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Understanding board level vibrations in automotive electronic modules 
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A R T I C L E  I N F O   
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A B S T R A C T   

Board level reliability can be of high interest for automotive electronic components when exposed to vibration- 
prone environments. However, the absence of an industry standard for board level vibration testing poses several 
challenges in establishing a well-characterized test setup. One of the challenges is that automotive applications 
can induce abnormal stresses on components that can lead to early failures in the field. Such loading conditions 
are not always covered in the current board level vibration test methods. This paper aims to correlate the stresses 
from automotive modules to board levels by measuring the printed circuit board (PCB) vibration spectrum. 
Firstly, the study compares and assesses several module board level vibration measurement units, such as LASER 
Doppler Vibrometer (LDV), strain gauges, and accelerometers. Experiments and simulations show that LDV 
enables good correlation with Micro-electro Mechanical Systems (MEMS) accelerometers. Secondly, the module- 
board interaction unveils insights into several module design features that impact the PCB vibration response and 
solder joint interconnect reliability. These findings underscore the necessity for the user to correctly validate the 
reliability of packages beyond board level testing, i.e., at the module level. This reliability test approach enables 
the translation of reliability test results from the lab to the field life of components once built in the final 
application equipment.   

1. Introduction 

The relentless march of technology usage in applications is propel
ling function densification in automotive electronics. It is leading to 
smaller, and densely packed electronic devices. While this trend is 
revolutionizing the automotive industry on one hand, it also brings forth 
a unique set of challenges, particularly in terms of reliability on the other 
hand. The reliability risks are primarily manifested in the form of board- 
level solder interconnect failures. The more densely packaged elec
tronics and smaller components lead to a reduction in solder joint size. 
The decreased contact area and limited solder volume make solder in
terconnects more susceptible to mechanical loads, such as vibration. 

Board level vibration testing is commonly used to assess the reli
ability risk of electronic components. The solder joint reliability is 
assessed by subjecting standardized test board assemblies to controlled 
vibrations. It is also referred to as second-level reliability in [1] and is 
depicted in Fig. 1 [1]. An electronic module in a vehicle assembles 
several electronic components into one functional unit or equipment, 

such as power modules and radar sensor modules. It involves PCB 
housing, thermal heatsink, thermal interface material (TIM), assembled 
module PCB (or application board) and boundary condition of the 
module board or PCB assembly clamped the same way as it would be in 
an actual automotive application. These are referred to as module level 
elements in this work. A schematic of a module and module level reli
ability or third-level reliability is also shown in Fig. 1. Additionally, 
reliability testing can also be carried out directly on the module PCB or 
application board without the rest of the module level elements. It is 
referred to as application board or module board level tests in this 
investigation. 

While there have been several studies on board level and module 
level vibration test assessments of electronic packages [3–18], there is a 
scarcity of literature concerning the potential shortcomings in the PCB 
vibration measurement method itself. In [7], the study explores the 
comparison between accelerometers versus LASER Doppler Vibrometer 
(LDV) in board level vibration testing. The evaluations focus on specific 
standard reliability test boards only and did not include automotive- 
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based module boards. Also, the investigation does not encompass other 
measurement methods, such as strain gauges, and Micro Electro Me
chanical Systems (MEMS) accelerometers. While these sensors are used 
for measuring mechanical vibrations in real world environments [5,13], 
there is no data on whether these measurement methods influence the 
dynamic response of the measured boards themselves. Furthermore, 
there is a lack of understanding regarding the stress profiles induced by 
automotive modules on the electronic components residing in them. 

Module housing can introduce variability in the loads experienced by 
electronic components at the board-level. It can either amplify or alle
viate stresses at the solder joint level. It can influence both failure modes 
and failure rates induced at the board level. So, it is necessary to un
derstand the implications of several module level elements on the PCB 
dynamic response. 

This paper aims to reveal the unintended pitfalls in module board 
level vibration test methods. The measurement strategies investigation 
includes the assessment of lightweight portable accelerometers, LDV, 
strain gauges, and MEMS accelerometers. Using all methods, accelera
tion of the module PCB is measured independently and then in combined 
vibration measurement sensor setups. This module board contains 
packages such as Ball Grid Array (BGA) and Fan-out Wafer Level 
Packages (FO-WLP) sizing from 7.5 × 7.5mm2 to 14x14mm2. Finally, 
modal and harmonic analysis is performed using a Finite Element Model 
(FEM). It is developed to mimic the test measurement setup scenarios. 

The study then proceeds to evaluate the influence of the aforemen
tioned sensor module equipment level elements. It dwells on the rela
tionship between module level design elements and the resulting 
stresses experienced by the solder joints. It is assessed by using PCB 
vibration spectrum analysis. The evaluation unravels the reliability risks 
by benchmarking the standard test boards employed during board level 
vibration testing with the PCB vibration response at the module level. 
Stresses at the board level and module level are correlated to assess 
whether the reliability risks can be covered using board level reliability 
testing only. 

