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초    록 

우주용 전장품의 설계평가를 위한 기판 변형률 기반의 

고신뢰도 구조설계 방법론에 관한 연구 

 

박 태 용 

지도교수: 오 현 웅 

항공우주공학과 

조선대학교 대학원 

 

우주용 전장품은 임무 기간동안 위성 시스템이 필요로 하는 기능을 

제공하는 역할을 수행한다. 우주용 전장품의 경우 발사 시 극심한 랜덤진동환경 

하에서의 솔더접합부의 파손이 주요 임무 실패원인 중 하나이며, 성공적인 

임무를 위해 솔더 접합부에 대한 구조건전성이 보장되도록 설계되어야 한다. 

현재까지 우주산업 분야에서는 랜덤진동환경 하에서 전장품의 구조건전성 

보장을 위한 구조설계 방법론으로 1970 년대에 제안된 Steinberg 의 피로파괴 

이론이 가장 폭넓게 적용되어 왔다. Steinberg 이론은 진동환경 하에서의 전자기판 

(Printed Circuit Board, PCB)의 최대 동적변위가 Steinberg 의 경험식으로부터 산출된 

허용변위를 초과하지 않도록 설계될 경우, 랜덤진동에 대해 2,000 만 주기의 

피로수명을 보장한다. 그러나 위의 경험식은 PCB 가 사각형이며 각 가장자리가 

단순지지되어 PCB 가 반 정현파 (Half Sine)의 모드 형상을 갖는다는 가정조건 
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하에서 수립되었다. 이로 인해 PCB 가 비대칭적인 형상, 불규칙적인 구속 점 

위치 및 보강재 적용 등에 의해 모드 형상이 복잡해질 경우, Steinberg 의 

가정조건에서 벗어나 산출된 허용변위에 오차가 발생하여 솔더 접합부 평가 

결과의 신뢰성 보장 측면에서 문제점이 존재한다. 특히 전자 패키지가 PCB 의 

가장자리에 위치하는 등의 경계조건에 따라서는 실제 솔더부의 피로수명 대비 

과도하게 긍정적인 방향으로 안전여유가 예측되는 등 부정확한 결과가 도출된다. 

또한, 전술한 2,000 만 주기의 설계기준은 실제 전장품의 진동시험 및 발사 

과정에서 누적되는 피로주기 대비 과도하게 많은 마진을 부여하여 전장품이 

구조적으로 과잉 설계 (Overdesign)가 이뤄지는 문제가 있다. 즉, Steinberg 이론은 

경우에 따라 솔더부 평가결과가 과도하게 긍정적임에 따라 충분한 보수성이 

반영되지 못할 수 있으며, 이와 반대로 설계기준은 실제 필요한 설계수명 대비 

과도하게 보수적일 수 있다는 것이다. 그러나 이러한 한계점에도 불구하고 대체 

이론의 부재로 인해 현재까지 Steinberg 이론이 우주용 전장품 설계에 그대로 

적용되고 있는 실정이다. 

Steinberg 이론 외에도 선행연구에서는 다양한 솔더부 피로수명 예측 이론이 

제안되었다. 그러나 상기 이론들은 수명예측을 위해 전자 패키지 및 솔더부의 

실제 형상이 구현된 상세 유한요소모델 (Finite Element Model, FEM)을 필요로 

하며, 이는 솔더의 응력 또는 변형률을 정확하게 예측함에 있어서는 유효하나, 

다양한 전자 패키지가 다수 장착된 전장품 전체에 대한 상세 FEM 을 구축하는 

것 자체가 작업자의 시간과 노력을 과도하게 소모하는 문제점이 있다. 또한 각 

전자 패키지 별로 정확한 기하학적인 형상 및 재료 물성치를 수집하는 것 또한 

현실적으로 어려우며 많은 시간을 필요로 하는 작업이다. 
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우주용 전장품 설계에 있어서 구조설계 방법론이 보다 실용적으로 활용되기 

위해서는 Steinberg 이론 대비 솔더부 구조건전성 평가 결과의 신뢰도가 

향상되면서도, 상세 유한요소모델에 기반한 과거의 수명예측 기법과 비교하여 

신속한 FEM 구축 및 구조해석 수행이 가능해야 한다. 이를 위해 본 연구에서는 

발사 랜덤진동환경 하에서 우주용 전장품의 구조건전성 평가에 있어서 전술한 

한계점 극복이 가능한 새로운 개념의 PCB 변형률 기반 구조설계 방법론을 

제안하였다. 제안된 이론은 솔더 응력, 변형률 또는 PCB 변위를 이용하는 

전술한 기법들과 달리 PCB 변형률에 대한 설계여유 (Margin of Safety, 𝑀𝑜𝑆 ) 

