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(ABSTRACT) 

Vibration testing and analysis is becoming increasingly important in the electronics 

industry. It is used as a workmanship screen, as well as a way to duplicate the 

deployed environment in both the military and commercial avionics worlds. To 

minimize the effects of the vibration from testing and what will be encountered in 

service, the mechanical analyst must be able to accurately predict mode shapes and 

frequencies of in-situ PC board. 

This thesis will investigate modeling the wedge locks as non-uniform translational and 

rotational springs. The first eight natural frequencies of a rectangular circuit board 

(with no components soldered to it, and with wedge locks along two edges) will be 

empirically determined. Eight frequencies will be used to solve for four unknowns: 

continuously distributed translational and rotational spring stiffnesses along the 

segments of board that are in contact (two unknowns) with the wedge lock, and those 

that are not in contact (two unknowns). A finite element model will be developed of 

the physical system. The translational and rotational spring stiffnesses will be 

optimized to minimize an error function involving the difference between the empirical 

and analytically predicted natural frequencies.
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Chapter 1: Introduction 

Vibration testing and analysis is becoming increasingly important in the 

electronics industry. It is used as a workmanship screen, as well as a way to 

duplicate the deployed environment in both the military and commercial 

avionics worlds. To minimize the effects of the vibration from testing and what 

will be encountered in service, the mechanical analyst must be able to 

accurately predict mode shapes and frequencies of in-situ PC board vibrations. 

Far too often the best modeling of printed circuit boards is done by modifying 

the modeling techniques to match the frequencies found in testing. This does 

little good at the beginning of a project, before the first boards are produced. 

The analyst will know the size of the board, the mounting technique, and little 

else before the boards are laid out and fabricated. After the boards are 

fabricated, it becomes an expensive proposition to change the board for 

vibration concerns. This makes the modeling done early in the design phase 

that much more important. The analyst can, with information about the mode 

shapes that occur within the equipment’s operational vibration spectrum, 

modify the design to break up or move certain modes, or rearrange 

components to minimize stressing of the electrical leads.



The more difficult modeling parameter to characterize has been the boundary 

conditions, especially wnen wedge-lock card guides are used. These devices 

provide more than a simply supported edge, but not quite a fully fixed edge for 

the boards [1]*. 

Some studies found in the literature [2,3] attempted to characterize the wedge 

locks as simply supported with continuously distributed rotational springs. The 

rotational springs were assumed to have the same stiffness, which was 

adjusted until the first modal frequency prediction matched that found 

empirically. The study assumed that: 

¢ the wedge locks were infinitely stiff in translation normal to the board. 

¢ the stiffness of the rotational spring was uniform along the edge of the 

board or is unknown. 

Figure 1 shows the way wedge locks are segmented. There are alternating 

sections of the circuit board that are clamped by the wedge lock, and those 

sections that are pressed against the card slot, but not touching the wedge 

lock. Thus, the last assumption appears in question. 

  

*Numbers in square brackets refer to references listed at the end of this thesis. 
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Figure 1 Alternating Sections of Wedge Lock Contacting PCB 

This thesis will investigate modeling the wedge locks as non-uniform 

translational and rotational springs. A test sample (a rectangular plate with 

wedge locks along two edges) will be constructed and modal testing will 

determine the first eight natural frequencies. Eight frequencies will be used to 

solve for four unknowns: continuously distributed translational and rotational 

spring stiffness along the segments of board that are in contact with the wedge 

lock, and those that are not. A finite element model will be developed of the 

physical model using translational and rotational springs as the boundary 

conditions. The translational and rotational spring stiffnesses will be modified 

based upon minimization of the error function between the measured and 

predicted frequencies.



Most of the literature deals with the wedge-lock issue in English Units. For this 

reason, this thesis will present its data in English units instead of Metric units.



Chapter 2: Literature Search 

Much of the literature’s treatment of the wedge locks has been primarily 

confined to predicting the first natural frequency of a printed circuit board. 

Steinberg [1] states that for a board with a first mode 

¢ below 100 Hz the wedge lock will act like a fixed edge. 

¢ below 600 Hz the frequency will correspond to an interpolated value 

between the frequencies for the board with fixed and simply supported 

edges according to the following equation: 

_ Fit+1.1(F,-F,) (1) 
2 '1+0.001 (F,-F,) 
  

Barker and Chen’s results [2] discount this equation altogether, stating that the 

fixity provided by the wedge lock is independent of the natural frequency of the 

board. 

Roza’s test data [4] supports Steinberg’s equation for 5 segment wedge locks 

using the manufacturer’s recommended torque, but not for the 3 segment 

version. Although Roza does provide the slot width that was used in the



testing, the width of the of the ribs that made the sides of the slots is not 

given. The slots in the fixture were made to replicate a typical configuration. It 

is not known if the stiffness of the sides of the slots are comparable to that 

being attributed to the wedge locks. Roza’s study used aluminum plates as 

test samples because of the certainty of the material properties used in 

modeling. However, the contact mechanics differences between the wedge 

locks and the aluminum compared to wedge lock and composite PC boards 

were ignored. Such contact stiffness differences could influence the optimized 

stiffness values. It also only addressed optimizing the rotational spring 

constants until the first mode was matched in frequency. 

Barker and Chen[2] determined that there was no closed form solution for 

describing the stiffnesses of the boundary conditions provided by wedge locks. 

Instead, they tabulated the dimensionless frequency parameter A? as described 

by Leissa[5]. This study also used aluminum plates as test samples. One 

figure does indicate that a fairly rigid test fixture was used, so that the values 

measured were attributable to the wedge locks. 

Banks [3] attempted to find the stiffness of the bolted joint produced by the 

wedge lock. In the end, it was stated that it appeared to be prohibitively 

complicated to find a closed-form solution for, or even to develop a FEM of this 

bolted joint. Part of the problem encountered may have been with the free- 
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body diagrams that provided the basis for the analysis. They did not satisfy 

rotational equilibrium. 

If the stiffness of a plate clamped with wedge locks can have an effect on the 

boundary condition, then anisotropic plate material could also have an effect 

on the boundary condition. For this reason, it was decided that the test 

samples for the study in this thesis would be fabricated from materials 

commonly used for printed circuit boards.



Chapter 3:Reconciliation of Theoretical Predictions with Free-Free 

Testing 

The testing for this thesis was divided into the following phases: 

Phase 1: Preliminary Free-Free Testing to Validate Testing and Analysis 

Procedures 

i. Test an unpopulated FR4 circuit board in the free-free condition. 

il. Build a FEM of the test article using material properties found in the 

literature. If the modeling agrees with the empirical data, go to the next 

phase of testing: otherwise go to step iii. 

ili. Test a piece of FR4 that does does contain component mounting 

holes in the free-free condition. 

iv. Build a FEM of the test article using material properties found in the 

literature. If the modeling agrees with the empirical data, go to the next 

phase of testing: otherwise go to step v. 

v. Obtain material property data for the test samples via modulus 

testing. 

vi. Build a FEM of the test article using material properties found in the 

modulus testing. If the modeling agrees with the empirical data, go to 

next phase of testing. If the FEM predicted frequencies still do not 

agree with the test results, continue to refine the material property



definition. 

Phase 2: Free-Free Testing Of Samples to be Used in the Restrained Testing 

with the Wedge Locks 

i. Test the aluminum sample in the free-free condition. 

li. Build a FEM of the test article using material properties found to be 

most representative in the Preliminary Testing. 

lil. Test the FR4 sample in the free-free condition. 

iv. Build a FEM of the test article using material properties found to the 

most accurate in the Preliminary Testing. If the modeling agrees with 

the empirical data, go to next phase of testing:otherwise go to step v. 

v. Obtain material property data for the test samples via modulus 

testing. 

vi. Incorporate the material properties found in the modulus testing into 

the FEM. 

Phase 3: Restrained Testing Using Wedge Locks 

i. Obtain modal frequency data for an aluminum plate mounted with 

wedge locks. 

ii. Build a FEM of the aluminum test article and compare the various 

analytical techniques found in the literature to model the boundary 

conditions provided by the wedge locks. 

9



ili. Modify the FEM to contain non-uniform translational and rotational 

springs to model the wedge-lock boundary conditions. Optimize the 

translational and rotational spring stiffnesses to minimize the error 

function between the FEM predicted and empirical modal frequencies. 

iv. Obtain modal frequency data for the FR4 plate modeled in the free- 

free condition mounted with wedge locks. 

v. Build a FEM of the FR4 test article and compare the various 

analytical techniques found in the literature to model the boundary 

conditions provided by the wedge locks. 

vi Modify the FEM to contain non-uniform translational and rotational 

springs to model the wedge-lock boundary conditions. Optimize the 

translational and rotational spring stiffnesses to minimize the error 

function between the FEM predicted and empirical modal frequencies. 

Phase 1, is described in sections 3.1, 3.2, and 3.3. Phase 2, is described in 

sections 3.4 through 3.7. Chapter 4 is devoted to Phase 3. 

10



3.1 Phase 1: Preliminary Free-Free Testing of FR4 Printed Circuit 

Boards 

3.1.1 Phase 1, Step i: Free-Free Testing of an Unpopulated 

Printed Circuit Board 

Before the testing of the wedge locks began, it was decided that it would be 

prudent to verify that the test samples could be accurately modeled in the 

free-free condition. To this end, an unpopulated circuit board (manufactured 

from FR4*) was suspended using monofilament line and shock cords and 

impact tested. A PCB piezo hammer (Model O86C0O3) was used for the 

input and the output was measured using a Kistler accelerometer (Model 

8618A500) which weighed only .0002 Ibs (0.1 gm). This accelerometer 

was used because of its low mass and low profile, which would reduce the 

mass and mass moment loading of the test article by the instrumentation. 

These were both connected to an Hewlett Packard (HP) model 35665 Fast 

Fourier Transform (FFT) Analyzer. The characterization of the wedge locks 

would require a minimum of 4 frequencies, but given the early stages of the 

project the testing of the project sample was limited to O to 200 Hz. The 

Frequency Response Function (FRF) magnitude, coherence function, and the 

  

*A grade of fiberglass defined by the National Equipment Manufacturer’s 

Association. 
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FRF’s imaginary component obtained from this sample are shown in Figures 

2, 3, and 4, respectively. The responses from five impacts were averaged. 

The data was converted from HP’s SDF format to ASCII and read into 

MathCad®* for graphical presentation. The subscript / on the graph’s axis 

labels denotes the range variable set up in MathCad to track the number of 

the spectral line for each data point. For this sample, the HP was set to a 

resolution of 400 lines over the bandwith of O to 200 Hz. Thus, i could 

range from 0 to 400, which in turn corresponds to a frequency range of O- 

200 Hz. 

Table 1 lists the resonances that were found in this data by using the peak- 

picking method (selecting the spectral lines where the imaginary component 

was maximized or minimized). 

