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ABSTRACT 
Noise and vibration (N&V) are important and critical issues in vehicle engineering. This work 
aims to provide an overview on how to deal with N&V problems and employ the spirits of 
Industry 4.0, i.e. feedback for IoT (Internet of Things) and solution for CPS (Cyber-Physical 
System). Six different stages of engineering design are introduced and related to vehicle design, 
particularly involving with N&V concerns. First, the fundamental knowledge regarding to 
solving N&V problem will be briefly discussed. Some important terminology for sound and 
vibration will be addressed. Both analytical and experimental approaches are systematically 
presented with conceptual block diagram, such as SPR (Source-Path-Receiver) and ISO 
(Input-System-Output) as well as system and component levels. The general procedure to 
perform engineering design, i.e. the numerical approach as “FCAICI” and the experimental 
approach as “FSMICI”, is then proposed and shown to demonstrate the product development 
and improvement base on concept of “feedback” and “solution.” The N&V diagnosis 
approach is also presented from the definition of the N&V problem and analysis objectives to 
the layout of dealing with N&V. Finally, the recommendation for future development of 
treating N&V issues inherently adopting IoT and CPS concepts is shown. This work may not 
address all of N&V aspects but provide the guide for engineers and managers to precede their 
works on N&V problems. 

 
Keywords: Noise and vibration (N&V), Internet of Things (IoT), Cyber-Physical System 
(CPS), source-path-receiver (SPR), input-system-output (ISO). 
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1.  INTRODUCTION 
Noise, vibration and harshness (NVH) is of importance in 
vehicle engineering. Noise and vibration (N&V) may also 
be a short and concise term for dealing vehicle design and 
related to ride comfort and ride quality. Other than the noise 
emission affecting the passengers inside of vehicle, the noise 
radiation from vehicles also contributes to environmental 
noise. Study shows the transportation noise may increase the 
cardiovascular risk [1].  
 
COST (European Cooperation in Science and Technology) 
initiated Action TU1105 in 2012 to engage NVH experts in 
the accumulation, development and dissemination of novel 
techniques for the analysis, design and optimization of hybrid 
and electric vehicle. The progressive report “NVH analysis 
techniques for design and optimization of hybrid and electric 
vehicles” [2] was documented in 2016. This attempt is to deal 
with common NVH issue not only for consumer comfort and 
safety concern but also for ecologic and economic constraints. 
COST Action TU1105 can inspire us to examine vehicle’s 
NVH in a highly global aspect.  
 
For treating NVH problems, the solution techniques can be 
categorized into experimental and analytical/numerical 
approaches [3-5]. The TUD 1105 Year 1 WG1 task extended 
scientific report [6] presented the review on the state-of-the 

art of NVH techniques concerning Internal Combustion 
Engine (ICE) and Electric vehicle (EV). Although the NVH 
techniques can be commonly adopted for EV and ICE, the 
noise and vibration behaviors can be different, such as 
sources, structure of system, masking effect, etc. 
 
Industry 4.0 is drawn much attention recently. Wang [7] 
indicated that the spirits of Industry 4.0 can be Feedback for 
Internet of Things (IoT) and Solution for Cyber-Physical 
System (CPS). Although the development and implement of 
Industry 4.0 may dedicate to any product design and 
manufacture, the involved NVH issues can also be carried out 
under the spirits of Industry 4.0. This work will briefly review 
the content of Industry 4.0 and link to NVH techniques 
development. 
 
This work focuses on the NVH issue related to vehicle 
engineering. The fundamentals of sound and vibration will 
be introduced first. The general approach in dealing NVH 
problem to combine both analysis and experiment will be 
addressed by “FSMICI” and “FCAICI” procedures. In 
particular, the practical application to NVH diagnosis and 
improvement is then demonstrated with case studies. This 
work will hopefully provide with guidelines from the 
fundamentals of NVH to feedback and solution techniques in 
solving NVH problems. 
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2.  SPIRITS OF INDUSTRY 4.0 
Industry 4.0 may have first been proposed by Germany in 
2012, and Productivity 4.0 is formulated in Taiwan. The 
development proposal for Productivity 4.0 was proposed by 
Executive Yuan of Taiwan in 2015 [8]. People agree that 
Industry 4.0 may bring about the fourth industrial 
revolution, and there are two major issues for Industry 4.0: 
Internet of Things (IoT) and Cyber-Physical Systems 
(CPS) [9]. Base on the spiritual concept of Industry 4.0, this 
paper proposes two keywords, i.e. Feedback and Solution. 
 
Figure 1(a) may simply define the production process that the 
raw material is input to the factory and made for the product 
via design and manufacture. Figure 1(b) includes Feedback 
and Solution into the production process. The product 
information from the market is feedback to compare with the 
ideal product so as to seek for the solutions for design and 
manufacture as required. The abilities to Feedback and 
Solutions for design and manufacture are critical and defined 
as follows: 
1. Feedback: the ability to collect and analyze the product 

information either in the development stage or even in the 
market. There must have the mechanism in sensing and 
collecting data as well as analyzing data to provide useful 
information for product improvement or other purposes. 

2. Solution: the ability to solve for the needs and problems 
from feedback information about the product either in 
design or manufacturing stage. The analysis and testing 
skills for product design on the design verification (DV) 
and product validation (PV) are essential issues, and so 
are manufacturing aspects, such as smart and flexible 
manufacturing, etc. 

