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A B S T R A C T  
 

 

Understanding a structure’s behavior is necessary for most applications, especially excitation in 

ultrasonic applications. Currently, ultrasonic devices are used in various fields and have an essential role 

in nondestructive testing (NDT). The structure’s behavior must be concerned with achieving the best 
practice. The structural vibrational behavior depends on natural frequency and mode shape. This study 

attempted to determine the effect of influence parameters on shape deformation for designing the 

adequate excitation condition. In this study, the influence parameters of a uniform beam, including 
geometry, support condition, and material, were included to investigate their effect on the frequency, 

mode shape, and structural response. The result showed the significant influence of a structure’s length 

and support condition on the mode frequency, dramatically decreasing mode frequency for extended 
installation and cantilever support. This study investigated the three common mode shapes revealed that 

the longitudinal bending shape dominated due to the loading direction. Therefore, the shape deformation 

of the structure is mainly governed by the external excitation source, and the high structural response is 
received by applying the excitation near the antinode position of the vibration. Nevertheless, the 

computational result showed a good agreement with the analytical validation with less than 1 % error. 

The study leads to understanding the vibration, which can be further used for either the effective sensor 
attachment or designing the vibration control of ultrasonic applications. 

doi: 10.5829/ije.2023.36.01a.08 
 

 
1. INTRODUCTION 1 
 
Recently, shape deformation due to vibration has been a 

concern in various contexts, especially structural analysis 

[1, 2]. A structure's natural frequency (
n  ) is important 

in structural vibration, showing a less damping force 

effect [3]. The geometry and material of the structure 

influence the natural frequency [4-6]. Moreover, the 

support type also affects the natural frequency. In most 

cases, the natural frequency is cognizant for a structural 

study due to the mechanical resonance. The resonant 

frequency is the frequency of external force that matches 

the structure's natural frequency and causes a great 

amplitude of the vibration [7]. Since the incident of 

Tacoma Narrows Bridge in 1940, when the bridge 

collapsed due to resonance generated by the wind. The 
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wind speed was 68 km/h and frequency of 0.2 Hz, nearly 

close to the bridge's natural frequency (approximately 1 

Hz), initiated the vibration of the bridge together with the 

aeroelastic fluttering. This caused the bridge to oscillate 

periodically with increasing amplitude in the torsional 

mode, where the two halves of the bridge twisted in 

opposite directions before collapsing [8, 9]. The natural 

frequency and vibrational mode shape of a structure are 

prime concerns to prevent a recurrence of a similar 

situation. 

Therefore, the vibration study is essential to 

understand the behavior of the structure. The influence 

parameters have been investigated for their effect on the 

vibration. Regarding another researcher's works, many 

related variables such as boundary conditions [10, 11], 

stiffness [12], and shape [13] were either experimentally 

or analytically investigated for their effect on the 
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deformation under the vibration. Nevertheless, as 

reported, those variables influenced the deformation, 

which should be considered in the vibrational study. 

Furthermore, some variables were applied to the safety 

design of the vibration control [14] and structural 

construction [15-17].  

The natural frequency and vibrational mode 

understanding is currently applied differently for varying 

applications such as tuning folk and ultrasonic transducer 

[18, 19]. The design of vibrating devices that are required 

to operate at resonance to optimize the vibrational 

amplitude; an example is an ultrasonic transducer. An 

ultrasonic transducer is a device that converts an 

electrical signal into a vibration via piezoelectric disks 

located in between the coupled materials. Generally, the 

coupled materials have a natural frequency similar to the 

vibration of the piezoelectric disk; this causes the highest 

amplitude at the vibrating tip. Furthermore, the mode 

shape of the vibration is correspondingly designed to 

perform shape deformation as a targeting purpose, 

making it operate at a fixed frequency [19]. Nowadays, 

ultrasonic devices are used in various fields, including 

medical and industrial [20-22]. Ultrasonic devices have 

an important role in nondestructive testing (NDT), 

whether ultrasonic testing or vibrothermography. 

However, excitation at resonance frequency can cause 

damage to structures or systems due to the large 

deformation. Conversely, it can enhance the power of a 

low-power excitation device.  