  

*MathCad is a registered trademark of MathSoft, Inc., Cambridge, Mass. 
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Figure 2 FRF Magnitude of 12.63"x9.25"x0.06" PCB Sample, Free-Free 
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Figure 3 Coherence Function for FRF for 12.63"x9.25"x0.06" PCB Sample, 
Free-Free 
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Figure 4 Imaginary Component of FRF for 12.63"x9.25"x0.06" PCB Sample, 
Free-Free 
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Table 1 

FEM Frequency Estimates and Modal Test Results for 12.63" x 9.25" 

x 0.06" PCB with Percent Deviation From Test Results 

  

  

  

  

  

  

  

  

      

Mode FEM TEST 
Number Natural Natural 

Frequency, Hz Frequency, Hz 
(%error) 

1 40 42.5 
(-5.9%) 

2 44 98 
(-24.1%) 

3 84 90 
(-6.7%) 

4 91 126 
(-27.8%) 

5 113 153.5 
(-26.4%) 

6 127 192.5 
(-34.0%) 

7 171 

186       
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3.1.2 Phase 1, Step ii:Finite Element Modeling of an Unpopulated 

Printed Circuit Board in the Free-Free Condition 

A finite element model (FEM) of the board was constructed using MacNeal- 

Schwendler’s MSC-Pal2®*. The model consisted of 108 quadrilateral plate 

elements with 902 active degrees of freedom (DOF’s). Two sets of values 

were found for Young’s Modulus and Poisson’s ratio [1]. One set was for 

"epoxy glass” (E.,.4-=2 x 10° psi, w=0.12), and the other was for “epoxy 

glass with copper planes” (E,,s:¢=3 X 10° psi, “=0.18). An average value 

for the mass density was calculated given the measured weight and 

dimensions of the board. The weight of the accelerometer was only 0.0002 

Ibs. This was found to have negligible effect on the behavior of the FEM, 

and was left out of the model. The model was attached to "ground" via a 

series of spring elements around the perimeter of the board. The other end 

of the springs were attatched to a row of nodes created 0.01” away (out-of- 

plane of the model) from the corresponding nodes on the board’s perimeter. 

The springs were extremely soft (k =0.0001 Ib/in/node) and had stiffness in 

the three translational directions only. All of the nodes in the 

  

*MSC/Pal2 is a registered trademark of The MacNeal-Schwendler Corp., Los 

Angeles, Ca. 
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model were restrained in the out-of-plane rotational direction since the 

quadrilateral plate elements in this program do not have stiffness in this 

direction. The other end of the springs were restrained in all three 

translational and all three rotational degrees of freedom. 

A total of 14 frequencies and modes were calculated, with the first 6 being 

rigid-body modes with natural frequencies below 1 Hz. The fact that the 

frequencies of rigid-body modes were so low indicated that the springs 

attaching the model to ground were soft enough that they would not affect 

the next eight flexural modes. The frequencies predicted by the FEM are 

also shown in Table 1. Table 1 show that there is very poor agreement 

between the FEM and the test data (the values in parentheses are the errors 

with respect to the empirical values). The peak picking method used to find 

the resonances in the test data was not as accurate as using the circle-fit 

technique, but was considered adequate since the errors seen were well 

above the resolution at which the data was taken (0.5 Hz). 

We could assume that the FEM incorrectly predicted the presence of modes 

3 and 5. This would make the errors for modes 4, 6, 7, and 8 drop to 

1.1%, +0.8%, +10.3%, and -2.1%. 
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3.1.3 Phase 1, Steps iii and iv Testing and Analysis of a Printed 

Circuit Board Sample without Component Mounting Holes in the 

Free-Free Condition 

One possible explanation for this was the non-homogeneous properties of 

the board caused by the presence of all of the unfilled holes meant to be 

filled with solder and component leads. One 3.44" x 6.40" region of this 

sample board was devoid of any holes, although it did have some copper 

traces running across it. To test this possibility, this section of the board 

was Cut out and impact tested, and a finite element model was created 

along the same lines as described above for the first test sample. For this 

sample, the HP 35665 was set to a resolution of 800 lines over the 

bandwidth of 0 to 800 Hz. The FRF magnitude, coherence function, and 

the FRF’s imaginary component obtained for this sample are shown in 

Figures 5, 6 and 7, respectively. Table 2 lists the natural frequencies found 

in impact testing and from the FEM for the second test sample. Table 2 

shows that the test data and the FEM predictions still did not agree. The 

FEM was constructed using 108 quadrilateral plate elements with 860 active 

degrees of freedom. 
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Figure 5 FRF Magnitude of 3.44"x6.40"x0.06" PCB Sample, Free-Free 
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Figure 6 Coherence Function for FRF for 3.44"x6.40"x0.06" PCB Sample, 
Free-Free 
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Figure 7 Imaginary Component of FRF for 3.44"x6.40"x0.06" PCB Sample, 
Free-Free 
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Table 2 

FEM, Theoretical Frequency Estimates and Modal Test Results for 

3.44"x6.40"x0.06" PCB with Percent Deviation from Test Results 

  

  

  

  

  

  

  

Mode FEM Leissa Test 

Number Natural Natural Natural 

Frequency, Hz Frequency, Hz Frequency, 

(%error) (%error) Hz 

1 150 158 181 

(-17.2%) (-12.7%) 

2 177 189 203 

(12.8%) (-6.9%) 

3 391 387 424 

(-7.7%) (-8.7%) 

4 418 430 563 

(-25.8%) (-23.6%) 

5 555 565 721 

(-23.0%) (-21.6) 

6 665 622 798 

(-16.7%) (-22.1)             
Given the poor agreement between the FEM and the test data, a third source 

was sought. This was found in Leissa’s Vibration of Plates [5]. This 

Reference contained information only to predict the first six modes, but this 

would still be a good check on the FEM. Table 2 also contains the first six 

frequencies predicted by linearly interpolating between two aspect ratios 

provided by Leissa. 
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Table 2 shows that the FEM and Leissa agree very well. The small amount 

of error between the two could be attributed to the linear interpolation done 

between the two aspect ratios. The fact that the two analytical models 

tracked each other, but not the empirical data, implied that something 

common to both analytical models was inadequate. One of the primary 

assumptions in both models was that the material was homogeneous. Given 

that the test samples were manufactured from a composite material (FR4 

fiberglass) it is entirely possible that the material properties are directionally 

dependent. 

3.1.4 Phase 1, Step v: Modulus Testing of Samples From 3.44" x 

6.40" x 0.06" Printed Circuit Board Sample without Component 

Mounting Holes 

To see if there were significant variations in the material properties, some of 

the 3.44" x 6.40" x 0.06" test samples were cut into 0.5" wide pieces and 

used for modulus testing. Three samples were cut so that the long axes of 

the samples were parallel to the 6.40" sides and were designated as 

"longitudinal" samples. Three other samples were cut so that the long axes 

of the samples were parallel to the 3.44" sides, and were designated as 

"transverse" samples. All longitudinal samples were cut from the same PCB, 
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and all transverse samples were all cut from another PCB. 

The samples were tested using an Instron 4204, with an extensometer to 

measure the percent deflection in the direction of loading. The axial load 

and the axial strain were recorded using a MAC-based data acquisition 

system, and saved in ASCII format. These files were later read into 

MathCad so that the data could be graphed and curve fitted using MathCad 

curve fitting commands (see Appendix A). Table 3 shows the Young’s 

Moduli measured for the longitudinal and transverse samples. This table 

shows a slight directional dependence for stiffness. 

Table 3 

Modulus Test Results 

  

Sample Young’s Young’s 

No. Modulus Parallel | Modulus Parallel 

To Longitudinal | to Transverse 

Axis of Sample Axis of Sample 

  

  

  

  

  

(psi) (psi) 

1 2.64 x 10° 3.11 x 10° 

2 3.01 x 10° 2.95 x 10° 

3 2.90 x 10° 3.39 x 10° 

Average 2.85 x 10° 3.15 x 108 

Standard | 1.90 x 10° 2.23 x 10°         Deviation 
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3.1.5 Phase 1, Step vi: Modeling of 3.44" x 6.40" x 0.06" 

Printed Circuit Board Sample without Component Mounting Holes 

Using Data From Modulus Testing 

Using these values for Young’s Moduli, density derived from the board’s 

measured weight and size, and values from the literature for Poisson’s ratio 

and shear Modulus, the FEM was ran again. Table 4 shows the values 

obtained from this run compared to those found in test. Although the 

agreement is not outstanding, the results obtained by orthotropically 

describing the material are superior to those obtained from the model that 

described the material isotropically. 
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Table 4 

FEM Frequency Estimates Using Isotropic and Orthotropic Material and Modal 

Test Results for 3.44"x6.40"x0.06" PCB with Percent Deviation from Test Results 

  

  

  

  

  

  

        

Node FEM, Isotropic FEM, Test 

Number Material Orthotropic Natural 

Properties Material Frequency, 
Natural Properties Hz 

Frequency, Hz Natural 

(%error) Frequency, Hz 

(%error) 

1 150 195 181 

(-17.2%) (+7.7%) 

2 177 209 203 

(12.8%) (+2.9%) 

3 391 466 424 

(-7.7%) (+9.9%) 

4 418 537 563 

(-25.8%) (-4.6%) 

5 555 668 721 

(-23.0%) (-7.4) 

6 665 790 798 

(-16.7%) (-1.0)         
When these same orthotropic material properties were applied to the FEM of 

the 12.63" x 9.25" x 0.06" PCB, the response was that shown in Table 5. 

As before, the agreement is not as good as would be expected with an 

orthotropic material, but it is significantly better than that yielded from 

modeling the material as isotropic. 
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Table 5 

FEM Frequency Estimates Using Isotropic and Orthotropic Material and Modal 

Test Results for 12.63"x9.25"x0.06" PCB with Percent Deviation from Test 

  

  

  

  

  

  

  

  

  

Results 

Mode FEM, Isotropic FEM, TEST 

Number Material Orthotropic Natural 

Properties Viaterial Frequency, Hz 

Natural Properties 
Frequency, Hz Natural 

(Y%error) Frequency, Hz 

(%error) 

1 40 39 40 

(0.0%) (-2.5%) 

2 44 49 55 

(-20%) (-10.9%) 

3 84 93 90 

(-6.7%) (3.3%) 

4 91 121 126 

(-27.8) (-3.9%) 

5 113 138 155 

(-27.1%) (-10.9%) 

6 127 180 190 

(-33.2) (-5.2%) 

7 171 190 

8 186           
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3.1.6 Free-Free Testing of a 3.44" x 6.40" x 0.06" Aluminum 

Plate 

In an effort to verify both the testing and analytical procedures a test and 

modeling sequence was added that was not stated in the original plan at the 

beginning of this chapter. A test sample was fabricated from 5052-H32 

aluminum with the same dimensions (3.44" x 6.40" x 0.06") as the second 

test circuit board sample. Again the sample was impact tested (looking for 

the first six frequencies) and the material properties in the FEM were 

modified to those for 5052-H32 aluminum [6]. Figures 8, 9, and 10 show 

the FRF magnitude, coherence function, and the FRF’s Imaginary component 

respectively, obtained for the aluminum plate. For this sample, the HP 

35665 was set to a resolution of 800 lines over the bandwidth of 0 to 1600 

Hz. Table 6 lists the frequencies of the first 6 modes found in test, those 

predicted by a FEM, and those predicted by Leissa. The FEM used here was 

the same model used for the same size FR4 PCB sample but with isotropic 

material description. There is good agreement among all three sets, as is 

shown by the error with respect to the test values shown in parentheses for 

the two theoretical models. This provided confidence in not only the testing 

procedures, but also the modeling techniques. 

