
  

BOARD LEVEL VIBRATION TESTING 

AND QUALIFICATION FOR 

AUTOMOTIVE APPLICATIONS 

 Chinghsuan Chou 



B OA R D L E V E L V I B R AT I O N
T E S T I N G A N D Q U A L I F I C AT I O N

F O R A U TO M OT I V E A P P L I C AT I O N S

In partial fulfillment of the requirements for the degree of

Master of Science

In
Electrical Engineering

At the Delft University of Technology
To be defended on October 20, 2021 at 09:00AM

by

Chinghsuan Chou

Student number: 4997182

Project duration: September 21, 2020 - September 7, 2021

Supervisor Prof.dr.ir. GuoQi Zhang
Mr. Varun Thukral

Thesis committee: Prof.dr.ir. GuoQi Zhang
Prof.dr.ir. Rob Ross
Prof.dr.ir. Willem van Driel

Cover picture Copyright © 2018 by Unsplash



A C K N O W L E D G E M E N T S

In the first instance, I would like to thank my university supervisor
Prof. Guoqi Zhang for introducing me to participate in NXP intern-
ship and master thesis program. Also, I sincerely appreciate his gen-
erous and remote help in spite of covid virus time.

I would also thank to Mr. Peter Vullings and Marcel van der Straaten,
and Jeroen Jalink who work hard for solving the budget issue for my
master thesis project. I also received much administrative help from
three of them.

I would like to show my highest respect to my academic supervisor
Mr. Varun Thukral. Although he is extremely busy with his daily
work, whenever I need help, he will carefully guide me to discover
the problem and to solve it. I am also given a great amount of free-
dom by him to lead my project with his recommendation. I extremely
appreciate his time in helping me with all the scientific knowledge
during the project and his wise suggestion for life philosophy.

I would thank Minh Chau for guiding me on how to work on the
equipment in the lab because technical support from him during the
project is also an essential element on my way to finalizing the thesis.

I would show my gratitude to the Failure Analysis team, especially
Mohammed, Dave, Remco, Wilbert, and Pieter in NXP, Nijmegen.
They perform FA for my project in a short time and explain the re-
sult in detail. Also being thankful to the Package Innovation team.
Jeroen Zaal help me in building the FEA simulation model for my
project.

I would like to thank Prof. Willem van Driel, and Janssens Karl, Colan-
geli Claudio, and Bianciardi Fabio from Siemens provide the automo-
tive field vibration data to enrich this research.

In the end, I would thank Leo van Gemert and Romuald Roucou for
helping me to define the reliability vibration test profile and to give
me recommendations on the thesis.

iii



C O N T E N T S

List of Figures vi
List of Tables x
1 introduction 1

1.1 Electronic packaging and reliability . . . . . . . . . . . . 1

1.2 Vibration test . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Vibration theory of printed circuit board . . . . . . . . . 6

1.4 Recent studies on board and module level vibration test
setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.4.1 Industrial Vibration Standards and Field Vibra-
tion Data . . . . . . . . . . . . . . . . . . . . . . . 10

1.4.2 Vibration Measurement Sensor Used . . . . . . . . 12

1.4.3 Electronic Module Structure Used for Automo-
tive Radar Applications . . . . . . . . . . . . . . . 12

1.4.4 Failure Monitoring Techniques Used During BL
VIBR Tests . . . . . . . . . . . . . . . . . . . . . . . 13

1.5 Recent studies on board and module level vibration test
set up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.6 Research Motivation and Objectives . . . . . . . . . . . . 16

1.7 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . 18

2 development of vibration test setup 20

2.1 PCB Layout and SMT Flow . . . . . . . . . . . . . . . . . 20

2.2 Vibration Fixture Design Characterization . . . . . . . . 22

2.3 Module Design and Characterization . . . . . . . . . . . . 25

2.4 Vibration Measurement Sensor . . . . . . . . . . . . . . . 29

2.4.1 Vibration Test Setup . . . . . . . . . . . . . . . . . 30

2.4.2 Impact of Measurement Sensor . . . . . . . . . . . 31

2.4.3 Strain Gauge . . . . . . . . . . . . . . . . . . . . . . 40

3 pcb dynamic response characterization result 44

3.1 Board level (Test board 1) . . . . . . . . . . . . . . . . . . 44

3.1.1 Board Level Vibration Characterization Result . . 44

3.2 Module level (Test board 1) . . . . . . . . . . . . . . . . . 49

3.2.1 Module Level Vibration Characterization Result . 49

3.3 Impact of Module Design Parameters . . . . . . . . . . . 51

3.3.1 Impact of housing structure and material . . . . . 51

3.3.2 Impact of PCB Clamping Condition on Vibration
Response . . . . . . . . . . . . . . . . . . . . . . . . 53

3.3.3 Impact of Thermal Interface Material on Vibra-
tion Response . . . . . . . . . . . . . . . . . . . . . 56

3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

iv



contents v

4 board module level reliability and failure analysis
results 59

4.1 Define vibration stress profile . . . . . . . . . . . . . . . . 59

4.2 Reliability assessment results . . . . . . . . . . . . . . . . 65

4.3 Failure modes and mechanisms . . . . . . . . . . . . . . . 66

4.4 Correlation to other mechanical test methods . . . . . . . 69

5 conclusion and future work 73

5.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.2 Recommendations and future work . . . . . . . . . . . . 74

a appendices 80

a.1 Industrial vibration specification details . . . . . . . . . . 80

a.2 Electronic module vibration characterization with damper 84

a.3 Additional Information . . . . . . . . . . . . . . . . . . . 85



L I S T O F F I G U R E S

Figure 1.1 Probability density function [18] . . . . . . . . . . 3

Figure 1.2 Focus area of reliability [31] . . . . . . . . . . . . 3

Figure 1.3 Reliability classification . . . . . . . . . . . . . . . 4

Figure 1.4 Vibration testing introduction . . . . . . . . . . . 5

Figure 1.5 Boundary assumption of plate (a) top view (b)
side view . . . . . . . . . . . . . . . . . . . . . . . 7

Figure 1.6 Three point bending beam structure . . . . . . . 10

Figure 1.7 Automotive field vibration data (a) idle car speed
(b) 50 kph (c) 70 kph . . . . . . . . . . . . . . . . 11

Figure 1.8 Automotive radar sensor from markets [2, 4, 5,
6, 7] . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Figure 1.9 Different design of heatsink . . . . . . . . . . . . 13

Figure 1.10 Daisy chain schematic . . . . . . . . . . . . . . . . 14

Figure 1.11 Daisy Chain failure detection circuit schematic . 15

Figure 1.12 LIT thermal spot [36] . . . . . . . . . . . . . . . . 16

Figure 1.13 Micro sectioning view on component . . . . . . . 16

Figure 1.14 Vibration test flow and approach . . . . . . . . . 17

Figure 2.1 Vibration testing landscape . . . . . . . . . . . . . 20

Figure 2.2 Customized electronic module layout [9] . . . . . 21

Figure 2.3 SMT procedure of customized PCB (board 1) . . 21

Figure 2.4 Optical scan on component 1 (a) entire daisy
chain (b) zoom in the red zone . . . . . . . . . . 22

Figure 2.5 Details and schematic of fixture design . . . . . . 23

Figure 2.6 Comparison between Accelerometer and LASER
in vibration response . . . . . . . . . . . . . . . . 23

Figure 2.7 Module test positions on fixture . . . . . . . . . . 24

Figure 2.8 Fixture vibration characterization response at Z
direction . . . . . . . . . . . . . . . . . . . . . . . 25

Figure 2.9 Armature vibration characterization response . . 25

Figure 2.10 (a) Heatsink design schematic – front side (b)
Heatsink design schematic – bottom side . . . . 26

Figure 2.11 Heatsink vibration characterization response at
Z direction . . . . . . . . . . . . . . . . . . . . . . 27

Figure 2.12 Heatsink vibration response at Z direction with
damper-3 . . . . . . . . . . . . . . . . . . . . . . . 27

Figure 2.13 Heatsink to heatsink variation characterization
at Z direction . . . . . . . . . . . . . . . . . . . . . 28

Figure 2.14 Single test to simultaneous test setup at Z direc-
tion . . . . . . . . . . . . . . . . . . . . . . . . . . 28

Figure 2.15 Simultaneous test characterization . . . . . . . . 29

vi



LIST OF FIGURES vii

Figure 2.16 Proposed measurement methods . . . . . . . . . 30

Figure 2.17 PCB vibration test setup (a) board level (b) mod-
ule level . . . . . . . . . . . . . . . . . . . . . . . . 30

Figure 2.18 Normalized vibration response at bare PCB –
Input 1G . . . . . . . . . . . . . . . . . . . . . . . 31

Figure 2.19 Bare PCB vibration response (Measurement Method
1 ) – Input 5G . . . . . . . . . . . . . . . . . . . . . 32

Figure 2.20 Bare PCB vibration response (Measurement Method
2) – Input 5G . . . . . . . . . . . . . . . . . . . . . 33

Figure 2.21 Impact of accelerometer on customized bare PCB
dynamic response - Input 5G . . . . . . . . . . . 34

Figure 2.22 Impact of accelerometer on resonance frequency
(experiment vs modeling) . . . . . . . . . . . . . 35

Figure 2.23 Vibration setup of driven board for Microelectromechanical
Systems (MEMS) based accelerometer . . . . . . . 35

Figure 2.24 Comparison between MEMS based accelerome-
ter and LASER in time domain - Input 1G . . . . 36

Figure 2.25 Bare PCB vibration response (a) Input 5G (b)
Input 1G - Measurement Method 1 . . . . . . . . 36

Figure 2.26 Bare PCB vibration response (Measurement Method
2) – Input 5G . . . . . . . . . . . . . . . . . . . . . 37

Figure 2.27 Impact of accelerometer on customized bare PCB
dynamic response - Input 5G . . . . . . . . . . . 38

Figure 2.28 Impact of accelerometer on customized assem-
bly PCB dynamic response - Input 5G . . . . . . 39

Figure 2.29 Deviation (%) between measurement method –
measured by LASER . . . . . . . . . . . . . . . . 39

Figure 2.30 Recommended strain gauge placement and de-
tails . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Figure 2.31 Impact of sampling rate on strain gauge mea-
surement . . . . . . . . . . . . . . . . . . . . . . . 41

Figure 2.32 B111A PCB layout (a) strain value drop test [37]
(b) PCB used in this thesis . . . . . . . . . . . . . 41

Figure 2.33 Strain value of JEDEC B111A under drop test . . 42

Figure 2.34 Stain value of JEDEC B111A under bending test
and numerical simulation . . . . . . . . . . . . . 42

Figure 2.35 Comparison between strain gauge and LASER
- Input 5g . . . . . . . . . . . . . . . . . . . . . . . 43

Figure 3.1 Influence of input acceleration on PCB vibra-
tion dynamic response . . . . . . . . . . . . . . . 45

Figure 3.2 Influence of PCB forms on vibration response –
Input 5g . . . . . . . . . . . . . . . . . . . . . . . . 46

Figure 3.3 Influence of connector failure on vibration re-
sponse – Input 20G . . . . . . . . . . . . . . . . . 47



LIST OF FIGURES viii

Figure 3.4 Impact of PCB type on board dynamic response
– input 1G . . . . . . . . . . . . . . . . . . . . . . . 48

Figure 3.5 Dynamic response of the package corner – In-
put 5G . . . . . . . . . . . . . . . . . . . . . . . . . 49

Figure 3.6 Influence of input acceleration on PCB vibra-
tion response . . . . . . . . . . . . . . . . . . . . . 50

Figure 3.7 Impact of PCB type on vibration response at
module level – Input 5G . . . . . . . . . . . . . . 51

Figure 3.8 Impact of the housing construction . . . . . . . . 52

Figure 3.9 Customized electronic module 2 (A) without
housing (B) with housing . . . . . . . . . . . . . . 52

Figure 3.10 Board dynamic response of customized electronic
module 2 – Input 1G . . . . . . . . . . . . . . . . 53

Figure 3.11 Clamping frame on electronic module . . . . . . 54

Figure 3.12 Impact of boundary condition on PCB dynamic
response . . . . . . . . . . . . . . . . . . . . . . . 54

Figure 3.13 PCB motion restricting frame . . . . . . . . . . . 55

Figure 3.14 Impact of motion restricting frame on board dy-
namic response . . . . . . . . . . . . . . . . . . . . 55

Figure 3.15 Assembly with thermal interface material (TIM) 56

Figure 3.16 Impact of the thermal interface material on PCB
dynamic response . . . . . . . . . . . . . . . . . . 56

Figure 3.17 Comparison between board level and module
level - bare PCB – Input 5G . . . . . . . . . . . . 57

Figure 3.18 Strain and Ptp displacement comparison under
vibration test . . . . . . . . . . . . . . . . . . . . . 58

Figure 3.19 Comparison in impact of measurement at board
level and module level . . . . . . . . . . . . . . . 58

