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Abstract: When talking about the car door and its importance,
all aspects should be considered. The primary function of the door
is to protect passengers from external weather conditions,
including airflow, temperature fluctuations, dust, and side
impacts. As a part of the car, it is connected to the car body using
hinges, a latch, and weather seals. It is excited by all excitation
sources that excite the vehicle and its accessories. Car door design
evaluation involves simulating the real-world application of a
door with various loading conditions and boundary connections.
An extensive literature survey and study of technical papers have
been conducted to understand the amount of work done on Car
door design evaluation from 2002 to 2022. A comprehensive study
was conducted to determine the number of analysis papers
published, the annual publication rate, and the distribution of
papers by analysis type. A detailed study was also conducted on
documents published in NVH analysis. NVH analysis of a Car
door itself is a broad area for study and research. To simplify and
streamline NVH analysis, papers are subdivided into further
classes, including modal analysis, vibration and noise analysis,
and correlation of modal, vibration, noise, and other NVH
analysis results. A thorough review of published papers provided
an in-depth understanding of the subject, the current status of Car
door NVH, and the scope of future research on Car doors.

Keywords: NVH, Car Door, Modal Test, Modal Analysis, FEA,
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I. INTRODUCTION

This paper aims to identify and review the literature on

Car door design evaluation and application evaluation. A
detailed study and analysis of relevant research work from
the past two decades (2002-2022) has been done. The
applicability and importance of car doors, along with their
top-level descriptions, are illustrated in the introduction. The
car door is a key accessory. When considering car aesthetics,
design, handling performance, passenger safety, car body
reliability, car body vibrations, overall noise, and the first
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interaction point for all human beings who want to use or
access the car. For better alignment of door to the above
essential performance attributes, it is need cum requirement
to study the car door. A car door refers to the car door
assembly, which includes the door main frame structure,
hinges, latch, window glass, window glass regulator
mechanism, window glass seals, door primary and secondary
seals, door handle, and door-mounted side mirror.

Moving forward, to rank all these critical performance
attributes of a car door based on customer focus and intent
when evaluating the car before purchasing. Approximately,
these will include aesthetics, mileage, NVH (noise, vibration,
and harshness), safety, life (durability and reliability),
interior comfort, cost, and after-sales services. Out of these
attributes, the most irritating and impactful is NVH, which
will instantly force anyone to decide on the car or brand of
cars.

II. OBJECTIVE OF THIS RESEARCH WORK AND
ITSNOVELTY

Many research papers are available on the Car door. Each
paper focused on a specific performance attribute and
evaluated it using the CAE method or a particular analysis
type. All these performance attributes and their analysis
methods have been summarised together. This will help
identify the Car door performance evaluation gap and
establish a new methodology to assess the most concerning
performance attributes, such as noise and vibration.

To work on any attribute, set up a new methodology, or
address a specific technological gap, it is essential to
understand and be aware of past and current technological
developments in the same field. To work on the car door
NVH, first find the current status of technological
developments. A literature survey is the best way to
understand the historical and current technological

developments related to car door NVH.
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Fig. 2. Research on Car Door using CAE in the last 20 years

A literature survey has been conducted on the car door
CAE, covering studies of papers published over the last 20
years on car door Finite Element Analysis. Between 2002 and
2022, approximately 81 technical papers were published on
the car door using the finite element analysis method. Out of
81 papers, 60 relevant papers have been reviewed. Statistical
analysis of these 60 papers indicates that around 87% papers
were published in the last decade, i.e., “2012 — 2022”, which
means that currently more focus has been given on CAE
analysis (Fig.2).