계산에 기반하여 랜덤진동 하 솔더부의 구조적 안전성을 평가하는 방식이며, 

특히 PCB 변형률을 이용함으로서 Steinberg 이론에서 나타나는 이론적 한계점 

극복이 가능함에 따라 보다 신뢰성 있는 구조 건전성 평가가 가능한 장점을 

갖는다. 또한 제안된 이론은 기존 Steinberg 이론에서 적용되던 2,000 만 주기의 

설계기준이 아닌, 전장품의 지상시험 단계에서 실제 발사 시까지 누적되는 

피로주기에 기반한 𝑀𝑜𝑆  산출이 가능함에 따라 설계수명에 대해 과도하게 

보수적인 마진이 부여되는 문제점 극복이 가능하다. 또한, 본 연구에서는 

전장품의 구조설계에 있어서 고신뢰도이면서도 신속한 구조건전성 평가를 위한 

전자 패키지의 FEM 모델링 기법을 제안하였으며, 이에 대한 유효성을 

검토하였다. 이 FEM 모델링 기법을 포함하여 본 연구에서 제안된 구조설계 

방법론을 “Oh-Park 방법론”으로 명명한다. 

제안 구조설계 방법론의 유효성 입증을 위해 다양한 경계조건의 PCB 상에 

전자 패키지가 장착된 PCB 시편을 제작하였으며, 솔더 접합부의 피로수명 

평가를 위해 제작된 시편을 랜덤진동환경에 노출시켰다. 또한, 제안 방법론을 
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이용하여 시험이 이뤄진 전자 패키지의 솔더접합부에 대한 구조건전성 평가를 

수행하였다. 본 연구에서는 설계 방법론 평가를 위해 Plastic Ball Grid Array 

(PBGA), Ceramic Column Grid Array (CCGA) 및 Quad-Flat Package (QFP)의 다양한 

패키지를 대상으로 실험 검증을 수행하였다. 본 연구에서 제시된 모든 분석-시험 

간 비교검토 결과는 Oh-Park 방법론이 우주용 전장품의 구조설계에 있어서 

신속하면서도 보다 고신뢰도의 평가를 위한 설계 방법론으로서 유효함을 

입증하였다. 

 

Key Words: 우주용 전장품, 랜덤진동, 솔더접합부, 구조건전성, 구조설계 방법론 
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The role of the spaceborne electronics is to provide the functions required for operating 

the satellite system during on-orbit mission. For a successful space mission, ensuring a 

mechanical safety on the solder joint under a severe launch random vibration environment is 

important because it is one of the major causes of failure in spaceborne electronics. 

In space engineering field, Steinberg’s fatigue failure theory has been widely used as a 

structural design methodology for spaceborne electronics under a launch vibration 

environment. This theory guarantees the fatigue life on solder joint more than 2 × 107 cycles 

for random vibration if the maximum printed circuit board (PCB) displacement is limited to 

the allowable value estimated by Steinberg’s empirical formula. However, this theory has 

theoretical limitations as it was created under assumption of rectangular PCB with simply 

supported boundary conditions on the edges of the board. This leads to less reliable results of 

mechanical safety evaluation on solder joint caused by the inaccurate estimated allowable 

displacement when PCB exhibits complex mode shapes owing to asymmetric board 

configurations, irregular constraints, or presence of stiffeners. In particular, the inaccuracy in 
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allowable board displacement incurs excessively positive evaluation results in case when the 

package is located at the position closer to the edge of the board. In addition, design criterion 

of 2 × 107 cycles for the random vibration provides an excessive margin compared with the 

accumulated damage during on-ground vibration tests and launch of the electronics. These 

drawbacks have led to structural overdesign of electronics by providing excessive margins on 

the fatigue life of solder joints. To sum up, it is very unlikely that the Steinberg’s theory 

provides reasonable evaluation results on solder joint in some cases of PCB configuration, 

whereas it’s design criterion could provide too conservative margin on the fatigue life of solder 

joint much more than necessary. However, the Steinberg’s theory has been inevitably used for 

the electronics design because there was no alternative solution thus far. 

