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Abstract  
Creating dimples on beams has been proven to be an effective way of altering their vibroacoustic 

performance. This technique can change the structural natural frequencies and mode shapes and ultimately, 

the sound generated from these vibrating structures with no added mass. Our research, so far, has treated 

these dimples as having uniform thickness without considering the effects of the manufacturing process. 

However, after the stamping process, variations in thickness and width of the dimples are observed. The 

objective of this research is to model beams with such realistic dimples and analyze their performance to 

see if their natural frequencies and mode shapes, differ significantly from those obtained from previous 

work which assumed uniform dimple thickness and width. To this end, we have measured the geometry of 

actual dimpled beams using a scanning method and compared it to a finite element model of the process of 

stamping. These results were then compared to those of a uniform dimpled beam. 

1 Introduction 

Structures such as beams and plates are used heavily in structural design and commercial 

construction.  These structures can produce unwanted noise and vibration. Researchers have investigated 

many methods to reduce the noise and vibrations in such structures. Shifting the natural frequencies of a 

structure away from the frequency range of the excitation force is a significant method to improve the 

dynamics of the structure. A method of improving the vibration and acoustic characteristics of beam based 

on introducing dimples on its surface is a topic of interest. This method focuses on creating one or more 

dimples on a structure's surface to shift its natural frequencies and change its mode shapes. In one study of 

changing the natural frequencies of beams using the dimpling technique, Cheng et al. [1] used a series of 

cylindrical dimples on the beam’s surface to shift its fundamental frequency to prescribed values. In 

addition, Cheng et al. [2] studied the minimization of sound radiation from a vibrating beam. 

Two studies were published by Alshabatat et al. [3], [4] on vibration and acoustic properties of dimpled 

beams and plates where the finite element method was used to calculate the beam and plate vibration natural 

frequencies and mode shapes. Myers et al. [5], [6] used the Boundary Value model (BVM) to compute the 

vibroacoustic properties, such as mode shapes in transverse and longitudinal directions, of dimpled beams. 

This method was also used to optimize shape and placement of dimples along a uniform beam. 

Ghazwani et al. [7] published a study on the development of an analytical model for beams with two dimples 

in opposing directions. Their main goal was investigating the change in natural frequencies and mode shapes 

of a beam with two dimples in the same and opposing direction under different boundary conditions. 

Modeling and analysis of dimpled beams were performed using MATLABⓇ and ANSYSⓇ. Furthermore, the 

beam dimpling approach was validated experimentally. A stamping technique was used to create dimples 

in order to change the vibration characteristics of beam structures. In this study, the dimple thickness was 

assumed to be uniform whereas in reality, the dimple is thicker at the center. 
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In all the research mentioned above, the dimple shape was assumed to be a part of an arc of a circle and its 

thickness was assumed to be uniform, while keeping the total beam mass constant. We realize that this may 

have been an unrealistic view since close examination of beams manufactured using the stamping process 

has shown that these beams exhibit non-uniform width and thickness near and along the dimple. The work 

presented in this paper seeks to take into account these real-world geometrical variations. The effect of these 

non-uniformities on beam natural frequency and mode shapes is also investigated. The goal of this study 

was to determine the importance of these variations and allow us to decide if these changes always need to 

be considered. 

This paper is divided into 6 sections. In Section 2, we describe the fixture used to stamp the beam and the 

experimental method used to measure its natural frequencies. Section 3 explains the scanning method used 

to measure its width and thickness. These results will show that a manufactured dimpled beam exhibits non-

uniform width and thickness. In Section 4, we describe the finite element model used to simulate the 

stamping process and the modal analysis of this deformed beam. To validate the accuracy of the FEA model, 

a comparison of its results will be made against the measured values in Section 5. The natural frequencies 

and mode shapes of the dimpled beam with uniform thickness are compared against those of the non-uniform 

beam in order to quantify the importance of the real-world manufacturing effects. Finally, in Section 6 we 

will summarize our results and provide concluding remarks and suggestions for future work. 

2 Experimental Procedure  

The beams underwent the stamping process to create dimples on them at Western Michigan University’s 

machine shop. A die and punch was used in the stamping process as shown in Fig. 1.  

