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ABSTRACT

Electronic equipment has been applied to virtually every area associated with commercial, in-
dustrial, and military applications. Specifically, electronics have been incorporated into avionics com-
ponents installed in aircraft. This equipment is exposed to dynamic loads such as vibration, shock, 
and acceleration. Especially, avionics components installed in a helicopter are subjected to simulta-
neous sine and random base excitations. These are denoted as sine on random vibrations according 
to MIL-STD-810F, Method 514.5. In the past, isolators have been applied to avionics components to 
reduce vibration and shock. However, an isolator applied to an avionics component installed in a 
helicopter can amplify the vibration magnitude, and damage the chassis, circuit card assembly, and 
the isolator itself via resonance at low-frequency sinusoidal vibrations. The objective of this study is 
to investigate the dynamic characteristics of an avionics component installed in a helicopter and the 
structural dynamic modification of its tray plate without an isolator using both a finite element anal-
ysis and experiments. The structure is optimized by dynamic loads  that are selected by comparing 
the vibration, shock, and acceleration loads using vibration and shock response spectra. A finite ele-
ment model(FEM) was constructed using a simplified geometry and valid element types that reflect 
the dynamic characteristics. The FEM was verified by an experimental modal analysis. Design param-
eters were extracted and selected to modify the structural dynamics using topology optimization, and 
design of experiments(DOE). A prototype of a modified model was constructed and its feasibility 
was evaluated using an FEM and a performance test.

요  약

기동중인 헬리콥터는 공기역학적인 현상에 의하여 발생하는 불규칙 진동과 회전날개의 작동으로 
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인한 정현파 진동이 합성되어 발생하는 진동, 작업 및 착륙 시 발생하는 충격, 그리고 갑작스런 

기동 시 발생하는 가속도와 같은 동적 하중에 노출 된다. 이때 발생하는 진동과 같은 동적 하

중은 기체내부로 전달되어 헬리콥터운용에 필요한 전자장비를 가진 한다. 과거에 이러한 현상

을 최소화하기 위하여 진동크기 감쇠시키기 위한 완충기를 전자장비의 장착대에 적용하여 왔

다. 그러나 헬리콥터의 경우, 저주파에서 정현파 가진이 발생하므로 완충기 적용은 오히려 장착

플레이트 및 전자장비 부품의 파손을 발생시킬 수 있다. 이 연구에서는 완충기를 제거한 장착

대를 동적 하중에 강건하며 전자장비에 전달되는 진동크기를 최소화 하도록 설계하였다. 완충

기를 제거한 장착 대를 적용 시, 무게와 부피를 획기적으로 줄일 수 있으며 전자장비를 기체에 

체결하는 나사 수가 적어짐에 따라 체결작업에 필요한 시간이 감소되는 장점을 갖는다. 최적화 

해석에 적용되는 동적 하중을 선정하기 위하여 진동, 충격, 가속도하중을 비교 분석하여 가장 

결정적인 동적 하중인 진동에 의한 하중을 선정하였다. 전체모델 유한요소 해석을 통하여 전자

장비의 동적 거동을 분석하고 최적화 해석에 필요한 단순화 모델을 구축하였으며, 모달 테스트

를 통해서 동특성을 검증하였다. 위상 최적화를 적용하여 강성대비 체적비가 큰 장착대의 형상

을 도출한 후 고유진동수, 응력을 제약조건으로 무게가 최소화 되도록 하는 파라미터 최적화를 

수행하여 장착대의 최종 형상 및 치수를 결정하였다. 개선모델은 체적 및 질량이 약 13 % 감소

하였으며 사용시간은 규격대비 9.2배 증가하였다. 마지막으로 최적화된 장착대를 운용중인 실제

장비에 적용하여 진동환경에 대한 안정성을 평가하였다.

1. Introduction

Experimental studies on reducing the weight 
and volume of avionics components installed in  
helicopters are necessary to obtain the capacity of 
longer flight times and ranges. These components 
must be not only lightweight and small, but also 
capable of withstanding dynamic loads from a 
helicopter. In the past, isolators have been applied 
to avionics components to reduce vibration and 
shock. However isolators applied to avionics com-
ponent installed in a helicopter can amplify the 
vibration magnitude, and damage the chassis, cir-
cuit card assembly, and the isolator itself via reso-
nance at low-frequency sinusoidal vibrations.