Figure 4.1 Test approach of defining vibration profile . . . . 59

Figure 4.2 Vibration fixture of X and Y orientation . . . . . 60

Figure 4.3 Stress increment test strategy and pre-defined
parameters . . . . . . . . . . . . . . . . . . . . . . 61

Figure 4.4 PCB Strain under different vibration orientation 61

Figure 4.5 Aging process under vibration at module level . 63

Figure 4.6 Aging process under vibration at board level . . 63

Figure 4.7 PCB strain degradation at module . . . . . . . . 64

Figure 4.8 PCB strain degradation at board level . . . . . . 64

Figure 4.9 Weibull distribution of component 2 at 10G and
15G test result . . . . . . . . . . . . . . . . . . . . 65

Figure 4.10 Weibayes distribution of component 1 at 10G
and 15G input . . . . . . . . . . . . . . . . . . . . 66

Figure 4.11 Failure analysis flow . . . . . . . . . . . . . . . . 66

Figure 4.12 Reference board under LIT – component 2 (A)
component view (B) LIT . . . . . . . . . . . . . . 67



LIST OF FIGURES ix

Figure 4.13 Component 2 test under step stress test at mod-
ule level (A) component view (B) LIT . . . . . . . 67

Figure 4.14 Component 2 test under step stress test at board
level (A) component view (B) LIT . . . . . . . . . 67

Figure 4.15 (A) LIT spot of 10G vibration reliability test (B)
LIT spot of 15G vibration reliability test . . . . . 68

Figure 4.16 Planar lapping - 10G reliability test . . . . . . . . 68

Figure 4.17 Cross-sectioning – Input 15G . . . . . . . . . . . 68

Figure 4.18 Cross-sectioning – Input 10G . . . . . . . . . . . 69

Figure 4.19 Cross-sectioning of component 2 under Mono-
tonic bend testing . . . . . . . . . . . . . . . . . . 69

Figure 4.20 Cross-sectioning of component 2 under board
level drop test . . . . . . . . . . . . . . . . . . . . 70

Figure 4.21 Strain rate and strain at different input acceler-
ation . . . . . . . . . . . . . . . . . . . . . . . . . . 71

Figure 4.22 PCB vibration dynamic response in customized
housing 2 . . . . . . . . . . . . . . . . . . . . . . . 71

Figure 4.23 Cross-sectioning of component 2 in customized
housing 2 . . . . . . . . . . . . . . . . . . . . . . . 72

Figure A.1 Vibration profile - equipment in wheeled vehi-
cles [25] . . . . . . . . . . . . . . . . . . . . . . . . 80

Figure A.2 Vibration profile – Passenger car, sprung masses
[26] . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Figure A.3 Vibration profile – Passenger car, unsprung masses
[26] . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Figure A.4 Vibration profile – Passenger car, engine [26] . . 82

Figure A.5 Vibration profile – wheeled vehicle vibration ex-
posure [24] . . . . . . . . . . . . . . . . . . . . . . 82

Figure A.6 Vibration profile – (a) 9.3.1.1 (b) 9.3.1.2 (c) 9.3.1.3
[10] . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

Figure A.7 Heatsink vibration response with damper-1 . . . 84

Figure A.8 Heatsink vibration response with damper-2 . . . 84

Figure A.9 Heatsink vibration response with damper-4 . . . 85

Figure A.10 Resonant frequency equations for uniform plates
[33] . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

Figure A.11 Numbering solder joints for component 2 . . . . 85



L I S T O F TA B L E S

Table 1.1 Summary of industrial automotive random vi-
bration profile [4-8] . . . . . . . . . . . . . . . . . 11

Table 2.1 PCB details . . . . . . . . . . . . . . . . . . . . . . 21

Table 2.2 Accelerometer used in fixture characterization . 24

Table 2.3 Vibration profile for fixture and module charac-
terization . . . . . . . . . . . . . . . . . . . . . . . 24

Table 2.4 Vibration profile for assessing measurement sen-
sor . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

Table 2.5 Measurement equipment used in PCB vibration
characterization . . . . . . . . . . . . . . . . . . . 31

Table 3.1 (a) bare PCB (b) assembly PCB (c) assembly
PCB with connector . . . . . . . . . . . . . . . . . 44

Table 3.2 Bending cycle and time duration under reso-
nance mode . . . . . . . . . . . . . . . . . . . . . . 48

Table 4.1 Pre-defined vibration test parameters . . . . . . . 62

Table 4.2 Stress increment test result under sinusoidal sweep
vibration . . . . . . . . . . . . . . . . . . . . . . . 62

Table 4.3 Stress increment test result under random vi-
bration . . . . . . . . . . . . . . . . . . . . . . . . 62

Table 4.4 Summary of mechanical test result of compo-
nent 2 . . . . . . . . . . . . . . . . . . . . . . . . . 70

Table A.1 Break points for spectrum of - equipment in
wheeled vehicles [25] . . . . . . . . . . . . . . . . 80

Table A.2 Break points for spectrum of ISO 16750-3 4.1.2.4
[26] . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Table A.3 Break points for spectrum of ISO 16750-3 4.1.2.5
[26] . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

Table A.4 Break point of spectrum of MIL-STD-819G Method
514.6 Annex C [24] . . . . . . . . . . . . . . . . . 83

x



A C R O N Y M S

BLR Board Level Reliability . . . . . . . . . . . . . . . . . . . . . 4

CSP Chip Scale Package . . . . . . . . . . . . . . . . . . . . . . . 1

BGA Ball Grid Array . . . . . . . . . . . . . . . . . . . . . . . . . 1

SMD Surface Mount Device . . . . . . . . . . . . . . . . . . . . . 1

PCB Printed Circuit Board . . . . . . . . . . . . . . . . . . . . . . 1

LDV LASER Doppler Vibrometer . . . . . . . . . . . . . . . . . . 12

NDE Non-destructive Evaluation . . . . . . . . . . . . . . . . . . 15

C-SAM C-mode Scanning Acoustic Microscopy . . . . . . . . . . 15

LIT Lock-in Thermography . . . . . . . . . . . . . . . . . . . . . 15

SMT Surface Mount Technology . . . . . . . . . . . . . . . . . . . 18

TIM Thermal Interface Material . . . . . . . . . . . . . . . . . . . 26

DIC Digital Image Correlation . . . . . . . . . . . . . . . . . . . 12

FOCSP Fan-out Chip Scale Package . . . . . . . . . . . . . . . . . 20

CTE Coefficient of Thermal Expansion . . . . . . . . . . . . . . . 21

MEMS Microelectromechanical Systems . . . . . . . . . . . . . . vii

IMC Intermetallic composites . . . . . . . . . . . . . . . . . . . . 68

xi



1 I N T R O D U C T I O N

In this chapter, available vibration test methods and industrial spec-
ifications are presented. The electronic package is explained firstly,
following with reliability theory and recent studies on vibration test
methods at board level and module level. Vibration measurement
method, hardware design consideration, failure monitoring techniques
and environment factors are included in this section. Some appropri-
ate failure analysis techniques for the test board are introduced. In
the end, the research objectives and motivation are drawn.

1.1 electronic packaging and reliability
Electronic Packaging:
Electronic packaging consists of the design and production of pack-
ages. Functions such as signal distribution, heat dissipation, and
power distribution must be provided for microelectronic devices [19].
Also, the package should be able to support and protect the circuit
for better reliability. In the past 60 years, packaging has enormously
evolved. The improvements in technologies and the explosion of elec-
tronic devices have pushed this evolution. In general, packages can
be classified into two categories, through-hole and Surface Mount De-
vice (SMD). In this thesis, Ball Grid Array (BGA) and advanced Chip
Scale Package (CSP) are analyzed. When comparing to the through-
hole device, SMD involve much higher density because components
can be soldered at both sides of the Printed Circuit Board (PCB). While
pins of the through-hole device need to go through a multilayered PCB.
SMD creates less parasitic inductance and capacitance due to shorter
pins.
BGA is a type of package, often used to mount integrated circuits (mi-
croprocessors). There is a different kind of BGA, depending on the
materials used for the substrate such as ceramic, plastic, or metal [11].
Solder joints are balls are arranged in a grid on the surface of the
package to increase the area connected. The substrate carrier of this
package is made up of plastic laminated, designed specifically for one
package. The PCB is needed to connect the components to the solder
balls. The material composing used for building such a PCB, is chosen
to improve signal quality. The substrate material needed is selected to

1



1.1 electronic packaging and reliability 2

meet the signal integrity requirements, for example, a special material
should be used for processing RF signals to ensure that the substrate
does not reduce the signal quality.
CSP is defined by J-STD-012 standard [14] that the edge length of the
package should be within 1.2 times than the chip and the area should
be 1.5 times less than the chip. It provides a smaller footprint which
can offer more pins per unit area (typical outline is mentioned above)
compare with the BGA package. Besides, CSP has better heat dissipa-
tion due to smaller thickness and smaller effective contact area with
PCB. The parasitic effect is reduced due to the wiring is shorter from
chip to the board which increases the performance at high frequency.

Reliability Theory:
Reliability engineering plays an important role in the current tech-
nology due to the safety issue. To evaluate mechanical and thermo-
mechanical reliability, accelerated experiments such as thermal cy-
cling, shock test, drop test, and vibration test are used for inducing
failures and access electronic product reliability. The service life of
components can be predicted by applying failure distribution func-
tions on the reliability data generated by experimental testing. To
characterize material in a certain environmental condition, and to an-
alyze its capacity to resist mechanical or electrical, reliability analysis
is needed to define the behavior in every phase of life. This analysis is
important to measure the impact of a stressed condition, shape, sam-
ple size, and understand the nature of failures in a given component.
In mathematics, the reliability function is based on a cumulative den-
sity function. The probability can be given by the following equations
[18]:

F(t)=
∫ 0

t f (s) · ds (1.1)

In reliability, the probability represents the probability of a unit failing
at a given time interval t and 0 ≤ s ≤ t. F is the probability of failure.
In the tests, there are only 2 possibilities for the product: either fail
or stay. Those are exclusives events. Therefore, from basic laws of
probability:

(t) + R(t) = 1 (1.2)

R(t) = 1 − Q(t) (1.3)

R(t) = 1 −
∫ 0

t
f (s) · ds (1.4)
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R(t) =
∫ ∞

t
f (s)ds (1.5)

Where R(t) is the reliability function. The figure 1.1 illustrates the re-
lationship between the reliability function and the unreliability func-
tion.

Figure 1.1: Probability density function [18]

Reliability Classification:
When it comes to micro-electronic-based reliability, it can be discussed
by assessing the interaction among chip, package, and PCBs [31]. It
can be categorized into four different levels, package (1st) level, board
level (2nd), module (3rd) level and system (4th) level. In each level, the
main purpose of the reliability test is distinct.

Figure 1.2: Focus area of reliability [31]

Component level (first level) reliability is intended to investigate the
robustness of the packaging stresses under environmental tests. There-
fore, it does not consider the solder joint reliability when it is mounted
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on some PCB. During board-level reliability testing is aimed at mim-
icking situations such as shipment, IC mounting, and field application
environments. Normally, mechanical, electrical, thermal-mechanical,
and humidity are the four main stressed loadings for package relia-
bility tests. In Board Level Reliability (BLR), which is typically con-
sidered as second-level reliability, characterizes the mechanical and
thermo-mechanical robustness of the solder joint interconnect that
is formed in between component and PCB. Common mechanical or
thermo-mechanical tests such as thermal cycling, drop test, shock test,
or vibration are conducted to induce failures on the solder joints. An
electronic module in this thesis is defined as a single unit in a sys-
tem that can function independently, such as a power module and
radar module in a vehicle. Module-level reliability evaluates the reli-
ability performance of solder joints on the component of interest. It
is mounted on PCB with other components and clamped on the posi-
tion where it should be under real application such as heatsink. In
other words, it is board-level reliability when PCB is mounted in an
electronic housing. Electronic systems such as automotive, airplane,
or missiles contain a large number of PCBs and numerous ICs. This
causes complexity of evaluation on its reliability performance. The
failures that happened on circuits, components, or solder joints will
induce failures in the final system. Therefore, evaluation on system-
level reliability needs to rely on the reliability testing data from the
lower levels such as module level and board level.

