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Synopsis 

          This paper shall focus on the investigative tests performed on  PCBs  to map the  variation in joint 

stiffness and associated variation in natural frequency and damping coefficients of the board due to loss of 

energy in the joints, subjected to random  vibration loads. The effect of duration of the test and input G levels on 

the above parameters is also analyzed. 

1. Introduction

      Different types of dynamic loads are transferred to the electronic packages during launch of a spacecraft. 

The Printed circuit boards with sensitive components are clamped inside carefully designed housings with bolts. 

The most commonly used method for analyzing and predicting vibration response for a PCB is by  creating 

Finite element models.  There are several inherent uncertainties in the FE models with regard to boundary 

conditions, material property variations, frictional damping characteristics which limit the accuracy of the  FEA 

results. 

     Usually a ‘base fixed’ boundary condition is used while analyzing the PCBs for the adequacy of design in 

terms of natural frequency and natural modes. In reality most of the boundary conditions are not ideal as the 

infinite stiffness at the clamped joint is not achievable. It proposed by Wang and Chen[1] to have a boundary 

stiffness matrix from measured modal parameters in the FE model . The accuracy of FE models can be 

improved by incorporating spring elements at the PCB mounting interfaces that are ‘tuned’  for translational and 

rotational stiffness to match with the test results. 

     A joint is a discontinuity in the structure, the stresses and slip near the contact regions affects the frictional 

damping and vibration levels. This in turn vary  the joint stiffness for the clamped PCBs resulting in variation in 

natural frequency and damping characteristics as compared to the designed values. The material damping of  

PCB  made up of composite material   depends strongly on the plies elastic properties and fiber volume content 

     PCBs are made from GFRP composite with required numbers of layers many of them being copper ‘ground ‘ 

layers. The properties of PCBs vary depending upon the direction of loading and number of layers. More over 

removal of copper surface during manufacturing , drilling of holes etc reduce the stiffness of the board. Robin 
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Alastair etl [2]  suggested that the properties should be measured on a etched PCB by bending and torsion tests 

to measure Young’s modulus, shear modulus etc to avoid inaccuracies in the FE models. 
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      This paper shall focus on the investigative  tests performed on  a  specimen  PCB of size 12”x9”x0,086” 

clamped at 12 mounting locations with M4 bolts on 40mm thick Aluminum fixture. The vibration tests are 

performed by mounting the specimen on a electro dynamic shaker, and monitoring the  responses by 

accelerometers mounted on the PCB at predefined locations . The tests are preformed with varying loads for 

2minute and 4 minute duration to map the effect of joint stiffness variation on the natural frequency and 

damping coefficients. The outputs of these tests are compared with results of  FE analysis for the same to arrive 

at the corrective factors for the analytical model so that the predicted results from the analysis are in close 

compliance with the test results.  

2. Test set up

Figure1a and Fig 1b show the two views of  the test PCB mounted on the electr0dynamic shaker. 

 The components are simulated with accurate masses at the exact locations on the PCB conforming the actual 

component layout where as the actual  edge connectors are mounted at the edges as shown in fig 1b. 

Table-1 gives the  physical details of the test specimen 

component Dimension(mm) Material Weight(kgf) 

PCB card 355Lx228Bx2.2 T 2layer cu 
laminate FR-

4 

0.356 

Components(dummy) 25mm x 25mm x 3mm 
,Thick (rectangular) 

Mild Steel 0.317 

Screw M4,L45,12 Nos SS-304 

Spacers(12Nos) OD-10mm;   ID-4.2mm , 
Length= 30mm  

Aluminium 0.064 

Base fixture Dia-650mm, thickness-
40mm 

Aluminium 35.0 

ITT Connectors  5 nos 70mmx 12mmx12mm standard 0.200 

Brass masses Dia 10mm, 2mm, thk 0.443 

Table-1    Details of the test specimen

Fig-1a    Side view of the vibration set up Fig-1a    Top view of the vibration set up 
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    The test PCB is subjected to typical vibration loads experienced by aerospace  electronic assembly 

during launch of a satellite by a rocket. Pre qualification low level test with 0.5grms is carried out and 

again after the qualification tests to check the integrity of the specimen.Table-2a and 2b give the 

details of the qualification input levels for the test. 

