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This paper presents a comprehensive exploration of a multi-objective optimization
methodology targeting structural parameters to enhance the dynamic properties of
dissimilar structures, emphasizing the integration of experimental and numerical
modal analysis techniques. In this study, the correlation technique was employed to
compare the modal data obtained from FEA with experimental modal analysis,
revealing that the CBAR element exhibited the least error rate of 0.86% among the
modes, indicating its superior accuracy in simulating bolted structures. Subsequent
model updating processes effectively improved the natural frequency predictions,
particularly for NF2, leading to an overall reduction in error from 4.65% to 3.08%.
Additionally, the RSM approach successfully optimized the structural design variables,
achieving a desirability rate of 0.937 and indicating a significant reduction in
percentage error. The comparison between the two optimization methods
demonstrated their respective strengths, with model updating offering greater
precision in setting boundaries, and RSM providing efficient mathematical models for
optimization. This study provides valuable insights into the effective enhancement of
dynamic properties for dissimilar plate structures, underscoring the significance of
both optimization techniques for achieving superior accuracy in structural analysis and
design.

1. Introduction

As aresult of swift advancements in engineering product development over the past few decades,
structural engineers and designers have encountered an increasingly formidable task to integrate
dissimilar materials driven by their pursuit of innovative structures or components endowed with
precisely tailored properties [1]. This challenge has mainly manifested as a need to adeptly join
dissimilar lightweight alloy plate materials, yielding substantial benefits to sectors such as
transportation and aerospace [2-4]. This strategic union not only facilitates the development of
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lightweight structures but also holds the promise of helping the transportation and aerospace
industries into an era marked by emission reduction and energy conservation endeavors [5-7].
However, this process is fraught with technical difficulties and uncertainties, such as the
compatibility, durability, and reliability of the materials and joints [8]. Mechanical joining stands out
as an effective method for establishing connections in dissimilar lightweight structures,
encompassing techniques such as welding, bolting, and riveting.

Bolted joints have been widely utilized by engineers as a longstanding method for connecting
several components. This is mostly because of their advantageous characteristics, including their
simplicity in both assembly and disassembly processes, as well as their cost-efficiency. The joints play
a vital role in the dynamic behavior of constructed structures, as they contribute to improved
structural damping properties and the reduction of structural resonance magnitude [9-11].
Moreover, achieving an appropriate reduction of the structural model for bolted joints is essential,
as it can significantly decrease computational time while maintaining accurate predictions. However,
their dynamic behavior has not been efficiently predicted and remains incompletely understood
[12,13]. The finite element method (FEM) is considered to be an appropriate method for investigating
bolted joints due to its ability to precisely and conveniently address the contact problem, which is a
crucial aspect of such joints [14]. Finite element analysis (FEA) is particularly well-suited for this
purpose. Hence, it is crucial to construct an efficient and optimized finite element (FE) model to
precisely forecast the dynamic characteristics of the constructed structure incorporating bolted
connections.

The FE method has experienced significant growth in modern structural design and has been
extensively utilized in diverse engineering fields owing to its remarkable capabilities and adaptability.
In the preceding study, several authors emphasized the significance of accurately simulating near-
resonant dynamics in design response calculations. It was observed that even slight modifications in
modal parameters, such as damping ratio, natural frequency, and mode shape, can have a substantial
impact on the simulation results [15-18]. The year 2021 signifies the commemoration of the eightieth
anniversary of the development of the FEM. This approach has emerged as a significant
computational tool for conducting engineering design analysis and scientific modeling in several
domains, encompassing material and structural mechanics [19]. The FEM has brought about a
significant transformation in scientific modeling and engineering design. This advancement has
occurred alongside the emergence of a specialized field known as computational mechanics, or
computational science and engineering, within the realm of engineering science [20].

Experimental modal analysis (EMA) has garnered significant research interest in the context of
investigating structural modifications and advancing structural health monitoring [21-24], and model
updates [25-27] through the utilization of modal parameters such as natural frequencies, damping
characteristics, and mode shapes [28,29]. Experimental analyses are often characterized by high
costs and lengthy time requirements, in contrast to numerical simulations conducted by the FEM,
which is widely recognized as a highly versatile numerical approach[30,31]. There are several
techniques for estimating modal analyses, which are time domain techniques [32] and frequency
domain techniques [33]. Frequency domain methods are extensively utilized in the industrial sector
and are characterized by their comprehensiveness, accuracy, and continuous advancements. The
modal analyses are estimated by curve fitting the frequency response function (FRF), which is
obtained during vibration tests [34,35].