Figure 1.3: Reliability classification

1.2 vibration test
The vibration test hardware comprises four major elements, including
control system, amplifier, shaker, and accelerometer, to form a control
feedback loop as described in figure 1.4. Besides this, a vibration
fixture plate is bolted on top of the shaker armature. It acts as a
mechanical adapter between the shaker and test board.
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Figure 1.4: Vibration testing introduction

Vibration instructions or demands can be programmed by using the
control software system. It is the demand assigning the amount of
vibration energy which includes acceleration level, and vibration fre-
quency range. Then, the control system translates the demand into
the electronic signal (voltage) and drives the amplifier to deliver the
required or demanded vibration intensity. A control accelerometer
is installed on the vibration fixture which provides feedback to the
control system. It confirms whether the acceleration level is corre-
sponding to the demand on the fixture. This way, the control loop
is able to maintain the required acceleration level experienced at the
fixture plate during a vibration test. There are three common types of
vibration stress methods, swept sine vibration test, random vibration
test, and dwell vibration test. Swept sine vibration test is generally
used for characterizing the dynamic response of the test setups. A
determined frequency range, for example, 100Hz to 1000Hz, is swept
with the assigned acceleration level which means a single frequency
is excited at a certain moment. It can be used to characterize the
resonance frequency and amplification factor of the board. However,
an inappropriate input acceleration level will lead to inaccurate mea-
surement due to the damage on the test board [29]. Therefore, it is
important to select proper input when performing swept sine vibra-
tion test. Dwell vibration test is an extension application of swept
sine vibration. The shaker is excited with a single frequency of inter-
est. In random vibration tests, all vibration frequencies of interest are
excited simultaneously. This technique can be used to excite multiple
resonance modes of the test board at stressed at the same time.
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1.3 vibration theory of printed circuit
board

In vibration testing, acceleration, peak-to-peak displacement, reso-
nance frequency, and strain on the board are important parameters
of the PCB dynamic response. In this section, simplified formulas are
derived under some assumptions.
Acceleration and Displacement:
The PCB vibration characteristics are measured by recording the PCB
acceleration as a function of applied frequency at constant applied
acceleration. The excitation is a controlled sinusoidal motion from
the shaker that can be described by [33]:

x = Xmax sin(2π f t) (1.6)

From the equation (1.6), level of velocity (v) and acceleration (a) can
be derived in:

v =
dx
dt

= 2π f · Xmax · cos(2π f t) (1.7)

a =
dv
dt

= −(2π f )2 · Xmax · sin(2π f t) (1.8)

From equation (1.7) and equation (1.8) the relation between displace-
ment and acceleration can be expressed in:

a = −(2π f )2 · x (1.9)

Peak-to-peak displacement d, d = 2Xmax is a more common way of
expression than peak displacement of one side of PCB in vibration
test. Also, the accelerometer is able to measure the acceleration, non-
dependent of time, so we hereby have:

a = 2(π f )2 · d (1.10)

If assuming the PCB under vibration loading acts like a single degree
of freedom system, under this assumption, a relation between the
displacement, acceleration, and frequency can be obtained:

d =
a

2π2 f 2 (1.11)
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Resonance Frequency:
According to Steinberg [33], PCBs used in the electronic systems can
be approximated as a flat rectangular plate. To derive the resonance
frequency, a square plate is assumed to be simply supported on four
edges as shown in figure 1.5.

Figure 1.5: Boundary assumption of plate (a) top view (b) side view

Where a and b represent the width and length respectively and zo is
the maximum displacement in the middle of the plate. Simply sup-
ported means the deflection on the edge of the plate is equal to zero,
but the slope of the edge depends on the loading. The displacement
of the flat rectangular plate exciting at the first resonance frequency
under the defined boundary condition. The displacement at any PCB
location z(x, y) can be simplified to the following equation (1.12) [33]:

z = zo × sin(
πx
a
) sin(

πy
b
) (1.12)

The equation can be verified whether it complies the boundary condi-
tion by checking the displacement at the edge and slope of the plate
in the middle. For example, if x and y are both equal to zero, the dis-
placement calculated from the equation (1.12) is equal to zero which
fulfills the boundary condition. Same check can be done by deriving
the slop on the middle of the plate which is also equal to zero. Fur-
thermore, if it is assumed that the energy does not dissipate from the
board, the kinetic energy of the plate will be equal to the strain energy
of the plate. Then the resonance frequency of the flat square plate can
be described by equation (1.13):

f = λ

(
1
a
+

1
b

)√
E × h3

12 × ρ (1 − υ2)
(1.13)

Where the λ is a constant depending on the clamping condition, E is
Young’s modulus, h is the thickness of PCB, ρ is the density of PCB and
υ is the Poisson’s ratio.
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Board Strain:
In order to roughly calculate the strain value on PCB with a measured
level of acceleration when it is bent. The boundary condition of the
two sides of the plate on the X-axis are changed to fully clamped
(fixed). The displacement of the plate can be expressed in the follow-
ing equation(1.14):

z = zo ×
[

cos(
2πy

b
)− 1

]
× sin(2π f t) (1.14)

To calculate the acceleration, differentiate Equation(1.14) in the time
domain two times. Then, the acceleration of the board under this
boundary condition can be described with equation (1.15):

Acceleration = −4π2 f 2zo × [cos(
2πy

b
)− 1]× sin(2π f t) (1.15)

The curvature k along Y axis of the plate can also be calculated by
differentiating the equation (1.14) twice with respect to y as shown in
equation (1.16) [12]:

k = −4zoπ2

b2 × cos(
2πy

b
)× sin(2π f t) (1.16)

In classic beam theory, the translation between curvature and strain
of the plate can be illustrated in equation (1.17) [1]:

k =
2 × εPCB

tPCB
(1.17)

Where tPCB is the PCB thickness and εPCB is the PCB strain. By combing
equations from (1.16) to (1.17), the relationship between the level of
acceleration and strain value on PCB can be shown in equation (1.18):

εPCB =
tPCB × cos(2πx

b )× Acceleration(g))
2 × b2 × f 2 × [cos(2πx

b )− 1]
(1.18)

Additionally, the strain value formula can also be derived by analyz-
ing three points bending setup figure 1.6. First, region AB can be
derived from the static equilibrium equation:

∑ FY =
F
2
× V = 0 (1.19)

∑ FM = −F
2
+ M = 0 (1.20)
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Where F is equilibrium force, V is shear force, and M is the moment
of force and region BC can be derived:

∑ FY =
F
2
− F − V = 0 (1.21)

∑ FM = −F
2
+ FX − FL

2
+ M = 0 (1.22)

From the equation (1.19) to equation (1.22), the maximum moment
can be calculated as:

Mmax =
1
4

FL (1.23)

by bending stress σmax equation the maximum stress can be derived:

σmax = −MzY
Iz

=
3
4
× FL

wt2
PCB

(1.24)

Where the I is the area moment inertia of Z-axis. The tPCB is the
thickness of the beam. By applying the stress-strain formula the stress
can be converted into strain:

ε =
σ

E
(1.25)

Where the E is the flexural modulus, which can be derived from the
beam deflection theory [27]

E =
FL3

48δmax I
(1.26)

Where the δmax is the displacement of the board. Combining formu-
las from equation(1.24) to equation(1.26), the maximum strain can be
derived:

εPCB =
6δmaxt

L2 (1.27)
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Figure 1.6: Three point bending beam structure

1.4 recent studies on board and module
level vibration test setup

In this section, kinds of literature are summarized to show the state
of art at board level and module level vibration test setup. It in-
cludes the industrial vibration test specifications, vibration measure-
ment method, test fixture, module, electronic module, measurement
sensor, and failure analysis techniques used.

1.4.1 Industrial Vibration Standards and Field Vibration Data

In the current study of vibration reliability tests, there are component
level specifications and standards for an electronic product such as
JEDEC standard [17] and ISO standard [26], but there is no board-level
vibration test specification. To assess reliability risks for automotive
radar sensor modules, at board level and module level, vibration test
standards need to be reviewed by collating different vibration param-
eters. Therefore, existing vibration test standards will be summarized
according to the type of vibration, test duration time, effective stress
level, test frequency range, and application purposes in this section.
In table 1.1, random vibration profiles from common industrial test
specifications are summarized. The profile for device mounting on
unsprung masses has a higher stress level than sprung masses in the
same standard. The most stressful level is roughly equal to 13Grms.
Besides, the lower and higher bound of vibration test frequency can
be found from 5Hz to 2000Hz among all the profiles. While it is
also noticeable that most of the vibration profiles in section A.1 have
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lower stress levels after 1000 Hz. It is noted that the PCB design and
test hardware are not mentioned in these standards.

Table 1.1: Summary of industrial automotive random vibration profile [4-8]

In ISO 16750-3-4.1.2 [26], it states that the proposed sinusoidal vibra-
tion profile in IEC 60068-2-80 [32] should be performed for assessing
engine effect. Also, in JIS-D-1601 [16] type 1 classification C and D,
sinusoidal vibration test is also used for the device around the en-
gine. The test frequency of both is lower than 1000Hz. In figure 1.7,
it shows the automotive field vibration data which is measured by an
accelerometer mounted on the engine. The effective stress level will
increase with the car speed as shown in figure 1.7 (a) to (c). Also, it
shows that the vibration power not only happens at low frequency
(< 100Hz) but also happens at a higher frequency band which is over
1000 Hz. Comparing the industrial vibration standard and field vibra-
tion data indicates that the vibration specification cannot fully cover
the risk in terms of the test range of frequency and effective stress
level.

Figure 1.7: Automotive field vibration data (a) idle car speed (b) 50 kph (c)
70 kph
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1.4.2 Vibration Measurement Sensor Used

In the current vibration testing, the piezoelectric accelerometer is the
major measurement tool used in measuring PCB dynamic response
[17-23]. An accelerometer consists of a piezoelectric crystal that is
placed underneath a given mass. Vibration motion causes stretch and
compression of the crystal element. The change in the amount of
charge of the piezoelectric crystal can be converted into acceleration.
In [21] the high-speed camera is used to record the motion of the
PCB with Digital Image Correlation (DIC) technique under vibration.
In [23], LASER Doppler Vibrometer (LDV) is used as the measure-
ment tool for PCB dynamic response. LDV is able to measure the same
parameter as the accelerometer. In [26-27] authors mount the strain
gauge on the PCB to measure the shift in resonance frequency and the
difference in strain under different temperatures. The stretch of the
PCB changes the gird resistance of the strain gauge. The resistance
change that causes the difference in voltage can be used to calculate
the strain with the bridge circuit. These tools can be divided into
contact-based and contact-less sensors. However, few kinds of liter-
ature assess the advantages, disadvantages, and accuracy of sensors.
The comparison between strain gauge, accelerometer, and LASER will
be discussed at both board level and module level vibration test in
Chapter 2.

1.4.3 Electronic Module Structure Used for Automotive Radar Ap-
plications

In the electronics market, automotive radar sensor consists of sev-
eral distinctive appearances and packages from different suppliers.
To figure out common features of these automotive radar modules,
radar products from Denso, Continental, Hella, BMW, and Bosch are
shown in figure 1.8. First, all the modules comprise of board housing
structure, which acts as a heatsink, supporter, and protector against
dirt and water. The heatsink is used to dissipate heat generated by
an electronic component. Second, the edges of the PCB are simply
supported, and the corners are fixed. It can reduce the PCB motion
which can decrease the stress level on PCB. Also, the PCB is placed
in a box-like housing to protect it from environmental effects. Third,
the electrical connection in a module is generally realized using the
application-specific connector. In the end, a motion resistor is de-
signed around the chip in the radar module from Denson to reduce
the stress level under vibration. However, in some practical applica-
tions, the rib structure induces unexpected strain on the PCB [20].
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Figure 1.8: Automotive radar sensor from markets [2, 4, 5, 6, 7]

To investigate the relevance of different housing structures with prac-
tical one, four heatsinks are designed in figure 1.9. Heatsink (a) is the
original heatsink for the radar sensor used in this thesis. Not only the
board vibration response will be investigated, but also the thermal
interface material will be applied on the board. The boundary con-
dition of the heatsink (b) is modified into a box-like housing with a
hollow rectangular frame that can be used to clamp the PCB with four
edges. Brass instead of aluminum is used to manufacture the heatsink
(c). Besides, four M2 screw holes are designed for installing motion
resistors to assess the risk induced under vibration stresses. Heatsink
(d) is constructed by plastic and the small standoffs are mounted on
the bottom of the heatsink for board fixation. Further discussion on
the impact of heatsink structure will be made in Chapter 3.

Figure 1.9: Different design of heatsink

1.4.4 Failure Monitoring Techniques Used During BL VIBR Tests

The Daisy chain is used to monitor the electrical failures in-situ dur-
ing reliability experiments. A daisy chain structure comprises of un-
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interrupted alternate electrical connection between the test package
and PCB that is designed to cover all relevant failure modes. The re-
sistance change is recorded by continuously monitoring the electrical
voltage during reliability testing. The test pad then can be used to iso-
late failure location or section in order to ease out the failure analysis
process.