 
For the spirits of Industry 4.0, Feedback is basically for 
IoT and Solution is for CPS. Figure 2 shows another 
perspective for product development process with Feedback 
and Solution. There may have three steps: 
1. Feedback: the information may come from the market 

investigation or from the product testing during design or 
manufacture. The proper product specification can be well 
defined base on the feedback information. 

2. Design: the design can be preceded according to the 
specification, and the sample or prototype of product can 
be fabricated. Design verification (DV) and product 
validation (PV) must be carried out either numerically or 
experimentally to ensure the product will meet the 
specification. 

3. Manufacture: only the product is passed for DV and PV, 
then the product can be in mass production and export to 
the market. 

 
The production process from Feedback, Design to 
Manufacture can be iterative until the right product made for 
the market. One can observe that Figure 2 shows above three 
stages of product development process and conforms to 
Figure 1(b). In summary, Feedback needs the IoT 
infrastructure, while Solutions for design and manufacture 
need different CPS elements. 
 
Figure 3 reveals six different stages of engineering designs, 
i.e. design for function, safety, performance, quality, 
reliability and, finally, the brand. Federal Motor Vehicle 

Safety Standards (FMVSS) [10], the U.S. federal regulations 
specifying design, construction, performance, and durability 
requirement for motor vehicle, can be a good example in 
discussing vehicle design regarding the six stages. NVH 
related techniques are crucial to each stage of design. As 
shown in Figure 4, the vehicle system can contain lots of 
sub-systems. Almost all of the sub-systems are involved with 
NVH issues. This work do not intend to cover all the aspects 
for vehicle design related to NVH but lay out the 
fundamentals of sound and vibration as well as the 
systematic approach in dealing NVH problems as the 
guidelines for engineers. 
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(b) Production process with feedback and solution 

Figure 1: Production process. (a) without feedback and solution, (b) with 
feedback and solution. 
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Figure 2: Product development process with feedback and solution. 
  

功能
Function

安全
Safety

性能
Performance

品質
Quality

可靠度
Reliability

品牌
Brand  

Figure 3: Six different stages of engineering design. 
 

 
Figure 4: Overview of vehicle system: 
http://schoolworkhelper.net/vehicle-systems-overview/  

3. FUNDAMENTAL KNOWLEDGE OF SOUND AND 
VIBRATION 
This section will briefly introduce the theoretical background 
of sound and vibration. Section 3.1 shows different aspects of 
system block diagrams. Sections 3.2 and 3.3, respectively, 
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show important terminology for vibration and acoustic 
analysis. Section 3.4 illustrates the important concept about 
system consisting of sub-systems and components. 
  
3.1 System block diagrams for ISO and SPR 
Figure 5 shows the system block diagram from different 
aspects. Figure 5(a) is the “ISO” block diagram where ISO is 
known as input-system-output. Another point of view for 
system block diagram is SPR as shown in Figure 5(b). The 
common way to interpret SPR is source-path-receiver, in 
which receiver is also equivalent to response. 
 
Figure 5(c) can be simply shortened as “FGMBIR”. F 
stands for force, i.e. loading conditions including the time 
variant loads and system initial conditions. The types of 
forces or loadings can be the concentrated force or moment, 
pressure, etc. Other than the force type loadings, the base 
excitation input can also be modeled by displacement type of 
input as well as velocity or acceleration depending on the 
requirement of practical system. Typical loadings for a 
vehicle can be the equivalent tire forces, engine mounting 
loadings, pavement surface inputs, aerodynamic forces, etc. 
 
Regarding to the system, GMBI are key system parameters to 
be specified and discussed as follows: 
1. Geometry: A structural system needs clear definition for 

its geometry shape and dimensions. 
2. Material: Each part or sub-system of structure system 

requires the appropriate material model to simulate every 
component and up to sub-system and system level. The 
most typical and simple material model is isotropic, where 
Young’s modulus and Poisson ratio of material are basic 
parameters. For vibration and dynamic analysis, the 
density of materials is also required. 

3. Boundary: The system boundary conditions can be 
straight forward; however, the assumption of boundary 
needs to be carefully defined to simulate actual boundary 
and obtain the equivalent boundary conditions properly. 

4. Interface: The interface means to describe the behavior 
between joint parts or mounting condition between 
components. The jointed members can be treated as 
welding, bolt jointed, adhesive, sliding contact, etc. The 
joint interfaces among all components need clear 
definition for all of the interacting interfaces between one 
and another component. 

 
R is the response referred to the output of the system. Typical 
interest items in structural mechanics are displacement, strain, 
stress, velocity, acceleration, reaction force, etc. 
  
Figure 6 shows the SPR diagram for noise and vibration 
(N&V). The key features in Figure 6 are summarized as 
follows: 
 For structural related N&V, there are two paths, including 

structural path and air path. 
 The source is specified as ( )jf t  in Figure 6 representing 

the input of the system where j implies the location and 
direction of force. 

 The vibration response at the structure can be the 
displacement output, ( )iu t , while the noise response in the 
air is the sound pressure, ( )kp t . 

 The R-test or R-analysis can be performed on the 
structure only or involving the air path to determine 
structural vibration or sound response via either 
experimental test (R-test) or analytical/numerical solution 
(R-analysis). 

 The P-test or P-analysis is the system analysis and can be 
done by experimental or analytical/numerical approach. 
For P-test on structure, experimental modal analysis 
(EMA) is the typical method. 
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Figure 5: System Concept block diagram. (a) ISO, (b) SPR, (c) FGMBI 
R. 
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Figure 6: SPR diagram for noise and vibration (N&V). 
 
