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Abstract—Printed circuit boards (PCBs) can be in various
sizes depending on the application. In addition, depending on
the application, the microelectronic components (transistors,
capacitors, resistors, integrated circuits, etc.) and the location of
these components on the PCB may vary. This situation makes it
very difficult to define the design concept of the PCBs by con-
sidering certain loading conditions. Vibration loadings can
cause damage on the PCBs and also on the electronic compo-
nents. It is very important to take into account of certain dy-
namic test conditions in automotive lighting industry when de-
signing and validating the PCB’s.

The aim of this study is to take into account of the road con-
ditions when designing PCBs used in automotive lighting sys-
tems and to distribute the components to the appropriate loca-
tions by using the design of experimental (DoE) method. In the
study, a finite element model of the PCB with all its components
was created and correlated with physical testing by using the
dynamic test scenario frequently used in the industry. The loca-
tions of the components on the PCB were determined as the de-
sign parameters, the stresses and fatigue damage obtained after
random vibration analysis as the response functions in the DoE
method. As a result, an interface has been created where the
PCB designer can choose the component locations on the board
based on test specifications with the virtually/physically verified
analyses, rather than based on user experience. This interface
also allows the designer to perform a pass/fail check of the PCB
for fatigue damage and obtaining the optimum component loca-
tions.

Index Terms— Printed Circuit Board (PCB); Design of Ex-
periment (DoE); Microelectronics Reliability; Optimization; IC
Test and Validation

I. INTRODUCTION

Due to the anisotropic material structure of the printed cir-
cuit boards (PCBs), the variety of electronic components
(transistors, resistors, diodes, integrated circuits, etc.), harsh
test conditions and the sensitivity of electronic components
on the board to damage due to vibrations, it is important that
the PCB concept design must be accomplished by taking
these factors into account.

Printed circuit boards, which are widely used in the auto-
motive industry, may be exposed to various dynamic loads
and vibrations at different frequencies during their service
life. Vibration loadings on electronic cards may occur during
transportation, handling, manufacturing and customer’s end
usage. Therefore, structural reliability evaluation of the vi-
bration-induced circuit board in the electronic packaging has
become an important issue in the industry. In addition, the
temperature generated during the operation of the LED com-
ponents on the PCBs used in the automotive lighting industry
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and the vibration exerted by the harsh environments have a
combined effect. For this reason, it is very important to con-
sider both situations when performing virtual analysis or
physical test conditions of the PCBs.

PCBs have a sandwich structure consisting of an insulat-
ing composite layer between two conductive copper layers.
The material property of the printed circuit board cannot be
defined as isotropic due to this special structure. In addition,
variables such as the types of hundreds of components on the
circuit board, material properties, types of the solder leads
(which connect components to PCB surface), and the thick-
ness of the sandwich structure make it very difficult to create
and verify the finite element (FE) model of the circuit board
[1]. Cracks may occur on the core layer or on the solder leads
if the PCB design cannot withstand the loads under test con-
ditions during the design phase and this makes the card un-
usable.

In the literature, it is possible to find studies on improving
the circuit board model by the use of finite analysis and ex-
perimental design methods.

Burmitskih et al.[2] accomplished a modal analysis of the
detailed PCB model with electronic components and simpli-
fied PCB model by comparing the first two modes. In sim-
plified model, electronic components such as resistors, ca-
pacitors and LEDs were eliminated from the model and
added their masses to the PCB. As aresult, a 3,5% difference
was seen between the first two modes of the detailed and sim-
plified model. Ren et al. [3] performed modal analysis using
free boundary conditions in the FE model to obtain the natu-
ral frequencies and vibration modes of the PCB. FE results
were compared with the experimental modal test to verify the
analysis result. PCB with different thicknesses were com-
pared and stated that the error rate between analysis and test
models were below 10%. Zhang et al. [4] conducted a modal
analysis of the PCB in a virtual environment in order to verify
the dynamic properties and obtained the shape and values of
the first four modal modes. An impact test with a hammer
performed in the same test scenario and compared the first
four mode frequencies and stated that the error rates were be-
low 10%. Somashekar et al. [5] obtained the natural frequen-
cies and of PCB by using the finite element method (FEM)
to investigate the dynamic properties of printed circuit boards
and avoid many test attempts and confirmed them with phys-
ical tests.



Maia et al. [6] conducted experimental tests with three dif-
ferent solder lead designs. It was applied the same test sce-
nario in a virtual environment and stated that the physical/vir-
tual test correlation was at a good level. Che et al. [7] created
a FE model of the PCB and solved the random vibration sce-
nario in the frequency range of 20 to 2000 Hz. In the model,
especially solder lead that connecting the integrated circuit
and the PCB together was detailed. The same scenario as a
physical test was accomplished and compared with fatigue
life. As a result, it was seen that the solder leads were the
critical region and the damage primarily occurred in this re-
gion. The cracks in the physical test were also seen at these
solder leads. Garcia et al. [8] used a FE model of PCB to sim-
ulate the vibration loads used in space vehicles during the
takeoff. Random vibration analysis scenario was solved to
examine the fatigue life of the solder leads. As a result, it was
stated that the damage in the physical fatigue test occurred at
the solder leads, as predicted by the finite element analysis
(FEA) result with the good correlation. Verma et al. [9] per-
formed modal and random vibration analyzes for the PCB.
Several random vibration scenarios were used and predicted
the fatigue life of the PCB. The result of random vibration
analyzes showed that the maximum stresses mostly occurred
in the solder lead areas of the components.

Tinca et al. [10] created FE and physical test models to
examine the behavior of the PCB under static and dynamic
loads. Sherlock software was used to define the layout of the
components on the PCB and the materials of these compo-
nents in a FE model. Aoues et al. [11] determined various
design variables and examined their effects on the fatigue life
of solder leads. Parameters such as temperature, soldering
lead length and component thickness were chosen as design
variables. As a result, the effect of design parameters on PCB
fatigue damage were investigated. Han [12] conducted vibra-
tion and PSD analyzes of the PCB in different components
positions. The analysis of PCB was solved and compared
with fatigue life of each position. As a result, it was stated
that maximum stresses occur in the solders leads and that
these stresses directly affect fatigue life. It was also stated
that it is possible to optimize components positions since the
maximum stresses are clearly visible. Gao et al. [13] per-
formed modal and fatigue analyzes in FEM and modeled the
electronic components on the PCB in a simple way. The elec-
tronic components on the PCB were located in three different
locations and examined their reliability. As a result, it was
stated that the locations of the electronic components on the
PCB greatly affected the stress distributions and fatigue life
on the PCB. Gao [14] used FEM to obtain the modal frequen-
cies of a printed circuit board and extracted its first 6 modes.
The boundary condition coordinates of the PCB defined as
design parameters and modal frequencies as response func-
tions. As a result, it was stated that the most appropriate con-
nection center coordinates were obtained after optimization.