In addition to the Steinberg’s theory, various life prediction theories were also proposed 

and investigated for reliable prediction of fatigue life of solder joints under random vibration 

environment. However, these theories require a detailed finite element model (FEM), which 

reflects the actual configurations of the package and solder joints. The use of detailed FEM, 

of course, is effective to accurately estimate the solder stress or strain response under given 

vibration loading. However, the construction of the detailed FEM would be extremely time 

and effort-consuming for implementing the analysis model of entire electronics with various 

types of packages. Collecting information on the geometries and material properties of each 

package is also difficult and exhausting task. 

For the structural design methodology to be practically used for the design of spaceborne 

electronics, it shall provide more reliable results on the mechanical safety on solder joint 

compared with the Steinberg’s theory. In addition, it requires much more rapid FEM 

construction and analysis compared with the detailed FEM used for the conventional life 

prediction theory. Therefore, in this study, a novel concept of a PCB strain-based structural 

design methodology was proposed to make up for the drawbacks of the conventional Steinberg 
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theory. The proposed methodology is based on the margin of safety (𝑀𝑜𝑆) calculation with 

respect to the PCB strain, which thus enables to eliminate the theoretical limitations of 

Steinberg’s theory. This ensures the reliable evaluation on the mechanical safety of solder joint 

under random vibration. In addition, the proposed methodology calculates the 𝑀𝑜𝑆 based on 

the number of fatigue cycles accumulated during test and launch phases, which thus can solve 

the problem of excessively conservative margin on the fatigue life. In this study, the FEM 

modeling technique of electronic package, which provides a reliable and rapid solution to the 

structural design of electronics, was proposed and investigated. The structural design 

methodology proposed in this study, including the package modeling technique, is named as 

“Oh-Park methodology”. 

To validate the effectiveness of the proposed structural design methodology, we 

fabricated the sample PCB assemblies with electronic packages mounted on various boundary 

conditions of the boards. The fabricated samples were exposed to the random vibration 

environment to assess the fatigue life of solder joints. In addition, the mechanical safety on 

the solder joint of the tested samples were evaluated through the analysis using the proposed 

methodology. Moreover, the effectiveness of the proposed methodology was also evaluated 

with respect to various types of packages such as plastic ball grid array (PBGA), ceramic 

column grid array (CCGA) package and quad-flat package (QFP). All of the comparisons 

between the test and analysis results presented in this study indicated that the proposed Oh-

Park methodology is effective as reliable and rapid solution on the structural design of 

spaceborne electronics. 

 

Key Words: Spaceborne Electronics, Random Vibration, Solder Joint, Mechanical Safety, 

Structural Design Methodology 
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I. Introduction 1 

The advances in semiconductor and electronic packaging technologies have driven the 2 

trends in space engineering, as other fields such as automotive, home electronics, and medical 3 

engineering [1-2]. As a result, the mission capability of a satellite has been continuously 4 

advancing. In addition, the bulky packages developed in earlier generation have been replaced 5 

with highly integrated electronic packages, because launch cost is proportional to the total 6 

mass of a satellite. Surface mount-type packages, such as a ball grid array (BGA) and small 7 

outline package (SOP) shown in Fig. I-1, are typical examples of these packages, and they 8 

have been widely used for various space missions [3-6]. These packages have higher 9 

component density and many more electrical connections within a smaller package size 10 

compared to conventional through-hole mounting-type packages. Therefore, they enable the 11 

implementation of a higher functional performance, and efficiently use the accommodation 12 

area of the printed circuit board (PCB) installed in the electronics. 13 

Figure I-2 shows the typical launch and ascent process of the launcher. Spaceborne 14 

electronics experience severe mechanical loads during lift off [7]. These loads involve a 15 

steady-state acceleration owing to engine thrust, sinusoidal vibration caused by engine cutoff, 16 

and self-excited vibration called the pogo effect owing to the combustion instability of the 17 

launcher, random vibration caused by noise of the thrust, and mechanical shock caused by the 18 

separation of the launcher stage and spacecraft. Among these effects, electronics are 19 

particularly susceptible to failure under random vibration because a relative displacement 20 

between the package and PCB due to the repetitive bending behavior of the PCB incurs a 21 

fatigue fracture on the solder joint of electronic packages, which connects the package to the 22 