Thus , the differences between the test and analytical results for the 
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composite have to be related to the anisotropy of the composite, not the 

testing procedure or the finite element modeling density. This means that 

the orthotropic properties must be further detailed. 
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Figure 8 FRF Magnitude of 3.44"x6.40"x0.06" Aluminum Sample, Free-Free 
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Figure 9 Coherence Function for FRF for 3.44"x6.40"x0.06" Aluminum 
Sample, Free-Free 
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Figure 10 Imaginary Component of FRF for 3.44"x6.40"x0.06" Aluminum 
Sample, Free-Free 

Table 6 

FEM, Theoretical Frequency Estimates and Modal Test Results for a 3.44" x 

6.40" x 0.06" Aluminum Plate, Free-Free with Percent Deviation from Test 

  

  

  

  

  

  

          

Results 

Mode FEM Leissa Test 

Number Natural Natural Natural 

Frequency, Hz Frequency, Hz Frequency, 

(%error) (%error) Hz 

1 296 314 304 

(-2.6%) (3.3%) 

2 343 375 348 

(-1.4%) (7.8%) 

3 761 766 778 

(-2.2%) (-1.5%) 

4 821 851 844 

(-2.7%) (0.8%) 

5 1096 1120 1148 

(-4.5%) (-2.4%) 

6 1309 1233 1354 

(-3.3%) (8.9%) 
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3.2 Phase 2: Free-Free Testing and Finite Element Modeling of 

Samples to be Used in Wedge-Lock Testing 

3.2.1 Phase 2, Steps i and ii: Free-Free Testing and Finite 

Element Modeling of a 5.84" x 7.06" x 0.06" Aluminum Plate 

An aluminum test sample was then fabricated to fit into the wedge-lock 

fixture designed for this testing. The sample was 5.84" x 7.06" x 0.06". 

The results of impact testing, and the predictions made by a FEM and 

Liessa’s tables are shown in Table 7. The FEM, shown in Figure 11, was 

constructed using 180 quadrilateral plate elements with 1170 active degrees 

of freedom. The mode shapes predicted by the FEM are shown in Appendix 

E. Figures 12, 13, and 14 show the FRF magnitude, coherence function, 

and the FRF’s Imaginary component, respectively obtained for the aluminum 

plate. For this sample, the HP was set to a resolution of 800 lines over the 

bandwidth of 0 to 1600 Hz. The FEM in this case only had springs 

(K,=0.0002 Ib/in/in, K,=0.0002 inelb/rad/in) attaching it to ground along 

the two 5.84" edges that would have wedge locks mounted to them, if the 

sample were mounted in the fixture. This data shows that the FEM was 

able to accurately predict the first eight modes of this plate with free-free 

boundary conditions. This test sample would be used as a baseline against 
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Table 7 

which to measure the analysis techniques used against the FR4 samples. 

FEM, Theoretical Frequency Estimates and Modal Test Results for Al5052 

Plate (5.84" x 7.06" x 0.06"), Free-Free 

  

  

  

  

  

  

  

  

    

Mode FEM Leissa Test 

Number Natural Natural Natural 

Frequency, Frequency, Frequency, 

Hz Hz Hz 

(%error) (%error) 

1 194 192 192 

(1%) (0%) 

2 255 237 254 

(0.3%) (-6.7%) 

3 399 407 404 

(-1.2%) (0.7%) 

4 473 489 474 

(-2.7%) (3.2%) 

5 542 534 538 

(0.7%) (-0.7%) 

6 750 739 754 

(-0.5%) (-1.9%) 

7 928 924 

(0.4%) 

8 1079 1084 

(-0.4%)         
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Figure 11 Finite Element Model of 5.84" x 7.06" x 0.06" Plates 
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Figure 12 FRF Magnitude of 5.84"x7.06"x0.06" Aluminum Sample, Free- 
Free 
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Figure 13 Coherence Function for FRF for 5.84"x7.06"x0.06" Aluminum 

Sample, Free-Free 
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Figure 14 Imaginary Component of FRF for 5.84"x7.06"x0.06" Aluminum 
Sample, Free-Free 

3.2.2 Phase 2, Steps iii and iv: Free-Free Testing and Finite 

Element Modeling of a 5.84" x 7.06" x 0.06" FR4 Plate 

A 5.84" x 7.06" x 0.06" region of an FR4 PCB was then cut from a larger 

board. The region was selected for the fact that it was relatively devoid of 

holes. Figures 15, 16, and 17 show the FRF magnitude, coherence 

function, and the FRF’s imaginary component, respectively obtained for the 

FR4 plate. For this sample, the HP was set to a resolution of 800 lines over 

the bandwidth of 0 to 800 Hz. Table 8 shows the comparison of the modal 

frequencies found empirically to those predicted by the FEM. The mode 

shapes predicted by the FEM are shown in Appendix E. The FEM was 

constructed using the same approach described before. The FEM was the 

same model shown in Figure 11 that was used for the same size aluminum 

32



plate, with the exception that the material descriptor referred to the 

composite database within the code. 
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Figure 15 FRF Magnitude of 5.84"x7.06"x0.06" FR4 Fiberglass Plate, Free- 

Free 

  

  

  

      

0) 650)0=— 100, sd150) 200) 250 300-350) 400 450 S00 550 600 650 OS 750 «800 

f. 
i 

Hz       

Figure 16 Coherence Function of FRF for 5.84"x7.06"x0.06" FR4 Fiberglass 

Plate, Free-Free 
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Figure 17 Imaginary Component of FRF for 5.84"x7.06"x0.06" FR4 
Fiberglass Plate, Free-Free 

  

    
The material properties that were used in the FEM were the same ones that 

were used for the model of the 3.44" x 6.40" x 0.06" FR4 PCB sample and 

are listed as average values in Table 3. Given the poor agreement between 

the empirical and FEM predicted modal frequencies, it is worth noting that 

these samples were not from the same PCB design. Also, the several 

investigators in the modal behavior of composite plates [7,8] having good 

agreement between FEM predictions and empirical values used material 

properties in their FEM’s that were taken from modulus test data from their 

samples. 

The FEM predicted the first modal frequency to be closer to the second 

frequency found empirically. The first question that arose after looking at 

the test data was whether or not the first mode that appeared was an 

artifact of electrical noise (since it was so close to 60 Hz). 
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Table 8 

FEM Modal Frequency Estimates Using Orthotropic Material Properties From 

Table 3 and Modal Test Results for FR4 Plate (5.84" x 7.06" x 0.06"), Free- 

  

  

  

  

  

  
  

  

  

  

Free 

Mode FEM Test 

Number Natural Frequency, | Natural 

Hz,(“%error) Frequency, Hz 

1 112 63 
(+77.8%) 

2 154 122 
(+26.2%) 

3 239 189 
(+26.5%) 

4 274 207 
(+32.4%) 

5 326 238 
(+36.9%) 

6 432 365 
(+18.4%) 

7 537 411 
(+30.7%) 

8 552 555 
(-0.5%)             

To check for electrical noise, the trigger level on the accelerometer channel 

was lowered until the accelerometer was continuously triggering. The resulting 
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autospectrum was inspected for any 60 Hz component. None were found. As 

a further validation of the modal frequencies found, two other samples were 

prepared and impact tested. The same modal frequencies were found on both 

samples. 

if the 63 Hz mode were a result of electrical noise, it should have shown up in 

the other testing. The FR4 plate was taken down and replaced with the 

aluminum plate of the same size and no 63 Hz components was found. 

3.2.3 Phase 2 step v: Modulus Testing of 5.84" x 7.06" x 0.06" 

FR4 Plate 

To improve the modeling accuracy, some PCB’s of the same design were cut 

into test samples for modulus testing. In the previous composite modeling, 

the material properties provided to the FE code were the in-plane Young’s 

moduli, £,, &,, the in-plane Poisson’s ratio, 47,2, the in plane shear modulus, 

G,., and the density, o. The values supplied to the code for w,, and G,. 

were estimates from the literature[1]. It was decided that for the modeling 

of the sample that would actually be mounted with wedge locks that these 

should be measured values. Three sets of three samples were produced for 

this series of modulus testing, one set cut parallel to each of the orthogonal 
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axes of the plate, and one set cut at approximately 45° to the orthogonal 

axes. In order to obtain data for Poisson’s ratio biaxial strain gages 

(Measurements Group, Inc. part number CEA-06-125UT-350) were mounted 

to these nine samples. 

The samples were tested using an Instron 4204, with the biaxial strain 

gages connected to a Measurements Group, Inc. 2210 Signal Conditioning 

Amp.. The axial load and both strains were recorded using a MAC-based 

data acquisition system and saved in ASCII format. These files were later 

read into MathCad so that the data could be graphed and curve fitted using 

MathCad curve fitting commands (see Appendix B). Table 9 shows the 

Young’s Moduli, shear modulus and Poisson’s ratio measured for these 

samples. 
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Table 9 

Modulus and Poisson’s Ratio Test Results 

  

  

  

  

    

Sample Young’s Young’s Shear Modulus 

No. Modulus and Modulus and (psi) 

(Poisson’s Ratio) | (Poisson’s Ratio) 

Parallel to 7.06" | Parallel to 5.60” 

Edge of Sample | Edge of Sample 

(psi) (psi) 

1 2.51 x 10° No Data No Data 
(0.20) 

2 2.48 x 10° 3.24 x 10° 5.97 x 10° 

(0.19) (0.25) 

3 2.53 x 10° 3.17 x 10° 5.81 x 10° 

(0.21) (0.26) 

Average | 2.51 x 10° 3.21 x 10° 5.89 x 10° 
(0.20) (0.255)         
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3.2.4 Phase 2 step vi: Incorporation into FEM of Material Property 

data from Modulus Testing of 5.84" x 7.06" x 0.06" FR4 Plate 

Table 10 compares the test results with the FEM’s predictions using the 

average material properties from Table 9. 

Table 10 

FEM Modal Frequency Estimates using the Material Properties From Table 9 

and Modal Test Results for FR4 Plate (5.84" x 7.06" x 0.06"), Free-Free 

  

  

  

  

  

  

  

  

          

Mode FEM Natural Test 

Number Frequency, Hz Natural 
(%error) Frequency, Hz 

1 87 63 
(+38.1%) 

2 162 122 
(+32.8%) 

3 218 189 
(+15.3%) 

4 242 207 
(+16.9%) 

5 275 238 
(+15.5%) 

6 452 365 
(+23.8%) 

7 461 411 
(+12.2%) 

8 522 555 
(-5.9%) 
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Given the poor agreement of the empirical data with the model containing the 

new material properties, the construction of the original circuit board was 

revisited. If there were solid copper planes were present in the board, they 

could have a significant effect on the tensile stiffnesses of the samples. These 

copper planes would have a lesser effect on the flexural stiffness if they were 

near the center of the board since they would lie near the plate’s neutral axis. 

The fabrication drawing and the artworks used to etch the copper planes were 

reviewed. The artworks revealed that there were solid power and ground 

planes that ran throughout the board. The fabrication drawing indicated that 

these planes were to be 1 ounce/ft?, or 0.00135" thick and were to be the two 

middle planes in a six layer board. 

To determine if these copper planes had a significant effect on the measured 

tensile moduli, it was necessary to back out the stiffnesses of both the FR4 

and the copper from the measured values. The measured tensile moduli could 

be viewed as a result of two springs in parallel, one made of copper and one 

made of FR4. 