Frequency(Hz) PSD(g2/Hz) 

20-100 +3dB/oct 

100-700 0.30 

700-2000 -6dB/oct 

Overall RMS 18.1g 

3. Test results and discussions

3.1  Input Vibration levels 

    In the second test, the responses to the low vibration levels( 0.5 grms) and to the qualification levels 

(as per Table 2a ) are monitored. Fig- 2 shows that the high levels are associated with higher damping 

and lower frequencies. For low G input, the deflection in the layers of the PCB is less and less energy 

is dissipated as compared to high G loading which results in larger deflection of the card layers.  High 

dissipation of energy in the layers of the PCB results in high loss factor (hysteresis damping) compared 

to lower G loading resulting higher damping. Drop in the frequency and increased damping is also 

associated with frictional losses in the fastener joints.   

Frequency(Hz) PSD(g2/Hz) 

20-100 +3dB/oct 

100-700 0.1 

700-2000 -3dB/oct 

Overall RMS 11.8g 

Table2a. Normal to mounting plane (Z) 
Table2b. Parallel to mounting plane 

Fig-2   Variation in the frequency and damping ratio with increased input levels
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2.1  Random vibration input 



        It is seen from the tests that different responses are observed for different locations for the same 

mode. The transmissibility decreases with higher component population. (figure-3 ). This is a result of 

frictional losses in the joints (of representative masses clamped in the location of actual components) 

in the test specimen.  

3.3Test duration 

 In the first test the PCB assembly was subjected to random vibration levels as per Table-2a for 2min and 

then for a duration of 4minutes. From figure-4 it is seen that   with increase in duration there is decrease in 

natural frequency and damping. This non nominal behavior  is seen in many response plots. The observation 

needs to be further investigated.   However , a possibility of  increase in internal temperature of the composite 

layers of PCB  due to long duration oscillation  may result  in decrease of loss factor as explained by  Gr´egoire 

Lepoittevin [3]. 

Fig-3   Variation in the response  and damping ratio with component population on the PCB

Fig-4   Variation in the frequency and damping ratio for  increased duration of test
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3.2   Component population on the PCB 
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Test Name : ZLLS-R10-TOR-20

Max Beta : 67.5701 

MBetFreq : 269.153Hz 

Damping(%) : 1.0362

Test Name : ZLLS-R11-TOR-22

Max Beta : 66.223 

MBetFreq : 270.085Hz 

Damping(%) : 1.0345

Test Name : ZLLS-R9-TOR-18

Max Beta : 69.1649 

MBetFreq : 268.689Hz 

Damping(%) : 1.0363

3.4  Preload for mounting fasteners. 

      The Z axis test conducted with 225 kgf,250kgf, preload and 278 kgf  preload for the fasteners did not reveal 

any change in the first frequency of the assembly( fig-5).  This can be attributed to the  high minimum preload 

(more than 80% of YS for SS304 bolts) in the bolts and lower stiffness of the bolts compared with the joints.  

4. Finite Element model

FE model created for the test specimen is updated in terms of boundary conditions, and damping ratio to

provide similar responses of the PCB as observed in the test. The PCB is modeled with 23897 CQUAD4 

elements with about 400 CTRIA elements mostly around the holes. The Vibration fixture and the mounting 

holes are connected with CBUSH elements with finite translational and rotational stiffness as shown in figure.. 

4.1 Material properties 

   The properties for the PCB material, FR-4, is provided by the manufacturer  are conforming to IPC and ASTM 

D3039 test standards .Table-3  gives the properties of FR-4 used in the model . The shear modulus however is 

not specified by the manufacturer and the same obtained from the values given by  C N Oguibe etl [4]from The 

verification of these properties by measurements are planned in future.  

Fig-5   Response for increasing preload

Fig-6   FE model for the test specimen

05



Mechanical  Property value 

Young’s Modulus     Ex……….. 

   Ey……….. 

28.5 GN/m2 

22.4 GN/m2 

Mechanical  Property value 

Shear Modulus ………………… 4.75 GN/m2 

Poison’s ratio   µx……….

µy……….

0.13 

0.11 

4.2 Component effects 

   The soldered components (especially large and heavy components) on the PCB increase the mass and stiffness 

of the board locally. This effect is taken into account by increasing the stiffness of the local areas in the model  

or by including the individual component in the 3D model. In our case the model of the rectangular mass  are 

included and connected to the PCB by rigid RB2 elements for better accuracy. 

4.3 Boundary conditions. 

Fig-5 shows the supports provided to the PCB by clamping screws at 12 locations. FE model incorporating 

infinite stiffness at these points is inaccurate and determining the rotational stiffness of the joint is the key for 

improving the accuracy. The stiffness at the fixing points is proportional to the preload and length of the 

fasteners.  In the first method, the approximate rotational stiffness  is  calculated from the  response plots from 

the test.  