Finite element model updating is a process in which an FE model is adjusted using measured data
as precise reference data. This adjustment involves updating certain unknown parameters by
reducing discrepancies between experimentally and analytically acquired resonance frequencies and
mode shapes [36,37]. Selecting updating parameters is a critical task in the process of model
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updating. If a specific parameter does not significantly affect numerical predictions, updating the
parameter will lead to a modification in its uncertain value The correction of discrepancies between
predictions and results has been achieved through the adjustment of sensitive parameters that
required less frequent updates. This phenomenon occurs due to the deliberate selection of sensitive
parameters, which aims to minimize the discrepancies found in percentage error [38,39]. Finite
element model updating using the MSC Nastran optimization method, namely SOL200, has been
employed in several published studies as a means to minimize discrepancies between the
predicted results of FEA and the empirical data obtained through EMA [40,41].

In recent years, the Response Surface Methodology (RSM) has emerged as a powerful statistical
methodology that has found broad application in the fields of engineering and material science. It is
mostly utilized for the optimization and modeling of complex structures through the adoption of
Design of Experiments (DoE) methodologies [42,43]. The RSM is capable of effectively considering
the interconnection among various design parameters. It determines a clear relationship between
design parameters and structural response by utilizing input and output data from finite element
software [44]. This approach offers a viable alternative to conducting numerous complete finite
element analyses, resulting in significant reductions in computational expenses and analysis time
[45]. The RSMis employed as a means of constructing a mathematical model that effectively
captures the fundamental relationships between various inputs and corresponding responses
[46,47]. Therefore, the final result of the RSM involves the acquisition of optimal factor settings
through the optimization of the causality model as the objective function [48,49]. In certain industrial
applications or while seeking design optimization, RSM offers engineers a valuable approach to
identifying the optimal parameter configurations that optimize process or product qualities.

This paper introduces a multi-objective optimization approach for typical structural parameters
aimed at enhancing the dynamic characteristics of dissimilar structures. The study primarily focuses
on investigating modal analysis, particularly its application in identifying the dynamic properties of a
test structure. To achieve this, EMA and FEA are employed, leveraging numerical prediction methods.
The subsequent objective is to apply model update techniques to calibrate an FE model of a dissimilar
structure using experimental modal data. Subsequently, the RSM is employed to optimize the
structure's design variables, considering a desired objective function. The aims of the comparison
are:

i. Toexamine and illustrate the possibility of enhancing the accuracy and efficiency of modeling
and optimization techniques for both approaches.
ii. To provide a framework for researchers

2. Material and methods
2.1 Experimental Modal Analysis

In this study, EMA was conducted on a dissimilar plate structure characterized by a nominal
thickness of 2mm and plate dimensions of 380mm x 200mm. The materials employed in this study
consist of an aluminum plate, specifically AL6061, and a magnesium plate, denoted as AZ31B. The
experimental test structure setup as presented in Figure 1 for dissimilar plates bolted together at the
middle (overlap). The plate was discretized into several small elements. The discretization process
aimed of the discretization process was to determine the optimal number and placement of
measurement points. The estimation of the number of elements was conducted based on the
guidance provided by the modal characteristics of the plate, which were derived by finite element
analysis. In order to reproduce the free-free boundary condition, the dissimilar plate was hung from
the test rig using an elastic cable.
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Prior to beginning the experiment, several relevant elements should be taken into account,
including the number of accelerometers, measurement points, and excitation techniques. The initial
prediction of the dynamic properties of the test plate was initially conducted on the experimental
structure in this study. Moreover, the calculated natural frequencies and mode shapes are
subsequently employed to determine the appropriate excitation points and measurement locations
for the test structure. To ensure a sufficient spatial resolution of global structural mode shapes, the
dissimilar plate structure was split into a total of 84 grid points. The selection of the location and
measurement points was conducted with meticulous consideration to prevent the presence of nodal
points.

The experimental study employed a roving impact hammer and two uni-axial accelerometers to
measure the dynamic characteristics of the plate. In the present study, the fixed excitation points
were identified as measurement points 45 and 54. The equipment utilized in EMA includes ME's
Scope VES, a Data Acquisition system (DAQ), an impact hammer, and a uni-axial accelerometer, as
depicted in Figure 2. The extraction of natural frequencies and mode shapes was performed using
the curve fitting approach implemented in the ME's Scope VES software.

