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Chapter 4

Baseline Tests and Smart Plate Development

The purposes of this chapter are to discuss the baseline tests performed on the undamped

test plate and to outline the process used in developing the smart damping test plate.  This

chapter describes the methods used to establish the vibration and acoustic characteristics

of the undamped plate, which in turn enabled the PZT material application to the

undamped plate for the smart damping plate development.

4.1 Baseline Tests

Baseline tests were performed on the undamped test plate according to the test setup

described in Chapter 3.  Frequency response data were collected for the frame

acceleration, plate acceleration, and generated sound pressure levels.  The results of the

baseline tests helped to establish the vibration and acoustic characteristics of the

undamped plate.  Resonant peak levels and frequencies were selected from these baseline

tests, which were later further analyzed in order to determine the mode shapes, or

vibration patterns, of the plate.  This information was used to determine the placement for

the smart material.

4.2 Test Plate Vibration Characteristics

This section investigates the vibration characteristics of the undamped test plate with

clamped-clamped boundary conditions.  The corresponding mode shapes, the shapes in

which the plate vibrates, were identified in order to determine which modes would be the

most successfully decreased using smart materials.  Mode shape identification provides

useful information for the placement of smart material.  Baseline tests were performed

and then compared to a finite element analysis model.  The mode shapes were then

verified using laser-scanning techniques that measure the velocity fields associated with

the resonance frequencies.
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4.2.1 Test Plate Resonance Frequencies

Baseline tests were performed for an undamped test plate, as described in Chapter 3, for a

frequency range of 0 to 400 Hz.  Data from the plate and frame accelerometers were

collected and recorded using the HP analyzer according to the sampling technique

described in Section 3.2.3.  Figure 4.1 illustrates the frequency response of the plate

vibration levels with respect to the frame acceleration.  Distinctive resonant peaks can be

identified, with the highest levels occurring at 43 Hz, 106 Hz, 145 Hz, and 252 Hz.
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Figure 4.1.  Vibration Baseline Test Results for Undamped Plate

4.2.2 Test Plate Mode Shapes

The mode shapes of the resonant frequencies of the undamped plate were determined

using analytical as well as experimental methods.  First, a finite element analysis was

performed and used to approximate resonant frequencies and the mode shapes.

Experimental tests were then performed on the plate using a laser vibrometer to measure

the velocity fields at the resonant peaks with the highest response levels.

4.2.2.1 Analytical Mode Shapes

An analytical analysis was performed using a 500-element model of a plate with 1.0 mm

thickness, an effective test plate area of 40 cm x 50 cm, and fixed boundary conditions.

Figure 4.2 presents the first twelve mode indices and natural frequencies that were

Frequency Response of Plate to Frame Acceleration
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obtained with Algor, a finite element package.  For the mode index, (i, j), i and j are the

number of half-sine waves of vibration along the width and length of the plate,

respectively.  These results were used to interpret the frequency response functions

generated in the baseline vibration tests for the undamped plate.

(1,1) Mode – 46.3 Hz (1,2) Mode – 81.4 Hz (2,1) Mode – 106.1 Hz

(1,3) Mode – 138.4 Hz (2,2) Mode – 138.8 Hz (2,3) Mode – 194.5 Hz

(3,1) Mode – 197.4 Hz (1,4) Mode – 215.8 Hz (3,2) Mode – 229.4 Hz

(2,4) Mode – 270.8 Hz (3,3) Mode – 283.1 Hz (1,5) Mode – 313.1 Hz

Figure 4.2.  Finite Element Model Results for Test Plate

Vibration peaks of the baseline tests in Figure 4.3 have been labeled with a mode

index that was approximated using the finite element results.  This was done with the

assumption that all the modes in the frequency range were measured, and the mode

shapes occurred in the same ascending frequency order.  The finite element analysis
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produced similar but not exact results due to undeterminable factors such as damping

effects of the boundary conditions.  This discrepancy for the boundary conditions causes

some uncertainty for the mode shape approximations shown in Figure 4.3.  For this

reason, it was decided that the mode shapes of the plate had to be identified via

experimental testing and analysis.  Laser scanning techniques were utilized due to their

speed, high resolution, and availability to the lab.
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Figure 4.3.  Initial Mode Shape Identification

4.2.2.2   Experimental Mode Shapes

Before laser measurements were performed, the baseline tests were retaken for the

frequency range of interest, 50-450 Hz.  From the frequency response functions shown in

Figure 4.4, five resonant frequencies were selected as possible modes to dampen with

PZTs.  Peaks 1, 2, 3, and 5 were selected because they had the highest accelerations.