The most obvious characteristic of random vi-
bration is that it is non-periodic. Studying the  
history of random motion is adequate for predict-
ing the probability of occurrence of various accel-
eration and displacement magnitudes, but it is not 
sufficient for predicting the precise magnitude at a 
position of a single frequency. However, random 
vibration is composed of a continuous spectrum of 

frequencies. 
Therefore, understanding the difference between 

sine-on-random and random vibration is necessary 
for the comparison of vibration, shock, and accel-
eration loads. This study uses load comparison, fi-
nite element analysis(FEA), and experiments to 
design an improved tray plate of an avionics 
component. Analyses of the power spectral den-
sity(PSD), and the random vibration fatigue are 
essential for optimizing the dynamic characteristics 
of the tray plate without an isolator. Many re-
search efforts have concentrated on reducing the 
vibration of  avionics components by analyzing 
the dynamic characteristics of the avionics compo-
nents to isolate the vibration(1~4). Steinberg studied 
the electronics design for sinusoidal and random 
vibration(1). The natural frequency and dynamic 
deflection of a printed circuit board(PCB) were 
measured by using a finite element model(FEM), 
and the safety of the electronic components of the 
PCB was evaluated according to the FEM re-
sults(2). 

Therefore, the fatigue life evaluation of a sensor 
unit-cowling (of a helicopter) assembly was con-
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sidered(3). Statistical comparison analysis based on 
Monte Carlo simulation between PSD random 
analysis and equivalent static analysis for avionics 
equipment(4). Vibration tests were performed to 
verify that the material can function in and with-
stand the vibration exposures of a life cycle(5). 
The shocks experienced by a console are con-
verted to quasi-static forces via Shock Respone 
Spectra(SRS) method, and the harmonic frequencies 
of the console in three directions were simulated by 
ANSYS(6). An FEM of a slim optical disc 
drive(ODD) was constructed and verified by an ex-
perimental modal analysis(EMA). Additionally, a 
sensitivity analysis was performed on the struc-
tural parameters(7).

Although there has been considerable attention 
on the analysis and reduction of vibration for  
avionics components, an analysis and a structural 
dynamic modification for a tray of an avionics 
component without an isolator have not been 

Fig. 1 Procedure of dynamic characteristics opti-
mization

performed.
This study explores the dynamic characteristics 

of an avionics component on a tray without an 
isolator installed in a helicopter and the mod-
ification of its structural dynamics after consider-
ing the fatigue life of the tray plate when exposed 
to sine-on-random vibration. The objective of this 
study is to investigate the dynamic characteristics 
of an avionics component installed in a helicopter 
and the structural dynamic modification of its tray 
plate without an isolator using both a FEA and 
experiments. Figure 1 shows the optimization pro-
cedure of the dynamic characteristics for an avion-
ics component.

2. Feasibility Analysis

2.1 Sine-on-random Vibration Test 

of Isolator System

Figure 2 shows the configuration of the avionics 
component on a tray with isolators. Figure 3 
shows the experimental setup to determine the  

Fig. 2 Configuration of isolator system

Fig. 3 Experimental setup for sine-on-random vi-
bration test
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Fig. 4 Specification for sine-on-random vibration test

Fig. 5 FEM of isolator system

PSD response function and the natural frequency 
of the isolator system through a sine-on-random 
vibration test. The vibrations are applied. The ac-
celeration of the system is measured by an accel-
erometer and a digital signal analyzer. This sys-
tem has been verified for reliable operation while 
exposed to a sine-on-random vibration environ-
ment over a frequency bandwidth of 2 to 500 Hz, 
with a root-mean-square acceleration(GRMS) level 
of 2.77 GRMS for a period of 7,200s for each of 
the three axes, giving a total test time of 21,600s. 
Figure 4 shows the specification for this test. 
Figure 5 and Figure 6 show the FEM of the iso-
lator system and the PSD response function ob-
tained through the FEM and the experiments. 
Table 1 lists the modal parameters of this system. 

Fig. 6 Measurement position of PSD response for 
FEM and experiments

Fig. 7 PSD response function obtained through FEM 
and experiments

The isolator failed because of excessive displace-
ment caused by the resonance at a sinusoidal 
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Table 1 Natural frequency and mode shape of iso-
lator system

Natural frequency
[Hz] Mode shape

1st 11.4 Y-Translation

2nd 11.7 X-Translation

3rd 17.2 Z-Translation

4th 25.4 Yawing

5th 31.2 Pitching

6th 34.4 Rolling

Fig. 8 Broken isolator

frequency of 18 Hz. Figure 7 shows the broken 
isolator.