Uni-axial
Accelerometer

<« ElasticCable

ElasticCable ——

Plate AL6061 Plate AZ31B

Fig. 1. The experimental modal analysis setup of the plate

Accelerometer's cable

Uni-axial — %

+—— BNC cable
accelerometer

Data acquisition b — Impact hammer

system (DAQ)

Hammer tip with
force transducer

Fig. 2. Tools and instruments used in experimental modal analysis
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2.2 Finite Element Modeling

The FE modeling and analysis were conducted using the software program to numerically
anticipate the dynamic behaviors of the test structure in this study. There is a scarcity of published
research that has undertaken finite element analysis (FEA) on plate structures with bolted joints [50-
52]. The 3D CAD model of the dissimilar structure for the bolted joint is depicted in Figure 3. The
construction consisted of two distinct plates, namely the AL6061 Plate and the AZ31B Plate, which
were interconnected using a total of ten M5 high-speed steel bolts and corresponding nuts. All of the
plates possess similar measurements, with a length of 200 mm, a width of 200 mm, and a thickness
of 2 mm. The width of overlap between the two plates measures 20 mm.

Bolted joints

AL6061 Plate

AZ31B Plate

Fig. 3. The CAD model of the plate structure

The FE model of the dissimilar plate structure with joining was developed using NASTRAN
software, as represented in Figure 4. This study utilized QUAD4 shell elements to mimic the plate
structure. The simulation involved a total of 440 elements and 504 nodes, which encompassed 10
fastening elements. According to the findings of a prior study [53], the chosen joining strategy for
this current investigation is CBAR. This decision is based on the recognition that CBAR is the most
effective joining strategy, exhibiting the lowest error percentage when compared to the CBEAM and
CFAST models. The dimensions of the elements employed for the plate structure were 1 mm, with
the element type being a 2D shell element. The overall length of the constructed model measures
380 mm, with a 5 mm gap at the point of overlap.

Gap location for
element connector

Fig. 4. The FE model of the plate structure
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The material properties applied in the FE model are presented in Table 1. After completing the
necessary preparations, which include establishing a joint strategy, the modal parameters of the
FE model are computed using normal modes analysis from SOL103. The study employed the SOL103
solution sequence to replicate the free-free boundary conditions. This approach ensured that no
load, translational, or rotational boundary conditions were imposed on any node within the system
[54]. The modal parameters obtained from the calculations were consolidated and presented in Table
2 for the eigenvalues and Table 3 for the eigenvectors of the experimental structure in sub-Topics 3.1
and 3.2.

The CBAR employed an approach of utilizing two grid points in order to enhance the rigidity of
the six degrees of freedom associated with each grid point. The elastic axis and shear center of the
CBAR were found to be coincident. The material properties utilized for the CBAR joining in the
present study include a Young's Modulus of 100 GPa. The displacement components of the grid
points consisted of three translations and three rotations.

Table 1

Material properties for structure

Properties Plate A (AL6061)  Plate B (AZ31B) Unit
Young’s Modulus, E 68.9 44.8 GPa
Poisson Ratio, v 0.33 0.35 -
Density, p 2700 1770 kg/m3

2.3 Finite element model updating

The model updating technique was employed to correct the inaccuracies included in the initially
assigned properties that were less precise [55]. The adjustment of parameters was carried out using
the MSC Nastran SOL 200 optimization method. Sensitivity analysis approaches were employed to
assess the sensitivity of the model parameters, to identify essential parameters, and to prioritize
them for adjustment throughout the updating process. The sensitivity coefficient for structural
characteristics was calculated using Eq. (1).

oK om
S=¢/ [af‘,j—liafgj]% (1)

In this context, S represents the sensitivity matrix, K and M refer to the stiffness and FE mass,
respectively and ¢; is the eigenvector. Additionally A and 6 indicate the eigenvalue and parameter,
respectively. Moreover, i indicates the eigenvalue corresponding to the ith factor and j for the index
parameter associated with the jth factor. The model update technique was performed by defining an
objective function as Eq. (2) to achieve the minimal value when the parameters with a high sensitivity
coefficient were acquired.