 

 

Figure 1: The die and the punch used in the manufacturing of the dimpled beams [8] 

Two steps were used to create the dimples on the beam’s surface [7]. First, the beam was clamped into the 

die to ensure that the clamped metal is not drawn (does not slip) during the stamping process. Second, the 

dimpled shape was pressed on the beam’s surface.  Figure 2 illustrates this process.  
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(a)                                                                (b) 

 

(c)                                                             (d) 

Figure 2: Manufacturing process of dimpled beam in four steps, (a), (b), (c), and (d) [9] 

Table 1 shows equipment that was used to collect experimental data [9]. The National Instrument Data 

Acquisition system (NI DAQ) with the Smart Office (M+P International Smart Office) analyzer were used 

to collect and analyze the data. An impact hammer (PCB piezotronic /model 208C02) was used to generate 

the impulse force necessary to excite the beams at three different locations in order to extract the beam 

natural frequencies and mode shapes. The transverse vibration of each beam were measured using a single-

axis accelerometer (PCB piezotronic/ model 352C22). The accelerometer was fixed onto the beam surface 

using the petro wax. 

3 Scanning Method 

Beam deformation results in ANSYSⓇ can be exported in the form of nodal coordinates. To validate these 

results, the actual beam must be scanned at a set of discrete points with known coordinates. This is made 

possible by a 3D optical coordinate measuring technique. The digitization system Advanced Topometric 

Sensor (ATOS) is used to measure the beam with a high local resolution. The ATOS system consists of a 

sensor unit comprising of two cameras, a projector, a tripod, a control unit for the sensor head, and a high-

performance computer. No additional hardware is required. The following section describes the 

measurement procedure. 

 

Figure 3: The scanned beam with reference point stickers  
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Equipment  Function  

Two beam models. 

 

The material of the experimental model is steel 

and the uniform and dimpled beams have the 

same material properties. 

Impact hammer model PCB piezotronic/model 

208C02 with rubber tip. 

  

To generate the impulse force, that is used as 

the excitation to the beam.  

A single axis accelerometer (PCB piezotronic/ model 

352C22) and Petro wax. 

                   

A single axis accelerometer is used to measure 

the acceleration. 

 

Petro wax is used to attach the accelerometer to 

the test beam. 

A four-channel (NI -9234) data acquisition card and 

M+P International Smart Office Analyzer Software. 

               

A four-channel (NI -9234) data acquisition card 

to collect the data. 

 

M+P International Smart Office Analyzer 

Software to analyze the data collected.  

Table 1: Experimental equipment [9] 

The ATOS system is positioned in front of the beam and reference points are defined on the surface of the 

beam. These reference points are tiny stickers in the form of white circles inside black boxes as shown in 

Fig. 3. A striped pattern is projected onto the beam surface which is recorded by two cameras and 3D 

coordinates of the points on the surface are calculated by the software. All surfaces of the beam are exposed 

to the cameras at different angles, all the while keeping at least a few reference points in view. These partial 

images are then stitched together by the software with reference to the global coordinate system defined by 

the reference points. The beam is thus converted to a point cloud, which can be saved as equidistant sections 

normal to any of the principal axes of the global coordinate system. 
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4 Finite Element Modelling 

Stamping is a metal forming process used to deform a part of the beam into a shape resembling a circular 

arc, referred to as a dimple. However, the principal premise of this study is to examine the effects of this 

process on the non-uniformity of thickness and width of the dimple and in turn, on the vibration 

characteristics of the beam. Therefore, it is necessary to simulate stamping first and then investigate the 

natural frequencies and mode shapes of the beams. 

The software used for modelling and simulation was the ANSYSⓇ Parametric Design Language 

(Mechanical APDL) module in ANSYSⓇ. It was chosen due to its extensive library of elements, contact 

technologies, solvers and postprocessing capabilities. The overarching strategy followed here involves 

simulating stamping using a nonlinear static analysis to obtain a deformed beam, and then performing a 

modal analysis on this deformed shape. The nonlinear static analysis is executed as a series of consecutive 

load steps. Each load step involves a small amount of displacement of the plunger and consequently, a small 

amount of deformation of the beam. The simulation procedure consisted of the following salient points: 

1. Creating a 3D parametric model 

2. Assigning nonlinear material properties 

3. Meshing the model 

4. Setting up contact 

5. Defining boundary conditions 

6. Running a nonlinear static analysis to simulate stamping (results in a deformed beam shape) 

7. Running a modal analysis using the output from the nonlinear static analysis 

4.1 Creating a 3D parametric model 

The setup used for stamping consists of a straight strip of cold drawn AISI 1018 steel, hereafter referred to 

as the beam, a plunger, four die blocks and a base plate. As shown in Fig. 1, the beam is held between two 

of the blocks on either side. Four bolts passing through each pair of blocks ensure that the beam is firmly 

clamped between them. This assembly, in turn, rests on the base plate.  