According to Xu et al. [23], a low-power ultrasonic 

transducer (5-14 W) was used to apply the excitation for 

 

 

 
Figure 1. Flowchart of the study 

vibrothermography crack detection. The artificial surface 

crack was created on a thin beam and clamped on both 

ends. Under the excitation, the known crack was hardly 

detected since the power was much lower than the 

literature, which is up to 2 kW [24]. Although, adjusting 

the excitation position can improve the detection, which 

provides a clearer indication of the crack. Consequently, 

applying an excitation or sensor attachment requires 

understanding the structural behavior and mode shape to 

optimize the expected result. 

In this study, the structural behavior of the objects 

was simulated at various frequencies to provide an 

understanding and the effect of the influenced parameters 

on a vibrational mode shape. The object's geometry and 

material were varied, including the support types to 

provide different degrees of freedom (DOF). The study 

attempted to understand vibrational behavior to design 

the effective conditions for excitation based on a 

laboratory scale of uniform beam excitation. Moreover, 

steady-state dynamic analysis was applied to investigate 

each condition's frequency response and structural 

behavior. The overall research methodology flow is 

presented as illustrated in Figure 1. This work is the 1st 

attempt to understand the effect of the geometry ratio 

including the material and support conditions on 

vibrational characteristics aiming to develop a 

computational framework to be used in the design of the 

excitation controlling system for vibration-based NDT. 

 

 

2. PROCEDURE  
 

2. 1. Simulation Model Setup          The study of shape 

deformation and structural behavior was simulated in 

ABAQUS FEA. In the simulation, a 3-Dimensional 

model of a rounded rectangular rod was created, as 

shown in Figure 2. The rectangular rod structure was 

selected for the study as it is one of the most common 

structures used for engineering applications. The aspect 

ratio was applied to differentiate the structure’s geometry 

which has controlled the shape of the structure, as 

detailed in Table 1. The non-dimensional height of the 

structure was initially assigned as 10. The scope of the 

geometry ratio was based on the range of engineering 

parts used in the industrial automation system which is 

the main interest of the current work. According to the 

predefined aspect ratio, 27 models were created and 

studied under different conditions based on the vibration 

analysis of a uniform beam. The support conditions were 

also varied: fixed ends and a cantilever. Moreover, two 

different metallic materials, i.e., steel and aluminum, 

were included in the study, and their properties are 

summarized in Table 2. In total, 108 cases were studied. 

The 8-node hexahedral elements with reduced integration 

(C3D8R) were globally applied to optimize the 

computational time of the simulation model. The work 
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Figure 2. Model shape and dimension 

 

 

aimed to develop a computational framework to be used 

in the design of the excitation controlling system for 

vibration-based NDT from the vibrational characteristic 

under different conditions of vibration. 

 

2. 2. Mode Shape Analysis       Frequency analysis of 

the linear perturbation was applied to investigate the 

vibrational mode shape of the structure. The effect of the 

geometry above, including the boundary conditions, on 

each mode's vibrational frequency, was observed, 

detailed in section 3. Moreover, the shape and the 

behavior of deformation were also investigated. 

 

2. 3. Steady-state Dynamic Analysis       The behavior 

of the structure under the vibration was studied in the 

steady-state dynamic modal. A 10 N of harmonic load (P) 

was applied at different locations of x to investigate the 

structural behavior, as illustrated in Figure 3. 

 

 

3. RESULTS AND DISCUSSION 

 

The first five modes are taken to show the behavior of the 

vibration. Three common shapes were included in the 

first five modes, which were (1) Longitudinal bending, 

(2) Lateral bending, and (3) Torsional bending (Twist), 

as shown in Figure 4. The higher order of the mode shape 

which occurred at higher vibrational frequency provides 

a more significant number for the antinode vibration, an 

example of the node and antinode in the structural 

vibration is illustrated in Figure 5. The effect of the 

conditions above on mode shape was shown by plotting 

the vibrational frequency of each mode, as can be seen in 

Figure 6. From the comparison, the major effect of 

vibrational frequency was revealed on the length of the 

structure and the type of support condition. The greater 

the length significantly decreased the vibrational 

frequency of each mode, in the same manner as the 

cantilever support significantly diminished the frequency 

compared with the fixed ends support. For the corner 

radius, a minor effect appeared as the larger radius was 

slightly decreased at the mode shape frequency. 