90 = paw (1) )

where g(x) denotes the objective function, W represents the positive weighting factor assigned to
each mode, and /1]? and A}‘refer to the natural frequency values obtained from experimental and

numerical analysis, respectively. In this study, three parameters have been selected for the sensitivity
analysis, namely, Young's Modulus for both the plate and CBAR joining, as illustrated in Figure 5. The
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sensitivity coefficient values indicated the significant sensitivity of all parameters. Consequently, all
the parameters have been chosen for the process of updating the model.

2.4 Response Surface Method

RSM is a widely used and straightforward approach for analyzing the outcomes of physical
experiments and numerical methods, enabling the development of empirically derived models and
optimization for response values [56]. The regression model between the optimization objective and
the design variables is constructed by RSM using mathematical approaches.

The relationship between the objective value y and the design variables xs, x2, ..., X, (where n
represents the number of the design variables) in the RSM is described by Eq. (3)

Y (%) = f(x, Xz een e, X)) + € (3)

where f(x) denotes a polynomial approximation of (x), while € represents the residual arising from
the discrepancy error between the predicted value and the real value. The polynomial function f(x)
is commonly composed of a lower-order degree polynomial, typically assumed to be linear or
quadratic. The predicted value is denoted as J, can be expressed as Eq. (4) when using a quadratic
polynomial.

Y =PBo+2ic1(Bix) + Z?=1(,8iixi2) + 2?2_11 ;‘lzi+1(,8ijxixj) (4)

where By, Bi, Bii, Bij, are the polynomial regression coefficients determined through least-square
regression, n is the number of variables, while x; and x; are the design variables.

In this study, a Design of Experiments (DoE) methodology was adopted, integrating the
application of RSM for comprehensive modeling and analysis, thus providing an efficient framework
for optimization through the use of statistical and mathematical techniques. Three numerical factors,
namely, A: Young's Modulus AZ31B (Eazzig), B: Young's Modulus AL6061 (Eaie0s1), and C: Young's
Modulus CBAR (Ecear), were identified for subsequent optimization using RSM as the input
parameters. Each factor was subjected to a three-level factorial design, incorporating variations at
low, medium, and high levels, as detailed in Table 2.

Table 2
Level of factor variables
Factor Codes Levels
Low Medium High
(GPa) (GPa) (GPa)
Young's Modulus AZ31B ( Eazis) A 43 45 47
Young's Modulus AL6061 ( Eawos1) B 67 69 71
Young's Modulus CBAR ( Ecgar ) C 90 100 110

The data derived from the simulation was analyzed utilizing Design Expert (DE) version 13, and
the significance of the model and response analysis was determined through the application of
analysis of variance (ANOVA). ANOVA was employed to assess the equality of the models formulated
for each response parameter. To ensure the accuracy and reliability of the findings, it is
recommended to subject all simulation outcomes to an ANOVA approach, particularly utilizing the
Fisher test (F-test) [57]. Eq. (4) [58] represents the cubic model employed to derive the coefficients
of the response parameters based on the variable parameters integrated into the Response Surface
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Methodology (RSM). A coefficient is deemed statistically significant when the estimated probability
is below the predetermined significance threshold of 5%.

The present study hinges on the utilization of the F-value, which signifies the ratio of the mean
square of the model regression to the mean square of the residual. For the analysis to be deemed
statistically significant, the F-value must surpass the critical value derived from the tabulated value
of the F-Distribution, based on a specific number of degrees of freedom within the model. The
correlation between the independent variables and the response variables was evaluated through
the visualization of response surface 3D plots.

3. Results and Discussion
3.1 Correlation Between FEA and EMA

The correlation technique has been extensively investigated by multiple scholars in order to
compare the modal data obtained from FEA with experimental modal analysis. This comparison aims
to determine the level of accuracy with which the generated FE model represents the dynamic
behavior of the real structure [59, 60]. The degree of discrepancy between the predictive results and
experimental data was subsequently assessed using correlation techniques [61,62]. The selection of
the CBAR element as a representation of a fastener joint for the finite element (FE) technique and
the updating process was based on its high level of accuracy in simulating a real bolted structure.
Additionally, the CBAR element incorporates the latest parameters, making it superior to other joint
models [63,64].