When we see the distribution of 60 papers based on types

of finite element analysis, then 44 papers are on NVH [1], [2],
(31, [4]. [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15],
[16], [17], [18], [19], [20], [21], [22], [23], [24], [25], [26],
[27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37],
[38], [39], [40], [41], [42], [43], [44], eight papers are on
durability or Static [45], [46], [47], [48], [49], [50],[51], [52],
three papers are on Crash [53], [54], [55], two papers are on
CFD [56], [57], and rest of the three papers are about the
other types of analysis [58], [59], [60]. It indicates that more
focus is on NVH and Durability (Fig. 3).
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Fig. 3. Types of Analysis & Types of NVH Analysis in last 20 Years

NVH is not a single attribute, at top level it covers (1)
modal analysis, (2) vibration analysis, (3) noise analysis, (4)
vibration and noise analysis, (5) correlation of first three
fundamental analyses with test/field data and (6) other
analysis types used for simulation of specific attribute or
application. Based on a literature survey of the last two
decades, the majority of work has been conducted in the area
of modal analysis, specifically fundamental modal analysis
or correlational modal analysis. Next to modal analysis is
noise analysis, which can be either fundamental noise
analysis or correlational noise analysis. Less consideration
has been given to vibration analysis (Fig. 3).

The above statistical analysis of NVH attributes based on
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“Types of NVH Analysis” helps draw a rough conclusion that
significantly little effort has been devoted to addressing the
basic characteristics of NVH and their correlation for the
same application or simulation project. The basic
characteristics of NVH comprise modal analysis, vibration
analysis, and noise analysis. The output of these three
analyses is nothing but the dynamic behaviour of any system,
and all are interlinked. Modal analysis is the primary
requirement or basis of vibration and noise analysis, and it is
essential to understand its
dynamic behaviours. It is
mandatory to understand and

interpret the modal
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behaviours. Based on the above conclusion regarding basic
attributes, there is scope to work on all three fundamental
characteristics of NVH in a system and outline the process to
simulate.

Correlate and address the NVH issues or suggest design
improvements to make that system better in terms of NVH
attributes or performance.

III. DIFFERENT NVH ANALYSIS METHODS USED

A. Modal Analysis and Its Correlation

Hao Chen et al [1] carried out a surface response method to
find highly sensitive panels of the SUV door. Door modal
simulation results were verified against modal test data as a
correlation of the finite element model. A thickness
sensitivity study of door structural panels was conducted to
identify the most sensitive panels to natural modes. Surface
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response point data were collected on highly sensitive panels,
and using thickness as the design variable, the modal
frequencies were optimised—the modal frequencies of the
optimised model matched after a 5.74% mass reduction.
Wentao Yu [2] worked on the interior noise issue at 40
km/h constant speed on the rough asphalt road. The detailed
problem investigation concluded that resonance occurred due
to frequency coupling between the rear back door and the car
cavity. The author selected the easy way of decoupling the
modes by optimising the rear back door means of simulation,
experimentation and by adding more dynamic absorbers.
After optimisation, the frequency of the door was reduced to
37.2 Hz from 43.1 Hz, and the interior noise at 42 Hz was
reduced by 8 dB at a constant speed of 40 km/h on a rough

road (Fig. 4).
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Fig. 4. Comparison of back row seat noise

before and after optimization of absorber [2]

XIQUAN QI et al [3] carried out the door modal analysis and finite element model accuracy has been verified by physical
vibration test of door in semi anechoic chamber. Here author has done correlation of first two global modes and output of
response point for same modes (Fig. 5). After model verification based on the transfer function is concluded that a pole of
transfer function of door has respective modal frequency which points a pole of transfer and modal frequency of door will be

same.
Table I: Modal Frequencies of The First Six Orders or Modes [3]
Number of Order 1 2 3 4 5 6
Simulation 45.13 50.58 56.15 57.86 61.91 75.41
Test 45.06 50.12 55.79 57.48 61.72 74.96
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WII Wan Iskandar Mirza et al [4] did the research to
optimize the FRF points of the car door. Generally, it is a
time-consuming activity to find an appropriate location for
taking a response to correlate with the mode shape. Most FRF
locations are selected based on experience or a trial-and-error
method. The author applied the effective impedance method
(EIM) to find 30 FRF points on the car door structure. A

study reveals that the effective impedance method is more
useful and highly relies on the accuracy of the finite element
model. Straightforwardly, the maximum number of FRF
locations will be selected. If FRF peaks are not present within
the frequency range (0—100 Hz) of interest, that location will
be discarded for further analysis (Fig. 6).
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Fig. 6. Suggested Points for FRF & FRF of P 4 & P 14 [4]

Chandru B.T. et al [5] had carried the experimental modal
testing and free-free finite element modal analysis. They
found a good match of frequencies, which indicated that the
finite element model is validated and close to reality. The
author has made design modifications using a validated
model and achieved significant vibration reduction through
finite element analysis only.