Bilbay et al. [15] created a FE model for the PCB that was
correlated with physical testing. With the LED light on, three
strain gauges were placed in the areas where the transistors
were located, and instantaneous strain data were read and

recorded. FEA was performed for the PCB by including the
temperature map with the LED light on under the same
boundary conditions, and the strain values in the same re-
gions were obtained. As a result, it was obtained a correlated
virtual PCB material model with the physical test. Kalyani et
al. [16] conducted modal analysis of PCB with isotropic and
anisotropic material properties to examine the material char-
acteristics of PCB. The elasticity module of the PCB defined
as a design variable and compared its modules in three direc-
tions. As a result, it was stated that the effect of the elasticity
modules in the X and Y directions on the analysis are much
more effective than the Z direction. Xu et al. [17] conducted
modal, and fatigue analyzes by using the FEM to obtain the
most suitable PCB model and determined certain design var-
iables (material properties of the PCB) and response func-
tions. As a result of the optimization work, it was obtained
the most suitable PCB material for the safety of solders in
critical areas.

The aim of this study is to take into account of the road
conditions when designing PCBs used in automotive lighting
systems and to distribute the components to the appropriate
locations by using the design of experimental (DoE) method.
In the study, a finite element model of the PCB with all its
components was created and correlated with physical testing
by using the dynamic test scenario frequently used in the in-
dustry. The locations of the components on the PCB were
determined as the design parameters, the stresses and fatigue
damage obtained after random vibration analysis as the re-
sponse functions in the DoE method. As a result, an interface
has been created where the PCB designer can choose the
component locations on the board based on test specifications
with the virtually/physically verified analyses, rather than
based on user experience. This interface also allows the de-
signer to perform a pass/fail check of the PCB for fatigue
damage and obtaining the optimum component locations.

Guide
Light pCcB

Reflector Housing

(b)

Fig.1 (a) Internal structure of rear lamp (b) Assembled and illuminated

rear lamp



Journal of Integrated Circuits and Systems, vol. 19, n. 2, 2024

l—‘ Solder Mask

=

l_. Solder Mask

Substrate Layer (FR4) Copper Layer

(b)
Fig.2 Printed circuit board (b) Layers of PCB

The PCB used in the automobile rear lamp system in the
study is given in Figure 1(a) along with the environmental
elements. The system can be seen as assembled and illumi-
nated with LED lights in Figure 1(b). PCB in this study
shown in Figure 2(a) is used to illuminate the logo in the mid-
dle of the assembled rear lamp. PCB layers are formed by
sandwiching insulating substrate layer (FR4) between con-
ductive copper layers and this structure shown in Figure 2(b).
Additionally, the copper layer was covered with a solder
mask to protect it from external factors such as dust or small
amount of damage.

II. MATERIAL & METHODS

In the study, uniaxial tensile test was performed on FR4
samples in order to obtain the anisotropic properties of the
FR4 material (used in the PCB core layer) and define it in the
FE model. Experimental modal analysis (EMA) was per-
formed on 160 x 400 mm plates and the modal shape accu-
racy was determined with modal assurance criterion (MAC).
The modes and the shapes of FR4 plates were obtained using
the FE model under the same conditions. Both EMA and
FEM results were evaluated and FR4 material properties
were validated.

The FE model of the PCB was created in Sherlock soft-
ware. The types, locations, and materials of the components
on the PCB, as well as the connection leads were included in
the model. It is very important in automotive lighting for
PCBs to include pre-stresses in the model when LEDs run-
ning condition. The temperature distribution was obtained by
using a thermal camera and mapped to the PCB model. Finite
element analysis was carried out using the sine sweep loading
condition for the PCB model while LEDs open conditions. In
order to validate the FE model of the PCB, the PCB was
tested on a shaker using the same boundary conditions and
the same loading conditions, thus the results were compared.

Finally, the design variables and the response functions
were determined to create a DoE model of the PCB. The sam-
ples of DoE were solved and the effects of the each parame-
ters were investigated. Regression was performed based on
the experimental design results and the equations related to
the design parameters were obtained for each response func-
tion.
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The workflow was summarized by a basic flow chart
shown below in Figure 3.
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Fig.3 Workflow of PCB Model

A. Obtaining FR-4 Material Properties

The physical properties of some single-crystal substances
depend on the crystallographic direction in which measure-
ments are made. For example, the elastic modulus and elec-
trical conductivity may have different values in the [100] and
[010] directions. The property of variability in these direc-
tions is called anisotropy and is related to the variance of the
atomic spacing in the crystallographic direction. Substances
in which the measured properties are independent of the di-
rection of measurement are isotropic. The core material used
in the circuit board (FR4) is considered anisotropic due to its
structure. Elastic properties in different directions need to be
defined separately to using it effectively in the finite element
model [18].

The output of the tensile test is recorded as force against
extension. These force-deformation properties depend on the
sample size and defined as:

o=F/Ay (1)

Here, F represents the force (N), Ao represents the cross-
sectional surface area of the sample (mm?). Engineering
strain (¢) is defined by the equation below.

&= (Ii-l)/(ly) = AVl ©)

Here, ly is original length before any load is applied, 1; is
instantaneous length, Al is deformation elongation or length
change at any moment depending on the original length.

The degree to which a structure deforms or strains de-
pends on the magnitude of the applied stress. For most mate-
rials in tension and at relatively low levels of strain, the rela-
tionship between stress and strain is proportional to each
other and is known as Hooke's law and defined as:

o=E*¢ 3)



In the study, different samples were prepared in both di-
rections to obtain the elastic modulus of the tensile test sam-
ples in X and Y directions. Tensile tests in two different di-
rections were performed and the anisotropic properties of the
material obtained. Detailed dimensioning information of 2
mm thick samples were produced according to ISO 527 ten-
sile test standard can be seen in Figure 4(a). For the uniaxial
tensile test of FR-4 samples, the 34TM-50 model testing ma-
chine of the INSTRON brand, shown in Figure 4(b) was used
based on the ISO 527 tensile test specification. The ends of
the samples were placed in the machine apparatus and com-
pressed. The strain-stress curve was obtained with the help of
touch sensor extensometer. Test were performed with ten
samples each of X and Y axes with 2 mm/min speed. The
elastic modulus of each sample was calculated by the ma-
chine software and its average was defined in the FE soft-
ware.

- 170 mm -

- 110 mm -

20mm 10mm

R24 mm

(a)

Fig.4 (a) ISO 527 Tensile test specimen (b) Uniaxial tensile testing ma-

chine

B. Material Property Validation of FR-4 Plate

Many structures are affected by vibration and they need to
be investigated and controlled because of the effects of vibra-
tion. The dynamic properties of the structures must be meas-
ured in order to carry out these studies. In addition, experi-
mental studies that measure the modal properties of struc-
tures are called experimental modal analysis (EMA). Modal
testing and modal analysis are used to characterize the dy-
namic behavior of structures as a result of the forces to which
they are subjected. EMAs are necessary to understand how
structures vibrate, resist to forces and other structural me-
chanics.