PCB [8]. In addition, highly integrated electronic packages such as ball grid array (BGA) and 23 
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column grid array (CGA) packages have been increasingly applied to enhance the 1 

functionality and performance of spaceborne electronics. However, it is known that the solder 2 

joint configurations of these packages are more vulnerable to fatigue failure compared with 3 

former developed packages such as pin grid array (PGA) and dual in-line packages (DIP). 4 

Therefore, a suitable structural design for spaceborne electronics, using a reliable design 5 

methodology, is crucial for successful missions. 6 

Various methodologies have been proposed to predict the mechanical reliability of the 7 

fatigue life of a solder joint under random vibration [10-29]. Most of them are based on a 8 

finite-element analysis (FEA) to determine the stress and strain responses from the critical 9 

solder joint under the given mechanical load condition, and a theoretical approach to estimate 10 

its fatigue life. Figure I-3 shows the example of fatigue life prediction approach using detailed 11 

FEM. Yu et al. [10] developed a methodology to evaluate the fatigue life on SAC305 and 12 

SAC405 solder joints of a BGA package under random vibration based on the vibration tests 13 

and FEA. The results of fatigue life prediction on the solder joint using rainflow cycle counting 14 

and Miner’s rule agreed with the experimental results. Wong et al. [11] developed a fatigue 15 

life prediction model for a BGA solder joint under random vibration using the empirical 16 

formula derived from the universal slopes produced by high-cycle fatigue test data. To 17 

consider different levels of acceleration response during random vibration, this formula was 18 

combined with a three-band technique derived from a Gaussian distribution. Wu et al. [12] 19 

developed a methodology for estimating the fatigue life of a BGA solder joint under random 20 

vibration by using Basquin’s power-law fatigue damage model and a linear superposition 21 

method of Miner’s rule. Its effectiveness was validated by comparison of the fatigue life 22 

prediction results with the results obtained using a commercialized software of CALCE PWA. 23 

By using a similar method, Mathew et al. [13] performed fatigue life assessment on the 24 



  

3 

 

electronic unit of a solid rocket booster for space shuttle under random vibration, to determine 1 

the number of future mission in which the unit can be used without failure. For the assessment, 2 

they used vibration time history obtained during the actual flight as an input data of FEA. In 3 

all, considerable researches on the fatigue life prediction theories on the solder joint have been 4 

performed. 5 

However, these previously proposed methodologies have some limitations in terms of 6 

reliability prediction on the PCB of the spaceborne electronics. This is because the 7 

construction of a detailed finite-element model (FEM) requires increased time and effort as 8 

the number of electronic packages increases. This makes it extremely difficult to construct a 9 

PCB assembly with various types of packages. However, they required a detailed FEM of the 10 

package that reflects the actual configuration of the package body and solder joint. It is 11 

extremely time-consuming and requires considerable effort to construct and analyze the FEM, 12 

even for a single package. As such, the analysis of entire electronics with several PCBs and 13 

packages might be difficult in the extent of nearly impossible. Collecting information on the 14 

detailed geometry and material properties for various types of packages might be also difficult 15 

and exhausting task in many cases. 16 

In addition to the fatigue life prediction methodologies, a commercial reliability and life 17 

prediction tool of Sherlock [30] has been recently utilized for evaluating the solder joint safety 18 

under vibration environments. Fig. I-4 shows the design and analysis process of Sherlock tool. 19 

This physics of failure-based tool is effective to predict the fatigue life of the electronics under 20 

the vibration environment by using the reliable life prediction methodology based on the PCB 21 

strain and solder and lead stresses. One of the advantageous function of the Sherlock is that it 22 

reduces the time and effort required to construct the FEM of a complex electronic PCB by 23 

using its design file such as Gerber or ODB++ files. In addition, the inherent failure 24 
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mechanism of the electronics can be rapidly predicted based on the physics of the failure 1 

approach. However, even the Sherlock tool requires considerable time to construct the FEM, 2 

because the detailed geometry and material information of the electronic packages are needed. 3 

In particular, these PCB design files can be obtained only after the design has progressed to 4 

some extent, rendering the use of the Sherlock tool less efficient in the initial design stage of 5 

the electronics. 6 

Due to the limitations of conventional methodologies described above, Steinberg’s 7 

fatigue failure theory [8], proposed in the 1970s, has been also widely used as a structural 8 

design methodology for spaceborne electronics. This theory was developed to ensure more 9 

than 2 × 107 fatigue cycles for solder joints under random vibrations if the maximum 10 

displacement of a printed circuit board (PCB) is limited to the allowable value estimated by 11 

the Steinberg’s empirical formula. A major advantage of this theory is that the board 12 

displacement can be estimated with reasonable accuracy even if the finite element model 13 