2.2 Sine-on-random Vibration Test 

of Non-isolator System

Figure 9 shows the configuration of the avionics 
component on a tray without an isolator(denoted 
as the non-isolator system). The vibrations are 
applied. The acceleration of the system is meas-
ured by an accelerometer and a digital signal 
analyzer. This system has been verified for reli-
able operation while exposed to a sine-on-random 
vibration environment over a frequency bandwidth 
of 2 to 500 Hz, with an acceleration level of 2.77 
GRMS for a period of 7,200s in each of the three 
axes, giving a total test time of 21,600s. Figure 10 
shows the PSD response function and the transfer 
function magnitude. Table 2 lists the modal param-
eters of this system.

Fig. 9 Configuration of non-isolator system

Table 2 Natural frequency and damping ratio of 
non-isolator system

Axis Natural frequency
[Hz] Damping ratio

X 209.1 0.052

Y 226.6 0.056

Z 390.6 0.036

Fig. 10 PSD response function and transfer function 
magnitude

The natural frequency of the system must be 
above 108 Hz, which is a least one octave from 
the sinusoidal vibration frequency(54 Hz). The 
damping ratios were extracted by the half power 
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bandwidth method. The non-isolator system was 
verified to reliably operate while exposed to the 
sine-on-random vibration environment for a period 
of 7,200s in each of the three axes, with a total 
test time of 21,600s.

2.3 Dynamic Characteristic 

of Circuit Card Assembly

Typical circuit card assemblies(CCA) are mount-
ed in the chassis. The CCA is shown in Fig. 11 
and Fig. 12. The CCA consists of multiplayer 
boards bonded to each side of an aluminum 
heat-sink plate. Most modern electronic systems 
are composed of two major mechanical elements: 
an equipment chassis and a plug-in CCA. 
Extensive testing on various CCAs has determined 
the fatigue life of different components, compo-
nent leads and solder joints, based on the dynamic 
displacement of the CCA. Mathematical equations 
exist to relate the fatigue life to the natural fre-
quency of a CCA under sine-wave vibration, ran-
dom vibration and shock. Therefore it is possible 
to design a CCA to have a selected fatigue life 

Fig. 11 Configuration of CCA mounted in chassis

Fig. 12 Experimental setup for vibration test of CCA

coinciding with its expected or predicted mechan-
ical environment. The dynamic properties of the 
chassis are also critical, especially the resonant 
frequency perpendicular to the plane of the CCA 
in that the chassis must not excessively amplify 
the vibration or shock input to the CCA. This is 
best accomplished by the “octave rule”.

The natural frequency(resonant frequency) of the 
chassis must be a least one octave from the natu-
ral frequency of the CCA. Therefore if the CCA 
has a natural frequency of 540 Hz, the chassis 
must have a natural frequency below 270 Hz, and 
above 1080 Hz.

Extensive CCA vibration testing has established 
that a fatigue life of approximately 10 million 
stress reversals under sinusoidal vibration can be 
achieved for lead wires and solder joints when the 
dynamic single amplitude displacement at the cen-
ter of the board is limited to the value in Eq. 1. 
Similarly, approximately 20 million stress reversals 
can be achieved under random vibration.




(1)

where,
 is the single amplitude dynamic displacement 

(inches),   is length of the PCB edge parallel to 
the component located at the center of the board 
(worst-case, inches),   is the length of the com-
ponent(inches),  is the thickness of the CCA(in-
ches), and  is 1.0 for a standard dual inline 
package(DIP), 1.26 for a DIP with side-brazed 
leads, 1.26 for a pin-grid array with two parallel 
rows of pins, 1.0 for a pin-grid array with four 
rows of pins (with one row extending along the 
perimeter of each edge), and 2.25 for leadless 
chip carriers.

The actual dynamic single amplitude displace-
ment can also be given by












(2)
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where,
 is the input acceleration to the CCA 

(g’s),  is the resonant frequency or natural fre-
quency of the PCB (Hz), and  is the trans-
missibility of the PCB at its resonant frequency.

Test data has shown that  is related to the 
natural frequency as

 (3)

Equations (1), (2), and (3) can be combined to 
yield the required resonant frequency for achieving 
a fatigue life of 10 million stress reversals in a 
sinusoidal vibration environment.