It can be seen in Figure 5 that the force is applied to the
structure by an hammer. The amount of impact applied to the
structure was measured in the time domain by using the force
measuring tip located at the end of the hammer. As the force
was applied, the structure exposed to vibration, the response
of the structure to the impact is measured in the time domain
with the help of accelerometers located on the structure.
Measurements performed in the time domain enables the
conversion of the impact and the response functions to the
frequency domain by using the fast fourier transform (FFT)
[19].

As a result, the mode shapes, the natural frequencies and
the damping ratios of the structure can be determined with
the help of the FFT. The basic systematic of the EMA process
is simply evaluated in Figure 5.
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Fig.5 EMA Systematics

The structure of the plate tested by EMA was assumed to
be time-invariant and linear, also must obey Maxwell’s reci-
procity theorem [20]. The base principle of EMA is finding
the ratio between observed excitation at one location while
applying force at another location as a function of frequency.
The ratio is called the frequency response function (FRF) and
known as a complex mathematical function. Mathematical
definition of a single-input relationship is given below:

Xl qu
XZ H2q

=| . |*F, (4)
XP XPCI

Xp is a response in the point of p, Fq is excitation in the
point of g, and Hpq is FRF between points of p and q. The
process can be achieved by selecting two points on the plate
and changing the location of the excitation (hammer) and the
response (accelerometer) points. That can be expressed as:

Hypy = Xp/Fy=Hyp = Xy/F), (5)

Boundary conditions of the structure can be either free-
free or fixed. Also, there might be signal processing errors
during the process such as, leakage, filtering, windowing, av-
eraging, and aliasing [21].

In this study, the fixed position accelerometer and the
movable hammer EMA was performed on the FR-4 plate.
The test setup is seen in Figure 6. First of all, the FR-4 plate
was hung with rubber ropes in free boundary conditions. The
plate was divided into 55 equal points and an accelerometer
was placed on it and the position of the accelerometer was
kept constant. The hammer was hit on these points and the
FRF graph of each point was obtained with the help of data
reading systems. Finally, the results obtained from EMA
were examined with the finite element model and the fre-
quency and mode shapes of the plate were compared.
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Fig.6 EMA Test Setup of FR-4 Plate

In the finite element model, the FR-4 plate was defined as
160 x 400 mm rectangular plate with the thickness of 2 mm.
Second-order brick elements (C3D20) were used in the
model and the modal analysis was solved at room tempera-
ture (23 °C) with the free boundary conditions. The FE model
of the plate can be seen in Figure 7.

|

Fig.7 FE Model of FR-4 Plate

FR-4 material properties were obtained as a result of the
uniaxial test performed in the study, they were defined in the
FE model and given in Table I. The first six resonance modes
of the structure were requested as the outputs of the results.

Table I. Material properties of FR-4 plate

Property Symbol Unit Value
Density p g/cm? 1,9
Thermal Expan- ax E-05 °C™! 1,4
sion Coefficient ay E-05°C! 1,4
oz E-05°C! 1,5

Ex GPa 25,7

Elastic Modulus Ey GPa 239
Ez GPa 22

It is observed that in all systems exposed to vibration, the
vibrations slowly weaken and disappear completely over
time. This is caused by the vibration dampers in the systems
absorbing mechanical energy. These effects, called damping,
working against the speed of the system and creating damp-
ing forces. General formulation of damped free vibration;
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¥+ 2Dwgx + w3x 6)

D in the equation is the damping factor and is shown as in
equation below.

D =9/ w, = {A72m)*w, (7)

o in the above equation is the damping constant and is
given in below.

0 = (I/2m) (3

Under the condition of D <1 (the condition for vibration
movements to occur), the solution of the differential equation
is as follows;

x(t) = Ap-e”*Dw,' *Cos(wd-¢) )

Here w, defined as in the equation below follows and is
called damped vibration frequency.

Wy = wyV1 — D? (10)

Modal verification is an important matrix system used to
examine, verify and predict the similarity of mode shapes ob-
tained after modal tests. Modal assurance criterion (MAC)
enables the comparison of physical testing with finite ele-
ment analyzes using computer-aided software and provides
information about the accuracy of the test by making a per-
centage comparison. Ty define the comparison between two

mode shapes, the modal assurance criterion value is ex-
pressed as follows [22].

[{‘Pr}*[{‘l’s}]z

MAC{er}Aesd) = et SonTow

an

The modal assurance criterion matrix varies between 0
and 1, and these values indicate the similarity of the mode
shapes obtained from finite element analysis and physical
testing. The MAC value is close to 0 if these two vectors are
linearly independent of each other [23].

C. Validation of Printed Circuit Board

In automotive lighting systems, LED lights in the rear
lamp create stresses on the PCB due to the operation of elec-
tronic components such as transistors and those components
conducting heat around them. For this reason, it is important
to examine and include these pre-stresses caused by heat into
model.

Head lamp or rear lamp lighting systems are exposed to
various vibrations and loads while the vehicle on the road.
Obtaining road data on the vehicle takes quite a long time and
also those load data can be variable. Therefore, sine sweep,
or random vibration analysis is generally preferred in the in-
dustry to apply equivalent loads in the laboratory.



In this study, the printed circuit board was physically
tested using sine scan data on the shaker and with the LED
lights on, and it was validated in a virtual environment by
creating a FE model. The same load and the same boundary
conditions were established in both the test setup and the FE
model.

Most solid materials tend to expand when heated and con-
tract when cooled. The expression for the change in length
with respect to temperature for a solid material is as follows:

(- 1)/lo = o*(Ty-Ty) (12)

In the above equation, lp and I; respectively, represent the
initial and final length quantities during the change from tem-
perature Ty to temperature Tr. The parameter «; is called the
linear coefficient of thermal expansion. It indicates the extent
to which a material expands during heating and is a material
property known to have temperature units [(°C)-1 or (°F)-1].
The heating or cooling process affects all dimensions of an
object, and as a result, a change in the volume of the object
occurs. The volume change of the body due to temperature
can be calculated as follows:

AV/VO =0, *AT (13)

In the above equation, AV and V are the volume changes
of the body and the initial volume, and ay means the volume
coefficient of thermal expansion. In most materials, the av
value is anisotropic and has a material structure. For material
structures where thermal expansion is isotropic, av is approx-
imately 3ai.

Thermal stresses are stresses that accumulate in the body
as a result of temperature changes. Understanding the basis
and nature of thermal stresses is very important because such
stresses can lead to damage or unwanted permanent defor-
mation. If a homogeneous and isotropic solid body is heated
evenly and then cooled, there will be no stress because there
will be free expansion or contraction in the object. On the
other hand, thermal stresses develop in the body if rigid sup-
ports restrict the part's movement in the axial direction. The
magnitude of these stresses resulting from a temperature
change from Ty to Tris:

o = E*a/*(To-Ty) = E*o*AT (14)

In the above equation, E is the modulus of elasticity, and
al is the coefficient of linear thermal expansion. If the final
temperature is greater than the initial temperature (Tr > T),
the stress exerts a compressive effect (¢ < 0) because the rod
expansion is limited. If the final temperature is less than the
initial temperature (Tr < Ty), tensile stress is applied to the
object (o > 0). Also, the stress required to compress (or
stretch) the body is the same stress that allows it to expand
(or contract) freely with the change of temperature To — Trin
equation 14 [18].