 

Figure 4: Finite element model with coordinate system (before beam truncation) 

X 

Y 

Z 
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As shown in Fig. 4, in the coordinate system defined for the model, the X, Y and Z axes run along the length, 

thickness and width of the beam, respectively. The whole setup is symmetrical in the XY and YZ planes. 

Since in this study the dimple was located in the middle of the beam, it was decided to employ these 

symmetry conditions to better utilize time and computing resources. In addition, modelling the base plate 

and die blocks was avoided by implementing appropriate boundary conditions and parameters. An 

overhanging section of the beam outside the die blocks serves no meaningful purpose within the overall 

scope of the simulation for predicting the beam deflection. Hence, a truncated version of the beam with just 

a small overhang was included. Thus, the final model consisted solely of the plunger and the truncated beam. 

To help ease modeling of beams/dimples of different size, parameters were used extensively to define the 

geometric characteristics of the model. Dimensions of the beam, dimple, plunger, and die blocks were some 

of the main quantities selected to be represented by parameters. Other model variables like material 

properties and the initial gap between the plunger and the beam were also defined this way. 

4.2 Assigning nonlinear material properties 

As this is a problem with plastic deformation, it is only logical that the material defined has nonlinear 

properties. Also, the material behavior after yielding corresponds to a bilinear kinematic hardening model, 

so a tangent modulus is specified to govern the post-yield stress-strain relationship. The beam is composed 

of cold drawn AISI 1018 steel, whose properties were obtained from MatWeb, as shown in Table 2. 

 

Property Value 

Modulus of elasticity 200 GPa 

Poisson’s ratio 0.3 

Coefficient of friction (with itself) 0.52 

Density 7870 kg/m3 

Yield strength 250 MPa 

Tangent modulus 1 GPa 

Table 2: Material properties 

4.3 Meshing the model 

The model being three-dimensional, solid elements have been used to mesh it. The element selected is 

SOLID187 (ANSYSⓇ16.1 element library), which is a higher order 3D, 10-node tetrahedral structural solid. 

It has a quadratic displacement behavior and is well suited to modelling irregular meshes. It is defined by 

10 nodes having three degrees of freedom at each node (i.e. translation in the X, Y and Z directions). It also 

has plasticity, large deflection and large strain capabilities, all of which are required for our analysis. 

Another reason for selecting SOLID187 is a feature called mesh refinement that allows us to have a finer 

mesh in specific areas of interest that in turn, gives more in-depth results. For 3D solid models, a mesh 

refinement is possible only if the mesh is composed of tetrahedral elements. Using a higher order element 

allows us to capture a similar level of detail in a relatively coarser mesh as compared to a finer mesh 

consisting of lower order elements. 

Meshing for the model has been done keeping in mind that the elements might get distorted by the end of 

the simulation due to large deflection and large strain. To avoid severe distortion, care must be taken that 

the elements do not have an aspect ratio greater than 2:1. To that end, the mesh settings have been specified 

so as to create elements that are roughly square in shape. Also, the plunger holds no interest for us, so its 

mesh is kept relatively coarse, while beam has a finer mesh to get as accurate results as possible. 
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4.4 Setting up contact 

Defining contact correctly is a critical part of our analysis. Several important characteristics of this model, 

like the transfer of loads between the plunger and the beam, the elastic recovery of the beam, and the final 

shape of the dimple depend on how contact is set up. Our simulation requires that the plunger come down 

on the beam and deform it in a shape conforming to its own. However, this seemingly simple procedure 

cannot be replicated in ANSYSⓇ as easily as it might seem at first glance. In ANSYSⓇ, if the plunger is 

brought down on the beam, it will simply pass through it as the program does not understand that when two 

bodies coming in direct contact, one (or both) of them is (are) bound to deform. Hence, it is not sufficient 

to model the plunger and the beam alone but contact elements must be created as well. 

The way this is accomplished is by designating the curved face of the plunger and the top face of the beam 

as surfaces coming into contact and populating them with contact elements of the appropriate kind. Contact 

elements fall into two main categories, namely target elements and contact elements. They are created on 

target and contact surfaces respectively, which together form the contact pair. There are several criteria for 

establishing and differentiating between contact and target surfaces, one of which is mesh or element size. 

If one surface has a fine surface mesh (small elements) and, in comparison, the other has a coarse mesh 

(large elements), the fine mesh should be the contact surface and the coarse mesh should be the target 

surface. In our case, the beam’s mesh is finer than the plunger’s. Hence, the top surface of the beam is 

designated as the contact surface and the curved face of the plunger is designated as the target surface. 