Neelappagowda Jagali et al [6] tried to work on the
damping effect on the experimental modal test and finite
element modal. Did the door free-free modal analysis without
a damper and with a damper, in the same way as the
experimental modal analysis. Frequencies obtained from
finite element analysis and experimental modal testing were
compared; however, a significant difference was observed.
Without a damper, the FEA 7th mode was at 43.51 Hz, and
the EMT 7th mode was at 53.7 Hz. However, the damper
effect on FEA and EMT is approximately the same.

Mohan Kumar G R [7] carried out the finite element modal
analysis and experimental modal testing and correlated the
frequency results, which were closely matching. On the same
FE model, the author added a stiffener to improve the modal
frequencies, which was working well.

B. Vibration Analysis and Its Correlation

Sunil S. Patil et al [8] worked on the car door slam
analysis. A transient analysis was conducted on a validated
finite element model of a car door. While testing the door
slam, the Car door was closed from a 20-degree open position
with a closing velocity of 1 m/s, and results were recorded
over a 0.35-second duration with a time step of 0.01 seconds.
Acceleration, stress, strain, and buckling energy were
compared using finite element transient analysis and a door
slam test. An acceleration and stress result was correlated
well, while others showed minor deviations (Fig. 7).

Fig. 7.Door Slam Results: Acceleration, Stress, and Strain [8]

C. Noise Analysis and Its Correlation

Gao Yunkai et al [9] worked on the door collision test and Boundary Element Model (BEM) simulation of it. The primary
focus was on sound quality checking using an experimental method and correlating the BEM results with it, so that other
vehicle doors can also be simulated using the same BEM methodology without physical testing. The sound pressure results of
the test and BEM show good agreement between 20 and 200 Hz (Fig. 8).
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Fig. 8.Door Closing Collision Impact Results: Sound Pressure Level Outside Car [9]

Erkut Yalcm et al [10] assessed the car door model similar to the other researcher, but one difference was that there was a
transient analysis for noise calculation using a vibro-acoustic finite element model. An experimental test was carried out for
door slam loading, and exterior sound was recorded in the time domain. Results from the vibro-acoustic model were obtained
in the time domain after simulating the door slam loading condition. The exterior sound pressure of the test and the
vibro-acoustic FEM were well correlated (Fig. 9). Using the same vibro-acoustic model, the author investigated the sensitivity
of different panels in the door structure.

Fig. 9.Door Slam Test and Vibro-acoustic Results [10]

A. Lucifredi et al [11] worked on car door slam pressure calculation correlation. Here, they have performed triple validation
— using the instruments for the experimental test, trimming the door FE model (Fig. 10), and acoustic FRF results on the door
panels (Fig. 11). These were positive steps towards final result validation. All these validation results were well correlated, and
the final results of the vibro-acoustic FEM and test results of exterior sound pressure were satisfactory (Fig. 12).

Fig. 10. Trimmed Door Modal Testing Set-up [11]
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Fig. 11. FEM-BEM acoustic FRF location and Results Comparison [11]
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Fig. 12. FEM-BEM Model & Exterior Location Results Comparison [11]

D. Vibration and Noise Analysis and its Correlation

D. A. Desai [12] worked on the objective of interior noise in a car and studied the effect of the car door on it. An
experimental test of interior noise was conducted on a simplified model in an anechoic chamber. The same simplified model
was simulated in ABAQUS. A car body and car cavity vibro-acoustic FEM model was used for transient analysis of a door
impact load of 1000 N for 1 millisecond. The effect of door impact was studied on the door in terms of vibration and inside the
cabin, specifically at the driver's ear location, in terms of noise. Both results showed good agreement (Fig. 13).
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Fig. 13. Simplified Car model and results at driver ear noise (middle) and on door vibration (left) [12]

E. Other NVHLoadd Cases Analysis

Chunlong Ma et al [13] worked on the car door window
glass squeaks and rattling noise during sliding operations.
The sensitivity of main parameters related to the glass
assembly, such as the frame side, gap between the glass and
the inner door panel, and friction, was studied, and an optimal
range was suggested to reduce noise.