In this study, FLIR SC 620 thermal camera was used to
measure the temperature on the surface of the PCB under
LED lights operating condition as shown in Figure 8(a). The
PCB was connected to a 13,5 Volt power supply and the LED
lights were illuminated for 30 minutes to stabilize the tem-
perature distribution. Then, measurements were made with a
thermal camera and the result of the thermal camera meas-
urement was included and mapped on the FE mesh structure
as shown in Figure 8(b).
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| Thermal
Camera
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Fig.8 (a) Thermal camera measurement setup (b) PCB Thermal measure-

ment result

In sine sweep analysis, a sinusoidal oscillation is applied
to a system (for example, a mechanical component). In sine
sweep, the components respond sensitively to resonance fre-
quencies. Resonance can cause damage or destruction of
components in PCB or other devices and cause malfunction
problems.

Sine sweep testing is a simple method for measuring res-
onance frequencies. The system to be tested is stimulated
with a sinusoidal signal in this method. The method makes it
possible to detect the resonances since the sine sweep contin-
uously passes through many different frequencies. Therefore,
sine sweep analysis becomes a very important tool for struc-
tural analysis tests.

The sine sweep excitation of unit amplitude can be defined
using equation below.

ii(t) = sin [Zn IN f(t)dr] (15)

In the equation, f(t) is the instantaneous frequency which
depends on the specific sweep type [24].

In this study, sine sweep test was performed using the
“Dongling ES-20-320” model shaker test machine shown in
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Figure 9(a) to obtain the modal frequencies and the FRF
curve of the PCB. The numbers represent parts used during
the sine sweep test. In Figure 9(b), number 1 represents the
plate which is connected to ground, number 2 represents fix-
ture which connects PCB to the plate, and number 3 repre-
sents the PCB.

PCB was fixed to the fixture with a M3 screw between the
hole in its center and the fixture. The fixture was connected
to the plate with two M4 screws located at the bottom side.
The plate and the ground were connected to each other with
two M8 screws as seen in Figure 9(b). The test was per-
formed at room temperature and with the LED lights running
condition.

A controller accelerometer was placed on the plate to
check the continuity of the 1g acceleration value applied to
the shaking plate, and an accelerometer was placed to meas-
ure the response acceleration amplitudes on the PCB as seen
in Figure 9 (b). Accelerations corresponding to the swept fre-
quencies were recorded during the test.

The parameters of the sine sweep test are as follows:

e  The driven amplitude value of the system was de-
fined as 1g.

e  The test start frequency was defined as 5 Hz and the
end frequency was defined as 500 Hz.

e  The sweep rate was defined as 1 Hz per second and
linear, and the test lasted 8 minutes and 15 seconds.

(b)

Fig.9 (a) Shaker test machine (b) Sine sweep test setup

Various finite element software such as Ansys Sherlock
and Ansys Mechanical was used to verify the PCB physical
test results in a virtual environment. Sherlock is a software
that performs static and dynamic FEA for PCBs. Moreover,
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reliability and strength analyzes of PCBs can be performed.
This module is used for structural analysis of the PCBs used
in automotive, aerospace, and many other fields. PCBs in-
clude many various components, such as transistors, inte-
grated circuits, capacitors, LEDs, resistors, and diodes. Fac-
tors such as the large number of components on the PCB and
the variety of the locations of components, makes the model-
ing with classical FE software too difficult. Sherlock module
makes the work much easier and saves time by its library
containing wide range of the components and wide range of
materials for electronic board design [15].

PCB Material FEM Model
Layout Library Model- L1 Export
Import Undate ling to Ansvs

Fig.10 Sherlock model creation workflow for PCB

Importing the PCB layout to Sherlock, which includes
specific features of the PCB, is a very efficient method, es-
pecially for saving time. Based on the workflow chart of Fig-
ure 10, the materials of all components were synchronized
with the local library by importing the PCB layout.

Fig.11 (a) PCB (b) PCB layout transferred to Sherlock

Component types (transistor, capacitor, diode, resistor
etc.), locations of the components, PCB stack up, materials
of components and leads (modulus, density, CTE, etc.) were
integrated into model by importing the PCB layout. In the
model, 0,1 mm sized second order hex (C3D20) elements
were used for leads, 0.5 mm sized second order hex (C3D20)
elements were used for PCB layers, and 0,5 mm first order
hex (C3D8) elements were used for the components.

The PCB model created in the Sherlock module was ex-
ported to Ansys Mechanical. Mesh structure, mesh type, ma-
terial properties of each component and the lead types were
also exported. Figure 11(a) shows the PCB used in the study,
and Figure 11(b) shows the PCB layout transferred to Sher-
lock.

Material properties of each component, the leads and the
PCB layers were updated by using Sherlock software library
and defined in the model and can be seen in Table I, Table II
and Table III.



Table II. Material properties of electronic components

Property Sym Unit Compo- Value
bol nent
Density p g/cm’ Transistor 3,15
Integrated 2,62
Circuit
Diode 2,83
Thermal Transistor 1,3
Expansion o E-05 °C™! Integrated 1,22
Coefficient Circuit
Diode 1,31
Elastic Transistor 50,6
Modulus E GPa Integrated 35,6
Circuit
Diode 444
Table III. Material properties of leads and copper layers
Property Symbol Unit Value
Density p g/cm’ 1,9
Thermal Expansion a E-05 °C™! 1,4
Coefficient
Elastic Modulus E GPa 90,5
Yield Strength 9 MPa 280

In order to set up the sine sweep test in a virtual environ-
ment, the fixture and the test plate of the PCB were created
in a FE model as seen in Figure 12. The numbers represent
parts used during the sine sweep analysis. In Figure 12, num-
ber 1 represents the plate which is connected to ground, num-
ber 2 represents fixture which connects PCB to the plate, and
number 3 represents the PCB.
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Fig.12 Finite element analysis model of PCB

M3 screw connection between the PCB and the fixture and
M4 screw connection between the fixture and the test plate
were created and the connections were fixed in all axes.

Since the sine sweep test of the PCB was performed with
the LED lights on condition, a certain temperature distribu-
tion occurs on the PCB and must be included in the model for
the accuracy of the analysis. The thermal distribution ob-
tained by the thermal camera as seen in Figure 8(b) was
mapped on the FEA mesh. The temperature distribution on
the PCB in Figure 8(b) was included in the model and used
as the load condition. In this way, effects of the temperature
difference were included in the model.