Figures 7(a), 7(b) and 7(c), respectively, show the physical 
domain, modal domain and frequency domain for the system 
block diagrams of air-structure system [11]. Figure 7(a) 
shows the system block diagram of air-structure system in 
physical domain. The dotted line block in Figure 7(a) 
represents the structure-only system which equations can be 
expressed as follows: 

[ ]{ } [ ]{ } [ ]{ } { } [ ]{ }s s s sM u C u K u F R p+ + = +   (1) 

where [ ]sM , [ ]sC , [ ]sK  and [ ]R  are the structural mass, 
damping, stiffness and vibro-acoustic coupling matrices, 
respectively; { }u , { }u , and { }u  are the displacement, 
velocity, and acceleration vector on the structure; { }p  is the 
acoustic pressure vector. The [ ]R  term in Eq. (1) is not 
effective for the structure-only system. 
 
The air-path system equations can be expressed as follows: 

0[ ]{ } [ ]{ } [ ]{ } { } [ ] { }T
f f f fM p C p K p F R uρ+ + = −    (2)  

where [ ]fM , [ ]fC  and [ ]fK  are the air (fluid) mass, 
damping and stiffness matrices, respectively; 0ρ  is the air 
density, and the associate term represents the air-structure 
interface loading to the air; { }fF  is the acoustic loading 
vector. The integrated air-structure system equation can be 
derived as follows: 
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(c) Frequency domain 

Figure 7: System block diagram of air-structure field analysis [11]. 
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or in the simple expression: 
[ ]{ } [ ]{ } [ ]{ } { }M x C x K x f+ + =   (4)  

 
For the structure-only system, the [ ]R  term in Eq. (1) can 
be ignored such that Eq. (1) has the same form as Eq. (4). For 
harmonic response analysis, the harmonic solutions of 
{ } { } i tf F e ω= , { } { } i tu U e ω=  and { } { } i tp P e ω=  can be 
assumed and so forth the system equations can be formulated 
as follows: 

2([ ] [ ]) { } [ ]{ } { }K M X i C X Fω ω − + =   (5)  

where 2 fω π= . ω  is the frequency in rad/sec and f in Hz. 
By ignoring the force vector and neglecting damping term, 
the undamped structure-only system natural frequencies 

rf and corresponding mode shapes ( )r sφ , or simply denoted 

rφ , can be obtained as shown in Figure 7(b). Note that the 

modal damping ratio rζ can only be determined from 
experiments. If the air-structure system is considered, the 
system modal parameters are shown as rf , rφ  and rζ , 
respectively. It is noted that both the structure-only natural 
frequency rf and the air-structure natural frequency 

rf are different theoretically. While rφ  designates the 

structural displacement mode shape, rφ is referred to the 
air-structure system mode shapes that can contain the 
structural displacement mode shape ( )r sφ  and the air 

acoustic mode shape ( )r aφ , i.e., the radiated sound pressure 
mode shape. 
  
Referring to Figure 7(c) in the aspect of frequency domain, 
one can measure the acceleration at i location designated 

( )ia t  and the sound pressure at k location ( )kp t  when the 
point force is applied at j location ( )jf t . In experiments, one 
can measure , ( )

i ja fH f , which is the frequency response 

function (FRF) between ( )jf t  and ( )ia t , and , ( )
k jp fH f  the 

FRF between ( )jf t  and ( )kp t , respectively.  The FRFs can 
be obtained, respectively, from simulation and experimental 
modal analysis (EMA), i.e. P-analysis and P-test. 
 
It is noted that there are two types of R-tests, i.e. R-test for 
vibration and R-test for sound. The conventional sensors for 
vibration and sound measurement are accelerometers and 
microphones, respectively. Other than time domain response 

( )ia t  and ( )kp t , the interested quantities are the auto power 
spectral density (PSD) functions ( )

i ia aG f  and ( )
k kp pG f . 

 
3.2 Vibration and dynamic 
Both vibration and dynamic are nearly equivalent and base 
on the Newton’s Second Law. Structural vibration can be 
viewed as microscopic point of view, while structural 
dynamic is macroscopic. For example of vehicle dynamic, 
the accelerating and braking performance of vehicle are 
analyzed to characterize the vehicle motion. The vehicle 
vibration is generally referred to structural local vibration 
due to incurred external excitation on the vehicle structure. In 
fact, either vibration or dynamic analysis can be categorized 
with four types of analysis. Wang [12] details the procedures 
and theoretical formulations for four types of vibration 
analysis of continuous system. Figure 8 shows the system 
block diagram for four types of vibration analysis. 
1. Modal Analysis (MA): Structural modal parameters, 

including natural frequency, mode shape and modal 
damping ratio, can be obtained from modal analysis via 
experiment or analysis. It is noted that modal damping 
ratio can only be determined through experiments. Modal 
parameters are the system information in modal domain. 
Either theoretical modal analysis (TMA) or experimental 
modal analysis (EMA) can be carried out and termed as 
P-analysis or P-test, respectively.  

