processes > ;r(r;‘f)(leilti?;fir:]
_ in REM block .
— G =™ (146,81, n oc PCA fastening
Gy =qe™ (1 + Eanag) points
L Modeling the spreads
Generation £ of \_/ibration acceleratiop
of random n > amplitudes at‘PCA fastening
variable points
-1<g, <1 ayg =ajom (1+&,3,) Calculating gmin max
» Modeling the tolerances EREm’> “EREm
i »| for EREvibration ———»
Modeling the spreads - mechan_lcal acceleration
f physico-mechanical *| processes in PCA ;
orphy | amplitudes
Ly parameters of materials and
geometrical parameters of | |
> REM PCA block design
am" ame
gmin, gmax In = qrr:]om (1 + E-‘nSm)
g g

9g =57 1+ 203

Fig. 1. Flow diagram of the method for calculating permissible deviations of PCA vibration accelerations.

nom _ (omin max min max
ag°™ =(af"" +af*®)/2. agpe . dcpe

are tolerances for ERE vibration acceleration amplitudes
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N
2.af
m(ap) =5 —,

where af is value of the vibration acceleration amplitude
at the PCA fastening point on the nth implementation.

The dispersion of vibration acceleration D(ay) is
determined by the following equations:

N

Z(ali’ —m(af))2
D(ag)="= T
or
N 2
> (af)
Dlag)=| "=~ (m(ap))” |-
f N Pl IN-1

The standard deviation o(ag) of the vibration
acceleration amplitude at the PCA fastening point is
calculated by the following equation:

o(ag) = D(a;).

In order to determine the range of permissible values
of vibration acceleration amplitude [af"",a"*],
confidence probability [ should be specified as

follows:
B= P(a}nin <ap < alﬁnax),

with which the actual value of vibration acceleration
amplitude may lie within this range. Taking into account
the value of probability B, the value of coefficient y is
determined according to the reference data. For example,
for a confidence probability value B = 0.9973, the value
of coefficient y is equal to 3.
The minimum value a?‘in and the maximum value
af™ of the vibration acceleration amplitude taking
into account the value coefficient y for a given
probability P are calculated according to the following
equations:

a{“in =m(ag)—yo(ap), af™™ =m(ap)+yo(ag).

As the result of calculating the mechanical mode of
the block, the range [a?‘in,aflax] within which the
vibration acceleration amplitude values may lie at PCA
fastening points can be determined.

Then the statistical modeling of mechanical
processes in PCA is carried out in the same way. This

involves randomly specifying the values of vibration
acceleration amplitude at PCA fastening points from the
range [af"™,a™ ], as well as the values of physico-
mechanical parameters of PCB material and geometrical
parameters of PCA design from the range of possible
values. The modeling thus determines the range
[apn ,.a%3% 1 within which the values of ERE
vibration acceleration amplitudes for serviceable PCAs
lie.

The process of PCA control by mechanical
characteristics imposes increased requirements to the
reliability of modeling mechanical modes in PCA.
When building a model of mechanical processes, certain
assumptions also need to be taken into account when
analyzing the modeling results.

The error AS of calculating the ERE vibration

acceleration amplitudes is determined by the following
equation:

lc 2 2 2 2
Al = A2 + A2+ A2 + AZ,

where A is the error at which physico-mechanical
parameters of REM design materials are specified,
A, is the error at which geometrical parameters of
REM design are specified; A, is the error depending
on the computational grid step; Ai is the error
determined by the number of the Monte Carlo method
implementations.

The error in determining the maximum permissible
deviations of ERE vibration acceleration amplitudes is
determined by the number of implementations N in the
Monte Carlo method, in addition to error ASC
introduced by various assumptions when creating the
mechanical model. The relative error related to the
number of implementations can be determined by the
following equation:

Ny )
N

It is very important to ensure the accuracy of
modeling mechanical processes, since the result of PCA
control by mechanical characteristics depends on it. An
incorrect result may lead to “rejecting” the serviceable
product or to missing the product with a defect posing
serious consequences in its operation.