Peak 4 was selected because later it was proved that it was possible to dampen both peaks

4 and 5 with one PZT and shunt circuit.  These peaks are close together in frequency, i.e.

coupled, which makes it possible to tune the shunt circuit to a frequency between the two

peaks.  Peaks 1 and 3 are well separated and therefore require different PZTs and shunt

circuits.

Frequency Response of Plate to Frame Acceleration
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Figure 4.4.  Standard Test Plate Response with Five Resonant Peaks Identified

Laser scanning tests were performed on these selected peaks so that the shapes could be

determined.  For this test, the top enclosure is removed and a laser is suspended over the

test plate, as shown in Figure 4.5.  While the plate is excited at the desired frequencies,

the laser scans the plate and records the plate velocity field.

Laser

Scanned
 Area

Figure 4.5.  Laser Scanner Test Setup
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Velocity fields were determined for the five selected peaks at 101, 121, 147, 235, and 245

Hz.  Figure 4.6 shows the experimental results for peak 3 at 47 Hz.  It is evident here that

this mode index is (3,1), which was predicted correctly with the finite element analysis.

Figure 4.6.  Velocity Field for Peak 3 at 147 Hz From
   Laser Scanning Measurements

The experimentally-determined mode indices for the five resonant peaks are listed in

Table 4.1.  The mode shapes of peaks 1, 3, 4, and 5 are considered odd mode shapes

Magnitude of Plate Velocity at 147 Hz, Mode (3,1)

Magnitude of Plate Velocity at 147 Hz, Mode (3,1)
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because both the i and j indices are an odd number.  Peak 2 has an even mode shape,

(2,2), because its indices are even.  The significance of even or odd mode shapes is

addressed in the next section, where the test plate acoustic characteristics are

investigated.

Table 4.1.  Experimentally-Determined Mode Shape Results

PEAK 1 2 3 4 5

FREQUENCY 101 121 147 135 145

MODE INDEX (1,3) (2,2) (3,1) (3,3) (1,5)

4.3 Test Plate Acoustic Characteristics

Baseline acoustic tests were performed to measure the pressure levels in the reception

chamber that were emitted from the test plate during excitation.  Figure 4.7 presents these

initial results and identifies the five resonant peaks that were selected for the vibration

analysis.  As with the plate vibration test results, peaks 1, 3, and 5 have high levels of

response.
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Figure 4.7. Acoustic Baseline Test Results for Undamped Plate
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Figure 4.8 shows that there is a strong correlation between the acoustic peaks and

the vibration peaks.  This correlation is significant because if the vibrations are reduced,

then the radiated noise can also be reduced.  Although there is a strong correlation

between the frequency of the plate vibrations and the acoustic peaks, the magnitudes of

the peaks are not necessarily correlated.  In other words, the highest acoustic peaks do not

necessarily occur at the highest vibration peaks due to the effect of the plate deformation

(or mode shape) at the particular frequency.  For example, in Figure 4.8, peak 2 at 121 Hz

appears to have a high vibration level, but does not seem to be a good noise radiator.

This is because the plate at this resonant peak vibrates in an even mode, as shown in

Figure 4.9.
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Figure 4.8.  Baseline Test Results Illustrating Vibration and Noise Correlation

At this frequency, there are four areas of large deformation, two of which vibrate

out of phase with the other two.  Based on the acoustic theory, this causes the

equalization of air pressure from one section to the other, and therefore no pressure is

radiated away from the plate.  On the other hand, if the resonant peak has an odd mode

shape, such as peak 3 illustrated in Figure 4.6, there is no equalization of pressures

because there are an odd number of vibrating sections.  Therefore, acoustic pressures are
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radiated more efficiently from the plate.  The mode shapes of peaks 1, 3, 4, and 5 are all

odd modes and are therefore efficient radiators.

Figure 4.9.  Velocity Field for Peak 2 at 121 Hz From
    Laser Scanning Measurements
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4.4 Smart Plate Development

This section includes details of how and where the smart materials were applied to the

test plate, and illustrates the test setup of the smart damping plate.

4.4.1 PZT Placement and Application

The smart materials used for this research were 2.85-in square PZTs with a thickness of

0.0105 in.  The PZTs (Model No. PSI-5H-S4-ENH) were acquired from Piezo Systems,

Inc. and possess the properties listed in the supplier documentation found in Appendix C.