The elements available for 3D surface to surface contact are TARGE170 for the target surface and 

CONTA173 and CONTA174 for the contact surface. CONTA173 and CONTA174 are functionally 

equivalent elements of lower and higher order respectively. The sole criterion for choosing between them is 

the order of underlying elements. Since the underlying elements are SOLID187, which are of higher order, 

CONTA174 is the element of choice for the contact surface. Thus, the beam and plunger surfaces were 

meshed with CONTA174 and TARGE170 elements, respectively. 

4.5 Boundary conditions 

Four sets of boundary conditions were implemented. The first set was used to implement the symmetry 

conditions along the X and Z directions (i.e. the YZ and XY planes respectively). The second set consisted 

of the initial boundary conditions and the first load step. The third and fourth sets consisted of load steps to 

move the plunger down on the beam and then back up again, respectively. 

The symmetry conditions were enforced using commands built into ANSYSⓇ. When symmetry in X 

direction is specified, displacement in the X direction is constrained. Similarly, when symmetry in the Z 

direction is specified, displacement in the Z direction is constrained. 

In the second set, initial conditions are set. This involves a peculiar set of circumstances arising at the portion 

of the beam clamped between the die blocks. In the outer half of the blocks, displacements in X, Y and Z 

directions are constrained, while in the inner half of the beam, only displacement in the Y direction is 

constrained. The Y displacement is also constrained on the bottom surface of the beam. These conditions 

collectively enforce the displacement boundary conditions created by the die blocks and base plate, thereby 

making the inclusion of the actual components unnecessary. Additionally, the plunger is constrained to 

move only in the Y direction and is brought down to close up 90% of the initial gap between it and the beam. 

All this is saved as the first load step. 

The third set of boundary conditions involves the plunger moving down on the beam in small displacement 

increments. This is achieved using a *DO loop, which is the ANSYSⓇ equivalent of the more conventional 

‘for’ loop. The fourth set has a similar loop, which then lifts the plunger back up, so that the beam can 

‘spring back’ by recovering the elastic part of its deformation. 
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4.6 Nonlinear static analysis to simulate stamping 

Since all the load steps have been defined and other data has been entered, starting the nonlinear static 

analysis is only a matter of issuing a few commands to specify some solver settings. The number of sub-

steps in every time step is set and the program is instructed to save a ‘restart’ file at the last sub-step of the 

last successfully converged load step. Having a restart file saved is crucial for two reasons. The first is the 

scenario where the static analysis fails to complete successfully and the second is when the output from the 

static analysis needs to be available for further analysis. In either case, the restart file can be used as a starting 

point without having to repeat everything done up until that point. 

The output from this analysis, shown in Fig. 5, corroborates several predictions regarding the final shape 

and size of the dimple. Firstly, it is clear that the dimple is not a perfect circular arc conforming to the shape 

of the plunger. Rather, its shape is a result of a combination of various factors such as the firmness of 

clamping provided by the die blocks, the lateral clearance of the plunger and die blocks, strain hardening of 

the beam material and elastic spring-back after load removal. The fundamental premise of this research, that 

the thickness and width of the dimple are not uniform, can also be validated visually. 

 

Figure 5: Deflected beam after stamping simulation 

4.7 Modal analysis using the output from the nonlinear static analysis 

Once the formation of a beam with a dimple having non-uniform thickness and width has been simulated, 

we can proceed to running a modal analysis of the deformed beam to look at its natural frequencies and 

mode shapes and compare them to the results achieved when the dimple was assumed to have uniform 

thickness and width. It is worth noting here that the truncated beam used for the stamping simulation cannot 

be used for the modal analysis, as it will have very different vibroacoustic characteristics rendering it 

unsuitable for comparison with previous results. To that end, the stamping simulation is run again with a 

full length beam, which is then input for the modal analysis. The first step is to delete all the constraints 

previously imposed on the model for the stamping simulation. Secondly, since the current study involves a 
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fixed-fixed beam, the fixed-fixed boundary conditions are applied. The first five natural frequencies and 

mode shapes are extracted for examination and are discussed in the following section. The first mode shape 

is shown in Fig. 6. 

 

Figure 6: First mode shape corresponding to the simulated deformed beam (61.364 Hz) 

5 Results and Discussions 

At its most rudimentary level, creating a dimple can be characterized as simple elongation and bending of a 

straight beam. Since the material of the beam is elongated along its length, lateral strains cause contractions 

along its thickness and width. These lateral strains, however, vary as the deformation is in progress and this 

results in variable thickness and width along the length of the dimple. The section of the beam where the 

dimple starts is subjected to maximum strain while minimum strain occurs at the center of the dimple. 