The components transferred from Sherlock software to
Ansys Mechanical come into contact with each other in the
model, even there aren’t any contacts between the compo-
nents. For this reason, bonded contact surfaces were created
between all components with a gap tolerance of 0,1 mm.

FEA was performed at room temperature with boundary
conditions same as the sine sweep test. In order to perform
sine sweep analysis, 495 solution intervals were taken be-
tween 5 Hz and 500 Hz. The system was excited by 1g accel-
eration in the +Z direction, and a damping ratio of 0,003 was
used which obtained by EMA test. Linear sine sweep type
was applied and the amplitude and the resonance frequencies
in the Z direction were taken as a response from the accel-
erometer in Figure 12.

Element sizes and the types of each component used in the
FE model were given in Table I'V. Since leads are examined
in the study, especially small element sizes and second-order
elements were used.

Table IV. Material properties of leads and copper layers

Component Element Element Element
Size (mm) Number Type

PCB Layers 0,5 326431 C3D20

Fixture 2 325651 C3D10

Test Plate 5 10858 C3D20

Leads 0,1 23025 C3D20

D. Design of Experiment (DoE) Model Creation of PCB

Sensitivity analysis is defined as the study of how uncer-
tainty in the output of a model can be attributed to different
sources of uncertainty in the model input [25]. There are var-
ious types of sensitivity analyses in the literature: "variance-
based sensitivity analysis", "polynomial-based sensitivity
analysis, and "metamodel of optimal prognosis". An inde-
pendent data samples should be used to evaluate the prognos-
tic quality of the metamodel. Therefore, selected metamodel
with the best prognosis quality is called the metamodel of op-
timized prognosis (MoP) [26].

One of the best small sampling methods developed is the
advanced latin hypercube sampling method. Latin hypercube
sampling builds a highly dependent joint probability density
function for the random variables in the problem, which al-
lows very high accuracy in the response parameters by using
only a small number of samples. In addition, latin hypercube
sampling is an expert on simulating correlated or uncorre-
lated input variables with any probability distributions [15].

In this study, DoE was created to examine the position-
dependent changes of PCB components. The positions of
each PCB components were determined as the design varia-
ble. According to literature studies [6], [7], [8], [9] it was seen
that the leads connecting electronic component to the copper
layer are the most critical part under the load. For this reason,
the 30 maximum stress at the leads obtained from random
vibration analysis and it was chosen as the response function.
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As seen in Figure 13, six different regions were defined
where locations of three types of components (transistor, di-
ode and integrated circuit) are the variables. Range of loca-
tion for each region was given in Figure 13(a). DoE was ac-
complished for each component in these regions and the re-
sponse surfaces were obtained. As a result, the stress and the
damage of critical leads of each electronic component shown
in Figure 13(b) obtained in these regions.

@)

X:114 - 165
Y:17-33

X:184 - 210
Y:17-33

X:124-188;Y:0-9 o

Fig.13 (a) Design space of PCB (b) Example of critical lead considered as
the response

Random vibrations are vibrations whose amplitude at a
given time cannot be precisely predicted. They can be visu-
alized as a combination of many different sinusoidal vibra-
tion profiles with different amplitudes, frequencies and
phases. Thus, random vibrations simulate the physical oper-
ating conditions more realistically and, thanks to their rich
frequency content, can simultaneously stimulate multiple
resonance frequencies in a structure, unlike sinusoidal or sin-
gle-frequency excitation that provide more precise structural
diagnosis.

Head or rear lighting systems are exposed to various vi-
brations and loads while the vehicle on the road. Although
the collection of loads on the vehicle takes very long time,
random vibration analysis that is creating equivalent damage
in a shorter time period is generally preferred in the industry.
Random signals give an overview of the severity of vibration.
However, in order to understand the effects of the vibration
on the structure, the frequency spectrum of this vibration
must be determined. These spectrums are obtained using the
power spectral density (PSD), which is an ideal tool for iden-
tifying the random vibrations.

PSD are expressed by converting the time-dependent sig-
nal into the frequency domain with the FFT method and tak-
ing its square, and its unit is expressed as the frequency-de-
pendent square of the measured output. If the measured unit
is acceleration, the PSD unit is “G*Hz” and is shown by
equation 16. In equation, N is the number of samples, S is the
sampling rate, and dr is the resolution of the PSD data [27].

PSDumplitude = (FFTamplitude)z*]/df; df': S/N (16)
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Random vibration analysis was used in the experimental
design of this study. It was observed in the literature [28] that,
analyzes performed on the axis perpendicular to the PCB (Z-
axis) are more challenging. In this study, PSD data, which is
used specifically for PCBs in the industry, was used in DoE
analyzes on the Z axis and can be seen in Figure 14.
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Frequency (Hz)
Fig.14 PSD data of DoE analysis

In the study, the three-band technique by using miner's cu-
mulative damage ratio was used to calculate the fatigue dam-
age accumulated on the critical leads that were determined as
the response function in DoE. The first step is to determine
the number of stress cycles needed to produce a fatigue fail-
ure. When the end of the lead is connected to the other parts
of the structure without any fillet, the computed alternating
stress has to account for stress concentration effects. The
stress concentration factor K can be used in the stress equa-
tion or in defining the slope b of the S-N fatigue curve for
alternating stresses. The stress concentration should be used
only once in either place. The approximate number of stress
cycles N required to produce a fatigue failure in the lead for
the 1o, 20 and 3o stresses can be obtained from the following
equation:

S k
Tierxo x Ny =Ny + (2) (17)

Miner’s cumulative fatigue damage ratio is based on the
idea that every stress cycle uses up part of the fatigue life of
a structure, whether the stress cycle is due to sinusoidal vi-
bration, random vibration, thermal cycling, shock or acoustic
noise [29]. Miner’s fatigue damage cycle ratio calculation is
as follows:

Ry =ypt

P (1)

The PSD profile in the Figure 14 was solved for 28800
seconds (8 hours), and the damage accumulated on the struc-
ture was calculated by taking the inverse of the fatigue life
calculated from equation 17 for each sigma value. Bilinear S-
N curve as low cycle fatigue and high cycle fatigue was used
on copper leads and given in the Figure 15 [30].
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Fig.15 Bilinear S-N curve of copper leads

"Latin Hyper Cube" was used as the sampling method in
DoE. For each DoE, 100 samples were created and were
solved. In the DoE model, sample solutions were solved with
Ansys Mechanical and the results were collected by Ansys
Optislang. Regression was performed using polynomial met-
amodel and the results were investigated with the help of sta-
tistical tools.

In the DoE, statistical tools such as coefficient of progno-
sis (CoP), the response surfaces, the pareto chart, the coeffi-
cient of importance (Col) and the correction coefficient (CC)
were used to make sense of the data obtained after regression.