2. Harmonic Response Analysis (HRA): Two important 
indices, i.e. frequency response function (FRF) and 
operational deflection shape (ODS), can be obtained 
from harmonic response analysis. Base on the assumption 
of harmonic excitation, the steady state response will also 
be harmonic. The FRF or transfer function between the 
specified input and interested output can be determined. 
Noted that obtaining FRF is P-analysis or P-test, because 
FRF is the system property regarding the transfer path 
analysis (TPA). The ODS can be viewed as the steady 
state response of system output and so forth obtaining 
ODS is a type of R-analysis or R-test. 

3. Transient Response Analysis (TRA): TRA is a kind of 
R-analysis. If the experimental approach is adopted to 
measure the time domain system response, i.e. R-test. 
From ISO or SPR block diagram, one should define the 
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input for loadings and the complete system information 
before TRA and can obtain structural transient response 
output verse time. 

4. Spectrum Response Analysis (SRA): When the system is 
subject to the inherently random type of input such as 
irregular random pavement surface excitation, the 
frequency domain analysis, i.e. SRA, is generally adopted 
instead of TRA for efficient and effective solution. 

 
Figure 9 shows the study of 3-DOF vibration system of a 
quarter car model. The analytical approach starts from the 
mathematical model of the quarter car with 3-DOF, i.e. 
driver, sprung mass and un-sprung mass. And those 
connections include springs and dampers for seat, 
suspension and tire, respectively. The system equation can be 
the coupled ordinary differential equations as shown for 
typical base excitation MDOF system. The analytical 
solutions from MA, HRA, TRA and SRA are, respectively, 
revealed. 
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Figure 8: System block diagram for four types of vibration analysis. 
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Figure 9: 3-DOF vibration system of quarter car model for four types of 
vibration analysis. 
 
3.3 Acoustics: sound/noise 
Acoustics is the science to study sound, and noise can be 
considered when the sound is unwanted, undesirable, 
disturbance, annoyance, etc. Sound generation mechanism 
can be simply divided into two types, i.e. flow-induced 
sound and structural vibration induced sound. From 
KangXiZiDdian, an ancient Chinese Dictionary, sound 
generation is described as the interaction between flow and 
body. This physical phenomenon is well interpreted. The 
other way to examine the sound propagation is the 
structure-borne sound and air-borne sound. 
 
The basic physical parameter to characterize sound is the 
sound pressure, i.e. the atmosphere pressure fluctuation due 
to disturbance. When we use microphone to measure the 
sound, the time response of the atmosphere pressure 
fluctuation ( )p t  is recorded as shown in Figure 10. One 

should note that sound can propagate along space. Figure 11 
depicts a harmonic sound wave ( , )p x t  in time and spatial 
domains. Some terminologies are also noted in Figure 11. 
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Figure 10: Sound pressure response in time domain. 
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Figure 11: Harmonic sound wave in time domain and spatial domain. 
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Figure 12: Signal process block diagram for sound pressure. 
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Figure 13: Example for typical signal processing of sound pressure. 
 
The sound pressure is in Pa and generally expressed by sound 
pressure level (SPL) defined as follows: 

20logP
ref

PL
P

 
=   

 
 (6)  

where P  is the measured sound pressure, and 
620 10 ParefP −= ×  is the reference sound pressure that is 

considered the hearing threshold of human ear. The unit of 
SPL is dB 6 20 10 Pare −× . 
 
It is also noted that the sound pressure response ( )p t  can be 
measured and processed to obtain its quantities in frequency 
domain. Figure 12 shows the signal process to obtain Fourier 
spectrum ( )P f , auto PSD spectrum ( )PPG f , 1/3 octave 

band spectrum ,1/3 ( )PP cG f and SPL PL  from the time 
domain data ( )p t . Figure 13 is some typical signals. Note 
that the overall SPL accounts for all frequency effect and can 
be expressed by dB or dBA. dB is the summation of SPL at 
all of central frequency cf  without weighting, while dBA is 
the A-weighted SPL. Figure 14 depicts the measured 1/3 
octave band spectrum and the A-weighted SPL distribution. 
 
In addition to the sound pressure level (SPL), two other 
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fundamental indices for sound are sound intensity level (SIL) 
and sound power level (SWL). It is noted that sound 
intensity can be experimentally measured by the intensity 
probe that consists of two microphones, while sound power 
can only be measured indirectly from sound pressure or sound 
intensity. 
 
Figure 15 shows a typical time-frequency plot obtained by 
short time Fourier transform (STFT). Such a signal 
process is also known order tracking analysis. Some other 
techniques to analyze signal’s time-frequency properties 
include wavelet transform, Hilbert transform, etc. Among 
all of those quantities shown in Figure 12 for sound analysis, 
they are indices for R-test and can also be obtained from 
numerical simulation, i.e. R-analysis.  

 
3.4 System – Sub-system – Component 
As we discuss about the system characteristics of structural 
vibration and sound generation mechanism in previous 
sections, one should note that the vehicle system can contain a 
lot of sub-systems as shown in Figure 4. Almost all of the 
sub-systems are involved with NVH issues. Figure 5(c) 
addresses the important concept about the system, i.e. GMBI. 
In examining the system or sub-system N&V phenomenon, 
engineer should keep in mind about the system parameters 
including GMBI. Engineer may decouple the system to 
several sub-systems or components to do analysis or testing. 
Although Geometry and Materials are the same with no 
doubt, Boundary and Interface may alter their conditions 
from system to sub-systems or components. Engineer should 
be careful in evaluating system response to consider whether 
the structure is in system level, sub-system level or 
component level. When different levels of a structure system 
are to be compared, the system parameters, i.e. GMBI, should 
be equivalent in priori. 
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Figure 14: Example of measured 1/3 octave band spectrum and calculation of 
dB and dBA. 
 