Figure 1.10: Daisy chain schematic

The circuit used in this research is the daisy chain detection circuit as
figure 1.11 shown. As shown in the figure, two daisy chain packages
are monitored in parallel. These daisy chain packages are electrically
driven by a common voltage source and it connected in series to 1kΩ
resistors. Finally, this is fed to the vibration controller channels that
is used to monitor the voltages continuously during the test. Once
the resistance of the daisy chain increases due to the crack formation
in the solder joints, the voltage measured across the daisy chain also
enhances. A resistance threshold limit of 1000Ω is set as a failure
criterion, which is in line with the IPC-9701A test standard [28]. The
vibration shaker equipment is programmed in such a manner that the
vibration test is aborted once the resistance is equal to or more than
1000Ω.
In [38], the author divides the failure process under vibration test into
four stages, which is no failure period (1st stage), crack fast initiate
period (2nd stage), stable crack propagation period (3rd stage), and
complete failure (4th period). In the 2nd and 3rd stages, the resistance
value goes high and low which is caused by the crack opening and
closing with PCB bending up and down.
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Figure 1.11: Daisy Chain failure detection circuit schematic

1.5 recent studies on board and module
level vibration test set up

In general failure analysis techniques can be divided into non-destructive
and destructive testing methods. The failure techniques used in this
thesis are reviewed explicitly. Non-destructive Evaluation (NDE) meth-
ods such as C-mode Scanning Acoustic Microscopy (C-SAM), optical
profiling, and Lock-in Thermography (LIT) are used to localize the
abnormal sections, failure modes without applying physical damage
or stress onto the component. After NDE, destructive evaluations such
as decapsulation and micro sectioning (cross-section) are used to iden-
tify exact failure mechanisms and root causes.
C-mode Scanning Acoustic Microscopy (C-SAM): The acoustic wave
is used to generate the images of the test specimen. When the acous-
tic wave propagates through a different medium and is reflected by
the package, the amplitude of the wave will be amplified and mapped
into the function of position. It is usually used for detecting delami-
nation, cracks, and void.
Lock-In Thermography (LIT): LIT working principle is based on sens-
ing the thermal response by using a thermography camera to sense
the thermal response on the component of interest. A thermal wave
is reflected and dissipated at a different rate at nonhomogeneous ma-
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terial property locations that might be present in the form of defects
such as cracks, delamination as shown in figure 1.12.

Figure 1.12: LIT thermal spot [36]

Micro Sectioning: Micro sectioning is a destructive failure analysis
method. The component of interest is put into the epoxy resin to
prevent additional damage and ensure the planarity. The sample will
be ground to the interested area. It can provide the cross-sectional
view of the solder joint at a selective plane as shown in figure1.13 to
find out the failure mode and mechanism.

Figure 1.13: Micro sectioning view on component

1.6 research motivation and objectives
In the current semiconductor industry, chip suppliers, modules, and
system developers cooperate to build the product. All of these stake-
holders take responsibility for their devices and system. It implies
that module and system developers ask the supplier to assess the reli-
ability risk of the product at a specific application level. For example,
as an automotive radar chip supplier, radar module architects ask
about the reliability risk of the component at the module level. There
is no globally accepted industrial standard for board-level vibration



1.6 research motivation and objectives 17

Figure 1.14: Vibration test flow and approach

specification. Similarly, there is also no vibration standard prescribed
for radar application-based electronic modules. Most of the vibration
test specifications such as IEC 60068-2-64 [25], ISO 16750 [26], and
MIL-STD-810G [24] are stated for general electronic devices. It is ob-
vious that there is a gap between board level, board module level,
and application-level vibration test to determine the component relia-
bility risk. Additionally, measurement sensors for vibration tests can
induce the deviation in the measurement result. This deviation can
cause inaccurate assessment on defining the vibration test strategy
and reliability, while no specifications prescribe appropriate vibration
measurement sensors for test setup at the board module level. A ro-
bust setup should be able to explore the interaction between housing
and board under vibration. Also, the research has not been done
on board degradation in terms of vibration parameters such as reso-
nance frequency, peak-to-peak displacement, and board strain. This
is expected to be an indicator of underlying failure or data source for
training future application-driven vibration tests. When it comes to
the failure, the translation from strain rate to failure mode observa-
tion is not available for vibration tests. In conclusion, vibration test
specifications and test setup are not fully prepared to discover the reli-
ability risk of the advanced automotive package and board characters
at board level, board module level, and application-level vibration test.
The main objective of this Master Thesis is to assess the risks of the
automotive radar component under vibration loading at both board
level and module application level. To achieve this goal, the following
objects need to be delivered with the following development flow in
figure 1.14.
Establish Robust Vibration Test Setups:
Robust vibration test setup includes hardware design and develop-
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ment, and dynamic response characterization. The hardware such
as fixture and heatsink is designed to be able evenly to transfer the
pre-defined stress level from the shaker to them. The measurement
sensor is currently available for board-level vibration but not for the
module-level vibration test. Measurement sensors, such as accelerom-
eter, LASER, strain gauge for will be assessed its availability at mod-
ule level vibration.
Reliability Test Setup Preparation:
Appropriate stress parameters should be defined according to the
board response, and furtherly correlate with vibration standards to
evaluate vibration risks. By doing the stress test to induce failures,
various failure analysis techniques should be able to provide a de-
cent understanding of failure mechanisms. In the end, the reliability
performance between board level and module level under vibration
loading for this automotive radar component will be revealed.
Understand the impact of module design elements:
Electronic module elements such as electrical connectors, thermal in-
terface material, and motion restrictors are designed according to the
automotive radar module in the market. The impact of these elements
is explored under vibration testing.
Vibration Sensor and Board Degradation Assessment:
In this automotive radar module vibration test, focuses are also put on
the cause of deviation in board dynamic response. Different measure-
ment methods and board degradation processes will be discussed,
and the simulation model is used to correlate the experimental re-
sults. Finally, the impact of hardware design on the measurement
method and board degradation process will be studied.

1.7 thesis outline
• Chapter 2 explains the design of the fixture and the module

used in this thesis. After that evaluation of results of vibration
response measured on fixture and module is done for assess-
ing whether the force from the shaker is able to correctly be
transmitted to PCB. The Surface Mount Technology (SMT) is ex-
plained. Assessment on vibration measurement sensors, such
as accelerometer, LASER, and strain gauge, is developed for this
vibration testing.

• Chapter 3 discusses the result of PCB dynamic responses. The
response measured at board level and module level vibration
testing will be characterized with different types of PCB. Fur-
therly, the impact of module elements on the board dynamic
response is discussed. In the end, board vibration at board level



1.7 thesis outline 19

and module level is compared in terms of strain and peak-to-
peak displacement.

• Chapter 4 explains how vibration testing stress parameter is de-
fined in this research. It follows with the reliability testing result
comparison between board level and module level vibration test-
ing. The proposed increment stress test results are correlated
with the degradation process of board strain and resonance fre-
quency. In the end, it will bring the failure analysis results after
board and module level vibration reliability test and correlate
with other mechanical testing methods.

• Chapter 5 concludes results from the vibration experiment and
recommendations for the future development on vibration test-
ing.



2 D E V E LO P M E N T O F V I B R AT I O N
T E S T S E T U P

As shown in figure 2.1, the automotive application-specific vibration
test landscape requires development in both hardware and software
sectors. A reliable experimental test setup is needed to develop a
well-characterized test methodology. Vibration test fixture, PCB under
test, module, measurement method, simulation, and in-situ detection
method, shown in figure 2.1, are crucial elements of vibration test
methodology. In this chapter, further discussion and investigation
will be done on these elements.

Figure 2.1: Vibration testing landscape

2.1 pcb layout and smt flow
As shown in table 2.1, B111A JEDEC PCB is generally designed to
carry four components on one side only. It is used for reference
purposes because there is a board and module level vibration stan-
dard prescribing the PCB type for vibration test. The customized PCB
(board 1) is manufactured into a radar application board which is
called PCB module as picture shown in figure 2.2. Two marked com-
ponents, component 1 is a Fan-out Chip Scale Package (FOCSP) and
component 2 is a BGA component with daisy chain for failure moni-
toring purpose.

20
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Table 2.1: PCB details

Figure 2.2: Customized electronic module layout [9]

SMT process for board 1 is shown in figure 2.3. First, the material
quality is checked, and the solder paste prints on the bottom side of
PCB. Then, an automated pick and place machine is used to place
components at the target component locations defined on the PCB.
Next, temperature reflow is performed. At the top side of the PCB,
the same procedure will be done as the bottom side of the PCB. After
components are soldered on the PCB, the resistance is measured on
the daisy chain devices. X-Ray is performed at the end to check for
unintended defects such as solder shorts.

Figure 2.3: SMT procedure of customized PCB (board 1)

Trial SMT run is performed before the final SMT production. During
the resistance measurement step, high resistance was observed daisy
chain of component 1. After cross-sectional analysis, PCB cracks are
found on the Copper trace of the daisy chain. Root cause analysis
showed that these cracks are introduced after the reflow step. It might
be linked to the thermo-mechanical stresses that are introduced dur-
ing the reflow process. Therefore, the cooling rate is decreased to
reduce the effect of Coefficient of Thermal Expansion (CTE) mismatch
between component and PCB copper trace. The board is successfully
assembled and it will be mounted on the fixture with standoffs or
heatsink.
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Figure 2.4: Optical scan on component 1 (a) entire daisy chain (b) zoom in
the red zone

2.2 vibration fixture design character-
ization

The fixture is a mechanical adapter screwed in between the shaker
and test board that is mounted onto an electronic module as figure
2.5. The force from the shaker will be amplified depends on its trans-
missibility when an inappropriate fixture is designed and used in vi-
bration tests. For example, a 5G sweep sine is required to be per-
formed on the test board, and the test board is mounted on a fixture
with transmissibility 10. The test board is possible to be stressed with
50G. This might lead to incorrect conclusions. In order to transmit
the required total amount of force at the required frequency from the
shaker to the test module, there are some recommendations described
from Steinberg [10] that can be followed to design a good vibration
fixture. Firstly, some of the current automotive vibration test speci-
fications require the test that frequency range from 5Hz to 2000Hz.
Also, it is necessary to avoid having a similar resonance frequency
of the fixture as the test specimen. Therefore, the fixture is better
to be designed with a resonance frequency at least 50% higher than
the required test frequency. Secondly, it is better to have fewer sharp
changes and a symmetric fixture which is helpful transmit the force
from shaker to fixture equivalently at the whole surface. Finally, the
fixture should be kept as rigid and low mass as possible. By reducing
the mass, the resonance frequency of the fixture can be adjusted to a
higher frequency range according to equation 1.13 which avoids the
resonance falls into the common test frequency range which is lower
than 2000Hz. When it comes to designing a rigid and light fixture, a
stiffness-to-mass ratio is used to evaluate the material. One material
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with a higher stiffness-to-mass ratio can be found lighter and more
rigid. As the result, the fixture is chosen to use aluminum alloy.

Figure 2.5: Details and schematic of fixture design

Two major measurement techniques, accelerometer, and LASER can
be used to capture vibration acceleration levels. Both measurement
units are employed to capture vibrations at the metallic fixture surface
shown in figure2.5. In figure2.6, the normalized response measured
by accelerometer and LASER on the center of the fixture shows the
deviation between the two is within 5%. This indicates that the mea-
surement tool can be used when the mass of the accelerometer is neg-
ligible comparing to the vibration object to be measured. Therefore,
the accelerometer will be used for measuring the vibration response
of the fixture at the Z-axis.

Figure 2.6: Comparison between Accelerometer and LASER in vibration re-
sponse

Fixture vibration response at several possible test locations is charac-
terized next. The acceleration level is used to assess the homogeneous
transfer of the force from the shaker to the PCB that is placed in a mod-
ule housing. Two accelerometers shown in table 2.1 are used in the
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fixture vibration characterization test. In the characterization vibra-
tion test, the profile shown in table 2.2 is performed. The acceptable
range of acceleration level measured on the fixture is ±10% of the
input signal of the shaker.

Table 2.2: Accelerometer used in fixture characterization

Table 2.3: Vibration profile for fixture and module characterization

This fixture used in this thesis is designed to mount 4 electronic mod-
ules as shown in figure 2.7. In this characterization vibration test, four
test positions where it is in the center of the module will be measured.

Figure 2.7: Module test positions on fixture

The vibration responses shown in figure 2.8 indicate that responses
measured at the “Top”, “Left”, and “Bottom” side of the fixture are
within 10% of the input signal. However, the response at the “Right”
side of the fixture exceeds the 10% acceptable range at around 1400Hz.
It means this fixture can do a vibration test with three electronic mod-
ules at the same time at the top, left, and bottom sides of the fixture.



2.3 module design and characterization 25

Figure 2.8: Fixture vibration characterization response at Z direction

However, to look into the cause of this deviated response, two possi-
ble hypotheses are proposed. Firstly, it might be related to the design
of the fixture, and the other one is related to the shaker element struc-
ture. The second hypothesis is first considered. To prove the second
hypothesis, characterization is done on the armature which is part
of the shaker. The response, in figure 2.9, shows deviated signal at
around 2350Hz. This can be explained as the root cause of deviated
signal that happened on the fixture. Due to the mass of the fixture,
the deviated signal is shifted to 1400Hz. However, it is the nature of
shaker structure that cannot be changed and is inevitable.

Figure 2.9: Armature vibration characterization response

2.3 module design and characterization
The module here is referred to the housing structure part of the elec-
tronic sensor module which is also called heatsink. In the application,
PCB is usually mounted onto a heatsink so that the heat generated
by chips can be transferred to the heatsink. Heatsink increases the
surface area in order to accelerate the heat dissipation process. As
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the figure 2.10(b) shown, the bottom side of the heatsink used in this
thesis has a cylinder structure for better thermal management. On
the front side, there are two square areas that step higher than other
areas. Thermal Interface Material (TIM) is applied on this square area
and transfers the heat from the chip by directly contacting the PCB.