Kege=Kout Kprg (2) 

Where 
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x x Bowtie (3) 
L 

cu 

4 

K_= Arps” rps “) 
cu 

and since the length of the FR4 and the copper are the same and the stiffness 

is the ratio of the applied force to the change in displacement caused by the 

applied force. 

F il 5 
AL “TF (An outArrs”E pra) (S) 

which can be rewritten as 

FL _ 6 
Ar Acubcut Aree P eres ( ) 

which is proportional to the slope of the load-deflection curve generated during 

the tensile tests. The proportionality constant is the sensitivity of the strain 

gage amplifier to which the strain gages were attached. The amplifier 

sensitivity was 1mV/microstrain (1000 V/in/in), making Eq. (6) 
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1000m=A,,.E nyt Apps rea (7) 

where /m is the slope of the line fitted to the load-deflection curve. Since the 

overall thickness of the tensile modulus test specimens is known and the 

fabrication drawing gives the thickness of copper in the sample, the thickness 

of the FR4 is also known. After measuring the overall cross-sectional 

dimensions of each specimen the cross-sectional areas of FR4 and copper 

were calculated. This left the modulus of FR4 as the only unknown in Eq. (7). 

The shear modulus for the FR4 could be calculated using the test data from 

the samples cut at 45° to the orthogonal sets above combined with Eq. (8). 

(8) 
Gola teApla te GouAcu + GrrsArrg 

which can then be solved for the shear modulus of FR4. 

Table 11 list the FR4 tensile and shear moduli corrected for the copper 

midplanes. 
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Table 11 

Moduli for FR4 Corrected for Copper Midplanes 

  

  

  

  

            

Sample Young’s Young’s Shear Modulus 
No. Modulus Modulus (psi) 

Parallel to 7.06" | Parallel to 5.84" 

Edge of Sample | Edge of 
(psi) Sample 

(psi) 

1 2.00 x 10° No Data No Data 

2 1.99 x 10° 2.85 x 10° 3.44 x 10° 

3 2.05 x 10° 2.72 x 10° 3.20 x 10° 

Average | 2.01 x 10° 2.79 x 10° 3.32 x 10°   
  

It was decided to use the corrected moduli. Thus, the material properties 

listed in Table 11 were entered into the composite database and the FEM was 

run again. Poisson's Ratio, w,, was found in the previous testing for the 

composite plate to be 0.2. One resource indicated that for FR4 y,, might be 

as low as 0.147. These small variations were found to have a negligible effect 

on the modal frequencies predicted by the model. Poisson’s Ratio was set to 

.02. Table 12 shows the comparison of this FEM’s predicted modal 

frequencies with the test results. 
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Table 12 

FEM Modal Frequency Estimates Using The Material Properties From 

Table 11 and Modal Test Results for FR4 Plate (5.84" x 7.06" x 0.06"), 

  

  

  

  

  

  

  

  

  

Free-Free 

Mode FEM Test 

Number Natural Natural 
Frequency, Frequency, 

Hz Hz 

(“%error) 

1 64 63 
(+1.6%) 

2 146 122 
(+19.7%) 

3 186 189 
(-1.6%) 

4 197 207 
(-4.8%) 

5 223 238 
( 6.3%) 

6 356 365 
(-2.5%) 

7 412 411 
(+0.2%) 

8 449 555 
(-19.1%)           

Although the agreement was still not as good as that achieved with the 

aluminum plate, it is a substantial improvement over the model (Table 10) that 

used material properties derived directly from the tensile tests. This indicates 
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that in an actual circuit board the tensile and flexural properties can be 

significantly different when solid copper planes are involved in the design. 

The agreement between the FEM and the empirical results are good with the 

exception of the second and the eighth modes. The FEM was then checked 

for sensitivity to through the thickness shear moduli. The model was very 

insensitive to wide variations in these properties so further investigation of this 

effect was terminated. However, boards with other aspect ratios and different 

clamping methods could result in the through the thickness shear modulus 

being important. 

3.3 Comparison of Empirical and FEM Predicted Mode Shapes 

It was decided the second and the eighth mode shapes of the test sample 

should be compared to those predicted by the FEM. The test sample was 

suspended as it was for the free-free impact tests. A force transducer was 

attached to the test sample. A shaker was attached to the force transducer 

via a stinger. The test sample was excited at approximately the frequency 

found in impact testing (allowing for the mass loading of the test sample due 

to the force transducer). The response shapes were then determined by 

scanning the test sample with a laser vibrometer. The mode shapes found 

were essentially those predicted by the FEM with allowances made for the 
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mass loading due to the force transducer and the localized increase in 

stiffness due to the force transducer’s mounting pad. 

lt was decided that the current model corrected for the copper midplanes 

was the best representation of the test sample that the FEM would be 

capable of producing in the near term. It was possible that certain modes 

would be discarded when modeling of the test sample with wedge locks 

mounted in place began. 
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Chapter 4:Phase 3:Restrained Testing Using Wedge Locks 

4.1 Phase 3, Step i: Restrained Testing Using Wedge Locks of a 

5.84" x 7.06" x 0.06" Aluminum Plate 

It was decided to test the aluminum plate with the wedge locks since it 

would provide an opportunity to: 

® compare results with those found in the literature 

@ develop the optimization techniques to find the spring constants 

with a homogeneous material. 

Wedge locks (EG & G Birtcher part number 42-5-12-LF) were installed on the 

aluminum plate that was successfully modeled with free-free edge 

conditions. This assembly was then mounted in the test fixture shown in 

Figure 18. The wedge locks were torqued to 6 in-lbs in accordance with the 

manufacturer’s recommendation. An accelerometer was mounted to the 

bottom of the sample (see x’s Figure 19) at three locations and the unit was 

impact tested. Figures 20, 21, and 22 show the FRF, coherence function, 

and the FRF’s Imaginary component, respectively obtained for the aluminum 

plate. For this sample, the HP was set to a resolution of 800 lines over the 

bandwidth of 0 to 3200 Hz. 

4/



  

      

Figure 18 Fixture Used To Test Wedge Locks 
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Figure 19 Accelerometer and Impact Locations(See x’s in Figure) 
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Figure 20 FRF Magnitude of 5.84"x7.06"x0.06" Aluminum Plate Restrained 
with Wedge Locks Along the 5.84" Edges 
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Figure 21 Coherence Function of FRF for 5.84"x7.06"x0.06" Aluminum Plate 
Restrained with Wedge Locks Along the 5.84" Edges 
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Figure 22 Imaginary Component of FRF for 5.84"x7.06"x0.06" Aluminum 
Plate Restrained with Wedge Locks Along the 5.84" Edges 

  

    
  

4.2 Phase 3, Step ii: Comparison of Analytical Techniques to 

Model Wedge-Lock Boundary Conditions for a 5.84" x 7.06" x 

0.06" Aluminum Plate 

As a first check of the test data against the literature, how well does 

Steinberg’s equation predict the first mode? Young’s[9] tables for flat plates 

with classical boundary conditions tells us that the first natural frequency for 

our test sample with two edges simply supported, and two fixed edges 

would be 

F, = 131 Hz 

F, = 296 Hz 

Steinberg’s equation would then predict a first mode at 

F, = 269 Hz 

This prediction is within 1.5% of the experimentally determined first natural 
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frequency. 

The next question would be, does the practice of approximating the wedge 

lock as fixed in translation and flexible in rotation accurately represent the 

natural frequencies beyond the first? 

A FEM model of the plate shown in Figure 23 was constructed using 156 

flat plate quadrilateral elements with 1170 active degrees of freedom. Asa 

first check of the model’s adequacy, the 5.84" edges were pinned and the 

model’s first resonance frequency was found and compared against that 

predicted by Young [9]. Next, the 5.84" edges were clamped and the 

model’s first resonance frequency was found and compared against that 

predicted by Young [9]. The FEM’s predictions for the plate’s first 

resonance frequency was within 5% of those predicted by Young [9] for 

both the pinned and clamped edge conditions. Thus, the model’s mesh 

density was deemed adequate. 

Now, a row of nodes was created 0.01" away (out-of-plane of the model) 

from those on each of the 5.6" sides. The model’s nodes were attached to 

these duplicate nodes by spring elements, and the nodes along the 5.6" 

sides were pinned. 
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Figure 23 Finite Element Model of 5.84" x 7.06" x 0.06" Plates Used for 

Restrained Condition (Unsupported Area Only Modeled) 
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The rotational spring stiffness would have to be adjusted to minimize the 

error between the FEM’s predicted first modal frequency and that found 

empirically. One of the simpler search routines is Interval Halving [10]. 

Since only one variable (rotational spring stiffness) would be involved, and 

the dependent variable (first modal frequency) would be increasing with the 

rotational stiffness, Interval Halving was found to be an adequate method. 

This method converged upon a rotational spring stiffness of 500 inelbs/rad/ 

node, or 1027 inelbs/rad/in. Table 13 lists the first eight modes predicted 

by the FEM with pinned edges and rotational springs and those found in the 

modal testing. 

A FEM was constructed of the fixture itself to verify that the rotational 

stiffness it provided in series to the FR4 sample was much greater than that 

being associated with the wedge-locks by the modeling. The FEM indicated 

that the boundary condition provided by the fixture would have a rotational 

stiffness approximately 100 times greater than that being attributed to the 

wedge-locks. The details of this analysis can be found in Appendix C. 
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Table 13 

FEM Frequency Estimates and Modal Test Results for Al5052 Plate (5.84" x 

7.06" x .06"), Restrained with Wedge Locks 

  

  

  

  

  

  

  

  

  
  

Mode FEM Test 

Number K,=1027inelb/r | Natural 
ad/in Frequency, Hz 
Natural 

Frequency, 

Hz 

(%error) 

1 276 2/2 
(1.4%) 

2 349 360 
(-3.1%) 

3 660 664 

(-.6) 

4 769 756 
(1.7%) 

5 845 884 
(-4.4%) 

6 1231 1228 
(0.2) 

7 1316 1324 
(-.6%) 

8 1520 1494 
(1.7%)           

At first, it was attempted to compare this stiffness to the values obtained by 

Roza[4]. Roza’s rotational stiffness values for a plate with a comparable plate 
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constant (D=205 inelbs vs Roza’s 191 inelbs), and only slightly different in size 

were significantly larger. More importantly, the rotational stiffnesses did not 

have any units listed for them. It was thought that perhaps the Roza’s values 

were, in fact, the dimensionless rotational stiffness parameter as defined by 

Gorman [11]. Converting the rotational stiffnesses to the dimensionless 

parameter still did not cause them to look any more like those reported by 

Roza. 

As a final attempt to correlate these findings with Roza’s, a FEM was created 

along the same lines as described above of a plate the size used by Roza 

(4.65" x 6.03" x .059"). A mesh of 9 x 12 quadrilateral plate elements was 

used. (Another model with an 18 x 24 mesh was created and found to have 

the same modal response as the original model, so the original model was 

deemed adequate.) The material properties were set to those used by Roza. 

The 4.65" edges were those restrained, both with classical boundary conditions 

and with spring elements. The model was ran with classical boundary 

conditions as a verification of the model. This model had a first resonance 

frequency at 147 Hz when the 4.65" edges were pinned, and 341 Hz when 

these edges were clamped. Roza listed 140 Hz and 319 Hz for pinned and 

clamped edges, respectively. Then the 4.65" edges were pinned and the 

rotational spring stiffnesses were varied to match Roza’s data. Table 14 

shows the response of this model compared to that reported by Roza[4]. Even 
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if the values for spring stiffnesses were not per unit length of restrained edge, 

but the total spring stiffness these values do not agree. These differences 

have not yet been resolved. 