 






 







(4)

Likewise, the desired PCB resonant frequency 
can be determined that yields a fatigue life of ap-
proximately 20 million stress reversals in a ran-
dom vibration environment. The acceleration re-
sponse is shown in Eq. (5) as the root mean 
square, or rms.

s 




 (5)

where,
s is the one-sigma rms acceleration response 

of PCB (g’s)and,  is the PSD input (g2/Hz). 
Combining Eqs. (2), (3), and (4) yields the de-

sired CCA resonant frequency for achieving ap-
proximately 20 million stress reversals for the fa-
tigue life in a random vibration environment. Eq.
(6) takes into account the 3-sigma acceleration 
peaks.

 



















(6)

From Eq. (6), the desired CCA resonant fre-
quency of this system is 243.1 Hz. The material 
properties are listed in Table 3. The CCA is veri-

fied to reliably operate in a vibration environment 
because the natural frequency of the CCA is 543 
Hz. The dominant natural frequency of the chassis 
in X-axis has to be between 108 Hz and 270 Hz. 
Fig. 13 shows a feasible natural frequency of the 
chassis.

Table 3 Material properties of CCA
B L t c P

8.5 0.67 0.472 1.26 0.01

Fig. 13 Transfer function of CCA mounted in the 
chassis

Fig. 14 Mode shape of full assembly model

Table 4 Comparison of natural frequency of full as-
sembly model

Mode
EMA[Hz]

FEA[Hz]

Error[%]
random/ 
sine on 
random

Random Sine on 
random

X-axis
global mode 214.7 209.1 228.2 +6/+9

Y-axis
global mode 233.1 226.6 241.1 +3/+6

Z-axis
global mode 396.9 390.6 411.3 +4/+5

CCA
local mode 543.8 518.7 -4/-4
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3. Model Verification

3.1 Full-model Modal Analysis

An FE full-model is verified by EMA to compare 
the dynamic characteristics of the real and FE 
models. The system was exposed to a white-noise 
random vibration environment of 0.001 g2/Hz, over a 

Fig. 14 Simplified FEM of avionics component as-
sembly

Fig. 15 Mode shape of simplified assembly model

Table 5 Comparison of natural frequency of sim-
plified assembly model

Mode
EMA[Hz]

FEA[Hz]

Error[%]
random/ 
sine on 
randomRandom Sine on 

random

X-axis
global mode 214.7 209.1 210.3 +3/+1

Y-axis
global mode 233.1 226.6 237.3 +5/+5

Z-axis
global mode 396.9 390.6 371.6 +3/+5

Table 6 Calculation time

Full model Simplified model Improvement

12,495s 239s 98 % reduction

frequency bandwidth of 20 to 2,000 Hz and the 
real specification, sine-on-random vibration in each 
of the three axes for a modal analysis. 

Figure 14 represents the mode shapes obtained 
by both FE modal analysis and EMA. Table 4 
summarizes the comparison of the natural fre-
quency between the EMA modal analysis and the 
FE modal analysis.

3.2 Simplified-model Modal Analysis

An entire FEM would contain too many ele-
ments, require a long calculation time, and com-
plicate the process for structural modification and 
optimization. Therefore, we employed a simplified 
FEM containing the representative dynamic charac-
teristics of a full model. Using a simplified 
FE-model of an avionics component is valid, be-
cause the global mode of the mission computer 
affects the tray. In this research, the mission com-
puter was simplified for the structure dynamic 
modification of the tray plate. The mission com-
puter was modeled by a lumped block that reflect 
the dynamic characteristics of the system using a 
solid element with an adjustable stiffness. 

Figure 15 shows the FEM constructed using 
ANSYS. The FEM is verified by EMA to com-
pare the dynamic characteristics of the real and 
FE models. Figure 16 represents the mode shapes 
obtained by FE modal analysis and EMA. Table 5 
summarizes the comparison of the natural fre-
quency between EMA and FE modal analysis. 
Table 6 presents the element information and the 
calculation time.

4. Random Vibration Analysis

4.1 PSD Analysis

To analyze the PSD response of the avionics 
component, an FEM was created. The simplified 
FEM was used and the global modes in the axes 
from the model were combined for PSD analysis. 
Figure 4, which shows the specification for the  
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sine-on-random vibration tests, was used to de-
termine the PSD base excitation load. The FEM is 
verified by EMA to compare the dynamic charac-
teristics to compare the dynamic characteristics of 
the real and FE models. Figure 16 represents the 
PSD response function obtained by the FEM and 
experiments. The dynamic characteristics of the 
simplified FEM agree well with that of the ex-
perimental prototype.