In the study, equations of response functions depending
on design parameters were obtained for each component type
and region as a result of the regression. These equations cal-
culate 30 stresses on leads depending on the X and Y location
of the components in the random vibration analysis for DoE.
Fatigue damage at the leads was calculated by using 3o
stresses, equation 17 and equation 18. All these data were
collected in Excel software and an interface was created that
allows the user to instantly check whether the leads are safe
or not according to the desired locations. If damage occurs
on the leads, the locations of the component can be defined
as design parameters and fatigue damage as objective, and
optimization can be done by using the "Solver" feature with
“Evolutionary Algorithm” in Excel.

In the interface, empty boxes were designed where loca-
tions could be entered for each region and component types.
Location constraints were defined in these boxes within the
range for each region. If an out-of-limit value is entered, a
pop-up screen appears and gives a warning. Based on the lo-
cations of component type and region, the 3o stress values
obtained from the regression are calculated with the formu-
lation and displayed in the interface tab. Fatigue life is calcu-
lated in the background and the damage amounts of each de-
sired component are displayed on the interface by using
Miner’s rule. If the damage amount is more than 1, the box
is shown in red and it means that the leads are not safe. If the
damage amount is less than 1, it means the leads are safe and
the box is shown in green. Finally, the interface is visualized
with an image showing the location of the components along
with the component name and the coordinates of the corre-
sponding location.

III. RESULTS & DISCUSSION

A. Verification of FR-4 Material Property

The natural frequency modes and the modal shapes ob-
tained from the EMA test of the FR-4 plate, which was used
as the core material in PCB, were compared with the FEA
results and the material properties of the FR4 plate were val-
idated. The results obtained from the physical test (EMA) and
the virtual analysis (FEA) were given in Table V. It was seen
that there was a maximum error of 5% between the EMA and
the FEA.

Table V. Comparison of the EMA and the FEA for the natural frequencies
of the FR-4 Plate

Mode 1 Mode 2 Mode 3 Mode 4
EMA 33,5Hz 98,4 Hz 192 Hz 223 Hz
FEA 33,3 Hz 93,4 Hz 190 Hz 226 Hz
Error 0,5 % 5% 1% 1%

The first and second mode shapes obtained from EMA and
FEA results are given in Figure 16 and Figure 17.

a b

c d
Fig.16 (a) Mode 1 Shape — EMA (b) Mode 1 Shape — FEA (c) Mode 2
Shape — EMA (d) Mode 2 Shape — FEA

c d

Fig.17 (a) Mode 3 Shape — EMA (b) Mode 3 Shape — FEA (c) Mode 4
Shape — EMA (d) Mode 4 Shape — FEA

The similarity of the modal shapes obtained from the
EMA test and the FEA was examined and modal assurance
criteria (MAC) was given in Table VL. It is seen that the sim-
ilarity of the modal shapes of the EMA and the FEA were
over 85%, when the Table VI was examined.
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Table VI. MAC comparison of the EMA and the FEA for FR-4 Plate

FEA FEA FEA FEA
Mode 1 Mode 2 Mode 3 Mode 4
EMA 0,995 0,000106 0,259 0,0296
Mode 1
EMA 0,00336 0,963 0,0019 0,000435
Mode 2
EMA 0,175 0,00474 0,897 0,0165
Mode 3
EMA 0,0288 0,00271 0,0452 0,867
Mode 4

As a result, it was observed that there was a maximum of
5% deviation in the frequency and at least 85% similarity of
the mode shapes between the EMA and FEA results of the
FR-4 plate.

B. Verification of Printed Circuit Board

Transmissibility-frequency curve was obtained as outputs
from both the sine sweep test and the sine sweep FEA. Trans-
missibility is the ratio between the output and the input am-
plitude of system. In Figure 18, PCB resonances were given
as name of a, b and c. In the figure it was seen that the other
peaks with low transmissibility values came from the test
plate and the fixture, thus those resonances were eliminated.

N
o

Test == «=FEA

-
o

Transmissibility (g/g)

0 100 200 300 400 500

Frequency (Hz)

Fig.18 Sine sweep test and FEA curve

Comparison of sine sweep test and sine sweep FEA was
shown in the Table VII.

Table VII. Comparison of sine sweep test and FEA

Modes Frequency (Hz) Transmissibility (g/g)
FEA Test FEA Test

a 51 53 19 16

b 76,2 80 7,75 6,1

c 437 433 6,2 7

As a result, it was found that there was a maximum devi-
ation of 3,8% on a frequency basis between the FEA and the
test when the sine sweep results were examined. This amount
of deviation was found to be lower than the other literature
studies [2], [3], [4] consequently a verified PCB model was
obtained by the FEM.

The shapes of the three natural frequency modes obtained
from the PCB sine sweep FEA were shown in the Figure 19.
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Fig.19 PCB natural frequency modes (a) First Mode (b) Second Mode (c¢)
Third Mode

In the PCB FE model, element mesh with size of 0,5 mm,
0,75 mm, 1 mm and 2 mm were created for mesh sensitivity
analysis. The first three natural frequency modes found by
the use of each element size were compared and shown in
Figure 20. It was seen that the modal frequencies were con-
verged by the use of elements sizes smaller than 0,75 mm
when the mesh sensitivity analysis study was examined.

600
= .———0———0//’.
Z 400
I
< —e—Mode 1
3
g 200 —*—Mode 2
* = e ——Mode 3

0
0,50 1,00 1,50 2,00
Element Size (mm)

Fig.20 Element size independence of FE model for PCB



C. Result of Design of Experiment (DoE) and Creating
User Interface

It has been observed that changing the location of the
components on the PCB does not affect the natural frequency
of the entire PCB according to DoE. In the Figure 21, it can
be seen that there is an interaction between the responses and
the design parameters only for the same type of components.
The red boxes highlighted as the total effect in Figure 21 also
shows the CoP, which is, the accuracy rate of the regression
model. The accuracy of the regression performed in the study
was found to be 90,7% for the transistor in the second region
and over 95% for the others. Response surfaces for each com-
ponent type were obtained in six different regions. Two-di-
mensional response surfaces in different regions for each
component are shown in the boxes in the Figure 21.
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Fig.21 Interactions between responses and design parameters

In the Figure 21, the first letters of the responses indicate
the component types (D-Diode, IC-Integrated Circuit, T-
Transistor), and the second numbers indicate the region
where it is located according to Figure 13. In the design pa-
rameters, the first letter indicates the component type, the
second number indicates the region where it is located, and
the third letter indicates the axes of the locations.

PCB design was created as an example by selecting ran-
dom locations in the Figure 22. According to this example
design, the integrated circuits in the second and third region
do not pass the fatigue scenario and the PCB fails. Here, the
user can manually change the location of the failed integrated
circuits within the limit ranges until it becomes safe.