2. Experimental setup and numerical details 

This investigation is limited to the automotive sensor module shown 
in Fig. 2. Such electronic equipment is commonly placed in the bumper 
of automobiles. This module and the embedded PCB in it (referred to as 
module board) enable replication of the real-world situations. It is 

commonly used for demonstrating the corner radar functionality in 
vehicles [2]. It also contains an inertial measurement unit (IMU) in it. 
Some of the details are summarized in Table 1. 

The module board is fastened onto a heatsink-based enclosure by 
using a screw at each of the four corners. Within the module board under 
test, the primary attention is directed towards two components, the FO- 
WLP and the BGA component (shown in Fig. 2). 

FO-WLP is mounted on the top side of the circuit board and BGA is 
soldered on the other side (bottom side) of the module board. An 

Fig. 1. Board level reliability vs Module level reliability.  

Fig. 2. Automotive sensor module under test (with Module PCB: Top side & 
Back side). 

Table 1 
Test module description.  

PCB dimensions [mm x mm] 47 × 42 
PCB Material / thickness [mm] FR-4 / 1 
Bare PCB Mass / Assembled PCB Mass 5 g / 8 g 
Storage Modulus of PCB [GPa] 14 
Number of Copper layers in PCB 8 
PCB enclosure type Heatsink based  
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experimental test setup of a board module level vibration test is shown 
in Fig. 3. As depicted, a PCB-module level vibration test methodology 
comprises of a shaker system that generates mechanical vibrations. It is 
mastered by a controller-amplifier closed-loop feedback system. It dic
tates the vibration parameters and governs the intensity and duration of 
vibrations. The closed-loop feedback mechanism is provided by the 
control accelerometer that is mounted at the vibration test fixture. By 
using the control accelerometer data, the vibration equipment makes 
real-time adjustments to maintain the desired vibrations at the vibration 
test fixture. 

A board-module level vibration test setup contains a vibration test 
fixture (shown in Fig. 3). It securely holds the module board or module 
under test, ensuring that it remains firmly in place during the entire 
testing process. Counterbore holes on the back side of the fixture are 
used to mount the entire modules with a heatsink. It is in contrast to the 
usual board module level vibration test setup where the PCB is mounted 
onto the fixture using pillars at each corner [7]. The test fixture should 
allow controlled and consistent vibrations to facilitate repeatable and 
comparable reliability test results. It is ensured by designing a fixture 
that involves resonances outside the test frequency range of interest. The 
electronic modules are excited using the swept sine vibration test 
method at controlled room temperature. It is swept from 10 to 2000 Hz 
frequency range at an acceleration level of 5 g, with the lab environment 
maintained at 20 ◦C. These test conditions are in line with [6,7,19–27]. 
The corresponding stress transferred to the component is given by the 
dynamic response of the PCB. In this study, the PCB vibration response is 
measured at the center of the PCB. 

PCB's dynamic response to vibrations contains a resonance frequency 
(f0) associated with the PCB material properties, as defined by Steinberg 
[1]. The equation is expressed as follows: 

f0 = λ
(

1
l2
+

1
w2

) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Eh3

12ρ(1 − υ3)

√

(1) 

Here, λ is a constant influenced by factors like clamping, l and w 
represent the board's length and width respectively, E is Young's 
modulus, h denotes board thickness, while ρ and υ correspond to density 
and Poisson's ratio, respectively. Then, the measured acceleration (a) 
can be expressed in peak-peak displacement (d) at the center of the PCB 
(during its first resonance mode) using the following relation: 

d =
a

2π2f0
2 (2) 

Due to the linear relationship between acceleration and peak-peak 
displacement, both are utilized interchangeably within the analysis of 
PCB vibration spectrum curves. The module board's dynamic response 
can be recorded using sensors, such as a lightweight piezoelectric-based 
accelerometer, and, or using LDV. These sensors are placed or focused at 
the center of the module board. A miniature lightweight piezoelectric 
based accelerometer used in this study weighs about 0.2 g. The results 
from these measurements are compared with those obtained from LDV. 
The LDV utilizes a He–Ne LASER beam of 633 nm wavelength. More 
details on the LDV can be found in [7]. 