Figure 2.10: (a) Heatsink design schematic – front side (b) Heatsink design
schematic – bottom side

The PCB is tested by mounting it onto the heatsink. To ensure the
required vibration response received on the heatsink, vibration char-
acterization must be performed on the bare heatsink itself. The same
experimental setup and vibration profile will be used as section 2.2 Be-
fore characterization of the module, the torque applied on the heatsink
fixation screws needs to be defined first. To determine the required
torque, it is increased from 0.1N·m to 0.4N·m. As figure 2.11 shown,
the acceleration level measured on the heatsink at Z direction is over
10% of the input signal at around 1300Hz. This rising acceleration
indicates that the heatsink is stepping into the resonance frequency
range and it doesn’t show improvement with the increased torque.
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Figure 2.11: Heatsink vibration characterization response at Z direction

To improve this situation, four types of vibration motion dampers are
introduced in between the heatsink and fixture. The damper can re-
duce vibration energy. In figure 2.12, it indicates that the increase in
torque is able to increase the damping (vibration response of damper-
1, 2, 4 can be found in appendices A.2). When the torque reaches
0.3 N·m and 0.4 N·m, it prevents two metallic plates from hitting one
another vibration and this leads to a more damped and consistent vi-
bration response. Without sufficient torque, the freedom is still given
to the heatsink to oscillate. The torque with 0.4 N·m is chosen in the
end.

Figure 2.12: Heatsink vibration response at Z direction with damper-3
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After discovering the appropriate experimental setup for heatsink in-
stallment, heatsink to heatsink variation is investigated. Since it is
intended to use multiple heatsinks at the reliability test, the force
transfer from shaker to heatsink needs to be similar. In figure 2.13,
heatsinks are compared with the one used in the previous test. It
shows deviations are within 10% which means these heatsinks should
receive a similar vibration response with the same input acceleration
level from the shaker.

Figure 2.13: Heatsink to heatsink variation characterization at Z direction

Reliability stress-test strategy, involving simultaneous testing of mul-
tiple modules is characterized next. This can help in reducing the
stress test time consumption. Four electronic modules are mounted
on the fixture as figure 2.14.

Figure 2.14: Single test to simultaneous test setup at Z direction

However, the response measured on the heatsink which is mounted
on the right side of the fixture is marginally out of the specification
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as shown in figure 2.15. Therefore, it will not be used for reliability
stress test purposes, only three positions, top, left, and bottom side
can be used in the further test.

Figure 2.15: Simultaneous test characterization

2.4 vibration measurement sensor
In general, three measurement sensors, piezoelectric accelerometer,
LASER, and MEMS based accelerometer can do the indirect stress mea-
surement on PCB. However, MEMS based accelerometer is not able to
be mounted freely because it needs an application board to drive ICs.
Therefore, a proper measurement sensor will be selected between ac-
celerometer and LASER by assessing the impact on the board vibra-
tion response at board level and module level with board 1 in table
2.1. Besides, a strain gauge is common a method to do direct strain
measurement on the board. However, the deviation on strain is nor-
mally caused by the mounting process and experimental parameter
selection. Therefore, an appropriate verification needs to be done
for the strain gauge test setup. In this section, proposed measure-
ment methods in figure 2.16 will be used to investigate the impact of
the measurement sensor and verify the strain gauge measurement of
other mechanical test methods, drop test, and bending test.
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Figure 2.16: Proposed measurement methods

2.4.1 Vibration Test Setup

At board level vibration test, the customized PCB in table 2.1 will be
mounted on 4 standoffs by four M3 screws with 0.45N·m as shown
in figure 2.17 (a). The board at module level is mounted on the cus-
tomized heatsink as shown figure 2.17 (b) with same screw and torque
setting.

Figure 2.17: PCB vibration test setup (a) board level (b) module level

The vibration profile used to assess the impact of the measurement
sensor is shown in table 2.4 and the measurement tools used in this
section are listed in table 2.5

Table 2.4: Vibration profile for assessing measurement sensor

The accelerometer which will be placed on PCB is weighted 0.2 gram
as a recommendation in [34] to reduce the measurement deviation.
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Table 2.5: Measurement equipment used in PCB vibration characterization

To verify the test setup and parameter settings of accelerometer and
LASER, Measurement Method 2 in figure 2.16 is applied on customized
bare PCB with 1g swept sine vibration test. In figure 2.18, shows accel-
eration level measured by accelerometer and normalized by LASER
signal. At the low frequency, the signal between both measurements
seems to deviate. It can be due to the nature of this accelerometer,
which is designed for measuring high acceleration levels, so it has
higher sensitivity deviation when measuring low acceleration. At the
frequency range between 1200 Hz to 1800 Hz which is also the reso-
nance frequency of the bare PCB, the higher acceleration level happen-
ing which shows the limited deviation between both measurements.
overall, the accelerometer and LASER signal has an acceptable 10%
range.

Figure 2.18: Normalized vibration response at bare PCB – Input 1G

2.4.2 Impact of Measurement Sensor

Vibration at Board Level
In figure 2.19, sine sweep vibration is performed on the bare PCB and
the dynamic response is measured by LASER at different PCB loca-
tions. The resonance frequency measured on two positions has only
0.008 Hz shift which can be explained with the equation(1.13). The
equation shows that the resonance frequency is determined by the PCB
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material property such as Young’s modulus, density, PCB dimension,
and Poisson ratio. When using the LASER to measure the vibration
response on the same PCB but at different PCB positions, there is no
impact on these parameters which can cause a shift in the resonance
frequency.

Figure 2.19: Bare PCB vibration response (Measurement Method 1 ) – Input
5G

However, the most common way of characterizing the PCB is using
a lightweight accelerometer because it is cheaper and handier than
other measurement sensors such as LASER. The location where the
accelerometer is placed on the PCB is able to cause asymmetric load-
ing and thereby influences the PCB vibration mode shape. In figure
2.20, the accelerometer is placed on component 1 location and center,
the response of PCB is measured by LASER. The resonance frequency
increases by 7% because the accelerometer is moved from the center
to the edge.
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Figure 2.20: Bare PCB vibration response (Measurement Method 2) – Input
5G

Additionally, the mass of the accelerometer is also a crucial parameter
to deviate the resonance frequency and peak acceleration level. The
resonance frequency and peak-to-peak displacement recorded on a
bare PCB with and without accelerometer are significantly different as
shown in figure 2.21. The resonance frequency and peak-to-peak dis-
placement when measured performing with LASER but without the
accelerometer, is 1648Hz and 0.105mm, and the measurement with
accelerometer is 1501Hz and 0.058mm. By comparing measurement
methods 1 and 2, the resonance frequency and level of acceleration
decrease by 9% and 52% respectively. It is due to the additional mass
of the accelerometer. From equation(1.13), it can be derived that fre-
quency is inverse proportional to the square root of the mass. The
deviation in resonance frequency is larger in the experiment can be de-
voted to the formula is derived under the assumption that the board
has homogeneous material.
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Figure 2.21: Impact of accelerometer on customized bare PCB dynamic re-
sponse - Input 5G

Furthermore, the finite element model is built for customized PCB to
investigate the effect of the accelerometer. However, the model will
focus on the shifting trend of the resonance frequency rather than
the absolute resonance values of the PCB because the difference in the
absolute value of resonance frequency can be attributed to two main
reasons. First, the model is built in homogenized material, but it is a
hybrid PCB which is made of FR4 and ROGER in the actual situation.
Second, the clamping in the model is perfectly firm, but it is 0.45N·m
to prevent damage on the PCB and screw thread in the experiment. In
figure 2.22, a similar trend is found in the simulation result. When
the accelerometer is placed on the center of bare PCB, the resonance
frequency is decreased by 10% due to the mass effect. When the
accelerometer is placed on the component 1 location which is close to
the edge, the mass effect still shifts the resonance frequency about 3%,
while the amount of shift is relatively small compared to the condition
in which the accelerometer is on the center. The amount of shift is
decreased because the accelerometer brings a force pressing on the
edge of PCB which can be taken as a change in boundary condition (λ
in the equation(1.13) changed).
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Figure 2.22: Impact of accelerometer on resonance frequency (experiment
vs modeling)

Additionally, a MEMS based accelerometer with the specific driven
board is also used to verify the measurement as shown in figure
2.23. The LASER is the point at a MEMS based accelerometer to verify
whether it can detect resonance signal correlating to LASER in the
time domain. The driven board is mounted on four standoffs by M3

screws with 0.45 N·m.

Figure 2.23: Vibration setup of driven board for MEMS based accelerometer

As shown in figure 2.24, when the LASER signal shows the resonance
peak, the MEMS based accelerometer shows a similar trend, the only
0.3-second difference between two peaks. This time difference can
be due to the synchronization of the measurement equipment, which
is not expected to come from the measurement error. The result in-
dicates that both measurement sensors can detect the resonance cor-
rectly. However, the MEMS based accelerometer needs a specific circuit
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to read out the data, which cannot be used in this thesis for further
research.

Figure 2.24: Comparison between MEMS based accelerometer and LASER in
time domain - Input 1G

Vibration at Module Level
In figure 2.25(a), swept sine vibration with input acceleration 5G is
performed on customized electronic module with heatsink. The LASER
is used to measure the center of the board and component 1 position.
A 0.6% decrease of the resonance frequency is observed (from 1728Hz
to 1716Hz). According to the plate theory, a similar resonance fre-
quency is expected on the same board at different measurement posi-
tions. This variation is expected to come from the interaction between
PCB and housing or cause by measurement accuracy. In figure 2.25(b),
the input acceleration is decreased to 1G which can reduce the vibra-
tion motion of the board. The value of the resonance measured on
the center and component 1 location has only 0.3Hz shift. The result
corresponds to the theory, and this will be used to assess the impact
of the accelerometer.

Figure 2.25: Bare PCB vibration response (a) Input 5G (b) Input 1G - Mea-
surement Method 1

In figure 2.26, accelerometer is mounted at the PCB center and com-
ponent 1 position at module level vibration test. LASER measures
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acceleration level with respect to the frequency at the center of the
PCB and component 1 location. The resonance frequency shifts 10% to
a higher frequency (1564Hz to 1721Hz). This variation is due to the
change in vibration mode shape perturbed by the accelerometer. The
component 1 location where it is close to the edge of the board. An ac-
celerometer is equivalent to an extra force that is added on the simply
supported edge that alters the clamping condition of the board.

Figure 2.26: Bare PCB vibration response (Measurement Method 2) – Input
5G

Furthermore, an accelerometer is placed on the PCB to assess the im-
pact on board dynamic response at the module level vibration test. It
is observed that the resonance frequency shift backward from 1728

Hz to 1564Hz. The shift can be devoted to the mass of the accelerom-
eter. However, the peak-to-peak displacement is increased by around
59%. This contradicts Newton’s second law of motion when the same
amount of force (same input acceleration) is applied to an object, the
acceleration should decrease with an increase in mass.
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Figure 2.27: Impact of accelerometer on customized bare PCB dynamic re-
sponse - Input 5G

Two assumptions can explain this phenomenon. First, the air pressure
between the housing structure and the PCB reduces the motion of the
board, when the extra mass is added to the board, it helps to resist
the air pressure formed in between the PCB and heatsink. Second, the
interaction between the housing structure and PCB increases the am-
plification factor. In figure 2.28 assembled PCB which is heavier than
the bare PCB is tested at module level with heatsink structure. The
mass is larger enough to resist the air pressure; therefore, the peak-
to-peak displacement decreases 27% with the accelerometer mounted
on PCB. To conclude, the above result shows that taking an accelerom-
eter as a measurement tool is not the best option at this module-level
vibration test, the further experiment at module level will be done in
LASER.
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Figure 2.28: Impact of accelerometer on customized assembly PCB dynamic
response - Input 5G

Vibration at Reference Board
The impact of the accelerometer on B111A reference board is shown
in figure 2.29. Following the recommendation in [34], a small 0.2-
gram accelerometer is used on B111A PCB, indeed, limited impact
on resonance frequency for the first mode and second mode, but the
level of acceleration and peak to peak displacement have more than
65% deviation.

Figure 2.29: Deviation (%) between measurement method – measured by
LASER

To summarize the impact of the accelerometer, it depends on the di-
mension of the PCB, material properties, and board clamping condi-
tion. The amount of deviation is higher on customized PCB than refer-
ence B111A because the PCB is lighter; therefore, the mass effect of the
accelerometer is more significant. In this investigation, the accelerom-
eter is not the best option for measuring the vibration dynamic re-
sponse of the PCB at board level and module level. The further exper-
iments will be conducted under LDV.
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2.4.3 Strain Gauge

The strain gauge is generally made of a metal grid and attached to
the PCB. The resistance of the metal grid will be slightly changed
due to the deformation of the board under stress. This resistance dif-
ference can be furtherly calculated into board strain. In this section,
the strain gauge experimental test setup complying with IPC/JEDEC-
9704A [13] is implemented and verified. First, a 1.0mm2 and 2.0mm2

staked rosette (45°/90°/180°) which is a form of strain gauge contain-
ing three grids within the gauge sensor as shown in figure 2.30 is
recommended. In this thesis, uniaxial and rosette strain gauges are
used in the experiment. Normally, the strain value of the uniaxial
strain gauge will be slightly lower than the rosette. The resistance of
the strain gauge grid is either 120Ω or 350Ω. Under the same voltage
level, the heat generation will be reduced with higher resistance so
that the signal-to-noise ratio is improved.
Second, to measure the strain of the selected component, the intersec-
tion of the strain gauge grid needs to be placed 5 mm away from the
corner of the component as shown in figure 2.30. The 45° grid should
be perpendicular to the diagonal line of the package.