Three of these PZTs were applied to an undamped plate, as described in Section 2.4, and

positioned as shown in Figure 4.10.

Figure 4.10.  PZT Placement on the Test Plate

Figure 4.11 illustrates the locations of the PZTs for each mode shape, and the frequencies

to which shunt circuits were tuned.  The PZTs were placed so that they were at the center

of the sections that deformed during vibration (i.e., at the antinodes).  These were

determined to be the locations with the maximum strain, and therefore the optimum

locations for the PZTs.
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                           PEAK 1 (101 Hz)                                            PEAK 3 (147 Hz)

               DAMPED BY SHUNTING PZT C                   DAMPED BY SHUNTING PZT B

       

                          PEAK 4 (235 Hz)                                                   PEAK 5 (245Hz)

           DAMPED BY SHUNTING PZT A                           DAMPED BY SHUNTING PZT A

Figure 4.11.  PZT Placement and Shunting Strategy

4.4.2 Attaching PZTs to Structures

The main goal when bonding PZTs to a surface is to obtain a high level of mechanical

coupling between the PZTs and the surface.  If there is good bonding contact between

them, the energy transfer from the plate to the PZT will be more efficient.  For this

reason, a procedure for attaching the PZTs was developed that ensured an effective and

uniform contact between the PZTs and the plate.

The first step in this procedure is to prepare the PZTs and the plate for

application.  The PZTs are electrically poled such that the top of the PZT is positive and

the bottom is negative.  In order to make an electrical connection to the bottom side of the

PZT, which is bonded to the plate, thin strips of adhesive-backed copper tape are

attached.  To insure a good connection between the PZTs and the copper strips, a thin



48

layer of solder is recommended.  The surface of the test plate is prepared by sanding its

surface in the areas where the PZTs are to be attached.  Acetone is then used to clean the

sanded surface of metallic dust.

The next steps are to mark exactly where the PZT will be attached and to apply a

thin layer of Loctite 94 adhesive.  The PZT is then set in place, while ensuring that the

copper tabs do not fold under the PZT.

Although it is not necessary, applying a vacuum over the PZT at this time would

ensure an even distribution of adhesive.  The vacuum procedure setup, as illustrated in

Figure 4.12, consists of a small piece of plastic sheet, caulking tape, separator cloth,

breather cloth, and a small vacuum pump.  Since the adhesive has a fast drying time, the

vacuum materials should be prepared before the adhesive is applied.  A perimeter of

caulking tape is attached to the plate about 2 in around the PZT area.  Next, the vacuum

pump tube is secured into this perimeter with another small piece of caulking tape.  After

the adhesive is applied and the PZT is positioned, it is covered with a piece of separator

cloth and then a piece of breather cloth.  This breather cloth allows the vacuum to

distribute evenly across the PZT.  To seal the environment for the vacuum, a 7-in square

plastic sheet is placed over the application area and adhered to the plate with the caulking

tape perimeter.  After turning on the vacuum pump, the vacuum area is checked for leaks

in the seal between the plastic and the caulking tape.  The vacuum should be applied for

5-10 minutes.

When the vacuum materials are removed from the PZT and plate, wire leads are

then attached to the copper tab and top surface of the PZT.  These wire leads are then

used to connect to the shunt circuit.

Figure 4.12.  Vacuum Procedure Setup
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4.4.3 Smart Damping Plate Test Setup

Three shunt circuits were built according to the design presented in Section 2.3, and the

inductor and load resistors were set to values calculated in Section 2.3.1.  A shunt circuit

was then attached to each PZT as shown in the test setup schematic in Figure 4.13(a).

Figure 4.13(b) shows the actual test setup, excluding the top enclosure, with the shunt

circuits attached to the PZTs.  The shunt circuits, powered by the power supply, were

then fine-tuned, using the methods described in Appendix B, to the frequencies at which

they were designed to absorb energy.

(a) Smart Damping Plate Test Schematic

B

AC

Shunt Circuits

(b) Smart Damping Plate Test Setup, without Top Enclosure

Figure 4.13.  Smart Damping Plate Testing
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4.5 Summary

This chapter presented the baseline tests performed on the undamped test plate and the

methods used to identify the resonant frequencies and corresponding mode shapes.  The

smart damping plate development was also discussed, including the placement of the

PZTs, the attachment methodology, and the smart damping test setup.