Alternate sensors for measuring PCB dynamic response can include 
strain gauges and MEMS-based accelerometers soldered on the module 
board. In this case, a rosette strain gauge, designed for measuring strain 
in multiple directions is employed. It weighs about 0.03 g and features 
three interconnected strain gauges arranged in orientations at 45-degree 
increments. In contrast, the MEMS-based accelerometer is a semi
conductor device that utilizes microscopic mechanical structures that 
are integrated with electronics to detect changes in PCB motion. This 
sensor is enclosed in a 16-pin Quad-flat no‑leads (QFN) package which 
weighs about 0.02 g. The results from these sensors are compared to 
those obtained from the LDV. 

A FEM is developed to mimic the PCB vibration measurement setups 
with accelerometers and without accelerometers. The Marc Mentat 
software estimates the PCB vibration response (at room temperature) in 
these configurations. Fixed boundaries are established at the bottom of 
the mounting pillars where the module PCB is mounted. The PCB and 
accelerometer undergo meshing by employing brick-and-penta-shaped 
elements. The dimensions and weight of the accelerometer are taken 
from the datasheet of the accelerometer. The PCB is modeled with linear 
elastic material properties. These are determined through Dynamic 
Mechanical Analysis (DMA). These properties are homogenized and 
provide input for configuring the resonance modal analysis. 

Fig. 3. Board Module, Module level vibration test setups.  
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3. Assessment of vibration measurement sensors for board 
modules 

The vibration measurement sensor at the board-module level is at the 
core of the experimental test setup. It captures the actual vibrations 
experienced by the board module under test, providing precise data on 
the vibration load levels that are applied to a given component. The 
sensor's role is pivotal in understanding the dynamic response of the 
module board housed inside the enclosure. Some of the most prominent 
vibration characterization units described in [18] and its impact are 
investigated in this section. 

3.1. Impact of accelerometer 

A contact-based measurement method involving piezoelectric ac
celerometers is typically used to monitor vibrations at the fixture 
structural level. A lightweight accelerometer and LASER are suggested 
to measure board level vibrations [7]. However, it is not assessed on the 
board module used in this analysis. First, the resonance frequency is 
characterized using an accelerometer placed at the center of the PCB. 
Then, the LASER is pointed on top of the measurement accelerometer to 
assess the impact of the accelerometer. Finally, the accelerometer is 
removed from the PCB, and measurement is performed using LDV, 
without changing the measurement spot location. The results are shown 
in Fig. 4. 

It can be observed that some measurement differences are observed 
between the two methods. The resonance frequency is reduced by 9 %. 
Whereas the peak-peak displacement is reduced by 42 %. It is attributed 
to the mass of the accelerometer with respect to the PCB stiffness that is 
being measured. The deviation becomes larger when measured on a bare 
board (lighter and less stiff board than the one assembled with compo
nents) residing inside the module structure. It is also in line with Eq. (1) 
[4] and has also been investigated using simulations (shown in Fig. 5). 

As the accelerometer location is varied on the PCB, the differences 
observed in the PCB dynamic response change. It is illustrated in Figure. 
It shows that the mass of the lightweight accelerometer is large enough 
to induce perturbance in the PCB vibration spectrum. FEM results 
exhibit a measurement difference of 141 Hz when compared to the LDV 
measurements. It shows comparable agreements with the experimental 
outcomes, showing a measurement difference of 147 Hz. The differences 
between modeling and experiments are found in the absolute values of 
resonance frequency. It might be linked to the assumption of using ho
mogenized material properties in FEM. To conclude, the LASER stands 
out as the preferred choice due to its non-perturbing nature that pre
serves the dynamic response of the PCB. Furthermore, it can be noted 
that the module board displacement and the resonance frequency found 
in these boards are much lower than those determined on the reliability 
test boards shown in [7]. These differences can be attributed to the PCB 
form factor, stiffness, and mass of the PCB under test. 

3.2. Impact of strain gauge 

LASER and strain gauge measurement methods are compared at both 
bare PCBs and boards with components. Strain gauges are widely used 
for measuring stresses in both laboratory settings and automotive ap
plications [5]. Bare PCB is excited and measured using LDV and strain 
gauges. The measured signals from LASER and strain gauge align well 
when measuring the resonance frequency of the bare PCB. Both methods 
show a resonance of 1420 Hz. Then, the strain gauge measurement 
methodology is further assessed for the assembled module board. 

Before studying this phenomenon on the application module board, 
it is examined using simulations and target experiments on a standard 
reliability test board designed in [26–28]. It is illustrated in the 
accompanying Fig. 6. Three rosette strain gages are mounted on this 
PCB. It carries a 15x15mm2 BGA component that is placed in the center 
of the PCB. The maximum principal strain is measured at the strain 
gauge locations described in Table 2. LDV measurements are performed 
over the component surface area. These measurements are carried out to 
scale the deformations calculated in simulations with peak-peak 
displacement values from LDV. This way, strain values can be extrac
ted from simulations. 