(FEM) of electronic package with solder joints is simplified using equivalent beam or rigid 14 

link element [31-32]. This is an efficient approach in terms of the time and effort required to 15 

construct and analyze the FEM of electronics, especially when numerous tradeoff studies are 16 

required to determine the final design. Therefore, several previous studies evaluated 17 

electronics using Steinberg’s theory with finite element-based structural analysis [32-38]. Jung 18 

et al. [32] evaluated the mechanical reliability on a remote drive unit under launch random 19 

vibration based on Steinberg’s theory. In addition, this theory was used for investigating the 20 

mechanical reliability of electronic PCBs for CubeSat applications [33] and the electronics for 21 

military applications [34]. In all, many studies have presented the analysis results on the 22 

mechanical safety or fatigue life of solder joint under vibration using Steinberg’s theory. 23 

However, some recent study [39] reported the theoretical limitations of Steinberg’s theory, 24 
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which lead to difficulties in reliable evaluation of electronics. Steinberg’s empirical formula 1 

was established based on the assumption of a simply supported rectangular PCB having an 2 

ideal mode shape of a half-sine wave. This assumption simplified the formula derivation; 3 

however, it caused an error in the estimated allowable displacement as the package mounting 4 

position was closer to the edge of the board. In addition, this formula cannot represent the 5 

complex mode shape of the PCB due to the presence of stiffeners on the board, an asymmetric 6 

board shape, or irregular locations of board fixation points. These drawbacks have made the 7 

Steinberg’s theory to be inevitably used in space programs, despite its theoretical limitations, 8 

as no alternative solution have been provided thus far. 9 

Another limitation of the conventional Steinberg’s theory in its application as a practical 10 

design methodology for spaceborne electronics is that the design criterion in the 𝑀𝑜𝑆 11 

calculation provides too much margin on the fatigue life of solder joints. This problem has 12 

arisen due to the fact that the criterion of 2 × 107 cycles was not established specifically for 13 

the spaceborne electronics but for the automotive, defense or other applications. In general, 14 

spaceborne electronics are exposed to random vibrations not only in the launch phase but also 15 

in the on-ground vibration tests prior to launch. Nevertheless, the total number of fatigue 16 

cycles accumulated on the solder joint during both the test and launch phases could be much 17 

smaller than the design criterion of 2 × 107 cycles used in the previous methodologies. The 18 

problem is that the above criterion is still being used in the previous methodologies without 19 

modification. This is a significant factor for the excessive margin on the fatigue life, which 20 

leads to structural overdesign of electronics. 21 

A recent new space trend has driven the development of small satellites weighing less 22 

than 500 kg to ensure cost-effective space programs [40-44]. The increased demand for LEO-23 

based services, earth observation imagery and analytics facilitates growth of small satellite 24 
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market as shown in Fig. I-5. To develop a low-cost small satellite, a crucial factor is the 1 

reduction in mass and volume of on-board instruments, most of which would be electronics. 2 

For this, the development of a design methodology that contributes to preventing the structural 3 

overdesign of electronics might be necessary. In addition, one of the important factors 4 

associated with the satellite development cost is the fabrication of multiple development 5 

models to enable strict design validation prior to the actual flight. An engineering-qualification 6 

model (EQM) of electronics is typically not used as a flight model (FM) owing to the stress 7 

accumulated on the hardware during the qualification level of the environmental tests [45]. 8 

However, the applicability of an EQM as FM could be favorably considered if the structural 9 

safety of the solder joint considering the total amount of fatigue damage accumulated during 10 

the tests as well as the flight is ensured by a reliable design methodology. If this is realized, it 11 

could be a feasible development approach for implementing low-cost satellites in new space 12 

era; these are the commencing points of this study. 13 

In this study, to make up for the drawbacks of the conventionally used Steinberg’s theory, 14 

we proposed a novel PCB strain-based structural design methodology that enables more 15 

reliable evaluation on the mechanical safety of solder joint in the initial structural design stage 16 

of spaceborne electronics. The failure mode evaluated by the methodology proposed in this 17 

study involves the fatigue failure of solder or lead frame induced by the random vibration 18 