The percentage of error for the natural frequency of the FEA using the CBAR element and EMA is
shown in Table 2. This study used EMA data as crucial reference points to closely resemble the FEA
model. The findings indicate that the initial mode exhibits the biggest error, of 14.57%. This
discrepancy can be attributed to multiple factors, including uncertainties in material properties,
geometric imperfections, and the existence of manufacturing defects. These factors have a
substantial impact on the structural stiffness and damping characteristics of lightweight structures,
as noted by Mallareddy [65]. Furthermore, EMA measurements may be influenced by many ambient
factors, the configuration of the testing apparatus, and limitations inherent in the instrumentations
used.

According to the data presented in Table 3, it is evident that mode NF2 exhibits the lowest error
rate of 0.86% in comparison to the remaining modes. The findings indicate that CBAR models possess
suitable parameters for model updating in bolted modeling. This is attributed to their enhanced
precision in predicting the dynamic behavior of real structures. In order to enhance the
correlation between numerical predictions and measured equivalents of bolted models, the adoption
of the CBAR model was employed for finite element model updating.

Table 3
Natural Frequency of FEA correlate with EMA data
Mode Natural Frequency (Hz)

EMA CBAR Error %
NF1 61.5 70.458 14.57
NF2 199 200.705 0.86
NF3 343 326.83 4.71
NF4 579 593.763 2.55
NF5 633 640.478 1.18
NF6 919 956.061 4.03
Total average error 4.65
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3.2 Updated Parameters and Model Properties

FE model updating techniques are purposely to improve the confidence in the analytical analysis.
Once the sensitive parameters had been identified through sensitivity analysis, the model updating
process was carried out to update the prediction values from FEA with the values obtained from EMA.
These updated values were obtained when the less accurate properties definition was corrected into
a more optimized value. In this study, three parameters have been selected for the sensitivity
analysis, namely, Young's Modulus for both the plate and CBAR joining, as illustrated in Figure 5. The
sensitivity coefficient values indicated the significant sensitivity of all parameters. Consequently, all
the parameters have been chosen for the process of updating the model.

Parameters for Sensitivity Coefficient
300

200

Modulus AZI1B [ E )

|
Young's
100 ®m Young's Modulus AL6DG1 [ E )
1) H h m Young's Modulus CBAR[ E )
. =0 NN ) u HH

NF1 NF2 NF3 NF4 NFS NF6&
Modes

sensitivity coefficient

Fig. 5. Parameters for sensitivity coefficient

Table 4 indicates the changes in updated values relative to the initial value for the chosen
parameters, as influenced by the design variable. The table indicates that the changes in Young's
Modulus for both plate structures exhibit a higher level of sensitivity in comparison to the joining
element, mostly due to the assumptions placed within the simulation software. In numerous
simulation scenarios, the establishment of the upper and lower boundaries is carried out based on
specific assumptions to maintain the simulation's accuracy [66]. When it comes to
joining simulations, it is customary to assign higher values to Young's Modulus, as this enhances the
rigidity of the element or reduces its deformability. The summary of selected updating parameters is
presented in Table 5.

Table 4

Changes in parameter value based on the design variable

Parameter Initial value Updated value  Unit  Changes
(i) (u) |(u—0)/i]

Young's Modulus AZ31B ( Eazz1s ) 44.8 43.46 GPa  0.03

Young's Modulus AL6061 ( Easos1) 68.9 69.45 GPa 0.008

Young's Modulus CBAR ( Ecsar ) 100 10 GPa 0.9
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Based on the findings presented in Table 5, it is evident that the application of model updating
techniques successfully led to the updating of natural frequencies. However, it is important to note
that the updated results were obtained with various levels of accuracy. All six modes obtained from
the initial FE model were effectively calibrated based on the collected empirical data. The
improvement in the adjustment can be shown in column VI, where the total error of the initial FE of
4.65 percent (column IV) was decreased to 3.08 percent. The first mode, NF1 exhibited the most
significant inaccuracy, reaching 9.33 percent. However, it is important to note that this result
represents a reduction from the initial error value of 14.57 percent. Moreover, the analysis of the
cumulative error indicates that the updated findings indicate a decrease in error for 5 values and an
increase in error for 1 value, specifically on mode NF3. The inaccuracy exhibited a 0.73 percent
increase relative to the initial value of 4.71 percent. The updated value of the parameter in Table 4
will be employed as a replacement for the parameters in the FE model, as it has been validated to
closely approximate the experimental structure. In this study, it will be required to compare the
results with the RSM to figure out the most effective technique for reducing the discrepancy error in
this particular structure.