In both simulations and experiments, it is observed that the strain is 
smaller at the center of the package than at the corner (shown in Fig. 6). 
It indicates that the stiffness of the component limits the deflection of the 
PCB under the component at the resonance frequency. Higher strain 
levels found at the package corners might be linked to the abrupt change 
in PCB stiffness at these locations. Similarly, high-strain regions are 
found close to the PCB mounting screw holes. As a result, these locations 
can be susceptible to damage as found in [3]. Also, a significant varia
tion of the strain measurements is observed at the package corners. 

Fig. 4. Impact of light weight accelerometer on the dynamic response of 
functional board module. 

Fig. 5. Impact of accelerometer on resonance frequency (Experiment 
vs Modeling). 

Fig. 6. FEM results showing the impact of strain gauge mounting location on 
measurements at board level. 
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These variations tend to decrease after a distance of 5.5 mm from the 
package corner. It highlights that the small variations in the positioning 
of the strain gauge have a large impact on the strain measurements. 
Hence, It may introduce practical complexities in achieving repeatable 
strain results at some PCB locations. 

Next, the strain gauge measurement methodology is verified on the 
assembled application PCB. The strain gauge is mounted in the center of 
the application module board. This location is 5.5 mm away from the 
package corner of the FO-WLP. The strain gauge measurements show a 
maximum principal strain level of 139 ± 2.3 μm/m. By the method used 
in [6,8], it is equivalent to a peak-peak displacement of 0.10 mm. It is 
summarized in Table 3 and coincides with the measurements from LDV. 

3.3. Impact of MEMS accelerometer 

The vibration measurement sensor assessment is further extended to 
include an IMU that can measure the vibration profiles at the module 
board level during vehicle operation. These sensors are equipped with 
MEMS-based accelerometers. A comparative analysis between MEMS 
accelerometers and LASER measurements is carried out. The results of 
this investigation are presented in Fig. 7 and summarized in Table 3. 
Both measurement units show similar resonance and acceleration levels. 
No differences between the two are observed. It can be concluded that 
vibration measurements during vehicle operation can be directly 
compared with the LASER measurements in the lab. Hence, the setup 
with the LASER measurement scheme is exclusively employed for 
measuring vibrations during module level vibration experiments. Also, 
MEMS accelerometers can be used for measuring board level vibrations 
in vehicles. It overcomes the shortcomings of other sensors, such as 
strain gauges and compact piezoelectric accelerometers. It can be 
attributed to the fact that the MEMS accelerometers are designed with 
low damping effects and involve very low mass and accurate mounting 
method. 

4. Impact of module level elements 

In this section, the focus shifts to comprehending the influence of 
module-level elements on the PCB vibration spectrum. These elements 
are depicted in Figure. It is assessed by exciting the module board that is 
mounted on top of the thermal heatsink and is embedded inside the 
housing shown in Fig. 2. PCB vibration spectrum analysis is used for 
assessing the implications of all module level elements (Fig. 8). 

4.1. PCB heatsinks, TIM & enclosures 

The PCB housing and heatsinks wield a significant influence on the 
PCB vibration response. Thereby, imprinting their impact on the board 
level reliability of components. The experimentation in this assessment 
encompasses diverse variations in heatsinks and PCB housings. It com
prises of three distinct module design configurations. The first design is 
shown in Fig. 2. Then, the design of the heatsink is slightly modified by 
changing the depth profile in the heatsink. It is done to investigate the 
impact of the variation induced by testing one module to another 
module. These small changes in design features can either be introduced 
by design or by manufacturing. It is essential to take this variable into 
account as it might lead to distinctive loads at the component. It is called 
the second configuration. The third variant does not involve a heatsink. 
Instead, the module board is mounted on four pillars inside another PCB 
enclosure. 

The PCB housing with heatsink shown in Fig. 2 mirrors the standard 
configuration showcased in automotive sensor module demonstrators 
[2]. Assembled PCB is mounted onto the heatsink-based module is called 
the module level configuration. The PCB vibration response from this 
setup is then compared to the PCB assembly mounted on four pillars 
(called module board level configuration). The findings on this module 
structure reveal a significant shift when compared to the PCB vibration 
spectrum at the module board level only. The resonance frequency ex
periences a slight increment, accompanied by a huge reduction in PCB 
displacement (shown in Fig. 9). This heatsink potentially imposes con
straints on PCB motion, contributing to the observed alterations in the 
vibration response. Whereas, mounting the assembled PCB on pillars 
allows for greater PCB flexing and hence larger peak-peak displacement. 

The damping observed in Fig. 9 is further enhanced when the module 
is excited with the thermal interface material (TIM) that is placed in 
between the heatsink and the component. It is shown in Fig. 10. Also, the 

Table 2 
Strain Gauge Measurement Results: Experiments vs. Simulations.  