 
Figure 15: Example of time-frequency plot analysis. 
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(a) flange types of mode shapes 
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(b) web types of mode shapes 
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(c) tyre types of mode shapes 
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(d) hub types of mode shapes 

Figure 16: Example of global modes and local modes for a steel track wheel 
[13]. 
 
The followings show the interpretation of structural vibration 
modes. There are two types of vibration modes: rigid body 
modes and flexible body modes. For rigid body modes, there 
are three translational modes and three rotational modes. 
The flexible body modes can contain global modes and local 
modes. Figure 16 shows the example of vibration modes for 
the steel wheel in free boundary condition, and only those 
flexible body modes are revealed [13]. 
 Figure 16(a) shows the flange type of modes that are 

actually the global modes of the wheel. 
 Figure 16(b) shows the web type of modes in which only 

web vibrates and flange and hub are hardly moved. The 
web-vibration only is the local modes of vibration. 

 Figure 16(c) shows the tyre type of modes that the tyre 
vibrates radially and incurs the else parts of wheel also 
vibrating accordingly. Nevertheless, the tyre modes can be 
categorized the local modes in nature. 

 Figure 16(d) shows the hub type of modes that are also the 
local modes. The hub vibrates and incurs the motion of 
web, while the flange nearly does not vibrate. 

 
From Figure 16, the important concept is that the assembly 

2017 National Conference on Vehicle Engineering and Advanced Energy Technology

6



structure system has its vibration modes that can be 
distinguished as global modes and local modes. When the 
sub-system or component were tested or analyzed, the 
component’s vibration modes may not be directly linked to 
the assembly structure system because the Boundary and 
Interface are different inherently. In summary, either 
R-test/P-test or R-analysis/P-analysis can be conducted to 
characterize the system, sub-system and component levels. 
The comparative study among different levels of the same 
system should be aware of the equivalent condition of the 
structures, i.e. the equivalent GMBI. 
 

4. GENERAL APPROACH IN PRODUCT 
DEVELOPMENT AND IMPROVEMENT 
Product development requires design verification (DV) and 
product validation (PV) to ensure the product can fulfill the 
requirement for its function, safety, performance, quality 
and reliability in different engineering design aspects of 
concerns as shown in Figure 3. Once the product can meet 
those five characteristics, the brand image can be built and 
value-added. 
 
During the product development, Figure 17 proposes both 
analytical/numerical and experimental approaches in a 
systematic way, not only for treating NVH problems but also 
suitable for general engineering design cases. From Figure 17, 
the analytical and numerical approach can be abbreviated as 
“FCAICI” and the experimental approach as “FSMICI”, 
respectively. The steps to adopt the procedures are discussed 
as follows: 
1. Function: When a task or project is undertaken, engineer 

has to clearly define the purpose of the task. The tip is to 
clarify “why to do the task?” and “what goals to achieve 
after the task?” In other words, engineer has to define the 
problem and the project’s objectives. Then, engineer can 
start planning the following works accordingly.  

2. Index: Before proceeding analytical/numerical or 
experimental approach on the predefined problem, one 
must know what “index” to be evaluated. For example, the 
SPL is frequently used to judge the product noise 
condition.  

3. Criterion: There must be some acceptance “criterion” 
corresponding to the index, e.g. SPL is less than 70 dBA. 
Here SPL is the index, and 70dBA is the criterion. Noted 
that one can obtain the corresponding value of the index 
and check if the value meets the criterion. If not, the 
improvement procedure needs to be conducted in the next 
step.  

4. Improvement: If the product exceeds the acceptance 
criterion, the improvement action must be taken. How to 
select the action for NVH improvement may be based on 
engineer’s experiences. However, there have software and 
hardware tools available to assist engineers to accomplish 
their task effectively and efficiently and can be carried out 
either analytically/numerically or experimentally.  

5. By analytical or numerical approach, two steps are 
suggested.  
(1) CAE: Nowadays, many computer aided engineering 

(CAE) software, such as finite element method (FEM) 
or boundary element method (BEM) base, are 
available for solution of NVH problem. Engineer must 

know the availability in the company and the ability to 
apply CAE software to determine the value of index.  

(2) Analysis: As discussed in Section 3, there are four 
types of typical analysis for vibration and similarly for 
sound analysis. Of course, mathematical modeling is 
required in order to pursuit the target problem as well 
as the proper application of CAE to obtain the index’s 
value. Noted that Model Verification (MV) is 
necessary to ensure the simulation analysis being 
correct or at least reasonable. Therefore, the systematic 
study on the target problem can be carried on and 
different improvement actions can be virtually tested, 
i.e. Virtual Testing (VT). For example, to predict the 
product’s SPL can be the main task known as 
Response Prediction (RP). 

6. By experimental approach, two basic steps are involved.  
(1) Sensor: Engineer has to know what “sensor” is 

available and can be used and so forth to measure the 
prescribed index’s value. Sound Level Meter is the 
device to obtain SPL in dBA. Here, “sensor” 
designates the sensing device just a general term, i.e. 
engineer must have the knowledge in using various 
kinds of sensors in conjunction with measurement 
devices/hardware as well as the ability to do testing and 
experiment in order to measure the index as desired.  