Location of Diode (mm)
Region 1 Region 2 Region 3 Region 4 Region 5 Region 6
DIX | D1Y 02X | D2y D3X | D3Y D4X_| DaY 5X_ | DSY D6X | D6Y
185 | 20 64 | 6
Maximum Stresses (MPa) Maximum Damage
D1 | D2 | D3 | o4 | DS | D6 D1 | D2 | 03 | D4 | o5s | D6
I | [ 10,8345] 42,6763 | | | 6.36-06 | 0,04912]
Location of Transistor (mm)
Region 1 Region 2 Region 3 Region 4 Region 5 Region 6
TIX | Ty TX_ | T2y T3X_ | T3Y Tax_ | Tay TSX | TsY T6X T6Y
18 [ 2 I I I I [
Maximum Stresses (MPa) Maximum Damage
TT [ T2 [ 13 [ T4 | 5 [ 76 TIL_ | T2 | 13 | T4 | T5s [ Te
5,47393 | I 7,36-08 | | | |
Location of Integrated Circuit (mm)
Region 1 Region 2 Region 3 Region 4 Region 5 Region 6
Icax_| iy 1c2x_ | icay 1C3X_ [ icay 14X | icay ICSX_ | 1c5Y IC6X_ | 1C6Y
95 | 25 150 | 21 | | 166 | 5
Maximum Stresses (MPa) Maximum Damage
ica [ ic2 [ i3 [ iea | s | ice Ic1 [ 12 I3 | ica [ 15 | IC6
| 151,534 78,317 | | | 59,0194 25,4659 [ 2,5979 | | | 0,40889
1C2; 95,0; 25,0
O  1c5; 166,0; 5,0} O
0 2 50 75 100 125 150 175 200
X Axis (mm)

Fig.22 Example of PCB design in the interface

Another option is to use Excel's "Solver" optimization al-
gorithm by defining the maximum damage as objective and
the location in X and Y axes as design parameters. The best
locations for all components in other regions can also be
found by defining constraints to the locations of each com-
ponents.

In the example, IC2 maximum damage was chosen as an
objective for minimizing the damage and IC3 maximum
damage constrained to stay below 1. The X and Y locations
of D4, D5, T1, IC2, IC3 and IC6 were defined as design pa-
rameters. Evolutionary algorithm was used for optimization.
Limit range values were defined as constraints for all design
parameters and also constraints between 0 and 1 were defined
for all maximum damages to ensure that the PCB remained
in the safe zone. As a result of optimization, the best design
parameters according to the given objective were obtained
and shown in the Figure 23.
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Location of Diode (mm)
Region 1 Region 2 Region 3 Region 4 Region 5 Region 6
DIX | D1y D2X_| D2y D3X | D3y 04X | D4y DSX | DsY D6X | D6Y
200 | 27 51 | 8
Maximum Stresses (MPa) Maximum Damage
D1 | 02 | D3 | D4 | D5 | D6 D1 | D2 | D3 | b4 | D5 | D6
1 1 | a.684 [31,2187] | 1 ] 2.6€-08 | 0,00637
Location of Transistor (mm)
Region 1 Region 2 Region 3 Region 4 Region 5 Region 6
TIX | Ty T2X | T2Y T3X_ | T3V Tax | T4y TSX_ | TSY T6X | T6Y
16 | 34
Maximum Stresses (MPa) Maximum Damage
TL | T2 | 13 | T4 | 15 | T6 TL | T2 | 13 | 14 | 15 | T6
4,99581 | 1 1 4E-08_| | | | |
Location of Integrated Circuit (mm)
Region 1 Region 2 Region 3 Region 4 Region 5 Region 6
x| icay 12X | ey IC3X_ | 1e3y 1C4X_ | icay ICSX_ | Icsy IC6X | IceY
58 | 30 159 | 28 | | 166 | 5
Maximum Stresses (MPa) Maximum Damage
icr | 2 [ i3 | iea | s | ice i [ ic2 [ ies | s T s | ice
| 61,8786 | 63,6559 | | | 59,0194 [0.55705] 0,6703 | [ 0,40889
m] o o o (m]
S0
=40 _Tl:l6,0,34,0 s a)
€. Ce
2
- ofem
DS; 51,0; 8,0
. . s
o
o 25 50 75 100 125 150 175 200
X Axis (mm)

Fig.23 Optimum example of PCB design in the interface

The interface optimized the component locations of the
PCB design in the example where the PCB was failed, as a
result PCB has been made safe by reducing the maximum
damages from 25,4 to 0,55 and 2,59 to 0,67. Furthermore, the
user has achieved one of the best PCB designs using data ver-
ified by testing and finite element analysis.

The predicted optimum model was solved in real-run fi-
nite element analysis and compared maximum stresses of
each leads in the Table VIII. It was observed that there was a
maximum deviation of 9% between the predicted result and
the real-run result.

Table VIII. Comparison of maximum stresses between predicted design

and real-run
D4 D5 T1 1C2 1C3 1C6
Pre-
dicted 4,68 31,2 5 62 63,6 59
Max MPa MPa MPa MPa MPa MPa
Stress
Real-
Run 4,35 32,2 49 68 62,2 55,4
Max MPa MPa MPa MPa MPa MPa
Stress
Devia-
tion (%) 7 3 3 9 2 6
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IV. RESULTS & DISCUSSION

In the study, a finite element model of the PCB with all its
components was created and correlated with physical testing
by using the dynamic test scenario frequently used in the in-
dustry. The locations of the components on the PCB were
determined as the design parameters, the stresses and fatigue
damage obtained after random vibration analysis as the re-
sponse functions in the DoE method. As a result, an interface
has been created where the PCB designer can choose the
component locations on the board based on test specifications
with the virtually/physically verified analyses, rather than
based on user experience. This interface also allows the de-
signer to perform a pass/fail check of the PCB for fatigue
damage and obtaining the optimum component locations. Re-
sults were summarized below:

e It was observed that there was a maximum of 5%
deviation in the frequency and at least 85% similar-
ity of the mode shapes between the EMA and FEA
results of the FR-4 plate.

e It was found that there was a maximum deviation of
3,8% on a frequency basis between the FEA and the
physical test when the sine sweep results were ex-
amined.

e  When the accuracy of the regression was examined
in the sensitivity analysis, it was observed that
90,7% for the transistor in the second region and
over 95% for the other responses.

e A high-accuracy user interface was created as a re-
sult of DoE and regressions in order to place the
components to optimum location on the PCB with
the verified physical test and FEA analysis.

e The predicted best design model obtained in the op-
timization was compared with real-run FEA analy-
sis, and it was seen that there was a maximum error
rate of 9%.

This study is promising for the automotive lighting com-
munity and for the industries working with PCBs automated
designs due to the following reasons:

1. There are many design variables on the PCB, the
thickness of the composite layers or the types of sol-
der leads. Sensitivity analyses or optimizations of
these variables can be performed with low error
rates using the method in this study.

2. Optimization of PCB with different sizes or shapes
can also be performed using this method.



(2]

(3]

(7]

(9]

[10]

REFERENCES

Maia Filho, W. C., Brizoux, M., & Grivon, A. (2010,
April). Optimization of PCB build-up layer
configuration for electronic assemblies with active
embedded components in the board. In 2010 11th
International Thermal, Mechanical & Multi-Physics
Simulation, and Experiments in Microelectronics and
Microsystems (EuroSimE) (1-5).