Strain Gauge Location Principal max. strain (μm/m) 

At Package PCB side Experiments Simulations 

Center Bottom  23.5 ± 0.4  29 
5.5 mm away from corner Component side  91.3 ± 2.0  120 
1 mm away from corner Component side  208.8 ± 2.1  114  

Table 3 
Vibration characteristics of the measured application or module board.  

Measurement 
methodology 

Measured FEM 

Peak-Peak 
Displacement 
[mm] 

Resonance 
Frequency 
[Hz] 

Resonance 
Frequency 
[Hz] 

Piezoelectric based 
accelerometer  

0.06 ± 0.03 1501 ± 1 1205 

LASER doppler 
vibrometer  

0.10 ± 0.01 1648 ± 2 1346 

Strain gauge  0.10 ± 0.02 1648 ± 2 NA 
MEMS based 

accelerometer  
0.10 ± 0.01 1648 ± 1 NA  

Fig. 7. MEMS accelerometer vs. LASER.  

Fig. 8. Basic module level elements.  
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resonance frequency is shifted to larger values when compared to the 
configuration without the TIM. It can be noted that the acceleration 
levels measured in these boards are much lower than the acceleration 
level measured on the board level vibration test boards used in [7]. It 
can be concluded that the module used in this study exerts lower stresses 
on solder joints when compared to the reliability test boards used in [7]. 

Then, small design variations are introduced by altering the depth 
profile of the heatsink (also called the second configuration). The depth 
profile or the gap between the PCB and the heatsink body is increased by 
0.30 mm. As a result, there is a corresponding decrease in the resonance 
frequency and an augmentation in PCB displacement (illustrated in 
Fig. 11). The heightened PCB displacement can be understood as a 
consequence of the increased PCB flexing. The larger gap between the 
PCB and heatsink body offers reduced PCB constraints. It also results in a 
reduced PCB resonance frequency under the influence of external vi
bration loads. 

Then, another PCB housing is introduced to investigate the extent of 
influence a housing can impose on the PCB vibration response. It is 
called the third module configuration. In this equipment, the PCB is 
encased within a housing, mounted on pillars without a heatsink, and 
securely screwed onto these four pillars. It is shown in Fig. 12. The re
sults revealed an amplified resonance frequency and heightened 
displacement (as shown in Fig. 12). This result may be ascribed to the 
interaction between the resonance characteristics of the housing and the 
PCB. 

The increase in resonance frequency and peak-peak displacement 
can lead to higher strain rates at the solder joint level. In this case, these 
strain rates are estimated to be greater than when the same module 
board is mounted without the PCB enclosure. It can be attributed to the 
fact that the enclosure has a significantly higher mass or stiffness 
compared to the PCB. Also, the boundary conditions imposed by the 
enclosure may alter the PCB vibration modes and frequencies more 
significantly than the changes in the PCB form factor alone. Further
more, a slightly asymmetric PCB vibration spectrum is observed when it 
is excited inside this PCB enclosure. It might be linked to nonlinearity in 
the system. It may manifest in different ways during vibration testing. It 
may include material damage or deformation, enclosure mounting 
method on the test fixture, and structural dynamics such as mode 
coupling and energy transfer mechanisms. It may arise due to nonlinear 
interactions between different vibration modes of the PCB and the 
enclosure itself. 

The results show that the method employed for clamping the PCB 
within the module is also significant. It is further investigated by 
employing another PCB clamping system. In this mounting configura
tion, a metallic frame is employed to hold the entire edge of the PCB 
from all four sides (as shown in Fig. 13). The PCB dynamic response 
results are also shown in Fig. 13. It reveals that the configuration with 
the metallic frame exhibited an increased resonance frequency 
compared to the one with conventional corner clamping. Additionally, 
there is a noticeable increment in the PCB displacement. It can be 
attributed to the altered stiffness and boundary conditions introduced by 
this clamping method. The metallic frame placed at the edge of the PCB 
increases the rigidity of the electronic system. 

Another impact of the PCB clamping method can be drawn from the 
simulation results shown in Fig. 13. It can be seen that the PCB area close 
to the mounting screws shows large strain gradients. Such large strain 
gradients can cause PCB or solder damage in these areas when the PCB 
assembly is subjected to vibration tests for 24 h. In [3], 100 μm-deep 
PCB cracks are revealed near the mounting holes of the test board 
designed in accordance with [29]. A similar trend is expected for com
ponents placed close to the PCB clamping frame. In this case, the entire 
PCB edge is expected to suffer large strains. The clamping method is also 
expected to impact the mechanical properties of the PCB assembly after 
some time of operation. Such changes in resonance frequency can be 
taken into account by using the resonance tracking functionality as used 
in [30–32]. 