Table 14 

FEM Vs Roza’s Reported Values for Aluminum Plate 

  

Roza’s 9 x 12 Mesh 

Table 3.1 Model 

First Mode:4.65 Edges 140 Hz 147 Hz 

Simply Supported 

First Mode: 4.65 Edges 319 Hz 341 Hz 

Fixed 

K, for Wedge Locks to 14235 623 inelbs/rad/in 
Match Roza’s Test Data 

First Mode:4.65" Edges 287 Hz 294 Hz 
Restrained with Wedge 

Locks 

  
  

  

  

  

          
4.3 Phase 3, Step iii: Optimization of Boundary Stiffness 

Estimates for the Aluminum Plate With Wedge Locks 

Could the agreement between theoretical and empirical be improved by 

accounting for the possible non-uniform boundary conditions provided by the 

wedge locks? To explore this possibility, it would be necessary to define an 

error function between the empirical data and the FEM predictions, and 

minimize it. The minimized error function could then be compared with that 

obtained by modeling the boundary conditions as uniform. The error function 
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was defined as the sum of the squares of the percentage error in frequency for 

the FEM predictions . 

(9) 
f 

err=¥ ( (1-72) 100)? 
i=l test, 

  

Using this convention, the model of the aluminum plate with pinned edges and 

rotational springs (see Table 13) would have an error function value of 37.47. 

This would mean that the root mean square (rms) error was 2.16%. 

In this analysis, the object function is the error function between the modal 

frequency predictions of the FEM and the empirically determined modal 

frequencies. The four variables that define the design space are the rotational 

and translational spring constants (2 variables) where the wedge-locks contact 

the circuit board, and the rotational and translational spring constants (2 

variables) where the wedge-locks do NOT touch the circuit board. Figure 24 

shows where the spring constants that will be modeled would be located on an 

actual wedge lock. 

The FEM predicted modal frequencies are relatively easy to evaluate for 

various points within the design space. Since neither an expression describing 

the error function in the design space nor its derivative would not be readily 
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Figure 24 Location of Design Variables on a Wedge Lock 

available, the gradients were numerically evaluated using a forward difference 

approximation [10]. The minimization algorythm selected was a quasi-Newton 

gradient-based method using the Broyden, Fletcher, and Shanno (BFS) update 

method for the search vectors [10]. Since the FEA code used had no 

optimization capabilities, the minimization routine in this study was far from 

automatic. This meant that the procedure followed was: 

1) the FEM was ran at a design point (using a set of trial or starting 

point values for the 4 spring constants) 
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2) each design variable was independently incremented and the FEM 

was re-evaluated 

3) the results were entered into MathCad for gradient and search vector 

evaluation 

4) the model was iteratively ran along the search vector using the 

interval halving search routine[10] to find the minimum along the seach 

vector. 

5) when the minimum was found, go to step 2). 

This routine was repeated until the new search vectors appeared to be 

directing the search back along the same direction as the previoius iteration. 

One of the fundamental assumptions of many minimization routines is that the 

object function is unimodal within the search domain. One of the properties of 

such a function is that no matter where the search is started within the domain, 

the minimization routine will always converge to the same minimum. The error 

function in this study was found to have many local minima that would tend to 

trap the search routine. This meant that the minimum found was very 

dependent on the starting point of the search. The lowest value for the error 

function was found to be 22.03 (1.66% rms). The starting point was 
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K=K,p=18493 Ibs/in/in 

K,,=K,,=822 inelbs/rad/in 

A word of explanation is required to explain why such odd values were 

selected as a starting point. The stiffness values that were entered into the 

FEM file were in units of lbs/in/node and inelbs/rad/node. The starting points 

selected were not such odd values in these units (9000 Ibs/in/node and 400 

inelbs/rad/node). The values listed here are in units of lbs/in/in and 

inelbs/rad/in and were obtained by dividing the values input to the model by the 

FEM’s node point spacing (0.541"). 

The minimum was found where 

Ky,=18497 Ibs/in/in 

K,=18495 Ibs/in/in 

K,4=1219 inelbs/rad/in 

K,,=1054 inelbs/rad/in 

Table 15 shows the comparison of the FEM’s predicted modal frequencies 

using these boundary stiffnesses with the test results. The mode shapes 

predicted by the FEM are shown in Appendix E. 

60



Table 15 

FEM Frequency Estimates Using Optimized Boundary Stiffnesses and 

Modal Test Results for Al5052 Plate (5.84" x 7.06" x .06"), Restrained 

with Wedge Locks 

  

  

  

  

  

  

  

  

  

Mode FEM Test 
Number Natural Natural 

Frequency, Frequency, 
Hz Hz 

(%error) 

1 278 272 
(2.2%) 

2 349 360 
(-3.1%) 

3 658 664 
(-0.9%) 

4 768 756 
(1.6%) 

5 870 884 
(-1.6%) 

6 . 1221 1228 
| (-0.6%) 

7 1310 1324 
(-1.1%) 

8 1505 1494 
(0.7%)           

4.4 Phase 3, Step iv: Restrained Testing Using Wedge Locks of 
a 5.84" x 7.06" x 0.06" FR4 Plate 
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Wedge locks were installed on the FR4 plate that was modeled with free-free 

edge conditions. This assembly was then mounted in the test fixture shown in 

Figure 18. The wedge locks were torqued to 6 inslbs in accordance with the 

manufacturer's recommendation. An accelerometer was mounted to the side 

of the sample facing the test fixture (see Figure 19) at three locations and the 

unit was impact tested. Figures 25, 26, and 27 show the FRF magnitude, 

coherence function, and the FRF’s Imaginary component, respectively obtained 

for the FR4 plate. The HP was set to a resolution of 800 lines over the 

bandwidth of 0 to 3200 Hz. 
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Figure 25 FRF Magnitude of 5.84"x7.06"x0.06" FR4 Fiberglass Plate 
Restrained with Wedge-Locks Along the 5.84" Edges 
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Figure 26 Coherence Function of FRF for 5.84"x7.06"x0.06" FR4 Fiberglass 
Plate Restrained with Wedge-Locks Along the 5.84" Edges 

63



  

  

SOQ [occ eee cen eens baeteeeess Leeteeeees beeeeeenees bebe eaeeaeeees I} we teteeeeae Severe breed beceeeeees : web e eee bes eet etenenee : beceeeeeees 

     
0 S50 100 #150 200 250 300 350 400 450 500 550 600 650 700 750 300 

f. 
i 

Hz 

Figure 27 Imaginary Component of FRF for 5.84"x7.06"x0.06" FR4 

Fiberglass Plate Restrained with Wedge-Locks Along the 5.84" Edges 

    
  

    
  

4.5 Phase 3, Step v: Comparison of Analytical Techniques to 

Model Wedge-Lock Boundary Conditions for a 5.84" x 7.06" x 

0.06" FR4 Plate 

As was done with the aluminum plate, this test data was then compared 

against what would be predicted using Steinberg’s[1] and Roza’s[4] 

techniques. Steinberg’s[1] first modal frequency prediction requires 

estimates of the first modal frequencies for the same part with pinned and 

clamped boundary conditions. The best FEM of the composite plate was 

that used to produce the results in Table 13. The edges of this model where 

the wedge locks would be were pinned and then clamped. The first modal 

frequencies for these boundary conditions were found to be 

F, = 75 Hz 

F, = 171 Hz 

Steinberg’s equation[1] would then predict a first mode at 
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F, = 165 Hz 

Steinberg’s prediction is approximately 20% higher than the first frequency 

of 137 Hz found in test. Steinberg’s prediction is in line with his criteria that 

if the first modal frequency for plate of this size with pinned edges is below 

100 Hz the wedge-locks will look like a clamped edge. The test data does 

not support either this statement or the equation. 

Another of the descriptive characteristics that Steinberg has defined for 

wedge-locks is the percent fixity 

10 
Leese Ft (10) Ss 

s 

P,= 

Steinberg’s basic position is that the percent fixity provided by the wedge 

locks will vary with the stiffness of the plate being clamped. The test data 

collected for this thesis does support this. The wedge locks provided 83% 

fixity for the aluminum plate and 65% fixity for the same size circuit board 

test sample. This is at odds with Barker and Chen’s[2] reports that the 

boundary condition provided by the wedge locks were independent of the 

plate they were mounting. 
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The same FEM was used to check Roza’s[4] technique with composite 

plates. The edges of the model where the wedge locks would be positioned 

were pinned and attached to ground using rotational springs. As with the 

aluminum plate, there was only one design variable, the rotational stiffness 

at the edge of the board provided by the wedge lock, so this could be 

treated as a line search. The line search routine would again be interval 

halving. This routine converged to a rotational stiffness of 106 inelbs/rad/in. 

This is one eighth of the stiffness found for the same wedge-locks mounted 

to the same size aluminum plate. Table 16 compares the first eight modes 

predicted by the FEM with pinned edges and rotational springs and those 

found in the modal testing. As a point of comparison, the error function for 

this FEM is 404, where the error function for the same model in the free-free 

condition was 827. An error function of 404 means that the rms error was 

7.1%. 
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Table 16 

FEM Modal Frequency Estimates Using the Material Properties From 

Table 11 and Modal Test Results for FR4 Plate (5.84" x 7.06" x .06"), 

Restrained with Wedge Locks 

  

  

  

  

  

  

  

  

          

Mode FEM Test 
Number K =106inelb/rad/i | Natural 

n Frequency, 

Natural Hz 

Frequency, Hz 

(%error) 

1 141 Hz 137 Hz 
(2.9%) 

2 157 164 
(-4.3%) 

3 273 304 
(-10.2%) 

4 399 3/7 
(5.8%) 

5 422 414 
(1.9%) 

6 525 549 
(-4.4%) 

7 553 645 
(-14.3%) 

8 765 738 
(3.7%) 
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4.6 Phase 3, Step iii: Optimization of Boundary Stiffness 

Estimates for the FR4 Plate With Wedge Locks 

Could this agreement be improved using the same optimization routine that 

was used for the aluminum plate? That is , the pinned constraint will be 

replaced with unknown translational stiffnesses. The first starting point was 

K,4=K,=2055 Ibs/in/in 

K 77K ,»=62 inelbs/rad/in 

A minimum error function of 309 was found where 

K,,=2055 Ibs/in/in 

K,,=2055 Ibs/in/in 

K,,=136 inelbs/rad/in 

K,,=92 inelbs/rad/in 

When the search started at 

K,,=K,=1028 Ibs/in/in 

K.,=K,,=62 inelbs/rad/in 

a minimum error function of 299 was found where 

K,,=1029 Ibs/in/in 

K,=1029 Ibs/in/in 

K,,=156 in*lbs/rad/in 
r 

K,,=97 in*lbs/rad/in 
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Table 17 shows the comparison of the FEM’s predicted modal frequencies 

using these boundary stiffnesses with the test results. The mode shapes 

predicted by the FEM are shown in Appendix E. 