Furthermore, the ratio of width to height (W/H) had a 

complex impact on the frequency, which displayed a 

noticeable difference in some modes.  

However, the ratio dominated the shape deformation; 

the higher ratio revealed more of the longitudinal bending 

shape in the first five modes. 

TABLE 1. Geometry ratio 

R/H W/H L/H 

0 1 10 

0.25 2 50 

0.5 5 100 

 

 

TABLE 2. Material property 

Material 
Density 

(kg/m3) [14] 
Elastic modulus 

(GPa) [14] 
Poisson’s 

ratio [15] 

Steel 7900 200 0.28 

Aluminum 2700 70 0.33 

 

 

Moreover, the ratio of W/H = 1 has a similar 

frequency between mode 1 and mode 2 likewise in mode 

3 and mode 4. However, the deformation shapes were 

different, i.e. bending in different directions, as shown in 

Figure 7. Considering the structure’s material, there 

seemed to be no effect on the vibrational frequency and 

shape deformation. Lastly, the shapes of each mode are 

listed in Table 3 

Note: the shapes are listed in the following format 

X#Y 

where X = Bending shape;  

      B: Longitudinal, LB: Lateral,TB: Torsional 

Y = Number of antinodes 

 

 

 
(a) Fixed ends support 

 
(b) Cantilever support 

Figure 3. Example model of harmonic load at x = L/4 in 

steady-state dynamic analysis 
 

 

 
Figure 5. Nodes and antinodes of structural vibration 
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(a) Longitudinal bending (b) Lateral bending (c) Torsional bending 

Figure 4. Bending shape 

 

 

 
Figure 6. The effect of geometry on the vibrational frequency 

 

 

  
(a) Fixed ends support (b) Cantilever support 

Figure 7. Example of shape deformation of the geometry ratio W/H = 1 at a similar frequency 
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TABLE 3. List of shape deformation with several antinodes 