excitation. The proposed methodology evaluates the mechanical safety of a solder joint based 19 

on the margin of safety (𝑀𝑜𝑆 ) calculation with respect to the PCB strain occurred at the 20 

mounting location of electronic package. To validate the effectiveness of the proposed 21 

methodology, we fabricated the PCB samples with BGA and SOP packages mounted on the 22 

various locations of the board. These samples were exposed to the random vibration 23 

environment to evaluate the solder joint fatigue life. The effectiveness of the PCB strain-based 24 
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methodology was validated by comparing the fatigue life of the tested packages and 𝑀𝑜𝑆 of 1 

solder joints estimated from various analysis approaches. These works were first step of this 2 

study. 3 

The second step of this study is to solve the problem of excessive margin on the fatigue 4 

life due to the design criterion proposed by Steinberg. For this, we also proposed a 5 

methodology to calculate the 𝑀𝑜𝑆 in accordance with respect to the required time to failure 6 

(𝑇𝑇𝐹𝑟𝑒𝑞 ) for solder joint survival during on-ground test and launch phases. The proposed 7 

approach prevents the structural overdesign of electronics by the original criterion used in 8 

previous methodologies. 9 

In this study, the FEM modeling technique for electronic package based on the strain-10 

based theory, which provides a reliable and rapid solution to the structural design of 11 

electronics, was also investigated for application in the proposed methodology. 12 

The structural design methodology proposed in this study, including the FEM modeling 13 

technique, is named the Oh-Park methodology. To validate the effectiveness of the proposed 14 

methodology, sample packages mounted on the PCBs with various boundary conditions were 15 

exposed to a random vibration environment to assess the fatigue life of solder joints. These 16 

test results were compared with the 𝑀𝑜𝑆 calculated using the proposed methodology with 17 

various FEM modeling techniques. In this study, to ensure the reliability of the proposed 18 

methodology, the validation was performed with respect to various types of packages such as 19 

plastic ball grid array (PBGA), ceramic column grid array (CCGA) package and quad-flat 20 

package (QFP). These validation results indicated that the Oh-Park methodology proposed in 21 

this study is effective for reliable and rapid evaluation on the structural design of spaceborne 22 

electronics under launch random vibration environment. 23 
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The present study describes the validation results of the “A Novel PCB Strain-based 1 

Structural Design Methodology for Reliable and Rapid Design Evaluation of Spaceborne 2 

Electronics” and proceeded as followings: 3 

The chapter II describes the limitations of conventional Steinberg’s theory in evaluating 4 

the structural design of spaceborne electronics. 5 

The chapter III introduces the PCB strain-based structural design methodology and 6 

differences in comparison with the conventional Steinberg’s theory. In addition, the validation 7 

results of the proposed methodology based on the fatigue life test results of PCB samples with 8 

PBGA388 packages are described. 9 

The chapter IV introduces the PCB strain-based structural design methodology for rapid 10 

design evaluation of spaceborne electronics and its validation results based on the test results 11 

of PCB samples with PBGA388 packages. In addition, the validation results with respect to 12 

the other types of electronic packages are described. 13 

The chapter V provides concluding remarks of this study. 14 

The chapter VI describes the future works for practical use of the proposed structural 15 

design methodology in actual space programs. 16 

17 
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 1 

Fig. I-1 Various types of integrated electronic packages 2 
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 1 

Fig. I-2 Typical launch and ascent process of launcher [9] 2 
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 1 

Fig. I-3 Conventional fatigue life prediction approach for solder joint under vibration 2 

[10] 3 
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 1 

Fig. I-4 Fatigue life prediction approach using Sherlock tool [30] 2 
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 1 

Fig. I-5 Number of small satellite development in 2000-2020 [46] 2 
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II. Research Background 1 

A. Limitation of Conventional Steinberg’s Theory 2 

Since the development of Steinberg’s theory in the 1970s, it has been widely used in 3 

space programs for evaluating the solder joint mechanical safety under a launch random 4 

vibration environment [8]. Steinberg proposed an empirical formula to estimate the allowable 5 

PCB displacement, 𝑍allow, as follows: 6 

𝑍allow =
0.00022𝐵

𝐶𝑡𝑟√𝐿
                        (II-1) 7 

where 𝐵  is the length of the PCB parallel to the electronic package; 𝐶  is a constant for 8 

different types of electronic packages, which was developed through numerous analyses and 9 

tests; 𝑡  is the thickness of the PCB; and 𝐿  is the length of the package. 𝑟  is a relative 10 

position factor of the package mounted on the board, which is calculated as follows. 11 