Table 5
Changes in parameter value based on the design variable
Mode (1) Natural Frequency (Hz)

EMA (I1) Initial CBAR (Il1) Error (%) (IV) Updated CBAR SOL200 (V) Error (%) (VI)
NF1 61.5 70.458 14.57 67.24 9.33
NF2 199 200.705 0.86 199.47 0.24
NF3 343 326.83 4.71 324.35 5.44
NF4 579 593.763 2.55 571.74 1.25
NF5 633 640.478 1.18 632.25 0.12
NF6 919 956.061 4.03 899.55 2.12
Total average error 4.65 3.08

3.3 Model and Data Analysis

The results pertaining to various response parameters were meticulously scrutinized. The analysis
encompasses a detailed evaluation of ANOVA results, focusing on the examination of F-value, R?, and
adjusted R? values, alongside the analysis of the significance of variable input parameters on the
output parameters. Subsequently, the data underwent analysis using software, leading to the
development of an ANOVA table and an appropriate model for the responses.

Table 6 depicts the significance of model terms, based on the ANOVA results derived from the
quadratic model for each response. A thorough examination of the table reveals that both Eazzis (A)
and Eawso61 (B) have exhibited a significant impact on all parameters, while Ecgar (C) has only
demonstrated a discernible effect on the response of Mode NF1 and Mode NF4. The significance of
the results is determined by the p-values obtained from the software, where a p-value less than 0.05
or within the 95% confidence interval indicates the significance of the model terms, while a p-value
greater than 0.05 suggests insignificance [67].
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Table 6

Significance of model terms based on ANOVA results
Response A B C AB AC BC A2 B> (
(Mode)
NF1
NF2
NF3
NF4
NF5
NF6

v - Significant at 95% confidence interval,

X - not significant at 95% confidence interval

SSENENENENEN
SSENENENENEN
X (X X <
SIENENE RN
x x x x x
X x x X x x
X x X X x
X X X X X X
X x x X x x

X X X

Moreover, the interaction effect of Eazzis with EAieos1 has notably influenced 3 responses,
specifically Mode NF1, Mode NF3, and Mode NF4, indicating an acceptable significance within the
scope of this study. On the other hand, the interaction effects for Eazz1s With Ecear and Eaisos1 With
Ecear have indicated insignificance for all responses within the model. In essence, these results
collectively suggest that Ecsar, denoted as the joining component, does not significantly contribute
to the overall structural model.

Table 7 presents several statistical parameters derived from the established models. Typically, a

higher F-value in ANOVA indicates greater variation between sample means, whereas a lower p-value
corresponds to a higher level of significance, providing robust evidence for the significance of the
models. The overall significance of the model suggests the significance of all the responses.
The examination of the correlation coefficient (R?) and adjusted correlation coefficient (Adj. R?)
values serve to assess the precision of the statistical outcomes generated by RSM [68, 69]. Notably,
the R2 and Adj. R? for all the models fall within an acceptable range, nearing 1. The magnitude of the
R? value is viewed as an indicator of the model's adequacy and accuracy in predicting the actual
parameter value [70]. The marginal disparity between the RZ and Adj. R? values, less than 0.2, suggest
the adequacy of the models.

As indicated in Table 7, the maximum Adj. R? is observed for Mode NF1, amounting to 0.9915,
while the minimum value is noted for Mode NF6, equalling 0.9365. Based on the correlation
coefficient values for each response, the software automatically selected a quadratic model to
predict various natural frequency parameters for the dissimilar structure.

Table 7

ANOVA for the response model

Response Sum of df Mean F-value p-value R? Adjusted
Mode Squares Square R?

NF1 18.08 6 3.01 506.28* < 0.0001 0.9935 0.9915
NF2 118.75 3 39.58 192.69* <0.0001 0.9617 0.9567
NF3 346.95 6 57.83 352.94* <0.0001 0.9906 0.9878
NF4 1038.29 9 115.37 247.42* <0.0001 0.9924 0.9884
NF5 1528.64 3 509.55 665.98* <0.0001 0.9886 0.9871

NF6 3306.33 3 1102.11 128.81* <0.0001 0.9438 0.9365
*indicate the model is significant

The mathematical models for all the responses have been formulated to estimate the respective
natural frequency values based on the various input parameters outlined in Eq. (5) through (10),
respectively. The variables in these equations are represented in their corresponding units.