(2) Measurement: Engineer should know about the 
operation and procedure of instrument as well as the 
operating condition of target product, so as to correctly 
determine the value of index. Every index has its 
physical meaning and testing procedure that may be 
regulated by standards. Engineer is responsible for 
doing the right test.  

  
Although the analytical/numerical and experimental 
approaches are stepped as “FCAICI” or “FSMICI”, the 
above mentioned procedures are suggested for practical 
application. Selecting and defining the proper “index” is the 
next step right after “function” for the definition of problem 
and analysis objective. By either going through numerical 
solution or experimental work, one can obtain the “index’s 
value” first and judge if the value is within the acceptance 
“criterion”. The “improvement” action can then be 
conducted by analysis or experiments. The important tip is to 
stick with the “index.” No matter what the improvement 
action made, engineer can judge the effectiveness of 
improvement base on the index’s value in comparison to the 
criterion. 
 
There may have other indices to be evaluated as well. For 
example, in judging the SPL that comes from sound pressure 
level distribution in the one-third octave band, engineer may 
also need to examine one-third octave band spectrum or 
even the auto PSD spectrum. Both spectra can be viewed as 
indices too and provide the clue to make the improvement. 

 

AnalysisCAE(FEA)
Index

Measurement

Value
Criterion

Sensor
Function Improvement

By experiences: trial-and-error / shooting method

Systematic approachAnalytical approach

Experimental approach  
Figure 17: Analytical approach “FCAICI” and experimental approach 
“FSMICI” Procedures for NVH improvement. 
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Figure 18: Example for chord sound plate design adopting “FCAICI” and 
“FSMICI” Procedures [14, 15]. 
 
Figure 18 shows the example by adopting “FCAICI” and 
“FSMICI” Procedures for the chord sound plate design. The 
design process is discussed as follows: 
1. Function: The idea of chord sound plate (CSP) [14, 15] 

is to strike the plate that can produce triad chord sound, 
such as C major chord having the musical notes: C, E and 
G. The design goal is to find the plate geometry that can 
have the structural vibration modes with natural 
frequencies corresponding to standard frequencies of C 
major chord. The proper striking location needs prescribed 
properly to be able to excite the desired modes of vibration. 

2. Analytical approach: the design analysis is carried out by 
FEA software. First, the forward analysis on a predefined 
shape of plate is carried out for modal analysis and 
harmonic response analysis. The inverse design of 
geometry parameters employing Bezier curve for shape 
optimization can then be followed to obtain the primary 
design of CSP. 

3. Index: for the CSP design, structural natural frequencies 
and mode shapes are indices. The CSP design must have 
three vibration modes which natural frequencies will meet 
the requirement of musical note’s frequencies. The mode 
shapes are also examined for selecting the proper striking 
location. 

4. Criterion: the acceptance criterion is based on the errors 
of natural frequencies of vibration modes for CSP to be 
within 0.34% in comparison to the standard frequencies of 
musical notes. 

5. Improvement: the optimization process through 
numerical simulation is conducted to find different 
geometry shapes and dimensions iteratively such that the 
final design of CSP has the natural frequencies conforming 
to the required criterion. 

6. Experimental approach: the designed CSP is 
manufactured and performed EMA to obtain structural 
modal parameters, i.e. natural frequencies and mode 
shapes. Model Verification (MV) is carried out to calibrate 
the FE model, and Design Modification (DM) can be 
executed accordingly. In addition, the percussion sound 
measurement, i.e. R-test for sound, is also conducted to 
prove the success of CSP design.   

 
The above procedures are adopted to demonstrate the process 
in structural design base on special sound effect. The 
“FCAICI” and “FSMICI” approaches can be applied to 
vehicle design as well as other products involved with sound 
and vibration concerns. 
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Figure 19: Virtual Testing (VT) procedures for MV, RP and DM. 
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Figure 20: Procedures for Model Verification (MV). 
 
Figure 19 shows Virtual Testing (VT) procedures that can be 
another point of view on structural design for either NVH 
concerns or other purposes. There are three steps of iterative 
process for VT, i.e. MV, RP and DM. Discussions are as 
follows: 
1. Model Verification (MV): MV is to verify the numerical 

model that should be equivalent to the real structure system. 
The procedure to perform MV is shown in Figure 20. The 
main idea is that system’s modal parameters should be 
consistent between numerical model and real structure. 

2. Response Prediction (RP): when the numerical model is 
verified, i.e. the system model is equivalent to the real 
structure. With the assumption of input for loading 
conditions, the solution for response prediction (RP) can 
then be made. Here, RP is to numerically determine the 
index’s value, so-called R-analysis. Engineer needs to do 
R-test to validate the results of R-analysis as well. 

3. Design Modification (DM): As R-analysis and R-test are 
well calibrated for response prediction, the numerical 
model can be applied to DM, i.e. model modification. The 
numerical model consisting of Geometry and Material or 
even Boundary and Interface can be modified to predict 
the response due to the change of GMBI. DM and RP 
become an iterative process until the satisfied DM on the 
system meeting the acceptance criterion.  

 
The VT process involved in Figure 19 is mainly conducted by 
numerical analysis rather than practical experiment; therefore, 
this process can be termed as Virtual Testing (VT), i.e. using 
R-analysis to predict system response from DM instead of 
R-test. Engineer does not need to practically work out the real 
structure for testing; therefore, VT can largely reduce the cost 
and time of trial-and-error effort in comparison to Real 
Testing. 
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Figure 21: Virtual Testing (VT) processes for UV frame structure design. 
 