Table 17 

FEM Modal Frequency Estimates Using the Material Properties From 

Table 11 and Optimized Boundary Stiffnesses and Modal Test Results for 

FR4 Plate (5.84" x 7.06" x 0.06"), Restrained with Wedge Locks 

  

  

  

  

  

  

  

  

  

Mode FEM Test 

Number K=106inelb/rad/in | Natural 
Natural Frequency, 
Frequency, Hz Hz 
(%error) 

1 142 Hz 137 Hz 
(3.6%) 

2 158 164 
(-3.7%) 

3 276 304 
(-9.2%) 

4 396 377 
(5.0%) 

5 419 414 
(1.2%) 

6 525 549 
(-4.4%) 

7 573 645 
(-11.2%) 

8 777 738 
(5.3%)           
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This was comparable to the rotational stiffnesses that were found from the 

previous starting point. This error function corresponds to an rms error of 

6.12%. This is not as low as was found with the aluminum plate, but is 

acceptable given the agreement this model exhibited with the test data in the 

free-free condition. An error function of 299 would seem to be an incredible 

improvement over the same model's performance in the free-free state. 

However, in the free-free condition the second and eighth modes were 

responsible for 90% of the total error. This seemed to imply that there was still 

some material properties that were not being accurately modeled, and that this 

inaccuracy was showing up in the second and eighth modes. When the model 

was run with the boundary conditions representing the wedge locks the 

inaccuracies were no longer manifested in just two modes. The improvement 

in the model’s agreement with the test results says that, in the restrained 

condition, the boundary conditions are more significant and are able to mask 

the problems with the material properties. 
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Chapter 5:Conclusions 

The testing of an aluminum plate for this thesis agreed well with 

® Steinberg’s [1] estimate of the first modal frequency of a flat plate 

restrained by boundary conditions. 

@ Roza’s [4] general approach of modeling the boundary conditions 

provided by a wedge lock as simply supported with rotational springs. 

When the testing moved on to a plate made of FR4, the agreement with 

Steinberg’s estimate was not as good. As for Roza’s goal of providing a set 

of tables listing the boundary stiffnesses of wedge locks, 

@ There is a difference in the performance of the wedge lock tested 

caused by the PCB material that is being clamped. The literature 

offered conflicting views on whether the boundary conditions 

provided by the wedge locks varied with the modulus of the clamped 

plate. The testing in this study supported the position that the wedge 

lock boundary stiffness does vary with the material modulus being 

clamped. This calls into question the studies in the literature that 

used aluminum plates to characterize the wedge !ock’s boundary 

stiffnesses. 
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@ The literature lists material properties that this study found is 

represenative the circuit board material alone. The literature does not 

address the orthotropic nature of the material’s properties at all. The 

orthotropic material properties had a significant effect on the accuracy 

of the FEM’s modal frequency predictions. 

® Steinberg’s methods do not apply accurately to FR4 PC Boards. 

@® Barker and Chen’s claim that the wedge-lock boundary conditions 

are independent of the plate being mounted is false. 

@ If time and computing abilties are limited, Roza’s method of 

characterizing the wedge-lock boundary conditions as pinned with 

rotational springs is good first approximation of the actual condition. 

His goal of providing look-up tables for the rotational stiffnesses for 

the wedge-lock boundary condition was not acheived. 

®@ In general, the X,,=K,, appears to be a good assumption but 

K,,=1.5K,, is an optimal solution for the clamping of FR4. 
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Chapter 6:Recommendations for Future Work 

This thesis addressed questions concerning how industry and the literature 

are modeling wedge locks in modal analysis. The work has raised many 

questions. Recommendations for future work have been developed to help 

provide direction to developing answers to these questions. 

® Application of the boundary conditions found in this study to a 

model of a populated circuit board. This would aid in understanding if 

the orthotropic properties of the FR4 tested in this study would 

become less significant as the stiffnesses of the components were 

added to the system. 

® Testing of other types of wedge locks. Do the different 

segmentation schemes of the wedge-locks offer different 

performance? 

® Testing of this style of wedge lock in a fixture that would be more 

representative of an actual application. Build a FEM of both the test 

sample and the mounting structure. Incorporate the boundary 
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conditions found in this study between the FEM of the circuit board 

sample and the supporting structure. This would reveal whether the 

stiffness of the series supporting structure had any effect on the 

effective rotational and translational stiffnesses provided by the 

wedge locks. In some cases it is envisioned that the supporting 

structure may be the dominant flexibility in the system. 

@ Testing of the wedge locks on circuit board material with larger 

input force amplitudes. One of the earlier studies [3] indicated that 

the rotational stiffness varied with input amplitude, but the testing 

was done using aluminum plates. This work would have the added 

challenge of compensating for the mass and stiffness loading by the 

force transducer on a test sample of relatively low mass and stiffness, 

a circuit board. 

@ The resolution of the inaccuracies in the material properties for the 

printed circuit board material, FR4, that caused the large errors in the 

second and eighth mode in the free-free condition. 

@ Attempt to generalize the results of wedge lock stiffness 

predictions. 
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® Develop a method to measure the through thickness shear modulus 

for PCB’s. 
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Appendix A 

Stiffness Testing of FR4 with Strain Data from Extensometer 

The force carried by the test sample in the modulus test is 

  = AFAL (A1) F 
L 

Since m the slope of the line fitted to the load versus deflection curve is 

F (A2) 
l 

100— 

m= 
  

Equation (A2) can be inserted in Eq. (A1), which can then be rearranged to 

find the Young’s modulus. 

= 100m (A3)   

Figures A1, A2, and A3 show excerpts from the MathCad files used to 

reduce the tensile test data for the three samples that were cut parallel to 

the long axis of modal test sample. Figures A4, A5, and A6 show excerpts 

from the MathCad files used to reduce the tensile test data for the three 

samples that were cut perpendicular to the long axis of modal test sample. 
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These excerpts contain 

® the original load versus deflection curve with a straight-line fitted to 

to the data. 

@ the calculation of the Young’s Moduli using Eq. (A3) 
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  0013 00% 0056 0077 00% O12 O14] 0162 0.183 0205 0.326 

€1 

Load Curve for FR4 Test Sample PY, Parallel to the Long Axis of the Test Article 
Load(lbs} ¥s. Percent Elongation in the Direction of Loading 

A ‘= 0.539-0.066 Sq in-measured dimensions of test sample 
E cs 100-m 

A 

E = 2.652-10° psi: Young's Modulus 

Figure A-1 Calculation of Young’s Modulus for FR4 Test Sample P1 From 

Load Vs. Extensometer Deflection Data 
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rv sn [even nn Sn san a oe oe 

ww 

150 foc eee e ee teeeeeenes : Sener ene eRe ene teat este teeta ena y EEE weet ee reece eee Vet eae een eaees pr er rece creer eee nee ne renee ere rene ee 

I : : iw 

— a 
fitted, 100 [ee Lesa deseecsaeeees Loeecceeseeeeeetees teste teeteeaeenaes wt inne beseeseaveaneeee Le ccuesaveseeeees beeuveeeseau eevee Loc eve ce cceeeseuseueeseueesaanuags 

Op eA     pe" 

0.01 0.028 0.047 0.065 0.084 0.102 0.12 0.139 0.157 0.176 0.194 

  

é1; 
Load Curve for FR4 Test Sample PZ, Parallel te the Long Axis of the Test Article 
Load{lbs} vs. Percent Elongaton m the Direction of Loading 

A := 0.534-0.066sq in:measured dimensions of tes? sample 

E=3.091'10° psi     
  

Figure A-2 Calculation of Young’s Modulus for FR4 Test Sample P2 From 

Load Vs. Extensometer Deflection Data 
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: : : en 

150 [occ eerrreereres: : beet eereee penne eee eeee teed eeneeeaeteee beet eeeeeen ences i oe : beeen ee ee nena ee eecaens : Levee eee ee ne ees 

: ; : : a 2 : 
| a 

Ibs. SA 
1 : a 

fitted, 100 aoe e eS eee eee cetera ees a eee a eee eee ne ate see ees en ee | eae ee eter eee a Bee rE ene nd geen REE SESE eE SEE ed been eng Reece eee 

50       

0.01 0.029 0.048 0.067 0.086 0.105 0.124 0.143 0.162 0.181 0.2 

1, 

Load Curve for FRA Test Sample P3, Parailel te the Long Ams of the Test Article 
Load(lbs} vs. Percent Flongahon in the Pireckon of Leading 

A := 0.538-0.066sq in:measured dimensions of test sampie   E=292410° psi     

Figure A-3 Calculation of Young’s Modulus for FR4 Test Sample P3 From 

Load Vs. Extensometer Deflection Data 
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200 Joc ae vent ee eee eee ees besser beat e teen eeeeeee eee teres eens vente anes reene ee Laven tease enna ees ween eee eeee : Lecneee pense 

titted : a 
i 100 ceteris mere crete ee eee e eed eect eee : bene cece o ae pete eeee be sere ence : rete ee eee ee ster e terete a eben eee e eee : Peete e eee tees 

G0 [oe Beste wt cents eeeeene eens cet ke aces een anes ce eec ee den eeeeeee Pessectenctrceel wee eaetea een eeee Peesseeseernnnd Leateeeetaeeereee beetecacaeeeenees       
0.012 0.03 0.048 0.065 0.083 0.101 0.119 0.137 0.154 0.172 0.19 

€1; 

Load Curve for FR4 Test Sample Tl, Perpendicular te the Long Axis of the Test 
Article Load{ths) vs. Percent Elongation in the Direction of Leading 

A := 0.531-0.066sq in:-measured dimensions of test sample   E = 3.026-10° psi 
  

Figure A-4 Calculation of Young’s Modulus for FR4 Test Sample T1 From 

Load Vs. Extensometer Deflection Data 
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200 ween e cence ee eee beetee teeters levees eee reeee need j ch beeen eee eeae eens : ve de et eae renee rene beet cere rete e sees . wee ee mo ce eee ee eee cee eee cee eee vr f. 

150 

SO freee Seteetesetens u * Le ceceeeeeesaeeers bee ee eee ee ree eeee ce etaeaeeeeeeeees cette eee yee bea ens bebe ee eens e eens Let deeeeeeeecens Peed e nee e eee renee eee ea eee ea eee eee       
0.014 0.033 0.052 0.07 0.089 0.108 0.137 0.146 0.164 0.183 0.202 

€1, 

Load Curve for FR4 Test Sample Tz, Perpendicular to the Long Axis of the Test 

Article Load(lbs) vs. Percent Elengaton in the Direchon of Loading 

A ‘= 0.522-0.066s4 itcmeasured dimensions of test sample   E=2951-10° psi 

Figure A-5 Calculation of Young’s Modulus for FR4 Test Sample T2 From 

Load Vs. Extensometer Deflection Data 
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200 eee ae en nay ” tna e eee ew er eneae SOR a eee tee eee aes eee rn Peewee een eenees beter tee ee teense , eee eee 

150 frre : vee eeeauseaceueeeeeaesseeeneeserenes ce ecaesceseaee cede bebe ae eu ee eea east a eaeener nena cet e eee es eens be Diceeeereee besetesnteneeeet we eeseceeeeenees 

50 besser bese ee fst oe ee pene foresees posse ene       

0.004 0.02 0.037 0.053 007 0.086 0.202 0.119  O.135 0.152 0.168 

€1; 
Load Ourve for PR4 Test Sampie Th, Perpendioidar to the Long Asis af the Test 

Article Loadiits}] vs. Percend Ziangatian im the Direction af Loading 

A := 0.539- 0.06674 in-measured dimensions of test sample   E=3259-10° psi     

Figure A-6 Calculation of Young’s Modulus for FR4 Test Sample T3 From 

Load Vs. Extensometer Deflection Data 
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Appendix B 

Stiffness Testing of FR4 with Strain Data from Biaxial Strain Gages 

The force carried by the test sample in the modulus test is 

(B1) 
_ AEAL 
  

Since the sensitivity of the amplifiers was 1 mV/ystrain(1O0OV/in/in), the 

slope of the line fitted to the load-deflection curve is 

m=—___ (B2) 
- AL 100042 

L 

Equation (B2) can be inserted in Eq. (B1), which can then be rearranged to 

find the Young’s modulus. 