150



Journal of Advanced Research in Applied Mechanics
Volume 130, Issue X (2025) 140-158

NF1=77.5979 + (-0.225347) * EA2313 + (-0.515625) * EAL5051 + (-0.0352222) * ECBAR+

0.0122917 * (Eazzis) (Easo61) + (-0.00166667) * (Eazz1s) (Ecsar)+ 0.00166667 * (EaLsos1) (5)
(Ecaar)
NF2 =102.456 + 1.05472 * Eazziz + 0.732222 * Eare061 + 0.00516667 * Ecpar (6)

NF3 =377.034 + (-1.39264) * EA231B + (-2.58736) * EAL5051 + (-0.217889) * ECBAR+
0.06125 * (Eazz1s) (Ealsos1) + (-0.00954167) * (Eazzis) (Ecear)+ 0.00954167 * (Eavso61) (7)
(Ecaar)

NF4 = 334,179 + 2.61465 * Eazz1g + 1.25799 * Eatgo61 + 0.203111 * Ecgag + 0.289792 *
(Eaz318)(EAve061 ) + (-0.0145417) * (Eaz31s )(Ecear ) + 0.015375 * (Eareo61)(Ecear) + (- (8)
0.202222) * (EA231B )2 + (-0.0980556) * (EAL6061 )2 + (-0.00283889) * (ECBAR )2

NF5 =321.608 + 4.21889 * Eazz1g + 1.84778 * Eateo61 + 0.0267222 * Ecgar (9)
NF6 = 462.596 + 6.13972 * Eaz318 + 2.84611 * Ealgos1 + 0.0706111 * Ecpar (10)

Figure 6 illustrates the correlation between the predicted and actual values of the parameters.
The majority of the data points are observed close to the fit line, indicating a strong correlation
between the actual and predicted values. The correlation coefficient values for various parameters
suggest the applicability of the developed model in predicting the natural frequency based on the
selected material parameters for the dissimilar plate structure. Analysis of the figure reveals that
Mode NF1, Mode NF3, and Mode NF4 are positioned closer to the line, demonstrating a higher
correlation compared to the other three responses. Moreover, this observation indicates the
suitability of these models for the FE data, enabling analysis and prediction of the natural frequency
performance.

The effect of the different factors is illustrated through three-dimensional (3-D) response surface
plots, segmented data plots represented in Figure 7 to Figure 9. The 3-D response surface curve
facilitates mutual comprehension of variable parameters, aiding in the determination of the optimal
level for each variable to achieve the maximum response of mode in the natural frequency.
Furthermore, the graphs in Figure 7 to Figure 9 aid in identifying the most effective range for all three
variable factors. It is evident from the figures that an increase in Young's Modulus corresponds to a
decrease in the natural frequency.

Considering the results in Table 6, our discussion primarily focuses on three responses for the 3-
D response surface, namely Mode NF1, NF3, and NF4. In Figure 7, the impact of Young's Modulus for
both dissimilar plates is more pronounced in the changes of natural frequency, as illustrated in (a),
in comparison to the interactions between the Young's Modulus of the plate and the Young's
Modulus of the joining component, as depicted in (b) and (c). The peak natural frequency value of
71.9 Hz is notably observed in (a), with a change in value of nearly 2 Hz, whereas the changes are
comparatively more subtle in the interactions, at 1.5 Hz and 0.9 Hz, respectively.

Moreover, as illustrated in Figure 8, the maximum peak of the natural frequency value is observed
in (a), reaching 333 Hz, with a change in value of nearly 8 Hz, whereas the changes are relatively more
subtle in the interactions, at 6.5 Hz and 3 Hz, respectively.

In summary, the modes of natural frequency with distinct material properties reveal significant
implications for the update process in FE analysis, facilitating the accurate representation of the
actual structure and aiding in the mitigation of vibration effects in lightweight structures.
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3.4 Optimization of RSM Results

RSM optimization was performed using input and output response parameters. Young’s Modulus
AZ31B, Young’'s Modulus AL6061, and Young's Modulus CBAR are taken as input parameters. An
effective mode that was finalized from the comparison between EMA and FEA from the previous
study [53], all the six modes of natural frequency are taken as output parameters. Approach, lower
and upper limit values of input and response parameters, and optimized parameter value are given
in Table 8. During the optimization process, the lower and upper limits of the parameters were
determined by RSM. In the approach part, the minimum and value in the range targeted in the
response parameters are entered. It is aimed at maximizing the effectiveness of the natural
frequency value for the lightweight plate structure. In range approach was chosen for all the main
factors while the minimize target was chosen for all the mode responses.