Burmitskih, A. V., Lebedev, A. P., Levitskiy, A. A., &
Moskovskih, M. S. (2013). Printed Circuit Board
vibration analysis using simplified finite element
models. 2013 International Siberian Conference on
Control and Communications, (1-4).

Ren, G., Li, B., Li, D., & Jiao, Y. (2015). Modal
analysis of the printed circuit board based on finite
element method. In 2014 International Conference on
Computer Science and FElectronic Technology
(ICCSET 2014) (150-154).

Zhang, W., Li, Y., & Qian, R. (2016). Optimization
Design of Printed Circuit Board Structure Based on
Modal Analysis. In 2016 4th International Conference
on Electrical & Electronics Engineering and Computer
Science (ICEEECS 2016) (1118-1123).

Somashekar, V. N., Harikrishnan, S., Ahmed, P. A., &
Kamesh, D. (2016). Vibration response prediction of
the printed circuit boards using experimentally
validated finite element model. Procedia Engineering,
(144), (576-583).

Maia F., W. C., Brizoux, M., & Grivon, A. (2010).
Optimization of PCB build-up layer configuration for
electronic  assemblies with active embedded
components in the board. 11th International Thermal,
Mechanical & Multi-Physics  Simulation, and
Experiments in Microelectronics and Microsystems
(EuroSimE) (1-5).

Che, F. X., & Pang, J. H. (2015). Study on reliability of
PQFP assembly with lead free solder joints under
random vibration test. Microelectronics Reliability,
55(12), (2769-2776).

Garcia, A., Sorribes-Palmer, F., & Alonso, G. (2018).
Application of Steinberg vibration fatigue model for
structural verification of space instruments. In AIP
Conference Proceedings (Vol. 1922, No. 1, p. 100003).

Verma, S. K. V. K., Saravanan, S., & Sathiyaseelan, V.
P. A. K. (2020). Dynamic Response Characteristics and
Fatigue Life Prediction of Printed Circuit Boards for
Random Vibration Environments (Vol. 20, p. 920-929)

Tinca, I. E., Ailinei, I. L., Silaghi, A. M., Bleoju, C.
(2021). Evaluation of Finite Element Modelling
Techniques of Printed Circuit Boards under Dynamic
and Static Loading and Validation with Experimental

[11]

[12]

[13]

[14]

[16]

[19]

[20]

[21]

Data. 27th International Symposium for Design and
Technology in Electronic Packaging (SIITME) (101-
104).

Aoues, Y., Makhloufi, A., Pougnet, P., & El Hami, A.
(2012). Probabilistic assessment of thermal fatigue of
solder joints in mechatronic packaging. Proceedings of
the 1st International Symposium on Uncertainty
Quantification and Stochastic Modeling, Maresias,
Brazil.

Han, C. (2014). Location-dependent Reliability of
Solder Interconnection on Printed Circuit Board in
Random Vibration Environment. Transactions of the
Korean Society of Mechanical Engineers A, 38(1), (45-
50).

Gao, Y., Wang, F., Ding, S., Yang, B., Liu, L., &
Salmani, M. (2021). Device architecture optimization
of solder ball joints fatigue lifetime under random
vibration frequencies. Soldering & Surface Mount
Technology, 33(1), (1-7).

Gao, T. (2021). Modal Analysis and Structure
Optimization of Composite Circuit Board. 7th Annual
International Conference on Network and Information
Systems for Computers (ICNISC) (358-363).

Bibay F.B., Arslan E., Ediz B., Cakir M.C. (2023).
Investigation of the effect and optimization of material
properties on the printed circuit board. Composites and
Advanced Materials. 2023;32.

Kalyani, U. H., & Wylie, M. (2020). Modal finite
element analysis of PCBs and the role of material
anisotropy. Vibroengineering Procedia, 32, (75-80).

Xu, F, Li, C. R, Jiang, T. M., & Zhang, D. P. (2016).
Fatigue life prediction for PBGA under random
vibration using updated finite element models.
Experimental Techniques, 40(5), (1421-1435).

Callister, W. D., & Rethwisch, D. G. (2007). Materials
science and engineering: an introduction (Vol. 7, pp.
703-706). New York: John wiley & sons.

Schwarz, B. J., Richardson, M. H. (1999).
Experimental modal analysis. Vibrant Technology Inc.,
Jamestown, California, (pp. 12).

Allemang, R. Vibrations: Experimental Modal
Analysis; Structural Dynamics Research Laboratory,
Department of Mechanical, Industrial and Nuclear
Engineering, University of Cincinnati: Cincinnati, OH,
USA, 1999.

Karakan, E. Estimation of Frequency Response Fuction
for Experimental Modal Analysis. Master’s Thesis,
Izmir Institute of Technology, Civil Engineering,
Izmir, Tirkiye, 2008



Journal of Integrated Circuits and Systems, vol. 19, n. 2, 2024

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

[30]

Timer S, T., Ucak kanadinda titresim analizi (M.Sc.
Thesis), Manisa Celal Bayar University, Department of
Mechanical Engineering, Manisa, Tiirkiye, 2016.

Altunel F., Modal updating of a helicopter structure
using a newly developed correlation improvement
technique (M.Sc. Thesis), Middle East Technical
University, Department of Mechanical Engineering,
Ankara, Tiirkiye, 2009.

Roy, N., Violin, M., & Cavro, E. (2018). Sine sweep
effect on specimen modal parameters characterization.
Advances in aircraft and spacecraft science, 5(2), 187.

Andrea, S., Marco, R., Terry, A., Francesca, C., Jessica,
C., Debora, G., Stefano, T. Global sensitivity analysis:
the primer. 1st ed. Chichester: John Wiley & Sons, The
Atrium, 2008, p.1.

Most, T., & Will, J. (2008). Metamodel of Optimal
Prognosis-an automatic approach for variable reduction
and optimal metamodel selection. Proc. Weimarer
Optimierungs-und Stochastiktage, 5, (20-21).

Lalanne, C. (2014). Random Vibration. (Vol. 3, pp. 79-
125). New York: John wiley & sons.

Samavatian, V., Masoumian, A., Mafi, M., Lakzaeli,
M., & Ghaderi, D. (2018). Influence of directional
random vibration on the fatigue life of solder joints in
a power module. IEEE Transactions on Components,
Packaging and Manufacturing Technology, 9(2), (262-
268).

Santosh M. (2008). Analyzing RandomVibration
Fatigue. ANSYS Advantage, Volume 2, Issue 3.

Harlow, D. G. (2023). Statistically Modeling the
Fatigue Life of Copper and Aluminum Wires Using
Archival Data. Metals, 13(8), 1419.

Digital Object Identifier 10.29292/jics.v19i2.856