Support: Fixed ends Cantilever 

R/H = 0 

W/H L/H 
Mode 

1 2 3 4 5 1 2 3 4 5 

1 

10 LB#1 B#1 LB#2 B#2 TB B#1 LB#1 LB#2 B#2 TB 

50 B#1 LB#1 B#2 LB#2 B#3 B#1 LB#1 B#2 LB#2 B#3 

100 B#1 LB#1 B#2 LB#2 B#3 B#1 LB#1 B#2 LB#2 B#3 

2 

10 B#1 LB#1 TB B#2 LB#2 B#1 LB#1 B#2 TB LB#2 

50 B#1 LB#1 B#2 B#3 LB#2 B#1 LB#1 B#2 LB#2 B#3 

100 B#1 LB#1 B#2 B#3 LB#2 B#1 LB#1 B#2 LB#2 B#3 

5 

10 B#1 TB B#2 LB#1 TB B#1 TB LB#1 B#2 TB 

50 B#1 B#2 LB#1 B#3 TB B#1 LB#1 B#2 B#3 TB 

100 B#1 B#2 LB#1 B#3 B#4 B#1 LB#1 B#2 B#3 LB#2 

R/H = 0.25 

W/H L/H 
Mode 

1 2 3 4 5 1 2 3 4 5 

1 

10 LB#1 B#1 LB#2 B#2 TB LB#1 B#1 LB#2 B#2 TB 

50 LB#1 B#1 LB#2 B#2 LB#3 LB#1 B#1 LB#2 B#2 LB#3 

100 LB#1 B#1 LB#2 B#2 LB#3 LB#1 B#1 LB#2 B#2 LB#3 

2 

10 B#1 LB#1 B#2 TB LB#2 B#1 LB#1 B#2 TB LB#2 

50 B#1 LB#1 B#2 B#3 LB#2 B#1 LB#1 B#2 LB#2 B#3 

100 B#1 LB#1 B#2 B#3 LB#2 B#1 LB#1 B#2 LB#2 B#3 

5 

10 B#1 TB B#2 LB#1 TB B#1 TB LB#1 B#2 TB 

50 B#1 B#2 LB#1 B#3 TB B#1 LB#1 B#2 B#3 TB 

100 B#1 B#2 LB#1 B#3 B#4 B#1 LB#1 B#2 B#3 LB#2 

R/H = 0.5 

W/H L/H 
Mode 

1 2 3 4 5 1 2 3 4 5 

1 

10 LB#1 B#1 LB#2 B#2 TB LB#1 B#1 LB#2 B#2 TB 

50 LB#1 B#1 LB#2 B#2 LB#3 LB#1 B#1 LB#2 B#2 LB#3 

100 LB#1 B#1 LB#2 B#2 LB#3 LB#1 B#1 LB#2 B#2 LB#3 

2 

10 B#1 LB#1 B#2 TB LB#2 B#1 LB#1 B#2 TB LB#2 

50 B#1 LB#1 B#2 LB#2 B#3 B#1 LB#1 B#2 LB#2 B#3 

100 B#1 LB#1 B#2 LB#2 B#3 B#1 LB#1 B#2 LB#2 B#3 

5 

10 B#1 TB B#2 LB#1 TB B#1 TB LB#1 B#2 TB 

50 B#1 B#2 LB#1 B#3 TB B#1 LB#1 B#2 B#3 TB 

100 B#1 B#2 LB#1 B#3 B#4 B#1 LB#1 B#2 B#3 LB#2 

 

 

The steady-state dynamic analysis described the 

structural response by a log-log scale plot between the 

normalized deformation magnitude and frequency. 

Firstly, the structural response under the harmonic 

loading at L/2 was observed for the response along the 

length of the structure. A sharp corner square rod (R/H = 



 

0, W/H = 1) with fixed ends support condition was 

selected in this investigation. The deformation magnitude 

ratio (minimum/maximum) along the length was plotted 

as shown in Figure 8. 

Figure 8 informs the response from different locations 

of x/L under the harmonic loading. The behavior of the 

responses corresponded with the mode shape, which was 

noticeably increased at the frequency of the mode shape. 

The longitudinal bending type only occurred in this 

investigation. The magnitudes of deformation along the 

lengths were different. However, the behavior was 

similar for all locations of x/L, which increased while 

approaching the mode frequencies, except for x/L equal 

to 0 and 1, which had no responses under loading due to 

the support condition. To understand the behavior of the 

structure response, the response at x/L = 0.5 at the 

different locations of the harmonic load was plotted as 

shown in Figure 9. 

Figure 9 shows the different responses seen in L/H = 

10 and 100. Mode 3 was more responsive to the loading 

at L/4 rather than L/2. Considering shape deformation, 

modes 1, 3, and 5 showed the longitudinal bending shape, 

which has a different number of antinodes. The 

deformation shape of the third mode revealed 2 antinodes 

on the vibration, as shown in Figure 10. According to the 

loading location, L/4 was located close to the antinode, 

and L/2 was located close to the node of this vibrational 

mode. Therefore, the loading at L/4 provided a higher 

response in mode 3, as shown in Figure 9. 

Considering the aspect ratio of the geometry, the 

response under the harmonic loading at L/4 with fixed 

ends support was plotted on a stacked log-log chart for a 

clear display of the geometry effect. The behavior of 

deformation magnitude at x/L = 0.5 was only concerned 

in the comparison. The effect of the geometry ratio is 

shown in Figure 11. Furthermore, the effect of the 

support-type and structural material was included, as can 

be seen in Figures 12 and 13, respectively, which were 

investigated on a sharp corner square rod. Figure 11 

shows the difference in the behavior of the structural 

response from the different geometry. The longitudinal 

bending only appeared under vibration for the sharp 

square rod (R/H = 0, W/H = 1). Moreover, the higher 

ratio of R/H and W/H revealed a higher chance of lateral 

and torsional bending. However, longitudinal bending 

mainly occurred due to the direction of loading. The 
 

 

 

 
Figure 8. The structural response of the different locations of x/L 

 

 
Figure 9. The effect of different loading locations on the structural response 
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Figure 10. The third mode of sharp corner square rod 

 

 

cantilever condition for the support condition revealed 

the torsional bending in the length ratio L/H =10; the rest 

were longitudinal bending. In contrast, the condition of 

the fixed ends only revealed longitudinal bending. 

Furthermore, the effect of structural material in Figure 

13. shows a similar trend and shape of the response. In 

terms of deformation magnitude, a more extended 

structure had a higher magnitude of deformation, and the 

mode of longitudinal bending shape was dominant, with 

the highest response among the deformation shapes. 