Hence, the thickness and width reduce greatly at the start of the dimple. The least thickness and width are 

observed about halfway to the center. This trend is then reversed and some recovery can be observed as we 

get to the center. It should be noted, however, that the thickness and width never regain their original values. 

The presence of these nuances in the finite element model is clearly demonstrated in Figs. 7 and 8. In both 

the figures, the plot on top is the beam from the finite element model, while the one at the bottom is the 

scanned stamped beam. Visual inspection of these figures shows a close correlation between the simulation 

and the measured beam width and thickness. 

 

Figure 7: Width of finite element (top) and scanned (bottom) beams with a single dimple 

VIBRO-ACOUSTIC MODELLING AND PREDICTION 4605



 

Figure 8: Thickness of finite element (top) and scanned (bottom) beams with a single dimple 

Since the accuracy of the model has now been validated, natural frequencies for this model will now be 

evaluated against earlier work. It is very important to remember that the model for the current analysis 

consists of a quarter beam for the sake of symmetry, while previous analyses had a full beam. Consequently, 

the current model will exhibit only those natural frequencies whose mode shapes are symmetric. Hence, 

comparison of the two sets of results is valid and possible only for symmetric mode shapes. One such 

example is shown in Fig. 9. 

 

Figure 9: Comparison of the beam first mode shape (Top: variable thickness and width, bottom: uniform 

thickness and width) 
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Table 3 summarizes the first five natural frequencies of two beams with dimples having variable and uniform 

thickness and width. It can be seen that while the absolute difference in frequency increases as we proceed 

along the spectrum, the percent change remains more or less constant. The absolute and percent change in 

frequency have been calculated using the following equations:   

∆𝑓 = 𝑓𝑣 − 𝑓𝑢      (1) 

% ∆𝑓 =
∆𝑓

𝑓𝑢
× 100     (2) 

Where, 

𝛥𝑓 is the absolute change in frequency 

𝑓𝑣 is the frequency for the dimple with variable thickness and width 

𝑓𝑢 is the frequency for the dimple with uniform thickness and width 

 

Frequency fv (Hz) fu (Hz) Δf (Hz) % Δf 

1st 61.364 58.793 2.571 4.374 

2nd 339.840 325.653 14.187 4.356 

3rd 848.290 812.626 35.664 4.389 

4th 1596.300 1530.710 65.590 4.285 

5th 2591.000 2487.730 103.270 4.151 

Table 3: Natural frequencies for dimples with variable and uniform thickness and width 

It is evident from Table 3 that the natural frequencies are affected by the variations in thickness and width. 

However, this change cannot be attributed solely to the variations. In fact, according to Myers [6, pp. 105-

115], several factors such as boundary conditions, dimple angle, the variation of modal strain energy along 

the beam, dimple chord length etc. influence the natural frequencies of a dimpled beam. 

6 Conclusions and Recommendations for Future Work 

The stamping process which is used to create dimples was simulated using finite element software. To save 

time and computational resources, the symmetric nature of the model was utilized and just a quarter of it 

was created. The resulting shape of the beam, with varying thickness and width, was compared with a scan 

of an actual stamped beam and found to be accurate. Subsequent modal analysis of this beam showed that 

natural frequencies are indeed affected by the variations in the thickness and width of the beam. 

Having said that, it must be remembered that these results have been obtained for a specific set of conditions 

and there are multiple avenues along which future work may progress. Further research may deal with 

changing key parameters of this study and seeing how the end results are affected. 

Firstly, the boundary conditions of the beam in this study are fixed-fixed. It will be interesting to see if and 

how the effects on frequencies change when the boundary conditions are changed. 
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Secondly, it has been noted that natural frequencies having asymmetric mode shapes will be absent from 

the current model. Creation of a full model of the beam would allow us to investigate asymmetric mode 

shapes and frequencies. Further, this would also allow us to model dimples that are not at the center of the 

beam. This would be a step closer towards simulating real-life vibration control techniques, since the dimple 

may not always be placed in a symmetric position. Rather, its ‘optimum’ location is largely dependent on 

the variation of modal strain energy along the length of the beam. 

Thirdly, it may be the case that addition of a single dimple to a beam will result in small changes to its 

vibration characteristics. In such a scenario, it might become necessary to employ multiple dimples. Further, 

each of these dimples may have different angles, chord lengths and orientations (i.e. pointing in the same or 

opposite directions). The cumulative effects of these factors and their interactions with each other will 

provide crucial insights into how and why dimples affect the natural frequencies and mode shapes of beams. 

Lastly, learnings from this research can also be applied to create beads and dimples on plates to aid in the 

control of their vibrations and sound radiation. 
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