Fig. 9. PCB dynamic response in Board level vs. Heatsink based module level.  

Fig. 10. Impact of TIM on the PCB dynamic response.  

Fig. 11. Impact of heatsink design feature.  Fig. 12. Impact of PCB enclosure design.  
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4.2. Assembled components on board 

This section focuses on the interaction of electronic components that 
are mounted at the functional PCB level. It encompasses the final 
assembled PCB with electronic components on both sides of the PCB. In 
addition, it involves the integral electrical connector interfacing with 
the car architecture. The assessment spans both at board level and 
module level, where the PCB is placed inside a typical heatsink housing 
shown in Fig. 2. Comparisons are drawn with the bare PCB to unravel 
the impact of electronic components on the PCB vibration response. 

Board level results unveil a notable correlation between increased 
PCB mass and a decrease in resonance frequency and displacement, with 
a further reduction observed in the presence of a big electrical 
connector. This shift of about 27 % in resonance (shown in Fig. 14(a)) 
can be explained by the Eq. (1). This trend also persists when the PCB is 
excited with the standard heatsink-based module (shown in Fig. 2). The 
trend is shown in Fig. 14(a). However, the reduction in resonance is 
about 20 % in this case. In contrast, it is found that the presence of 

electrical and electronic components distorts the vibration signal at the 
module board level (shown in Fig. 14(b)). Thereby, it impacts the dis
tribution of forces and bending moments across the PCB. The integration 
of electronic components on the PCB introduces additional mass and 
changes the overall stiffness of the assembly. When placed within a 
module, the interaction between the housing and other module board- 
level elements could induce different vibrational modes. 

4.3. Component location and symmetry 

The location of electronic components on the functional PCB within 
the module is also a critical factor influencing the stresses on compo
nents. In this investigation, the FO-WLP component is positioned off- 
center, while the BGA IC is situated near the center of the PCB on the 
opposite side. The study compares the PCB vibration spectrum at the 
center versus the off-centered location where the FO-WLP device is 
placed. The results reveal that the component placed in the middle of the 
PCB experiences higher stress levels than the off-centered location 
where FO-WLP is placed. PCB flexing is maximized at the central loca
tion in comparison to the other measured location on the PCB (it is 
shown in Fig. 15(a)). So, the BGA component is expected to receive more 
stress than the FO-WLP placed in this specific module configuration. 
Another consequence of this phenomenon is shown in Fig. 15(b). It can 
also be seen that the BGA experiences asymmetrical stresses. Solder 
joints close to the center of the PCB (top and bottom right) receive more 
stress than the ones situated closer to the edge of the PCB. So, it is ex
pected to induce more solder failures at this location than compared to 
other PCB locations. 

4.4. Summary of module level effects 

The implications of all module level elements on PCB displacement 
and resonance are summarized in Table 4. A comparison between these 

Fig. 13. Impact of changing PCB clamping method.  

Fig. 14. Impact of component assembly on PCB dynamic response (a) PCB 
without heatsink (b) PCB with heatsink. 

Fig. 15. Impact of component location and symmetry (a) For FO-WLP (b) 
For BGA. 
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parameters at the module level and those at the module or application 
board level is conducted. So, the application board level is taken as a 
reference. An increment in peak-peak displacement in combination with 
a rise in resonance frequency is expected to induce more damage at the 
solder joint levels than those in the application board level tests. Ac
cording to Table 4, the major impact is induced by the heatsink, PCB 
enclosure, TIM, component location, and the PCB construction itself. 
Moreover, the test frequency applied during this board level vibration 
testing may or may not account for this modified resonance frequency of 
the PCB. Therefore, the translation of lifetime in board level vibration 
tests to the actual lifespan of solder joints might be inaccurate. These 
changes in the PCB vibrational motion can also impact the failure 
location and failure mode when compared to those obtained in appli
cation board level vibration test studies. So, there are some module level 
elements for which the reliability risks are not covered by the applica
tion board level vibration tests. These features include heatsink hard
ware, PCB enclosure, and component placement location concerning the 
PCB clamping method. So, it necessitates stress evaluations at the 
module level by the electronic module designer such that it is validated 
in the final application. Based on these investigations, it might be 
possible to define a worse-case application board level vibration test as 
an envelope for the module. 

5. Conclusion & outlook 

Overall, this investigation lays a foundation for automotive 
application-driven vibration testing. This reliability test methodology 
demands vibration stress measurements both in the lab and real-world 
automotive environments. It also necessitates a well-characterized vi
bration test setup that can replicate the stresses undergone by compo
nents in the final application. This study correlated the PCB vibration 
measurement sensors used in labs (such as LDV) to those employed in 
real-world vehicle applications (such as MEMS accelerometers). LDV 
measurements complement well with the MEMS accelerometers. The 
formulation of a vibration test method at module board level also 
revealed inherent pitfalls in the test methodology. For example, changes 
in strain values emerge when the strain gauge is employed on PCBs with 
components. The differences are primarily attributed to the specific 
location of components on the PCB, which in turn affects the amplitude 
of strain gauge signals. 