Then the rotational stiffness is calculated from Equation-(1)  

        K= (2∏fn)2.Im       -------------------------- Eqn(1) 

where fn-  first natural frequency observed and Im- is the participating Inertia for the first mode. Further values 

are incorporated into the FE model by the use of CBUSH elements at the support boundaries and the resulting 

frequencies are compared with the test.  These  stiffness values are the changed iteratively so that for a particular 

set of stiffness values the frequencies match closely with the experimental values for the first mode. 

      Table -4 below gives the values for joint stiffness used and the resulting frequencies in the FE model and the 

experimental values and that obtained from the  corrected FE model. It can be seen that the tuned rotational 

frequencies have contributed greatly in improving lateral frequencies.However it is to be noted that the errors 

are likely to increase for higher modes as the complexity of the motion increases with higher modes  [5 ].  

Restraints FEM  TEST 

Fixed 

joints 

Dx=Dy=Dz=0 

Rx=Ry=Rz=0 
fz=270 Hz 

fx= 977 Hz 

fy= 877Hz 

fz= 261 Hz 

fx= 530 Hz 

fy= 509 Hz 

Joints with 

finite 

stiffness 

Kx=Ky=Kz=8x106 N/m 

Rx=1000 N-m /rad 

Ry=1000 N-m /rad 

Rz=1000 N-m /rad 

fz= 264 Hz 

fx= 519 Hz 

fy= 507 Hz 

fz= 261 Hz 

fx= 530 Hz 

fy= 509 Hz 

Table 4.    Natural frequency variation with changing boundary conditions 

Table 3.    Material properties for FR-4 
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4.4 Damping ratio
The damping ratios are calculated from the frequency plots of the specimen PCB using the bandwidth method. 
The response at the half power points is measured and damping (z)is calculated from Equation-(2)[2] 



z=   (w1- w2)/2wr    ----------------------Eqn(2) 

 where w1 and w2 are  band width frequencies at corresponding to the half power points and wr is the resonant 

frequency. An average damping ratio of 2.8% is used for the updated model which is derived from frequency 

response curves from the qualification level tests. 

Results 

The criteria for the comparison between the test and the FEM are ; first frequency, transmissibility and Grms 

values.  It is seen from the frequency response curves from the ‘tuned’ FE  model  that  the predicted first 

frequency values match well (264 Hz against the actual 261Hz) but transmissibility with the average damping 

ratio of about 3% for is higher (50 against the test observed 35.) The Grms value from the test is about 90Grms 

where as FEA predicts 87Grms.  

5. Conclusion

The paper has listed the sources of uncertainties in FE models viz  finite stiffness at the ‘clamped ‘ joints,  

damping variation due frictional losses and  viscoelastic  nature of the composites  , material properties variation 

etc.  An attempt is made to reduce these uncertainties by deriving boundary stiffness and damping ratios from 

the test and correcting the FE model to improve its accuracy in predicting the responses. 

Vibration tests are successfully performed on a   FR-4 PCB test specimen of size 12”x9”x0,086” clamped at 12 
mounting locations with M4 bolts. The responses at several locations on the PCB are analysed for   varying 
magnitude and duration of random vibration inputs that are generally encountered by electronic assemblies 
during launch of rocket.  The effects of increased vibration load and  increased test duration on the  response of 
the PCB in terms of  the frequency ,transmissibility and damping  ratio are mapped.  Also the effect of 
component population on the damping ratio is assessed.  

The Z axis test conducted with 225 kgf,250 kgf, preload and 280 kgf  preload for the fasteners did not reveal 
any change in the first frequency of the assembly. This can be attributed to the initial high preload (>80%) of 
YS for SS304 bolts) in the bolts and lower stiffness of the bolts compared with the joints.  

Rotational stiffness are specified in the refined FE model of the PCB from iterative computations based on the 
stiffness obtained from test results.  Bandwidth method has been used to derive the  average damping  ratio  for 
the PCB  from responses measured at several modes and locations. The corrective factors are more effective to 
the work presented here has proven to be useful in refining the FE models for PCBs that are similar to the one 
used as a test specimen. The approach used here to model  the stiffness of the joints and damping ratios can be 
extended to other kinds of PCBs with varying size and mass.  However to generalize the corrective factors,  
further comprehensive tests on different PCB specimens with varying preloads ,fastener material  ,antifriction 
coating on the threads,  as well as  changing the number of clamping points are planned as the future work. 
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 [5] NASA part-1 Goddard Space Center study report “Structural DESIGN and analysis of a light-weight 

    laminated composite heat sink for  spaceflight PWBs” 
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