The desirability rate, which is a parameter of the accuracy of the optimization, was determined
as 0.937. The fact that the desirability rate value is close to 1 strengthens the suitability of the
optimization made [71]. After the optimization, the optimum input parameter values were
determined as 43 GPa Young’s Modulus AZ31B, 67 GPa Young’s Modulus AL6061, and 91.812 GPa
Young’s Modulus CBAR. Depending on the optimum input parameters, all the responses were found
to be very close to the targeted minimum values.

Table 8

Criteria and results of optimization

Parameter Target Lower Limit Upper Limit Optimized input and response parameter Unit
A: Eaz31s In range 43 47 43.00 GPa
B: EaLeo61 In range 67 71 67.00 GPa
C: Ecsar In range 90 110 91.812 GPa
Mode NF1  Minimize 69.19 71.9 69.212 Hz
Mode NF2  Minimize  197.31 204.59 197.342 Hz
Mode NF3  Minimize  321.23 333.27 321.279 Hz
Mode NF4  Minimize  583.59 605.17 583.590 Hz
Mode NF5  Minimize  629.22 653.64 629.275 Hz
Mode NF6  Minimize  924.29 966.68 923.776 Hz

3.5 Comparison of the Optimized Results Between Model Updating and RSM
The final comparison between the two methods, aimed at minimizing the discrepancy error

between experimental and numerical data, indicates a notable reduction in the percentage error
from the initial CBAR value, as presented in Table 9. The optimization process using SOL200, known
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as model updating, yields the lowest percentage error of 3.08, whereas the optimization employing
RSM results in a slightly higher percentage error of 3.60. Notwithstanding this difference, the study
accomplishes its objective, which is to evaluate the suitability of both optimization methods in
reducing the discrepancy error within the lightweight dissimilar structure.

Furthermore, the observed distinctions in the optimization processes can be attributed to the
trial-and-error approach employed in setting boundaries for model updating, while for RSM, the
levels are established based on predictions derived from the values utilized in FEA. In summary, the
comparison underscores the effective implementation of both optimization methods in minimizing
errors. While model updating can offer greater accuracy in setting boundaries, it lacks the capability
to generate mathematical models, a critical feature provided by RSM in the optimization process.

Table 9
Optimization correlation of natural frequencies for CBAR models
Mode Natural Frequency (Hz)

EMA Initial CBAR Error % Updated CBAR Error % Optimization CBAR Error %
(S0L200) (RSM)
NF1 61.5 70.458 14.57 67.24 9.33 69.212 12.54
NF2 199 200.705 0.86 199.47 0.24 197.342 0.83
NF3 343 326.83 4.71 324.35 5.44 321.279 6.33
NF4 579 593.763 2.55 571.74 1.25 583.591 0.79
NF5 633 640.478 1.18 632.25 0.12 629.275 0.59
NF6 919 956.061 4.03 899.55 2.12 923.777 0.52
Total average error 4.65 3.08 3.60

4. Conclusions

In this study, we analyzed and investigated the enhancement of dynamic properties for joining
dissimilar plate structures. Experimental and simulation tests were conducted under various
conditions, considering factors such as Young's Modulus for both AZ31B and AL6061 plates, as well
as the joining CBAR. All material property parameters were measured, leading to the development
of a mathematical method correlating these parameters to the considered factors. Subsequently,
model updating and Response Surface Methodology (RSM) were applied to optimize the dynamic
properties based on sensitivity analysis for the dissimilar plate structure. Based on the study's results,
the following conclusions were drawn:

i.  Thethree main factors are interrelated, particularly in the case of Young’s Modulus plates,
namely Eazz1g and EAL6061.

ii. Mode NF4 exhibits greater accuracy and significance compared to other responses, as
evidenced by the interactions and its proximity to the fitted line.

iii.  The mathematical model can effectively predict the dynamic properties of the dissimilar
plate structure. The adjusted R2 values for mode NF1, NF2, NF3, NF4, NF5, and NF6
models were 0.9935, 0.9567, 0.9878, 0.9884, 0.9871, and 0.9365, respectively.

iv.  Both optimization methods effectively reduce discrepancy errors and offer unique
advantages in the optimization process. These methods can serve as robust solutions for
multi-objective optimization challenges in dynamic properties parameter optimization.
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