 
Figure 22: VT: Model Verification (MV) for UV frame structure. 
 

 
Figure 23: VT: Response Prediction (RP) for UV frame structure. 
 

 
Figure 24: VT: Design Modification (DM) for UV frame structure. 
 
Figure 21 shows Virtual Testing (VT) processes for UV 
frame structure design to reduce the weight but maintain the 
sufficient structural stiffness [16]. There have three steps, i.e. 
MV, RP and DV. Figure 22 reveals the details of MV process, 
including both numerical simulation for theoretical modal 
analysis (TMA) by FEA and experimental modal analysis 
(EMA). The UV frame’s modal parameters obtained from 
FEA and EMA are compared, and the FE model is updated 
with satisfactory equivalent modal properties; therefore, the 
FE model can be calibrated to be equivalent to the practical 

structure. Figure 23 shows the RP process for determining the 
structural stiffness, in terms of bending and torsional stiffness 
of the UV frame structure. Both bending and torsional 
stiffness are the evaluation indices for lightweight design 
analysis. Figure 24 shows the DM process in performing 
structural geometry modification to reduce the structural 
weight but maintain at least the same stiffness or higher. 
Results show the weight of frame structure is reduced by 17%, 
while the bending stiffness and torsional stiffness are 
increased by 2% and 13%, respectively.    
 

5. NVH DIAGNOSIS APPROACH 
Section 4 conveys the systematic procedures in product 
design process by numerical or experimental approaches; 
however, there is always some unexpected condition of 
product fault, e.g. NVH is exceeding the acceptance criterion. 
During the product design and manufacture process, the most 
challenge work is probably to diagnosis the NVH problems 
of product and come out with proper solution. Since the 
design can hardly achieve the goals free from N&V at the first 
attempt, to investigate the N&V problem and get the 
improvement need “feedback” and “solution” skills. Before 
carrying on the N&V diagnosis, engineer should know better 
about his accessibility for tools including software and 
hardware and his ability on numerical analysis and 
experimental work. The main objective to diagnosis the 
product fault is to feedback the information of fault product 
and selects the solution to prevent the fault. Figure 25 layouts 
the big picture for consideration of NVH diagnosis and 
improvement. Discussions are as follows: 
1. Top level: the first step is to define Function, i.e. the 

purpose of NVH project. Engineer needs to think about 
“why?” and “what goals?” to solve the NVH problems so 
as to define his NVH project appropriately. 

2. Approach method: there always have two options, i.e. 
analytical/numerical and experimental approaches or 
applying both, respectively, to carry out the NVH project. 
The procedures are “FCAICI” and “FSMICI” as 
discussed in Section 4. 

3. On-going level: there are three steps to follow essentially. 
(1) Know-what: engineer must build his abilities to utilize 

his best accessibility on the tools including software 
and hardware, and do his best to investigate all the 
possible conditions for NVH concerns. CAE software 
and analysis skills are important “know-what” tools, 
while NVH sensors, FFT analyzer and so on are the 
experimental “know-what” tools. The “know-what” 
tools are to feedback the NVH condition of product. 
This is the “know-what” stage to realize the target 
product condition. 

(2) Know-why: after the observation on the feedback 
experimental data or simulation results, engineer’s 
responsibility is to figure out “why”, such as what the 
phenomenon is, what causes the situation, and what 
possible solutions can be taken to cure the NVH 
problems. This is the “know-why” stage to figure out 
the reason behind the “know-how” action in the next 
stage. 

(3) Know-how: when engineer comes up with a possible 
improvement action, the major task is to work it out by 
either real testing or virtual testing (VT) to prove the 
“know-how” is the proper solution. 
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Figure 25: NVH diagnosis and improvement base on “FSMICI” & “FCAICI” 
Procedures. 
 
In summary, “know why”, “know what goals” and “know 
how to do” are the tips for top level planning, while 
“know-what”, “know-why” and “know-how” are on-going 
level’s tips. It is noted that “know-why” is far more important 
than “know-how”. The above mentioned steps and 
considerations seem easy to carry on; however, there involves 
much background knowledge, including NVH fundamental 
knowledge and vehicle engineering domain knowledge. In 
this work, Section 3 briefly introduces N&V fundamentals, 
and Section 4 shows the general approach about product 
development. The domain knowledge regarding vehicle 
engineering is not possible to cover all in this work. 
Nevertheless, this section will propose a systematic procedure 
to go on NVH diagnosis for engineer to follow. 
 
When engineer were assigned a task to solve the NVH 
problem, the basic procedures can be as follows: 
1. Define the project. 
2. Think “why” and “what goals”. 
3. Plan “how to do”. 
4. Carry on diagnosis to feedback information and find 

solution. 
5. Report solution and results.  
 
First, engineer should be able to define his project title clearly 
and think about “why to do this project?” and “what goals 
for this project?” Then, engineer can work out his plan 
about “how to do this project”. No matter what the plan, 
engineer definitely needs to carry on his diagnosis work until 
the problem solved. Finally, to report is important step so as 
to close the project. 
 
The NVH diagnosis procedure may involve many 
experience-oriented actions; however, some basic steps for 
“how to do” can be suggested as follows [17]: 
1. Perform R-test. The first step is to know the N&V 

situation of target at complaint operating condition. 
Other than the specified condition, the target can be 
investigated in steady state running condition as well as 
the run-up or coast-down test. The correlation between 
N&V can be examined to make a good guess on the 
problem base on the evidence of test results. 