A module level vibration test method is developed to determine 
board module stress interaction. The PCB vibration spectrum analysis is 
used to link the stresses transferred onto the solder joints. This investi
gation elucidated the impact of module level features present within 
them. The PCB form factor, PCB enclosure, small variations in the 
heatsink, TIM, and component location emerge as pivotal factors. It is 
expected to exert a significant influence on the failure mode and lifespan 
of solder joints. By understanding the stress profiles in automotive 
module applications, electronic components, and modules can be 

designed to provide optimal reliability in a cost-effective manner. 
Board level reliability testing with the standardized board is vital 

because it enables the comparison of vibration performance of surface- 
mounted components. However, the module design also plays a 
crucial role in either reducing or increasing the stresses on components. 
In instances where these stresses may surpass those experienced during 
board level vibration testing, the conventional standardized board level 
vibration testing may not adequately address the reliability concerns. 
Therefore, in those cases, board module level vibration testing is 
anticipated to cover solder joint reliability risks effectively. These sce
narios can be determined by correlating the PCB vibration spectrums of 
the module board when it is residing in a given enclosure and the reli
ability test board used in board level vibration testing. 

The evaluation of the solder joint reliability risks for automotive 
components will involve two primary steps. Firstly, understanding the 
board level vibration stresses endured by components in automotive 
applications is essential. Secondly, a comparison of these so-called 
application mission profiles with loads applied during accelerated vi
bration testing in the lab is imperative. This correlation is expected to 
enable the assessment of solder joint reliability in automotive applica
tions. These are some of the major foundations for an automotive 
application-driven vibration test approach. Future studies will delve into 
these aspects further. 
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[12] Robert Höhne, et al., Effect of temperature on vibration durability of lead-free 
solder joints, Microelectronics Reliability 139 (2022) 114824. 

[13] D. Xie, A. Zhang, B. Kelly, J. Lee, R. Roucou, X. Shi, S. Doranga, V. Khaldarov, 
J. Hai, A new vibration test method for automotive and consumer electronic 

Table 4 
Vibration characteristics for the measured module compared to the enclosed 
application board level.  

Module level elements Peak-Peak 
Displacement 

Resonance 
Frequency 

Heatsink Decreased by 98 % Increased by 12 % 
Heatsink-Heatsink variation Increased by 90 % Decreased by 7 % 
TIM Decreased by 80 % Increased by 15 % 
PCB enclosure Increased by 43 % Increased by 6 % 
PCB dimensions (when compared to 

PCB in [7]) Increased by 92 % 
Decreased by 70 
% 

Assembled module board Decreased by 9 % 
Decreased by 16 
% 

Component close to center Increased by 60 % Similar 
PCB clamping method change (from 

point to edge) 
Increased by 33 % Increased by 6 %  

V. Thukral et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0005
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0005
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0005
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0005
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0010
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0010
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0015
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0015
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0015
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0020
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0020
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0025
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0025
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0025
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0030
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0030
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0030
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0030
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0035
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0035
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0035
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0040
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0040
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0040
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0040
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0045
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0045
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0045
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0050
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0050
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0050
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0055
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0055
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0055
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0060
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0060
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0065
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0065


Microelectronics Reliability 159 (2024) 115430

9

devices: calibration and fatigue test, in: IEEE 73rd Electron Compon Technol Conf 
(ECTC) Orlando, FL, USA, 2023, pp. 289–296. 

[14] V. Khaldarov, D. Xie, J. Lee, A. Shalumov, New Methodologies for Evaluating 
Microelectronics Subject to Board-level Vibrations, in: IEEE 71st Electronic 
Components and Technology Conference (ECTC), 2021, pp. 1366–1375. 

[15] P. Lall, V. Yadav, H. Zhang, J.C. Suhling, Reliability of SAC Leadfree Solders in 
Automotive Underhood Temperature-Vibration, in: 17th IEEE Intersociety 
Conference on Thermal and Thermomechanical Phenomena in Electronic Systems 
(ITherm), 2018, pp. 1255–1269. 

[16] K. Meier, K. Bock, M. Roellig, Developments for Highly Reliable Electronics - 
Experiments on Combined Thermal and Vibration Loading, in: IEEE 68th 
Electronic Components and Technology Conference (ECTC), 2018, pp. 1050–1053. 