Hyeonho JO et al [14] put efforts to study the latch noise
because of various operations. Based on the jury’s
observations, the researcher prepared a quality index for
assessing loudness, sharpness, impact sounds, and other
factors, which will be used to evaluate different products.

Yoshiaki ITOH et al [15] developed digital filter method
cum algorithm to analyse time based as well as steady state
vibrations. Vibration outputs of standard excitation inputs,
such as impulse, sine swept, and sinusoidal, were analysed
and compared with the Fast Fourier Transform (FFT) and are
equivalent.

Sajjad Beigmoradi et al [16] tried to use hybrid statistical
energy — finite element analysis method to address the car
door trims squeak and rattle (S&R) noise. Based on this, they
worked to control the gap between the trim and door panels to
control S&R.

Maressa et al [17] worked on noise optimization using
topography method. Beading patterns were added based on

Wave-Based Sub-structuring (WBS) for plane area
components, ultimately achieving vehicle-level noise
improvement.

J Niermann et al [18] outlined the procedure of Short-Time
Fourier Transformation (STFT) and Wavelet Transformation
(WT) to analyse transient behavioural noises generated in a
vehicle. Mihir H. Patel et al [19] worked on acoustic complex
signals by real-time transient data recording with different
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sampling rates, which will be analysed in Fast Fourier
Transform (FFT) to find fundamental frequencies of systems.

IV. CARDOOR NVH RESULTS DISCUSSION

Most of the work related to the car door has been done in
the form of beats and pieces, including only FE-based modal
analysis, FE and test-based modal analysis, FE and test-based
vibration analysis, and FE and test-based noise analysis. Few
papers discuss modal, vibration, and noise analysis
simultaneously, which is a fundamental requirement of NVH
investigation.

The entire literature survey related to car door NVH
indicates that the majority of work has been conducted on
modal analysis, followed by noise analysis, with only a few
efforts (~3) made for vibration analysis. The door's effect on
car NVH performance has been addressed through modal
analysis and door exterior noise analysis; however, only one
paper has discussed the door's impact on interior noise.

Other research projects are related to door hinge stress
analysis, door internal stiffener analysis for side impact, wind
effects on cabin noise and door operations, and some
researchers have also worked on the effects of door and glass
seals.