Lastly, aluminum material has a higher response than 

steel. 

The computational results were compared with 

similar studies, either experimental or computational. 

The natural frequency and the structure’s response under 

the vibration could not be compared directly due to the 

difference in structural geometry. Nonetheless, the small 

difference in the natural frequency of steel and aluminum 

was verified in the experimental study of Young et al 

[25]. Moreover, the shape deformation under transverse 

vibration of the second structural mode was compared 

with another experimental study by Hassanpour et al. 

[26]. Figure 14 shows the shape deformation of a uniform 

beam with fixed ends. The obtained experimental data 

roughly provided the shape deformation since only seven 

measuring points were used in their study. However, the 

shape deformation along the length had a similar trend. 

In addition, similar studies correspond well with the 

current work [27]. In short, the investigation of multi-

shape uniform beam revealed the characteristic of the 

natural frequency at each mode of the structure which 

was uniquely dependent on boundary conditions and 

geometry. Under the excitation, the structure vibrated in 

the direction of the excitation, which governed the shape 

deformation, i.e., the longitudinal bending occurred from 

vertical excitation (transverse vibration). 

 

 

 
Figure 11. The effect of geometry ratio on the structural response 
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Figure 12. The effect of support conditions on the structural response 

 

 

 
Figure 13. The effect of material on the structural response 

 

 

 
Figure 14. The second mode of the uniform rectangular 

beam with fixed ends under transverse vibration 
 

 

Regarding the vibrational mode, the mode of 

vibration depends on the position and frequency of the 

excitation. The excitation at the antinode of vibration 

with a similar mode frequency as the structure would 

control the occurrence mode of vibration. Nevertheless, 

the excitation at natural frequency was not recommended 

for high-power excitation devices, which can cause a 

failure due to large deformation. 

4. ANALYTICAL VALIDATION 

 

According to theoretical calculation, the natural 

frequency of the uniform beam with both ends fixed can 

be calculated via the following expression [25, 28]: 

4
   
2

n
n

K EI

AL


 
=  

(1) 

where, 
n  = Natural frequency (Hz) 

E  = Elastic modulus (Pa) 

 I  = Area moment of inertia (m4) 

   = Density (kg/m3)  

 A  = Cross-sectional area (m2) 

 L  = Length (m) 

 
nK  = Mode constant 

Equation (1) was used to validate the FEM results of 

the sharp corner (R/H = 0) structure with L/H = 100, as 

detailed in Table 4. The validation was performed on the 

mode frequency of the longitudinal bending shape under 

the transverse vibration. The comparison showed a good 

agreement with an error of less than 1 %. 

Moreover, the mode shape (Longitudinal bending) of 

a uniform beam under the transverse vibration with both 
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ends fixed conditions was governed by the following 

equation [29, 30]. 

( ) ( ) ( )sinh sin   cosh cosW x C x x x x
n n x n n n

     = − + −
  

 

(2) 
sinh sin

cos cos

l l
n n

l h l
n n


 

 

−

−
=  

where 
nl is the mode parameter which is listed in Table 

5 and C
n

 is the magnitude constant of vibration. From 

Equation (2), the nodal position of the vibration is shown 

in Table 5. To validate the FEM results, four mode shapes 

of the structural ratio R/H =0, W/H = 5, and L/H = 100 

were plotted, as shown in Figure 15, to compare the 

position of the node with the analytical data.  The nodal  
 

 

TABLE 4. Comparison of the natural frequency for the 

longitudinal bending mode 

W/H = 1 

Mode Kn
[25] 

,  Analyticn (Hz) 
, FEMn (Hz) Error 

(%) 

1 22.4 51.808 51.470 0.653 

2 61.7 142.704 141.760 0.662 

3 121 279.857 277.570 0.817 

W/H = 1 

Mode Kn
[25] 

,  Analyticn
(Hz) 

, FEMn
(Hz) Error 

(%) 

1 22.4 51.808 51.509 0.578 

2 61.7 142.704 141.860 0.591 

3 121 279.857 277.790 0.739 

W/H = 1 

Mode Kn [25] ,  Analyticn
(Hz) 