In order to apply this method, a variety of programs
for modeling mechanical processes in REM designs
of different hierarchy levels, such as ASONIKA-TM?,
SolidWorks®, etc., may be used [17, 18].

5 https://asonika-online.ru/products/asonika-tm/ (in Russ.).
Accessed June 15, 2023.
6 https://www.solidworks.com/. Accessed June 15, 2023.
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(a)

EXPERIMENTAL VERIFICATION
OF THE METHOD FOR CALCULATING PCA
VIBRATION ACCELERATION TOLERANCES

For the experimental verification of the method
described, an onboard radio-electronic device for
controlling run-up parameters is used. This device is
a PCB with the following EREs installed upon it: Atmel
ATmega2560microcontroller(AtmelCorporation, USA);
InvenSense MPU-6050 accelerometer (InvenSense Inc.,
USA); Global Navigation Satellite System receiver
U-blox Neo 7M (U-blox, Switzerland), Bluetooth chip
HC-05 (Core Electronics, China); and AMS1117-3.3
power supply (UMW, China).

In order to calculate tolerances for the vibration
acceleration amplitude value, PCA mechanical processes
are simulated using SolidWorks software. The PCA and
its model are shown in Fig. 2.

During modeling, the spread of PCB material density
1500-1800 kg/m> and elastic modulus 2226 GPa is set.
The number of the Monte Carlo method implementation
is 500. As a result of modeling, the spread of the PCA
vibration acceleration amplitude is obtained at the
PCA control point in a serviceable condition at the first
resonant frequency whose value is 170 Hz. The control
point is located in the center of PCB and is selected
by the results of analyzing distribution of vibration
acceleration values on PCB based on the maximum
value. The spread of vibration acceleration amplitude
values ranges from 4.8 m/s? to 5.2 m/s?, respectively,
while the tolerance value is equal to +0.2 m/s2. Then
the modeling of mechanical processes in PCA is
carried out with simulation of various defects such as:
a weakened PCA fastening (defect No. 1); the absence of
ERE (defect No. 2); a crack in PCB (defect No. 3); and
a different PCB thickness (defect No. 4). As a result, the
amplitude—frequency characteristics (AFC) of vibration

(b)
Fig. 2. The PCA (a) and its model in SolidWorks software (b)

acceleration at the PCA control point shown in Fig. 3 are
obtained.

6
Defect 1
5 Serviceable condition
Defect 2
Defect 3
4
| __Defect4

Amplitude, m/s?
w

N

100 150 200 250 300 350 400
Frequency, Hz

Fig. 3. Calculated values of AFC
at the PCA control point in serviceable condition
and under different defects

It can be seen from the graphs that each of the
defects causes deviation of vibration acceleration AFC
at the PCA control point from AFC for the serviceable
condition. It is most effective to compare AFC at the first
resonant frequency since at other frequencies, the result
of comparison may be incorrect. This can be due to
small differences in the values of vibration acceleration
amplitudes, comparable to the calculation errors.

Further, experimental studies are carried out of
the mechanical characteristics of serviceable PCA
and PCA with single defects simulated by modeling.
The experiment is conducted using a vibration test
bench (Fig. 4) at the harmonic vibration frequency equal
to the first resonance frequency (170 Hz) obtained as
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aresult of modeling. As a result, the experimental values
of vibration acceleration amplitudes at the PCA control
point at the resonant frequency under different defects are
obtained: for a weakened PCA fastening (defect No. 1),
it is 5.6 m/s%; for the absence of ERE (defect No. 2), it is
4.7 m/s?; for a crack in PCB (defect No. 3), it is 4.5 m/s%;
and for a different thickness of PCB (defect No. 4), it is
3.5 m/s?.

L

Fig. 4. Setup for experimental study of PCA
under the impact of harmonic vibration

As seen from the experimental results, each of
the defects causes deviation of vibration acceleration
values at the PCA control point from the value for the
serviceable condition beyond the calculated tolerance
obtained as a modeling result. Moreover, a number
of defects may cause approximately the same change
in vibration acceleration at the PCA control point (for
example, defects No. 2 and No. 3 in the experiment)
compared to the measurement error. This indicates
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