V. CONCLUSION

As the door is one of the essential parts of a car, its
dynamic behaviour affects the overall performance of the
vehicle. More attention has been given to assessing the door's
performance attributes in terms of
NVH and durability. Door
NVH main attributes, such as
modal, Vibration, and noise,
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are evaluated as individual contributors or their effect on
vehicle performance.
Table II: Summary of The Findings Related to The Car Door Assembly [1] TO [10]
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S. Authors > Types of Used > Software/ Methods Used > Maior Findings >
N. NVH Analysis Instruments Analytical / FEA J g
Hap Chen,. Chihua Lu? - anstralned Modal > A sensitivity analysis for the thickness of
Zhien Liu, Cunrui analysis
. door panels was proposed based on the
Shen, Yi Sun, and | > Hyperworks | > The response surface
1 . fifth-order modal frequency of the door.
Menglei Sun, 2020 | > Nastran method (RSM) L .
. . > An optimization model was established
> Correlation of modal > Constrained model and .
L according to the response surface method
> Optimization test results
> By increasing the dynamic vibration
> Hypermesh, absorber, it makes its modal frequency
Wentao  Yu, 2021 | Opti-struct avoid the acoustic cavity modal frequency,
2 | > Correlation of modal | > LMS Test.Lab/ | > Modal Analysis > After optimization, the vehicle noise is
> Optimization Impact testing reduced by eight dBA at 42 Hz under the 40
module km/h working condition of a rough road
surface
> The research shows that the natural
XIQUAN Ql, - Hyvpermesh frequency of a passenger car door is not
YANSONG WANG, - ypNas tran > Modal  Analysis | necessarily a pole of the passenger car door
3 | HUI GUO and LIHUI - LMS Jata > Frequency Response | transfer function
ZHAO, 2017 acquisition svstem Function > A pole of the transfer function is bound to
> Correlation of modal d Y be a natural frequency of the passenger car
door
WII Wan Iskandar > Free.F dal
Mirza, analysirsee- ree modall S The appropriate FRF driving points of the
M N Abdul Rani, M F | > HyperWorks > Effective impedance car door have bec?n supcessfully identified
4 Musa, M A Yunus, C | > LMS - SCADAS using the effective impedance method,
. method (EIM) S
Peter and M A S Aziz | System > Experimental modal which is highly dependent on the accuracy
Ehcag;relation o MZ;) dla9l analysis and reliability of the FE model.
Chandru B T > Modal and Harmonic | > Itis observed that there will be significant
5 Suresh P M. 201 6’ > HyperMesh | Analysis vibration reduction seen with the stiffener
; ’ > Opti-Struct > Experimental modal | from the 7th mode to the 10th mode and the
> Correlation of modal analysis 11th mode
Neelappagowda Jagali, > Free-Free  modal | > From the two conditions with and without
Chandru B. T, > CATIA | analysis dampe a damperr the frequency values
6 | Dr. Maruthi B. H, | > HyperMesh | > Modal Test | obtained from the FE  method
Dr. Suresh P. M, 2016 | > ABAQUS > Frequency response | And the experimental method s
> Correlation of modal function (FRF) comparable.
> Freefree  modal > Accomplished both e.xperimenyal and
Mohan Kumar G R, | > CATIA V5 analysis Finite Element analysis with and without a
7 | 2017 . > HyperMesh 12.0 | Experimental modal stlffer.le.r under the .Fre?e—Free
> Correlation of modal | > Opti-struct solver analvsis Conditions were significant.
Y Vibration decrease was seen vibration en
Sunil . S. Patl!’ CATIA V5, - F.r ee-Free  modal > The detailed comparison of experimental
Gautami U. Dhuri, analysis . . .
Hypermesh  v12, acceleration and strain results. While these
8 2020 .| > Frequency response .

. LS-Dyna Explicit . results show excellent agreement in CAE
> Correlation ~—of Dynamic Solver function and test for accelerations on the outer panel
vibration and strain Y > Modal & FRF Test panet.

‘ s Hypermesh | >  Modal  Analysis > The results‘show that the sou_nd pressure
Gao Yunkai and Liu values obtained by experiment and
> Nastran | > Frequency response | . . . .
9 | Zhe, 2020 . . simulation are  highly  consistent.
> Correlation of noise > LMS Virtual.Lab | function It demonstrates that this method is feasible
> LMS SCADAS > Experimental FRF data S .
for predicting sound quality.
Erkut Yalemn, Halil > EEA & BEM: Fo.r predicting the transient door slam noise
Bilal - HyperMesh Transient Analysis | using a two-step FEM + Boundary Element
’ > Design sensitivity | Method analysis in sequence, a reasonable
10 | Ayhan Yagci, Haluk | > Abaqus . . . .
. analysis agreement was achieved in terms of noise
Erol, 2020 | > Artemis software . . o
. . > Testing of noise | pattern within the 25-100 Hz frequency
> Correlation of noise .
outside the Car range.
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Table II: Summary of The Findings Related to The Car Door Assembly (CON) [11] to [20]

S. Authors > Types of Used > Software/ Methods Used > Maior Findings >

N. NVH Analysis Instruments Analytical / FEA J g
A. Lucifredi, P. > Patran/Nastran > Modal analysis (SOL zoFrrrl:jalt\i/i)iC & FRAC indicates the degree of
Silvestri, .| > LMS Virtual.Lab, 103) . . > A good agreement between the FEM and the
P. Cavasotto, F. Denevi, > Transient nonlinear .