, FEMn (Hz) Error 

(%) 

1 22.4 51.808 51.670 0.267 

2 61.7 142.704 142.310 0.276 

3 121 279.857 278.700 0.414 

4 200 462.574 460.170 0.520 

 

 

TABLE 5. Mode parameters (
nl ) and nodal position of fixed-

fixed uniform beam  

Mode l
n
 [29] Nodal position/L [25, 31] 

1 4.7300 0.0, 1.00 

2 7.8532 0.0, 0.50, 1.00 

3 10.9956 0.0, 0.33, 0.67, 1.00 

4 14.1372 0.0, 0.25, 0.50, 0.75, 1.00 

 

 
Figure 15. Longitudinal mode shape under the transverse 

vibration of the FEM method 

 

 
positions of the FEM result were almost identical to the 

theoretical calculation, which confirmed the correctness 

of the simulation. Since the behavior of the structural 

response is governed by natural frequency and mode 

shape. Consequently, the aforementioned steady-state 

analysis is undoubtedly certified. 

 

 

5. CONCLUSION 

 

In this study, the influence parameters including 

geometry, support condition, and material are 

investigated for their effect on the natural frequency, 

mode shape, and structural response. Regarding 

geometry ratio, the structural length had a major effect on 

the mode frequency of vibration. A more extended 

structure had a lower natural frequency, and the corner 

radius of the structure rarely affected the frequency. The 

width of the structure was dominated by the mode shape, 

which had a more torsional effect on a larger width. 

Furthermore, the cantilever support significantly 

decreased the frequency compared to fixed-fixed 

conditions, and the material had no significant effect on 

either mode frequency or mode shape in the 

investigation. The response of the structure corresponds 

with the mode shape under vibration. The shape 

deformation under the vibration is governed by the 

excitation frequency and loading conditions, including 

the location and the direction. Consequently, the 

longitudinal bending mode dominated the structural 

response due to the applied conditions in this 

investigation. Moreover, loading at the antinode 

vibration position provided the maximum magnitude of 

deformation and lower magnitude for the nodal position. 

Lastly, the knowledge of the structural behavior under 

the vibration in this study can be further used for either 

the effective sensor attachment or controlling the 

vibration in vibration-based applications.   
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Persian Abstract 

 چکیده 
ر زمینه های مختلف مورد  درک رفتار یک سازه برای اکثر کاربردها، به ویژه تحریک در کاربردهای اولتراسونیک، ضروری است. در حال حاضر دستگاه های اولتراسونیک د

لکرد مرتبط باشد. رفتار ارتعاشی ساختاری به فرکانس  دارند. رفتار ساختار باید با دستیابی به بهترین عم (NDT)استفاده قرار می گیرند و نقش اساسی در تست های غیر مخرب  

ود. در این مطالعه، پارامترهای طبیعی و شکل حالت بستگی دارد. در این مطالعه سعی شده است اثر پارامترهای تاثیر بر تغییر شکل برای طراحی شرایط تحریک مناسب تعیین ش

واد، برای بررسی تأثیر آنها بر فرکانس، شکل مد و پاسخ سازه گنجانده شد. نتیجه تاثیر قابل توجه طول و شرایط تکیه  تأثیر یک تیر یکنواخت، شامل هندسه، شرایط تکیه گاه و م

نشان داد که شکل خمشی   گاه سازه را بر فرکانس مد، کاهش چشمگیر فرکانس مد برای نصب و پشتیبانی طوالنی مدت نشان داد. این مطالعه با بررسی سه شکل حالت رایج

ا اعمال تحریک در نزدیکی  ولی به دلیل جهت بارگذاری غالب است. بنابراین، تغییر شکل ساختار عمدتاً توسط منبع تحریک خارجی کنترل می شود و پاسخ ساختاری باال بط

نشان داد. این مطالعه منجر به درک ارتعاش    %1کمتر از  موقعیت آنتی گره ارتعاش دریافت می شود. با این وجود، نتیجه محاسباتی تطابق خوبی با اعتبار سنجی تحلیلی با خطای  

 می شود، که می تواند بیشتر برای اتصال موثر حسگر یا طراحی کنترل ارتعاش برنامه های اولتراسونیک مورد استفاده قرار گیرد. 
 

 
 