2. Perform P-test (EMA). From the R-test results for N&V, 
engineer can start the P-test on the most possible cause of 
the structure, and so on. P-test on the air-path is also the 
possible alternative option. 

3. Compare the results from R-test and P-test. The tip in 

the comparison process is to gather those indices obtained 
from R-test and P-test. At this stage, engineer could 
possibly identify the cause of NVH either from the source 
or from the path. 

4. Seek for design modification (DM). Solutions for 
improvement of NVH can be multiple choices. The tip for 
seeking solutions is SPR, such as source isolation, path 
separation, receiver insulation, modification on source 
and path, etc. The tip for DM is regarding to GMBI or 
MCK. GMBI has been discussed in Section 3. MCK 
stands for mass, damping and stiffness. Engineer needs to 
apply his NVH techniques either by numerical simulation 
such as VT or experimental testing to feedback the 
information about the status of modified product and to 
prove the solution effecitve. 

5. Repeat above steps. The solution is based on what 
information you can feedback, and information comes 
from those data that you can interpret. What can be 
feedback depends on what solution skills you have, i.e. 
what tools you have and what numerical and experimental 
abilities you can. To diagnosis and come up with the 
effective DM, engineer needs to train having sufficient 
feedback and solution skills, i.e. the spirits of Industry 4.0: 
IoT and CPS. 

 
Figure 26 summarizes the application of above NVH 
diagnosis procedure to treat the wiper noise problem. Both 
R-test and P-test are conducted, respectively, to know what 
the N&V situation of wiper system. CAE software can be 
applied to carry out P-analysis to assist to know why the 
structural vibration characteristics, and so forth the source and 
path of wiper noise can be possibly identified. Then, the 
appropriate solution can be proposed to know how to 
improve the N&V problem.  
 

 
Figure 26: Application of NVH diagnosis procedure to wiper noise 
improvement. 

6. CONCLUSIONS AND RECOMMENDATIONS 
This work presents the general topics about N&V and 
introduces the spirits of Industry 4.0, i.e. feedback and 
solution, related to NVH concerns in vehicle engineering. 
The intention of this work is to provide the fundamentals of 
N&V knowledge for engineers and propose the systematic 
steps in product development and improvement, i.e. 
“FCAICI” for numerical approach and “FSMICI” for 
experimental approach. The concept and practical application 
of Virtual Testing (VT) for product development in contrast 
to real testing are also illustrated for the case study of vehicle 
lightweight design by carrying out MV, RP and DM. Finally, 
the NVH diagnosis procedures are proposed and illustrated 
by wiper system noise improvement. 
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Figure 27: NVH techniques for future development. 
 
To implement N&V techniques to vehicle engineering that 
contain lots of numerical and experimental skills, engineer 
needs to build up his abilities to carry on the NVH project. On 
the other hand, manager is responsible to provide adequate 
tools including software and hardware facilities for engineers 
to hand on their work. Figure 27 presents the big picture for 
future development of NVH techniques implementing the 
spirits of Industry 4.0. The main themes is summarized that 
IoT and CPS can be implemented by CAD/CAM/CAE/CAT 
that is connected to each other as shown in Figure 27 and 
discussed as follows: 
1. CAD: all of product design can start from CAD software, 

and the design goals and detail specifications can come 
from the feedback of market information. The applications 
of CAD may have different aspects such as styling design, 
functional design, manufacturing, advanced analysis via 
CAE, etc. 

2. CAE: Computer Aided Engineering (CAE) is simply the 
technique to simulate the real structure including 
P-analysis and R-analysis. The purposes of analysis can 
be for product design with six different stages as shown in 
Figure 3 and manufacturing issues in process, assembly, 
etc. 

3. CAT: whatever simulation is taken, experimental 
verification is necessary to make sure the correctness and 
effectiveness of CAE. CAT is Computer Aided Testing 
that contains P-test and R-test corresponding to 
P-analysis and R-analysis. Smart monitoring, 
self-diagnosis, objective-oriented app, etc. can be the 
future trend. 

4. MV/DV: Model Verification (MV) requires P-analysis 
and P-test, while Design Verification (DV) is generally to 
confirm the design system; therefore, MV and DV are after 
P-analysis and P-test. 

5. DM/PV: Design Modification (DM) generally involves 
R-analysis and R-test, and so does Product Validation 
(PV). Artificial Intelligence (AI) techniques may be 
implemented to expedite the MV/DV/DM/PV process.  

6. CAM: Computer Aided Manufacturing (CAM) is just the 
simple term here for manufacture that may need CNC 
machine tools, robot assisted work, automated assembly, 
smart and flexible manufacturing, etc. 

7. Market: products are for sale in the market. There must 
have the mechanism to feedback market information 
regarding consumer’s opinions. So, the sensing techniques, 
such as wireless sensor, micro-sensor, point sensor to field 
sensor, scalar sensor to vector sensor, etc., are crucial for 
feedback.  

 
Figure 27 can be summarized as the followings in terms of 
spirits of Industry 4.0: 
1. “CPS” be “ALL in ONE.” Each block in Figure 27 can 

be considered a cell of CPS element, and all of CPS 
elements can also be integrated in one CPS. 

2. “IoT” be the “connection” among “ALL.” IoT is to 
make the “connection” among all cells of CPS. The Cloud 
technique and environment are then created to link all CPS 
elements together. 
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