[17] V. Thukral, M. Soestbergen, J.J.M. Zaal, R. Roucou, R.T.H. Rongen, W.D.v Driel, G. 
Q. Zhang, Board level vibration test method of components for automobile 
electronics: state-of-th-art approaches and challenges, Microelectron. Reliab. 139 
(2022) 0026–2714. 

[18] ISO 16750-3, Road vehicles — Environmental conditions and testing for electrical 
and electronic equipment, Part 3: Mechanical Loads, December, 2012. 

[19] GM Worldwide Engineering standard GMW 3172, General Specification for 
Electrical/Electronic Components – Environmental/Durability, August 2008. 

[20] IEC standard 60068–2-6 Environmental testing – Tests – Test Fc: Vibration 
(sinusoidal), 12–2007. 

[21] L.M. Austin Downey, Open vibraitons, Github, South Carolina, 2021. 
[22] MIL standard MIL-STD-810G, Environemntal Engineering Considerations and 

Labroratory Tests, October, 2008. 
[23] D.B. Hani, R.A. Athamneh, M. Abueed, S. Hamasha, Reliability Modeling of the 

Fatigue Life of Lead-Free Solder Joints at Different Testing Temperatures and Load 
Levels Using the Arrhenius Model, Springer Nature, 2023. 

[24] N.X.P. Semiconductors, MIMXRT1050 EVKB Board Hardware User's Guide 
[Online]. Available: http://www.nxp.com, 10 Nov 2020 [Accessed Dec 2023]. 

[25] JEDEC Standard JESD22-B111a, Board Level Drop Test Method of Components for 
Handheld Electronic Products, JEDEC, Nov 2016. 

[26] V. Thukral, I. Bacquet, M. Soestbergen, J.J.M. Zaal, R. Roucou, R.T.H. Rongen, W. 
D.v Driel, G.Q. Zhang, "Impact of temperature cycling conditions on board level 
vibration for automotive applications," In 73rd Electronic Components and 
Technology Conference (ECTC), Orlando, FL, USA, 2023. 

[27] V. Thukral, J.J.M. Zaal, R. Roucou, J. Jalink, R.T.H. Rongen, Understanding the 
Impact of PCB Changes in the Latest Published JEDEC Board Level Drop Test 
Method, in: IEEE 68th Electronic Components and Technology Conference (ECTC), 
San Diego, CA, 2018. 

[28] JEDEC standard JESD22-B111, Board Level Drop Test Method of Components for 
Handheld Electronics Products, JEDEC, July 2003. 

[29] Q.T. Su, M.A. Gharaibeh, A.J. Stewart, J.M. Pitarresi, M.K. Anselm, Accelerated 
Vibration Reliability Testing of Electronic Assemblies Using Sine Dwell With 
Resonance Tracking, ASME. J. Electron. Packag. 140 (4) (December 2018) 041004. 

[30] M. Gharaibeh, A.J. Stewart, Q.T. Su, J.M. Pitarresi, Experimental and numerical 
investigations of the vibration reliability of BGA and LGA solder configurations and 
SAC105 and 63Sn37Pb solder alloys, Soldering & Surface Mount Technology 31 (2) 
(2019) 77–84. 

[31] M. Gharaibeh, Experimental and numerical fatigue life assessment of SAC305 
solders subjected to combined temperature and harmonic vibration loadings, 
Soldering & Surface Mount Technology 32 (3) (2020) 181–187. 

[32] M. Gharaibeh, Experimental and numerical fatigue life assessment of SAC305 
solders subjected to combined temperature and harmonic vibration loadings, 
Soldering & Surface Mount Technology 32 (3) (2020) 181–187. 

V. Thukral et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0065
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0065
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0070
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0070
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0070
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0075
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0075
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0075
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0075
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0080
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0080
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0080
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0085
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0085
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0085
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0085
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0090
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0090
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0095
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0095
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0100
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0105
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0105
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0110
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0110
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0110
http://www.nxp.com
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0120
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0120
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0125
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0125
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0125
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0125
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0130
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0130
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0135
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0135
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0135
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0140
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0140
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0140
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0140
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0145
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0145
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf0145
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf9292
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf9292
http://refhub.elsevier.com/S0026-2714(24)00110-0/rf9292

	Understanding board level vibrations in automotive electronic modules
	1 Introduction
	2 Experimental setup and numerical details
	3 Assessment of vibration measurement sensors for board modules
	3.1 Impact of accelerometer
	3.2 Impact of strain gauge
	3.3 Impact of MEMS accelerometer

	4 Impact of module level elements
	4.1 PCB heatsinks, TIM & enclosures
	4.2 Assembled components on board
	4.3 Component location and symmetry
	4.4 Summary of module level effects

	5 Conclusion & outlook
	Declaration of competing interest
	Data availability
	References