Figure 2.30: Recommended strain gauge placement and details

Third, the lead wire is recommended with 30 AWG and 1.5m to 2m
wire length. The strain gauges used in this thesis are 1.5m. The thicker
cable (24 AWG) is used, but the signal won’t be enormously deviated
once properly pre-heat the strain gauge. Fourth, the excitation volt-
age is recommended to be 2V, while it is mentioned that the supplier’s
suggestion (5V) should be followed. The sampling frequency is sug-
gested with 500Hz to 2000Hz. However, the Nyquist theorem which
the sampling rate needs to be 2 times of bandwidth must be fulfilled,
the sampling rate needs to be increased to apply on vibration test-
ing. Also, in [30] the author indicates that the minimum sampling
rate should be addressed for different test setups. A vibration test is
performed from 100 Hz to 2000 Hz on the B111A PCB with a different
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sampling rate. A proper sampling rate where the strain value starts
to saturate should be addressed. In figure 2.31, the strain value shows
saturation at around 350 microstrains. Therefore, the sampling rate
of strain gauge measurement should be over 5000Hz. In the further
strain measurement, a sampling rate of 7500Hz will be used.

Figure 2.31: Impact of sampling rate on strain gauge measurement

In the end, two mechanical test methods, the board level drop test,
and the board level bending test, are performed to verify the quantifi-
cation of the measured strain value and compare it with the literature
and simulation studies. Board level Drop tests are performed on the
B111A PCB with similar test parameters as [37]. In figure 2.32 (a), SG1

value in blue is compared with the setup used in this thesis.

Figure 2.32: B111A PCB layout (a) strain value drop test [37] (b) PCB used
in this thesis

Three drops are performed on the PCB in the figure 2.32 (b) with uniax-
ial strain gauge (120Ω grid resistance). The average maximum strain
is 1503 ± 37 as shown in figure 2.33. It is similar to the values ob-
served in the literature. The slight strain differences might be caused
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by different PCB manufacturing batch and strain gauge mounting ori-
entation.

Figure 2.33: Strain value of JEDEC B111A under drop test

A monotonic Bending test is also performed on the B111A PCB and
copper plate with the same dimension. A uniaxial strain gauge is
mounted on the center of PCB, and the measured strain will compare
with the numerical simulation results. As shown in figure 2.34, more
deviation happens with the bending displacement increase. This can
be caused by the assumption of PCB boundary condition in the model
is different from the actual clamping condition and mounting orienta-
tion of the strain gauge. However, both simulation and experimental
data show non-linearity on the copper plate once bending displace-
ment exceeds 1.5mm. The deviation of strain value measured under
0.5mm displacement is within 10%.

Figure 2.34: Stain value of JEDEC B111A under bending test and numerical
simulation
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Additionally, the strain data is processed by Fourier transform and
compared with vibration acceleration data measured by LASER in
terms of the resonance frequency. As figure 2.35 shown, the reso-
nance frequency is similar with only 1Hz deviation. This again veri-
fies strain gauge test setup is reliable.

Figure 2.35: Comparison between strain gauge and LASER - Input 5g

In conclusion, the strain gauge acquisition system is implemented
by complying with the IPC/JEDEC-9704A [13]. Different mechanical
testing techniques are used to verify the quantification of the strain
value. The strain measurement test setup can further be used for
vibration testing.



3 P C B DY N A M I C R E S P O N S E
C H A R A C T E R I Z AT I O N R E S U LT

3.1 board level (test board 1)
In the board level vibration characterization test, the radar sensor ap-
plication boards are characterized in three different forms as shown
in table 3.1. Three of them will be mounted on 4 standoffs by four M3

screws with 0.45 N·m as shown in figure 2.17 (a). To investigate fea-
tures of this PCB, the vibration test will be performed under different
test parameters [29]. The result will be recorded by the LDV.

Table 3.1: (a) bare PCB (b) assembly PCB (c) assembly PCB with connector

3.1.1 Board Level Vibration Characterization Result

Impact of Input Acceleration on PCB Dynamic Response
Experiment parameters and assembly processes that can affect the
dynamic response of the application-specific bare PCB will also be
characterized and investigated.
In the figure 3.1 the input acceleration of the shaker is changed be-
tween 1G and 20G, and the peak-to-peak displacement with respect
to the frequency is measured. With the amount of input energy in-
creasing, PCB peak-to-peak displacement is also increased by a factor
of 19.6 times. In Chapter4, different levels of stresses will be corre-
lated to the specific failure mode on a component or PCB. Also, the
resonance frequency is found decreasing from 1658Hz to 1629Hz. It
is not caused by the PCB but expected to come from the system setups
including fixture and standoff [29].

44
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Figure 3.1: Influence of input acceleration on PCB vibration dynamic re-
sponse

Impact of Assembling on PCB
The two types of assembly PCB are measured under 5G input vibra-
tion. In figure 3.2, the resonance frequency of assembly PCB and
assembly PCB with connector (table 3.1 (b) and (c)) is 1405Hz and
1235Hz. In general, the connector is used to drive the ICs and for
data communication in the radar module. The resonance frequency
of assembly PCB is reduced by around 15% due to the combinational
effect of mass and stiffness of the PCB. The weight of the PCB increases
from 4.9 gram to 7.8 gram because of assembled components and sol-
der joints. From the equation (1.8), the mass effect should decrease the
value of the resonance frequency by 20%, but the solder joints increase
the stiffness of the PCB which reduces the mass effect. Still, the mass
effect is dominant because the resonance frequency decreases. A sim-
ilar phenomenon happens when assembling the connector on the PCB.
The mass of the board is gained from 7.8 grams to 11.3 grams, and the
value of resonance frequency decreases from 1405Hz to 1235Hz. The
amount of mass increase by the connector is higher than the amount
of mass increase by components, while the resonance frequency re-
duces by 170Hz. The amount of the shift is reduced by 73Hz which is
owing to the increase in stiffness, and it is expected to come from the
connector.
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Figure 3.2: Influence of PCB forms on vibration response – Input 5g

In order to prove that the stiffness of the board is increased by the
connector, swept sine test from 100Hz to 2000Hz with 20G input is
performed. PCB assembly with soldered connector is stressed for ana-
lyzing the vibration response before and after the solder joint failure
on the connector. The test board had already been characterized nu-
merous times (N-1 times) with a lower input acceleration (1G and 5G),
but it is not expected to cause failure on the connector and significant
aging on PCB. The test with 20g input shows similar resonance fre-
quency in the first two swept in the figure 3.3. In N+2nd and N+3rd

runs, both resonance frequency decreases by 8Hz. Visual inspection
on the fixing point of the connector and PCB is found to be loose. The
connector solder joint cracks give the board freedom to move which
decreases the stiffness (Yong’s Modulus) of the board. In the further
test, the resonance peak shows an unusual shape, and it was found
that the connection pin and solder joints of the connector are broken.
To summarize, before the crack initiation, the resonance frequency
stays in similar values. However, when the crack forms, the bound
between PCB and connector is broken which reduces the stiffness of
the PCB, furtherly decrease the resonance frequency. After that, the
full crack on the connector, the connector and PCB were hitting each
other under vibration. This might cause the abnormal response on
the PCB.
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Figure 3.3: Influence of connector failure on vibration response – Input 20G

Impact of PCB Types
In the figure3.4, test board 1 is compared with the test board pre-
scribed in JEDEC B111A at board level by analyzing parameters in
equation (1.13). First, the dimension of board 1 is smaller than the
B111A and the mass is also significantly lighter. Even though Young’s
modulus of B111A is higher than board 1, the mass and form factor
is dominant (the a, b, and in equation (1.13) are higher) which causes
a 1210Hz difference between resonance frequency of bare B111A and
bare board 1. Besides that, B111A board is assembled with a 25mm×25mm
and 2.5 gram BGA component in the center of PCB. On board 1 compo-
nents including capacities, resistors, and chips with around 2.9 grams
are double-sided assembled. Two boards show an inverse trend on
resonance behavior after assembling components on the PCB. The res-
onance frequency of board 1 is dominated by the mass effect rather
than stiffness. However, the B111A shows a higher resonance fre-
quency after the assembly process, which shows stiffness dominant.
In [15], author states that this phenomenon is due to the parameter√

E/ρ.

Mass Dominates Stiffness Dominates√
E/ρ > 1

√
E/ρ < 1

Next, the bending cycle at resonance frequency under swept sine is
approximated with:

Bending cycle =
ln( fH

fL
)

0.69
× F

s
(3.1)

Where fH and fL are the higher and lower range of the resonance,
10% of the maximum acceleration or displacement is chosen. The f



3.1 board level (test board 1) 48

is the resonance frequency of the test board and s is the sweep rate
(oct/min) of the swept sine. The bending cycle and time duration
have been through the resonance are shown in the table below:

Table 3.2: Bending cycle and time duration under resonance mode

Figure 3.4: Impact of PCB type on board dynamic response – input 1G

To summarize, material property, dimension of the PCB has a great
impact on peak-to-peak displacement and bending cycle of the test
board. It is difficult to directly correlate these data to the solder joint
reliability performance under the test on different PCB. However, it is
expected to see the B111A is more critical than board 1.

Assessment on Stress Distribution
Component 2 is the largest package on this radar application board
and is therefore selected to assess the stress distribution as a function
of the component area. The dynamic response at four corners (Right-
top (RT), Right-bottom (RB), Left-top (LT), and Left-bottom (LB)) of
this package are measured using LASER. In figure 3.5, the stress can
be ranked in RT > RB � LT > LB. The measured position is closer
to the center, the acceleration is much higher. This can be explained
by assuming that the PCB’s motion is acting as a simple harmonic
vibration. The equation of displacement with respect to time can be
derived in:

Y = Yo sin(2π f ) (3.2)

The acceleration of the board is the second derivative:

Acceleration = Ÿ = −(2π f )2Yo sin(2π f ) = −(2π f )2Y (3.3)



3.2 module level (test board 1) 49

As the peak-to-peak displacement is smaller when approaching the
edge of PCB. The acceleration also decreases. On component 2, the
stress distribution is not symmetrical which higher stress level hap-
pens at the right side of it.

Figure 3.5: Dynamic response of the package corner – Input 5G

3.2 module level (test board 1)
In the module level vibration characterization test, the assembled PCB
is mounted onto a customized housing structure. PCB module is
clamped at the corners by M3 screws using 0.45 N·m torque. The four
edges of the PCB are simply supported by the heatsink. To assess the
impact of the housing structure on the PCB dynamic response, board
vibration response at the module level, different housing design con-
cepts will be discussed in this section. Same measurement units and
PCB type will be used as shown in Section3.1.

3.2.1 Module Level Vibration Characterization Result

Impact of Input Acceleration on PCB Dynamic Response
To assess the effect of the experimental parameter, the input acceler-
ation is changed from 1G to 20G. The peak-to-peak displacement is
found to increase from 0.002mm to 0.058mm (by a factor of 20). At
the same time, the resonance frequency decreases from 1761Hz to
1681Hz with the input energy increase as shown in figure 3.6. This
amount of shift is not expected to come from the PCB itself, but the
system stiffness changes [29]. Besides, the vibration response signal
at module level is not smooth as at board level response, this can be
due to the interaction between the board and heatsink. It is found that
this phenomenon becomes less with the input acceleration decreasing
because less vibration energy is applied to the board and heatsink.
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Figure 3.6: Influence of input acceleration on PCB vibration response

Impact of Assembling on PCB
In figure 3.7, two type of PCB assemblies (table 3.1(b) and (c)) are an-
alyzed at module level vibration test to compare it with the bare PCB.
The resonance frequency of the PCB assembly decreases by 2% when
compared to the bare PCB. According to the numerical calculation
equation (1.13), the resonance should decrease by 20% (if the stiffness
effect were ignored). This shows that the resonance of the assembly
PCB here is dominated by the mass effect more than the PCB stiff-
ness. Besides that, there are three peak-to-peak displacement peaks
of PCB assembly with connector are observed at 1402Hz, 1450Hz, and
1683Hz. The peak at around 1400Hz to 1450Hz is expected to come
from the connector. The connector vibration motion is coupled with
the vibration movement of the heatsink causing multiple peaks. Mul-
tiple peaks are not expected to come from the board itself, because
it does not be seen in figure 3.2. Similarly, if the stiffness effect were
neglected, the resonance of the PCB should decrease by 34% according
to the numerical calculation equation (1.13). However, that is not the
case here because the stiffness factor of the connector is decreasing
the amount of shift that should be caused by the mass.
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Figure 3.7: Impact of PCB type on vibration response at module level – In-
put 5G

3.3 impact of module design parameters
In this section, different electronic module design parameters, includ-
ing PCB clamping condition, housing or heatsink material, and hous-
ing construction mentioned in section 1.4.3 will be assessed by design-
ing a similar structure for the electronics module used in this thesis.