(B3) 

_ 1000m 
  

For calculation of the shear modulus, G,2, samples were cut at 
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approximately 45° to the orthogonal ply angles of the FR4. The shear 

modulus in an angle ply laminate is [12] 

t 
G..=—12 (B4) 

+2 Y12 

The strain in an angle ply laminate is 

(B5) 

€,2= (€g-€,) Sin2h-€,,coS2h 

In the tension test, the samples were in a uniaxial tension which makes €,,¢ 

zero. Due to the way the samples were cut, @= 45°. This makes it 

possible to reduce Eq. (B5) to 

(B6) 
Y12=€p~€q 

where e€, and €, are the outputs from the strain gages. These strains will be 

relabeled €, and €,. 

Also, since the samples were in unixial tension, 
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(B7) 

where 

(B8) 
0, =e, 

This makes it possible to express Eq. (B4) in terms of properties that can be 

calculated from data obtained from the tensile test. 

Ee, (BY) 
2 

€,~€, 
  

Gi2= 

Figures B1 through B6 show excerpts from the MathCad files used to reduce 

the tensile test data for the three samples that were cut parallel to the long 

axis of modal test sample. Figures B7 through B10 show excerpts from the 

MathCad files used to reduce the tensile test data for the three samples that 

were cut perpendicular to the long axis of modal test sample. These 

excerpts show, alternatively, 

@ the graphing of the load vs. strain curve and the calculation of the 

Young’s Moduli using Eq. (B3) 

@ the graphing of the principal strains and the calculation of Poisson’s 

Ratio. 
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Figures B11 and B12 show excerpts from the MathCad files used to reduce 

the tensile test data for the three samples that were cut at 45° to the long 

axis of modal test sample. These excerpts also show the calculation of the 

shear modulus using Eq. (BQ) 
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200 

150 

50         

0.002 0.218 0.434 0.65 0.866 1.082 1.297 1.513 1.729 15 72.161 

€1; 

Load Murve for FRA Test Sample Pi, Parallel ic the Long Asis of the Test Article 
Leadiflas} vs. Straufinfin* 881) in the Direction of Loading 

A := 0.611-0.063 43 DEMeasured dimensions af lesi sample 

1000-m 

A 
E:=   mimpitied formula for Young's Madukas: 

A=cress sectional ares of the tert sample 

m=siope af Gne fied ta fiz load curve 

E = 2.505-10° psi Yuungs's Madules       

Figure B-1 Calculation of Young’s Modulus for FR4 Test Sample P1 From 

Load Vs. Strain Gage Data 
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0.002 0.218 0.434 0.65 0.866 1.082 1.297 1.513 1.729 1.945 2.161 

£1; 

Lead Carve for FR4 Test Sample Pi, Paratiel ta the Leng Axis of the Test Article 

#=02 Paisson's Ratiei Magnitude of the slope 
of the fitted line}   Str ainfinfin™ €h1} Parpendicular is Load vs. Svain{injin® 091} in the Drection of Laading     

Figure B-2 Calculation of Poisson’s for FR4 Test Sample P1 From Strain 

Gage Data 
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200 | a 

150 

50]:       0 oe we ceseeees bo ceeeceeeceseeeee! ve eve ecu eeeeneneee sec eeeveueuecuees he eeteveuseueaees ss euscssasenesfessesitesnnvisedesesesesseesiee weet been ee cea eens So cuveeevereeeees 

0 0.211 0.422 0.633 0.844 1.055 1.265 1.476 1.687 189 2.109 

é1; 

Lead Cauree fer FR4 Test Sample P2, Parallel to the Long Amis of the Test 
Article 

Leadits} vs. Stramfinfin™ Mii m the Durechon af Leading 

  

A := 0.619-0.063 SG ID MRasUTad dimenmans of test sample 

Es 1000: m 
  Simpkivied fermuka far Young's Madhulass: 

A A -erass sectianal ares of the test sample 

misione of ine itted ta the load curve   E=2483-10° psi   
  

Figure B-3 Calculation of Young’s Modulus for FR4 Test Sample P2 From 

Load Vs. Strain Gage Data 
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0 0.211 0.422 0.633 0.844 1.055 1.265 1.476 1.687 1398 2.109 

é1; 

Lead Carve ior FR4 ect Sample B27, Paratiel t: the Long Agi of the Test Article 
Sir aimfinfin® 281) Perpendicular te Lead vs. Strainfin/in® i} im the Direction of Leading 

#=0196 Poisson's Katio{f Mapnitude of the ciope 
af ibe Rtted tine       

Figure B-4 Calculation of Poisson’s Ratio for FR4 Test Sample P1 From 

Strain Gage Data 
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200 
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50         
0.005 0.221 0.437 0.653 0.869 1.085 1.302 1.518 1.734 195 2.166 

€1; 

Load Carve for FR4 Test Sample Pd, Farallel ta the Long Axis of the Teast Article 

Load{iis} v3. Stratnfenfn”™ 383) in the Direction of Loading 

A, := 0.617-0.063 sq] in measured dimensions: of test sample 

  

1000- ; wee , 
E := goo'm Lamphfiad fermuia for Young's Mashszluc: 

A A=-C7088 Sactional area of the lest sample 

m=slape of ine fitted te the iaad curve 

E=2.53210° psi       

Figure B-5 Calculation of Young’s Modulus for FR4 Test Sample P3 From 

Load Vs. Strain Gage Data 

94



  

  

        

0.005 0.221 0.437 0.653 0.869 1.085 1.302 1.518 1.734 195 2.166 

€1; 

Laad Curve tor PRA Test Sample PG, Parallel to the Long Axis af the Teast Ariicte 
sirainfingin® #81) Perpendicular te Load vs. Srainfinsin* 201) i the Direction of Loading 

#=0.205 Poisson's RatolMacniiude af the siopa 
ef the hed kre}       

Figure B-6 Calculation of Poisson’s Ratio for FR4 Test Sample P1 From 

Strain Gage Data 
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200 
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100 

50         

0 0.162 0.324 0.486 0.648 0.809 0.971 1.133 1.295 1457 1.619 

é1; 

Load Curve for FRA Pest Sample PR2, Perpendicuiar fa the Leng Axis af the Test 

Arkcle 

Laadiitee] o¢. Strainfinfin? 01} im the Directian of Loads 
A ‘= 0.619-0.063 Sq Mowmeacnred dimensions of test campia 

  

_ 1000-mM = Simphited formeuia fer Young’s Redulus: 

A A=eress sectiunal area af the test sample 

m=siope of ine fitted ta fhe Inad curve 

E: 

E=3241-10° psi       

Figure B-7 Calculation of Young’s Modulus for FR4 Test Sample TR2 From 
Load Vs. Strain Gage Data 
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    “og hen enn Fs seenannneninnnnnennae see a cnn ie ws 
0 0.162 0.334 0.486 0.648 0.809 0.971 1.133 1.295 1.457 1.619 

€4; 

  

Lead Curve for PR4 Vest Sampie TR2, Parpendicuiar te the Long Agi ef the Test Article| 
srainfinfin* 81) Perpendicular ta Load vs. Si ainfinfin* 341} im the Direction of Loading 

= 0.254 Paisson's Ratiol Magnitude af the singe 
ot the fied Rne]       

Figure B-8 Calculation of Poisson’s Ratio for FR4 Test Sample TR2 From 

Strain Gage Data 
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150 

50         

0 0.16 O319 0479 0.639 0.708 0958 1118 127 1437 1597 

1 

Load Carve for FR4 Tesi Sample TRY, Perpendicular is the Lang Axis af the Test 

Ariicte 
Load{its} ¥s. Stainfinjin® 322) in the Direction ¥ Leading 

A := 0.632-0.063 3g in-meBasured dimensions af test sample 

1000- 
E := m"   aunlified farmula far Young's Madhalus: 

Amorass sechonal area of te test campin 

mosiope of lie {ited te the lsad curve 

E=3.17610° psi       

Figure B-9 Calculation of Young’s Modulus for FR4 Test Sample TR3 From 

Load Vs. Strain Gage Data 
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  0.16 0.319 0.479 0.639 0.708 0.958 1.118 1.278 1.437 1.597 

€1; 

Load Cuxve tux FR4 Vast Sample TRI, Perpendicular ta the Leng Axis of the Test Article 

aly asesfinefers® BE] Perpondicula te Laad ws. Strain{mAn™® OGL} in the Dreckton of Leading   B= 0.255 Poisen's Batol Magnitude of the siane 

af the fitted ime} 

Figure B-10 Calculation of Poisson’s Ratio for FR4 Test Sample TR3 From 
Strain Gage Data 
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200 

150 

50         
0 0.306 0.611 O917 1.223 1528 1934 2.14 2446 2.751 3.057 

€4; 
Load Curve far FR4 Test Sample 22, Gut at 45 Degrees te the Long Sais af the Test 

Articte 

Laaditts} ws. Strarfirfin®™ 8823 im the Duection of Loading 

A := 0.671-0.061 sq in-measured dimensions of test sample 

_ 1000-m = Semplified formula tor Young's Modubus: 

A A-cress sectional area of the tast{ sampis 

mostope of ine fied to tie lead carve 

E:   

E = 1.797-10° Young's Medudus: pst 

yi2 := 2 - el anear defarmation 

a1-E 
v12 := > She ax si OSsr 52 

| slope( y12,712)| = 5.968-10° frygiin plans shear modulus, psi     
  

Figure B-11 Caiculation of Shear Modulus for FR4 Test Sample D2 From 

Load vs. Strain Gage Data 
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  200 

150 

50         
0 0.297 0.594 0.891 1.188 1.486 1.783 2.08 2.377 2.674 2.971 

€1; 

Load Carve for PR4 Test Sample 03, Cut at 45 Degrees te the Long Asis of the Test 

fz hicts 

Leadiins) os. Strambinfgin® G02) im the Direction af Loading 

A := 0.657-0.061 + in-measuved dimensions of tes! sample 

_ 1000-m Simplified formula for Your's Modula:: 

A A=-cpass seckeral area of the test sample 

m=siepe of lime fitted te the inad curve 

E: 

E=1.791-:10° Youngs Modulus-psi 

yi2:= 2-e1 Shear deformation 

sl-E 
T12 := > Shmay CraSS: Pst 

|slope( y12 ,712)| =5813-10° Gy5:In plone shear modubus, psi       

Figure B-12 Calculation of Shear Modulus for FR4 Test Sample D3 From 

Load vs. Strain Gage Data 
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Appendix C 

Test Fixture Finite Element Model Results and Data Reduction 

A FEM was constructed of the part of the test fixture that contained the slot 

that contained the FR4 plate and the wedge lock (see Figure C1). The FEM 

was constructed using 570 nodes connected to make 342 solid hexa 

elements resulting in a model with 1710 active DOF’s. A load of 100 

lbs/node was applied at the upper outer edge of the fixture’s slot. A load of 

100 Ibs/node was also applied at the lower inner corner of the slot (see 

Figure C2). 