11 . >LMS Test.Lab and . experimental data was found for all the
A. Camia, 2014 < Matlab analysis  (SOL  400) ibrati d
> Correlation of modal a5 1 > Test of modal and FRF | V0 a0on . modes
and noise >LMS SCADAS data > A strong correlation of the frequency peaks

may be seen
> FEM with full coupling
>ABAQUS between the passenger
D. A Desai. 2013 > DSP Siglab | cabin and vehicle body.
12 o (.Iorrelatioyn of spectrum  analyser | > A transient | > The measured and the predicted results
vibration and noise > MODENT | vibro-acoustic ~ dynamic | exhibited good correlation
modal-analysis analysis was carried out
software > Testing of vibration &
noise
Chunlong Ma, Dongyan > The key dimensions of automobile windows
Shi, Mengnan Wang, . | were improved using the 6 sigma analysis

13 Dongze He, Chao Li & > ABAQUS i 6 F; ma Apﬁiﬁiﬁ method
Xingsheng Yu, 2021 ’ - Deﬂectioi measurement > The S&R problem of window lifting and
> Improvement of S & R lowering was solved entirely with glass seal
noise parameter fine-tuning.

> Sound field
Hyeonho JO; Weonchan visualization using an
SEONG; acoustic camera
Hyeongrae Lee; >  Method of Jury

14 Seonghyeon Kim; | >  Spiral array | evaluation of  Latch | > To reduce the impact sound of the door
Dongchul Park; Yeon | camera ‘locking” & ‘unlocking’ | latch, high viscosity grease was used
June Kang, 2014 sounds
> Sound quality > Risa of Ricardo, which
improvement was used in the jury

evaluation
Yoshiaki ITOH, Naoto > Time frequency > The time frequency
YAMAGUCHI . analysis &  algorithm .

15 | and Toru YAMAZAKI, ilgogilﬁlo e and > Fast Fourier Transform zvgrhglep;%l?:ila:glysm has the advantage
2013 digital filt egr > Short Time Fourier y
> Vibration analysis Transform (STFT)

Sajjad Beigmoradi, .
Kambiz Jahani, i " brl\i/(lios(i::is ticaid 1;?1163;515 > Probable locations for generating rattle noise

16 | Hassan  Hajabdollahi, S F}i/nite element methiz are investigated using the hybrid SEA-FEM
2013 analvsis method
> S&R Noise analysis Y
A. Maressa, B. | > Controller-based > ATV (Acoustical S .

. Transfer Vector) approach | > The interior acoustics comfort has been
Pluymers, S. Donders, | algorithm . . . .

17 W Desmet 2010 | > Nastran | The WBS | improved using structural bead modifications

N Noise analys’is > Virtual Lab (Wave-Based-Substructur | applied to a critical component
) ing) technique
J. Niermann, Stephen J. > The Short-Time Fourier | > The Fourier Transformation (FT) is not

18 Walsh Transformation  (STFT) | suitable for the investigation of non-stationary
K. Becker, 2010 > The Wavelet | signals
> Noise Analysis Transformation (WT) > The STFT can furnish a frequency spectrum

o - .MEMS’ ” | > The verification of this
Mihir H. Patel, | Arduino FFT I ith the | > Test and Ivtical lts h .

19 | Ankit J. Desai, 2020 | Megha2560 analyzer wi e | > Test and analytical results have a minor

> Vibration analvsis ~ FFT aleorithm analytical answer and the | difference
Y > MatLab & MATLAB software
> Increasing the mass of the door trim and

20 Yashas S, | > Hypermesh | > Finite Element Analysis | increasing the density also provides extra
> Modal Analysis > Nastran (FEA) stiffness, thereby attaining the desired natural

frequency (25Hz).
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