3.3.1 Impact of housing structure and material

In the figure 3.8, the bare customized PCB is tested under three dif-
ferent housing as introduced in figure 1.9 It is observed that the in-
crease in mass (from (a) to (c)) of the housing reflects on decrement
of the resonance frequency. Also, the wall structure of the housing (b)
changes the λ in the equation (1.13) causing the decrease in resonance
frequency. This phenomenon can also be due to the difference in the
amount of air in between the board and the heatsink. Air acts like
a damper to alter the resonance behavior. As for peak-to-peak dis-
placement, when the mass of the heatsink enhances, the momentum
of the system also increases. This causes the board to show higher
displacement. In conclusion, heatsink or housing is interacting with
the PCB vibration motion, and it changes its response to vibration
stresses. The stress of PCB can be effectively adjusted by modifying
the construction or changing the material of the housing.
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Figure 3.8: Impact of the housing construction

To show the influence of a not well-design housing structure, another
customized electronic module is characterized under vibration test.
The housing is constructed by two parts, the bottom plate, and the
box. The bottom plate is for fixation and the box is for placing the
board module. In figure 3.9, another customized electronics module is
characterized with and without the housing structure, and the plastic
housing is characterized under vibration test. In (A) the board is fixed
at the corner by four M3 screws with 0.45 N·m torque on the vibration
fixture which is close to the board level vibration setup. In (B) the
board is fixed on the housing and the entire module is bolted on the
vibration fixture by four M6 screws with 10 N·m that is a module-level
test setup.

Figure 3.9: Customized electronic module 2 (A) without housing (B) with
housing
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The vibration signal is measured by LASER at the center of the plastic
housing is shown using green line in figure 3.10. After a frequency of
around 920Hz, the level of acceleration increases with the frequency
rising. This is due to the motion of the bottom plate of the hous-
ing interacting with the vibration movement of the vibration fixture.
When the frequency increases, the number of impacts occurs more
frequently and thereby enlarges the stress level at components. If the
board is mounted inside this housing structure, this interaction be-
tween them will be coupling. The board vibration response will be
amplified. The board response measured at board level by LASER
is plotted using black line in figure 3.10. The first resonance peak
is found at 811Hz with an amplification factor of 7. Comparing the
board response at the module level, the first resonance peak shows
at 971Hz and the level of acceleration is 15G. Not only does the res-
onance frequency increase due to the change in the boundary condi-
tion, but also the acceleration peak increase by a factor of 2 because
of the coupling effect. To summarize, this experiment shows that an
inappropriate housing structure might lead to stresses being higher
than the stress measured at the board level set up.

Figure 3.10: Board dynamic response of customized electronic module 2 –
Input 1G

3.3.2 Impact of PCB Clamping Condition on Vibration Response

The PCB is fixed at four corners which is not the case in the electronic
module as shown in figure 1.8. An aluminum frame with 3mm thick
is placed on top of the PCB edges at electronic module as shown in
figure 3.11. It changes the boundary condition of the board from four
corners fixed with four simply supported edges to four fully clamping
edges and corners with 0.45 N·m.
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Figure 3.11: Clamping frame on electronic module

In figure 3.12, the dynamic response on assembled PCB is measured
at module level. A 5G input acceleration is demanded from the vi-
bration shaker. It is found that the resonance frequency increases by
8% when the boundary condition is changed to fully clamp which
reduces the PCB length and width that is required to be excited. Also,
the level of acceleration measured on the center of the board is an
increase from 136G to 195G. This dynamic response change is due
to the frame reduces the effective area of the board. In figure A.10,
all the numerical equations of resonance frequency under different
boundary conditions show that the increase in length and width of
the board can effectively increase the resonance frequency. Also, the
effective area of the board decrease, the same amount of energy trans-
fer from the shaker to the test board will move the lighter board. This
will increase the level of acceleration measured on the board.

Figure 3.12: Impact of boundary condition on PCB dynamic response

In some electronic modules, a rib structure is added around the chip
to constrain the motion of the PCB area surrounding semiconductor
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chips (as shown in figure 3.13) or to maintain structural integrity. By
doing this, the stress due to the vibration can be effectively reduced.
However, this structure can also bring unexpected strain due to in-
stallation errors. Four M2 screws are mounted to fix the frame with
0.2 Nm, while visual inspection or advanced analysis such as optical
profiling or strain gauge measurement is needed to assess if the board
is not bent leading to extra strains in the component vicinity.

Figure 3.13: PCB motion restricting frame

In figure 3.14, board dynamic response on the assembled PCB at mod-
ule level is measured. Input acceleration is set at 5G for the shaker.
It is observed that the chip frame can significantly reduce the stress
level introduced by the vibration. The effect of the rib can be taken
as a mass that is added to the board. This causes the resonance peak
to decrease to the lower frequency. Besides, the rib limits the board
vibrating toward the +Z direction which leads to a low level of accel-
eration.

Figure 3.14: Impact of motion restricting frame on board dynamic response
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3.3.3 Impact of Thermal Interface Material on Vibration Response

The housing structure of the electronic module normally contains a
heatsink to transfer the heat generating from the device. The TIM
made by high thermal conductivity material is placed between the
board and heatsink to improve the efficiency of thermal conduction.
In figure 3.15, thermal interface material is applied on the top of com-
ponent 2 and the bottom side of component 1. The board vibration
response will be investigated with two TIMs (Sil Pad [3] and Tflex 400

[8]).

Figure 3.15: Assembly with thermal interface material (TIM)

In figure 3.16, board dynamic response on the assembly PCB at mod-
ule level is measured. A 1G input acceleration is applied for the
shaker. The thermal interface material is placed between the PCB and
heatsink constrains the motion of the board vibrating toward -Z direc-
tion and damps the energy transfer from the shaker to the board. This
causes a significant decrease in the stress level. It can be found that
Tflex 400 shows a lower stress level than Sil Pad. It can be due to the
0.2mm thick difference between them which increase the damping.
In conclusion, TIM can effectively reduce the stress level of the board
under vibration and the effect is more obvious with TIM thickness
increasing.

Figure 3.16: Impact of the thermal interface material on PCB dynamic re-
sponse
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3.4 conclusion
According to the previous session of characterization results of the
PCB at board level and module level vibration test, the heatsink changes
the boundary condition of the board and it leads to differences in the
stress level in terms of strain, resonance frequency, peak-to-peak dis-
placement, and PCB peak acceleration. With these results the follow-
ing conclusion can be summarized:
Dynamic Response of PCB
When the PCB boundary condition is changed from fixed at four cor-
ners to fixed at four corners and four edges simply supported, The
motion of the board at the module level (with heatsink) is more re-
stricted compared to at board level. As shown in figure 3.17, PCB at
board level has higher peak-to-peak displacement than PCB at module
level. However, the same input is given to the shaker which means
similar energy is transfer to the module. The board at module shows
lower peak-to-peak displacement but the bending cycle at resonance
increases by 43%. To conclude, the vibration energy transfer to this
board-level setup and module-level setup is constant. The vibration
energy can be released on the board in two forms, peak-to-peak dis-
placement, and bending cycle. On this board, higher displacement
leads to a lower bending cycle under vibration or vice versa. As for
the resonance frequency increases by 5% at module level when com-
pared to the board level. This correlates to the formula in figure A.10

boundary condition 14 and condition 17 that more corners and edges
are supported or fixed, the higher resonance frequency will show.

Figure 3.17: Comparison between board level and module level - bare PCB
– Input 5G
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Board Strain
In the equation (1.18) and equation (1.27), the PCB strain is propor-
tional to acceleration and peak-to-peak displacement. In figure 3.18

the experiment result correlates with the numerical calculation. It is
observed that the increased rate of strain and peak-to-peak displace-
ment at the board level is 4 times larger than at the module level.
Similarly, this is caused by the boundary condition of the board. The
vibration energy releases in terms of the number of motions go up
and down rather than the displacement. In other words, the heatsink
acts as a damper between the board and fixture, this increases the
damping and thus reduces the stress-induced on the board.

Figure 3.18: Strain and Ptp displacement comparison under vibration test

Impact of PCB Vibration Measurement Method
In the figure 3.19, it is found that the mass of the accelerometer is
causing the decrease in resonance frequency. At the board level and
module level, the value of the resonance decreases by 9%. As for the
peak-to-peak displacement, the inverse trend is shown when mount-
ing the accelerometer on the board. The peak-to-peak displacement
decrease by 42% at the board level, while it increases by 58% at the
module level. Therefore, it can be concluded that the impact of the ac-
celerometer is larger at the module level than at the board level. How-
ever, a deviation that happens at both conditions may cause wrong
assessment on reliability vibration profile such as wrong or less criti-
cal frequency range is selected.

Figure 3.19: Comparison in impact of measurement at board level and mod-
ule level
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B OA R D M O D U L E L E V E L
R E L I A B I L I T Y A N D FA I L U R E
A N A LY S I S R E S U LT S

4.1 define vibration stress profile
To define a vibration profile for the test board 1 in table 2.1, PCB dy-
namic response parameters need to be taken into account. An ex-
perimental approach is designed to find the appropriate stress level
at which a component failure can be induced within a reasonable
amount of test time. As shown in figure 4.1, reference data and pre-
defined parameters will be used in the stress increment test and vi-
bration test in a different orientation. Vibration test parameters, such
as stress orientation, frequency range, acceleration level, type of vibra-
tion, and w/wo heatsink will be used to compose the final vibration
profile. In this section, each vibration test parameter will be intro-
duced and defined.

Figure 4.1: Test approach of defining vibration profile

• Reference and pre-define:

1. Stress orientation
In table 1.1, industrial standards state that the device should be
tested at X, Y, and Z directions. In field application, radar mod-
ule is commonly mounted in X and Y orientation as shown in
figure 4.2. However, the possibility of mounting the module in Z
orientation cannot be ignored. In this test, only the most critical
stress orientation will be tested because the most critical orienta-
tion is able to cover the vibration risk for less stress orientation.

59
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Therefore, the board stressed orientation is pre-defined at X, Y,
and Z. The strain gauge is used to evaluate the stress level to
determine the most critical test orientation.

Figure 4.2: Vibration fixture of X and Y orientation

2. Frequency range
The characterization result shown in section 3.1.1 and section
3.2.1, the assembly PCB at board level and module level vibra-
tion test has resonant frequency at around 1500Hz and 1700Hz
respectively. A restricted sinusoidal sweeping ±300Hz (roughly
±20% [29]) is pre-defined to perform at the resonance frequency
to stress the board at the most critical frequency range. As
for the random vibration test, the minimum and maximum fre-
quency test range in table 1.1 is taken into account which is from
5Hz to 2000Hz. However, the test starts from 10Hz due to the
shaker limitation.

3. Type of vibration
In section 1.4.1, the industrial standards state that both swept
sine and random test are performed for qualification test. There-
fore, swept sine and random tests are pre-defined for the stress
increment test, and the most critical one will be selected in the
end.

4. Acceleration level
The test input acceleration level is following the stress increment
test strategy. As shown in figure 4.3, the input for swept sine
and for random test start from 5G and 5Grms. It steps 5G and
5Grms in every 24hrs until 20G and 20Grms due to the constrain



4.1 define vibration stress profile 61

of the shaker. The final stress level will be selected at the level in
which component 1 or component 2 fails, and one step of stress
level lower will also be performed.

Figure 4.3: Stress increment test strategy and pre-defined parameters

5. With/without the heatsink
The board will be stressed with and without the heatsink in the
stress increment test. In the end, the most critical condition will
be selected in terms of component failure in the stress increment
test.

• Vibration test result:
1. Vibration test at X/Y/Z direction
Strain gauge close to the component vicinity is applied here to
assess the stress level under different vibration orientations of
the module. In figure 4.4, a swept sine vibration with input 20G
is performed on the module. As the strain value measured at
different vibration orientations shown in figure 4.4, the highest
strain is measured when PCB vibrate under Z direction which is
selected to be the test orientation.

Figure 4.4: PCB Strain under different vibration orientation
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2. Stress increment test
To find the failure margin in the suitable time frame, a test strat-
egy is proposed in the figure 4.3. As the pre-defined parameters
in the previous section, the stress increment test is performed
by following the table 4.1. Additionally, the failure criteria of
the test is set when the daisy chain resistance of component 1 or
component 2 exceeds 1000Ω as mentioned in section 1.4.4

Table 4.1: Pre-defined vibration test parameters

As shown in table 4.2 and table 4.3, component 1 doesn’t show
failure during the stress increment test. Also, both component
1 and component 2 have no failure shown at the module level
vibration test. However, component 2 is failed at the 15G sine
sweep vibration test.