The model was restrained approximately at the 6 bolt locations that attached 

this part to the baseplate. The upright part of the fixture was attached to 

the fixture’s baseplate using 0.25" bolts. Classical bolt preload theory [13] 

would assume that the two members were preloaded up to 3 bolt diameters 

away from the bolt. As a first conservative run of the model, only one hexa 

element was restrained in translation at each bolt location. Each of the 

restrained regions was approximately 0.25"x0.5". 

The PAL2 output file was edited to contain only the nodes that were under 

load, which were those with the maximum displacement. Figure C3 shows 
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the MathCad file that read and reduced the data from the PAL2 output file. 

Figure C4 shows the graph generated in MathCad of the fixture stiffness 

along the fixture length (node number). This graph shows that the fixture’s 

stiffness is approaching 70,000 inelbs/rad/in. Since this was significantly 

stiffer than the typical values of 100 to1000 inelbs/rad/in assigned to the 

wedge locks, the fixture was deemed to have negligible effect on the 

stiffness values being assigned to the wedge locks. 
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Figure C-1 Fixture Component With Card Slot Modeled 
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Figure C-2 FEM Mesh and Location of Line Load 
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temp := READPRN (fixtBa out) Read displacements autput fram PAL? 

length := rows(temp) Setup @ range varishle based ur the 

length = 38 i= 0.. length - 1 number cf cleia mses 

ASshyn tar bret coleee Of dada iota aim werey, 
nodenum := temps” 

" node meraberss 

> <2> . . 
I dy := temp** Assign the secead and third calumns af 

dain in arrays denctag x and y 
CisGlaAcemaents 

dx := temp~ 

length Vel ap a mnge variahia Based an the 

= ——.. length - 1 rumbes rades along the length of the 
Peatesee2 

length _ 
i := 0. 1 i2 : 

dz1,, := (temp<37)., 

Assige the fourth calbec: of dala is 

dzZ2,_ 19°= (temp??) arrays denoting z diaplacaments of both 

yrs of rede thal bool fceacis applet te 
TRAN. 

dz ‘= dz2 - dz4 find the total gqrowil in the widih af the slot 

8. := atan oy find the angular displacment caused hy the growth 

1 at the 
sisi. 8.297 is the danth of the sint 

fing the ratatene? siffnass per unit lengths for the 

apraltedd racers ne 
1” 5278 (108 los appbed al 8.297 inches}. 8.5278 is the 

distance between nades. 

a4 
2 

_ % 29.7 
kg = iain 

5278 2 

k ‘= fg 

18” 5278     
  

Figure C-3 MathCad File Used to Read the Output From the Fixture FEM 
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RUPE ry       

Figure C-4 MathCad Generated Graph Showing the Stiffness of the 

Fixture Along The Fixture’s Length 
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Appendix D 

Optimization/Minimization Algorithms 

A design point consisted of a set of values for the rotational and 

translational spring stiffnesses that were entered into the FEM. The 

stiffnesses were, one at a time, changed by some amount and the model 

was re-run to find the first eight modal frequencies. The sum of the errors 

(between the FEM predictions and the empirical frequencies) squared was 

calculated for the design point and the four perturbations. The gradients 

between the design point and the four perturbations were calculated using a 

forward difference approximation[12]. 

_ £(x, tee )) -£(x) (D1) 
€ 
  dt 

dx X=Xy 

Figures D1 and D2 show the MathCad file that was used to calculate the 

gradients at a design point. 
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272 

360 

664 

756 
f := 

884 

1228 

1324 

| 1494 | 

| 268 269 269 «273 

342 342 «342345 

651 652 651 655 

fest 748 «748 «74875? 

852 853 «853860 

1204 1206 1204 1214 

1307 1307 1307 1308 

}1473 1474 1473 1487 

i= 0.4 j:= 0.7 

error; |: p- - 100 

) 

[1.1029 1.1029 1.1029 
5 5 5 

1.9578 1.8072 1.9578 

1.0582 1.0582 1.0582 

Ser | 36199 3.5068 3.5068 

19544 1.7915 1.9544 

1284 1.284 1.284 

1.4056 1.3387 1.4056 

eniuran roatix containing the modal frequencies found 
empincely 

  

271 | Mainx containing the FEM prediceci modal 
344 frequencies tor. by column 

| the design point 
652 2. the dasign point plus some change in Kil 
752 3 the design naint pius some change in Kté 

4.the design point plus some change in Kri 
857 &. the design point plus sarne change lee 

1205 

130? 

1480 | 

0.3676 0.3676 The percent error for each of the FEM 
4.1667 4.4444 nredictad frequencies at each ofthe 

design soirts 
1.3554 1.8072 

0.1323 0.5291 

2.7149 3.0543 

1.1401 1.873 

1.2085 1.284 

0.4685 0.9371     
Figure D-1 Page 1 of MathCad File Used to Evaluate Gradients at a Point in 

the Design Space 
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objfunc, ‘= > (error, ;)* 

_ 
The object function to be rainimized, the 
surnmadion of ail af ithe errars 

| 51.7172 

49.5502 

objfunc =} 50.911 

29.7014 

38.7976 

L:= 0.1 

objfunc, 17 objfunc, Calculation of the gradierd in each af 

gradient := + the four directions corresponding ta 
1000 the faur design variables 

1:2 2.3 

objfunc ~— objfunc, 
gradient, ‘= I+] 0 

100 

~0.0022 

dient —D.0008 
adient = 

er -0.2202 

192 
  

Figure D-2 Page 2 of MathCad File Used to Evaluate Gradients at a Point in 

the Design Space 

In the first iteration the search vector is taken to be the vector defined by 

these gradients. A line search was conducted along this vector using the 

interval halving technique[12] until a minimum in the error function was 

found. Figures D3, D4, and D5 show the MathCad file that was used to 

evaluate and graph the error function during the line search. 
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272 

360 

664 

{-= #36 cojurnn rnatrix containing the rnodal frequencies found 

| gq empirically 

1228 

1324 

| 1494 

298 

364 . . . . . 

columns matrix conteining the FEM predicted modal frequencies 
659 for same sten lenath along the search vector 

793 
ffem := 

880 

1202 

1291 

1459 | 

1:=0 j ‘= 0..? 

ffem,; : 
error. . := f- —}-100 

Jl f. 
J 

| 9.5588 | calculaion of the percent errarter each FEM 

1.1111 predicted frequency 

0.753 

4.8942 
error = 

0.4525 

2.1173 

2.4924 

2.342?         
  

Figure D-3 Page 1 of MathCad File Used to Evaluate the Error Function at a 

Point in the Design Space 
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objfunc. := ) (error, :) ce , ee . 
rune; jul cédoulation of ihe error function far this poiniin the desian 

J space 

objfunc = 133.5138 

raphing of the errar function for variuas step lenoths slong the seach vector 

            

1 | 2038 | 

S00 178 

1000 14 

1500 14s 
1750 — 146.5 

alpha := >000 | 144.4 

260 i:= 0.. rows( alpha} - 1 151 

2500 130 
3000 161 
4000 | 180 | 
  

Figure D-4 Page 2 of MathCad File Used to Evaluate the Error Function at a 

Point in the Design Space 
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180   

170 \ seoseeseasnnnnevannnnnennivenveen pond 2 cettettteeee ceeccesecettannanieee . becccsecettnee 4 é booster 

err: 160 seas e renee sees \ wee e eee eee ieee ee | ek ae ee tves ee eeanen tes : beeen ee eines oo, Leet eee een , eee e eben ears anaes 

ae \ : : aa 

\ : / 

150 NO pod       140 3 3 3 3 , 50 1000S 1500» 200050003800» A000 
alpha, 

Figure D-5 Page 3 of MathCad File Used to Evaluate the Error 

Function at a Point in the Design Space 

      

The gradients were evaluated again at this new minimum using the same 

MathCad file that was used at the first design point. The search vector 

would be updated using the Broyden-Fletcher-Shanno (BFS) method. The 

new search vector is 
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(D2) 
s)a-g (it) yF(x (1) 

Where the matrix A is the identity matrix for the first iteration, and for 

subsequent iterations is defined as 

AxMAg AT 1 (4 (r- AxAg@T  AxWDAx aT (D3) 
A litt) = (T- <n 

Ax ')TAg (4) Ax 'DTAg (4) Ax DTA g (2) 
  

Figures D6 and D7 contain the MathCad file that was used to calculate the 

new A matrix and the new search vector. 
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84 

38 
ae it the change in the four design variables between the currant design 

286 paint and the srigiral 

| 130 | 

6.82 

3.212 the change in the gradients for the four design variables between the 
gg 3 current design point and the orginal 

23.03 

10.532 

100 0 

010 0 - a 
‘ = the original A vector is set te the identiy matrix 

001 0 

0001 

1000 

fo 10 8 

0010 

lo 0 0 1]     

Figure D-6 Page 1 of MathCad File Used to Evaluate the New Search 
Vector Using the Gradients at the Current and Previous Design Points 
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Min = Gs agg f den := dv ! og 

MM. ; 
erm , 35 —_Af 

uf Cet? 5 9 

the definitian of soms intermediats 

vanebles 

mung = a ay f dend := a f ag 

pnd hf 

Pié Gen? 4 0 

he update of the search veete 42 :=(/ - ferm|: 4/-(/ - term) + term? The update of the search veetor 

1.749 0.338 2.553 1.16 

0.339 LISS LISS 0.525 ne new A matrix which with ihe 
a 

2552 1.15 9.694 3.95 gradient at the current design point 
defines the new search vector 

| 1.16 0.523 3.952 2.795 | 

104 

= 0.192 the gracient at the current design paint 

132 

132 

-0.73? 

-0.478 The new search vector 
- 42. df = 

—2.287 

~1.112   
    

    

Figure D-7 Page 2 of MathCad File Used to Evaluate the New Search Vector 
Using the Gradients at the Current and Previous Design Points 

116



Appendix E 

FEM Predicted Mode Shapes 

Figures E-1 and E-2 show the FEM predicted mode shapes for the 5.86" x 

7.06" x 0.06" aluminum and FR4 plates, respectively, in the free-free 

condition. 

Figures E-3 and E-4 show the FEM predicted mode shapes for the 5.86" x 

7.06" x 0.06" aluminum and FR4 plates, respectively, when restrained with 

wedge locks. 
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Figure E-1 FEM Predicted Mode Shapes for 5.84" x 7.06" x 0.06" Aluminum 
Plate, Free-Free 
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Figure E-2 FEM Predicted Mode Shapes for 5.84" x 7.06" x 0.06” FR4 Plate, 
Free-Free 
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Figure E-3 FEM Predicted Mode Shapes for 5.84" x 7.06" x 0.06" Aluminum 
Plate, Restrained with Wedge Locks 
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Figure E-4 FEM Predicted Mode Shapes for 5.84" x 7.06" x 0.06" FR4 Plate, 
Restrained with Wedge Locks 
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