4.2 Estimating Vibration Fatigue Life 

of Tray Assembly

The fatigue life of the tray assembly subjected 
to the random vibration environment of the heli-
copter must be estimated. Tables 7 and 8 list the 
test cycles calculated using the natural frequency 
in the axis. Table 9 shows the representative stress 
value of the tray assembly by applying weighting 
factors. The fatigue life of the tray assembly was 
calculated as below:

Fig. 16 PSD response function obtained by FEM and 
experiments

[Tray plate]

  
 



 ×

  ×
 



 ×

  ×
 



 ×

   

 
×
×


×
×


×
×

 ≤ 

Expected time for failure = 







 


 sec≈ sec

Table 7 Test cycles for axes

Axis Time ratio
Natural 

frequency 
[Hz]

Test 
duration 

[s]
Test cycles

X

1σ : 0.6827

209.1 7,200

1,027,819.0

2σ : 0.2718 409,200.3

3σ : 0.0428 64,436.3

Y

1σ : 0.6827

226.6 7,200

1,113,839.0

2σ : 0.2718 443,447.1

3σ : 0.0428 69,829.1

Z

1σ : 0.6827

990.6 7,200

1,919,971.0

2σ : 0.2718 764,388.6

3σ : 0.0428 120,367.3

Table 8 Sum of test cycles
Time ratio Test cycles(sum)

n1 1σ : 0.6827 4,061,628.0

n2 2σ : 0.2718 1,617,036.0

n3 3σ : 0.0428 254,632.6

Table 9 Representative stress of tray assembly
Excitation 
direction Tray plate stress[ksi] Weighting factor

X/Y/Z 4.08/3.35/3.86 0.253/0.274/0.473

Representative 
stress weighted 3.78
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Isolator tray Non-isolator tray Optimized non-isolator tray

Shape

Volume[m3] 0.0245 0.0214 Reduction 13 % 0.0214 Reduction 13 %

Mass[kg] 2.369 2.149 Reduction 9 % 2.072 Reduction 13 %

Rn[tray plate] - 0.086 Fatigue life : 
7.1 times 0.069 Fatigue life : 

9.2 times

Rn[hinge] - 0.011 Fatigue life : 
62.6 times 0.009 Fatigue life : 

76.8 times

Install H/W[EA] - 9 Reduction 44 % 6 Reduction 63 %

Table 10 Result

5. Structural Dynamic Modification

5.1 Procedure of Structural Dynamic 

Modification

Because of the structural stiffness of the tray 
assembly and the sine-on-random vibration base 
excitations, the flexible mode of the tray assembly 
is excited. We determined that from the calculated 
fatigue life results, the tray assembly could be op-
timized for achieving minimal weight and volume. 
Thus, it is advantageous to locate the fundamental 
natural frequency of the tray assembly within a fea-
sible frequency range and to reduce the PSD re-
sponse to increase the fatigue life of the avionics

Fig. 17 Procedure of structural dynamics modification

component by modifying the structural dynamics. 
The design parameters used to modify the struc-

tural dynamics were selected by considering only 
physically practical modifications. The geometry 
dimensions for design parameters were the hinge 
mounting width, rib thicknesses, bolt mounting 
width, reduction machining areas, plate thickness 
and counter bore depth. Practical commercial con-
straints and the modification procedure were con-
sidered before modifying each design parameter. 
Figure 17 shows the procedure of the structural 
dynamics modification.

5.2 Tray Assembly Modification 

by Parametric Optimization

The parametric optimization via the design of  

Fig. 18 Configurations of original and modified mod-
els
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experiments was performed to determine the opti-
mal values of the design parameter of the tray 
assembly. The input parameters were the geometry 
dimensions that were selected to fulfill inside 
practical commercial constraints such as the ease 
of manufacturing, and the convenience of 
assembly. The response parameters were the natu-
ral frequency, stress value, and mass. The derived 
response parameter was the Miner's cumulative fa-
tigue damage ratio. The optimization problem was 
defined as follows:

Minimize: 
Subject to:

Hz≤stNatural Frequency≤Hz
 ≤ 

Figure 18 shows the results of parameter opti-
mization.

6. Conclusion

This research proposes the structural dynamics 
modification of the tray assembly of an avionics 
component installed in a helicopter for resistance 
to vibration, volume reduction, and mass reduction 
using a simplified FEM. The structural dynamics 
modification was conducted for selected parame-
ters by suitable design methods such as topology 
optimization and parametric optimization. From 
this, an improved design was determined and the 
anti-vibration performance of the resulting design 
was evaluated directly with experiments using pro-
totypes and indirectly by simulation. The follow-
ing conclusions were obtained from the dynamic 
characteristics optimization of an avionics 
component.
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