Table 4.2: Stress increment test result under sinusoidal sweep vibration

Table 4.3: Stress increment test result under random vibration

• Post-define and results
1. Stress orientation
As shown in figure 4.4, the highest strain is measured when
the electronic module is stressed at Z orientation. Therefore, Z
orientation is chosen in the end.

2. Frequency range
As shown in figure 4.5 and figure 4.6, it is found that the board
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degradation in resonance frequency is not out of the pre-defined
frequency range at board level and module level. Therefore, the
frequency range keeps the same as in the stress increment test
for reliability test.

Figure 4.5: Aging process under vibration at module level

Figure 4.6: Aging process under vibration at board level

Besides this, it can be concluded that the degradation at the
board level is more obvious than at the module level. The max-
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imum degradation (22.5%) within 24 hours happens at board
level swept sine 15G. This can be due to component failure caus-
ing the stiffness decrements. The results correlate with the strain
degradation findings as shown in figure 4.7 and figure 4.8. The
highest strain increase rate also happens at the board level with
15G input acceleration.

Figure 4.7: PCB strain degradation at module

Figure 4.8: PCB strain degradation at board level

3. Type of vibration
As mentioned before, the most critical stress condition will be
chosen for the reliability vibration test. In table 4.3, no failures
at random vibration which can be summarized that the swept
sine profile used on this board is more critical than the random
profile. Therefore, swept sine is selected for the reliability test.
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4. Acceleration level
In the stress increment test, component 2 fails at 15G input
swept sine. As formerly mentioned, the stress level which fail-
ure happens will be selected for the reliability test, and one step
lower for stress level will also be selected to perform the test.

5. With/without the heatsink
In table 4.2 and table 4.3, the failure is not found when the board
is tested with heatsink. This can be due to that the board level
vibration stress is higher than at module as shown in figure 3.17.
As the result, the test will be performed without the heatsink.

4.2 reliability assessment results
In the reliability test, 15 and 12 samples are tested under 10G and 15G
input until component 1 or component 2 fail. The failure criteria are
set at the resistance of the daisy chain over 1000Ω. The Weibull distri-
bution is done for both component 1 and component 2. As shown in
figure 4.9, 10G input has the β = 0.86. The shape factor here at 10G is
low which is at the transition from early failure to random failure. At
15G input, the result shows that β = 1.5, similarly, this shape factor
is low which is at the transition from random failure mechanism to
wear-out failure mechanism. The characteristic life of component 2 at
10 G is at least enhanced by a factor of 20 compared to at 15G.

Figure 4.9: Weibull distribution of component 2 at 10G and 15G test result
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In the 10G and 15G vibration tests, no failures occurred on component
1. In figure 4.10, the Weibayes analysis, characteristic lifetime estima-
tion with 90% of the confidence bound is done for the component 1

at 10G and 15G input acceleration. According to the above results, it
can be concluded that stress under 15G vibration is more critical than
10G vibration for both component 1 and component 2, and the risk
for component 1 can be covered by component 2.

Figure 4.10: Weibayes distribution of component 1 at 10G and 15G input

4.3 failure modes and mechanisms
The failure analysis is performed with the following techniques: C-
SAM, LIT, and Cross-sectioning. As shown in figure 4.11 C-SAM and
LIT will be done first to address the failure localization of the com-
ponent. After the weakness of the component is localized, the cross-
sectioning will be done on the sample from the first fail, and the last
fail in the reliability test to explore the transition of failure mode.

Figure 4.11: Failure analysis flow
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In the C-SAM no component is found delaminated between the epoxy
molding compound and die. In LIT analysis, an unstressed and pass-
ing component is used as a reference to obtain the signature of the
components. As the figure 4.12 (B) shown, the color of the image took
by thermography is evenly distributed on the package. The red spot
is where the voltage fed into the component (Test Pad) which is not
caused by failure.

Figure 4.12: Reference board under LIT – component 2 (A) component view
(B) LIT

The sinusoidal sweep at module level with step stress test from 5G
to 20G shows no failure. As figure 4.12 shown, an evenly distributed
color seen under LIT implies no failure found.

Figure 4.13: Component 2 test under step stress test at module level (A)
component view (B) LIT

In figure 4.14 and figure 4.15, the failure component shows hot spot at
the top right corner and bottom left corner. This hot spot may cause
by the failure of the solder joint or PCB trace cracks. Therefore, the
cross-section will be done on the first column on the right side and
the first raw on the bottom side.

Figure 4.14: Component 2 test under step stress test at board level (A) com-
ponent view (B) LIT
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Figure 4.15: (A) LIT spot of 10G vibration reliability test (B) LIT spot of 15G
vibration reliability test

In planar lapping, under 10G reliability test no PCB cracks are found
as figure 4.16. Under the 15G reliability test, the first failure sample
also has no PCB Cu trace cracks found.

Figure 4.16: Planar lapping - 10G reliability test

Under cross-section, last fail sample from 15G reliability test three
type of failure modes, solder crack and Intermetallic composites (IMC)
crack both at the component side and PCB trace cracks are found in
figure 4.17.

Figure 4.17: Cross-sectioning – Input 15G

However, a partial fracture within bulk solder was found on the sam-
ples under the 10G reliability vibration test as shown in figure 4.18.
The possible failure mode is solder crack according to the results. Fur-
ther failure analysis should be done to investigate the failure in the
future.
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Figure 4.18: Cross-sectioning – Input 10G

In conclusion, the board is tested under 10G and 15G swept sine vi-
bration. No PCB crack is found from the first fail sample at both stress
levels. The last fail component at 10G is found partial fracture at bulk
solder (possible to have complete solder crack) but no PCB crack. At
15G, mix fracture through IMC layer and bulk solder, and PCB trace
crack is found in the last fail sample.

4.4 correlation to other mechanical test
methods

Monotonic bent test and drop test are also performed on component 2.
The drop test setup in [35] test method C is referred to. As the figure
is shown, the PCB trace cracks are found in the bending test with strain
7485 and strain rate 0.005s−1. In the drop test, the complete fracture
within IMC is found with strain rate 5.66s−1 in figure 4.20.

Figure 4.19: Cross-sectioning of component 2 under Monotonic bend testing
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Figure 4.20: Cross-sectioning of component 2 under board level drop test

As the result shown above, it can be concluded that the transition in
failure mode from solder crack to IMC crack with the strain rate and
strain increasing. This can be due to the IMC is normally a brittle
material. The strength will decrease with the strain rate increase. A
similar phenomenon is found in the [22].

Table 4.4: Summary of mechanical test result of component 2

In figure 4.21, the strain rate is observed that increases with the in-
put acceleration level rising. Also, in session 3.1.1, it is mentioned
that the acceleration measured on the PCB increases with the input
acceleration increasing. Therefore, it is convincing that the accelera-
tion measured on the board higher will show a larger strain rate on
the board. The failure mode will tend to happen with IMC for this
package.
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Figure 4.21: Strain rate and strain at different input acceleration

The plastic housing structure in figure 3.9 which has a larger ampli-
fication factor. The customized board 1 is also tested in that plastic
housing structure. As expected, the level of acceleration is amplified
due to the housing structure. This will cause a higher strain and strain
rate as the conclusion from the previous session.

Figure 4.22: PCB vibration dynamic response in customized housing 2

As figure 4.23 shown, not only complete solder crack is found at the
component side in the corner solder joint, but also complete IMC crack
is found at the PCB side. Also, some partial fractures initial from the
IMC. This correlates to the previous conclusion.
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Figure 4.23: Cross-sectioning of component 2 in customized housing 2



5 C O N C L U S I O N A N D F U T U R E
W O R K

5.1 conclusion
Revolutionary changes in the automotive industry toward fully con-
nected electrical vehicles are changing the world of board-level relia-
bility (BLR) vibration testing. It is taking BLR tests beyond board level
to board module level. From this thesis, the impact of sensors such as
MEMS-based accelerometer, LASER, piezoelectric accelerometer, and
strain gauge are demonstrated. The influence of module elements on
board vibration response is also introduced. In the end, the board
degradation during the vibration is explored by different sensors. Ac-
cording to these results, the following conclusions are summarized:

• This study can be used as a reference for chip suppliers to an-
swer the module developers’ questions related to vibration risks.
Also, it shows that housing induces the maximum impact on vi-
bration response.

• Using the accelerometer, contact-based measurement method on
this application-specific PCB in this thesis is not the most appro-
priate sensor to measure the board dynamic response. LASER
can measure the board response without perturbing the motion
at both board level and module level. The strain gauge is an-
other reliable measurement method that can be used on this
board under vibration.

• Module elements, housing structure, TIM, motion restricting frame
and boundary frame are crucial especially for the product will
be stressed under vibration. Some of these design elements can
decrease the stress level, but some can induce more stress on the
board. To conclude, TIM, a motion restricting frame can effec-
tively reduce the stress level on the board. A housing structure
can either amplify or reduce the response on the board as shown
in figure 3.9 and figure 3.17.

• The selected reliability test condition is expected to cover the
vibration risk for vibration measured in the field application.

• This automotive PCB radar module degrades more when tested
under board level swept sine experiment (maximum at 15G).
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The reliability margin for component 1 is bigger than compo-
nent 2 and the transition in failure mode from solder crack to
IMC crack with the strain and strain rate increasing.

5.2 recommendations and future work
The research done in the thesis investigates the reliability performance
and PCB mechanical behavior under vibration loading at board level
and module level. The following recommendations and future works
can be furtherly explored:

• In section 2.4, the impact of the accelerometer is discovered that
it is not a proper measurement method for the board used in
this thesis. However, various PCBs are used for different pur-
poses of reliability tests in different companies. There is no guid-
ance in terms of PCB weight, dimension, and material property
(Young’s modulus and Poisson ratio) to indicate whether the ac-
celerometer will cause a significant impact on the measurement
result. Upcoming board-level specification is recommended to
include the instruction of measurement method. The correlation
between measurement method and PCB characteristics should be
evaluated.

• An electronic radar module can have various constructions. In
this thesis, the impact of thermal interface material, motion re-
stricting from, housing material, and edge frame on the board
vibration response have been discovered. The influence from
other elements such as stacked PCB configuration, sealant, and
radome, etc. should be assessed in the future.

• In section 4.1, vibration experimental parameters are recorded
and analyzed during the reliability test. However, the environ-
mental parameters such as temperature, humidity, and air pres-
sure haven’t been considered in the test. The degradation of
board shift in resonant frequency, changes in strain measured
on the PCB is expected to be different. Besides, the construction
of the module can also play an important role under vibration
stresses. The correlation between board degradation and mod-
ule construction should be furtherly studied.

• The purpose of investigating and collecting the vibration data
in different structures aims at a bigger picture. In current tech-
nology, it is still a challenge that the failure that happened on
a device cannot be precisely predicted. Data-driven vibration
reliability brings up a potential solution. The vibration response
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can be recorded by MEMS based accelerometer and processed by
a machine learning algorithm. Once the board character parame-
ters are out of the normal range, the failure should be capable of
detecting. However, a parameter that can effectively be related
to the failure must be furtherly explored.

• The vibration data should be collected on more critical housing
construction and in the field during car operation. This data can
furtherly be used in the lab to simulate the vibration risk and to
develop board-level vibration standards.
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A A P P E N D I C E S

a.1 industrial vibration specification de-
tails

IEC 60068-2-64 Spectrum A.3:

Figure A.1: Vibration profile - equipment in wheeled vehicles [25]

Table A.1: Break points for spectrum of - equipment in wheeled vehicles [25]

ISO 16750-3 4.1.2.4:
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Figure A.2: Vibration profile – Passenger car, sprung masses [26]

Table A.2: Break points for spectrum of ISO 16750-3 4.1.2.4 [26]

ISO 16750-3 4.1.2.5:

Figure A.3: Vibration profile – Passenger car, unsprung masses [26]
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Table A.3: Break points for spectrum of ISO 16750-3 4.1.2.5 [26]

ISO 16750-3 4.1.2:

Figure A.4: Vibration profile – Passenger car, engine [26]

MIL-STD-819G Method 514.6 Annex C:

Figure A.5: Vibration profile – wheeled vehicle vibration exposure [24]



a.1 industrial vibration specification details 83

Table A.4: Break point of spectrum of MIL-STD-819G Method 514.6 Annex
C [24]

GMW 3172:

Figure A.6: Vibration profile – (a) 9.3.1.1 (b) 9.3.1.2 (c) 9.3.1.3 [10]



a.2 electronic module vibration characterization with damper 84

a.2 electronic module vibration charac-
terization with damper

Figure A.7: Heatsink vibration response with damper-1

Figure A.8: Heatsink vibration response with damper-2
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Figure A.9: Heatsink vibration response with damper-4

a.3 additional information

Figure A.10: Resonant frequency equations for uniform plates [33]

Figure A.11: Numbering solder joints for component 2
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