𝑟 = sin (
𝑥

𝑋
) × sin (

𝑦

𝑌
)                      (II-2) 12 

where 𝑋 and 𝑌 are the lengths of the PCB along the in-plane directions; and 𝑥 and 𝑦 are 13 

the distances from the edge of the PCB to the center of the package, as shown in Fig. II-1. 14 

Steinberg established the design criterion as that the solder joint can endure more than 2 × 107 15 

fatigue cycles for random vibration if the maximum board displacement (3-sigma 16 

displacement), 𝑍max, is limited to be lower than 𝑍allow estimated using Eq. (II-1). The 𝑀𝑜𝑆 17 

of the solder joint with regard to this criterion is described as follows. 18 



  

15 

 

𝑀𝑜𝑆 =
𝑍allow

𝐹𝑜𝑆m × 𝑍max
− 1 > 0                  (II-3) 1 

where 𝐹𝑜𝑆m is the factor of safety for the 𝑀𝑜𝑆. 2 

 3 

 4 

 5 

Fig. II-1 Geometrical factors for Steinberg’s empirical formula (Eq. (II-1)) 6 

 7 

 8 

  9 
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However, the theoretical limitations of Steinberg’s theory have created several technical 1 

problems in evaluation of electronics [39]. These limitations primarily result from the 2 

empirical formula of Eq. (II-1), which was established based on the assumption of a simply 3 

supported rectangular PCB having a mode shape of an ideal half-sine wave. This is because 4 

the assumption makes it difficult to represent the dynamic deflection of a PCB having a non-5 

half-sine mode shape. However, the PCB often presents complicated mode shapes owing to 6 

the asymmetric shape of the board, irregular locations of fixation points, and the presence of 7 

stiffeners, as the example shown in Fig. II-2. The difference between these complicated mode 8 

shapes and that assumed in Steinberg’s theory leads to a calculation error in 𝑍allow. The factor 9 

𝑟 is also a major cause of the error because 𝑍allow can be over-estimated as the mounting 10 

position of the package is getting closer to the edge of the board. In addition, determining the 11 

values for 𝐵 and 𝑟 in Eq. (II-1) becomes ambiguous if the PCB exhibits a non-half-sine 12 

mode as the example shown in Fig. II-3. Moreover, the local strain effect acting on the package, 13 

which can be caused by the presence of adjacent packages, connectors, or mechanical fixations, 14 

is ignored if the evaluation is performed based on the board displacement using Steinberg’s 15 

theory. 16 

 17 

  18 
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 1 

Fig. II-2 Example of complex mode shapes of PCB 2 
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 1 

Fig. II-3 Example of PCB with irregular fixation points, making ambiguous to determine 2 

geometrical factors used for Steinberg’s empirical formula 3 
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B. Limitations of Fatigue Life Prediction Methodologies 1 

In case of an FEM for the structural analysis of the electronics, a detailed FEM that 2 

includes the actual configuration of the solder interface is effective for predicting the dynamic 3 

responses of the PCB. However, constructing such FEM requires much time and effort, 4 

especially in the case of high-density packages with BGA, SOP, and ceramic column grid 5 

array (CCGA). In addition, the computation time increases with an increased number of finite-6 

element meshes by modeling the detail configuration of the solder interface. Therefore, the 7 

use of detailed FEM has some limitations when many trade-off studies are required to verify 8 

the effectiveness of the structural design of electronics in its initial design stage. If the package 9 

is simplified into a rigid beam and 0D mass elements, the time and effort required to develop 10 

the FEM can be saved. However, this incurs an unavoidable change in natural frequency and 11 

displacement response of the PCB. In particular, this change increases with the package size, 12 

which is one of the limitations in predicting the dynamic responses of a PCB for the 13 

mechanical safety evaluation based on Steinberg’s theory. Therefore, a more practical 14 

methodology is needed to evaluate the mechanical safety on the entire electronic unit 15 

including many integrated PCBs with various electronic packages. 16 

Regarding the above limitation, the Sherlock tool is more applicable for FEM 17 

construction and reliability prediction of the electronics as compared to general FEA tools. 18 

This physics of failure is effective for predicting the fatigue life of the electronics under the 19 

vibration environment by using the reliable life prediction methodology based on the PCB 20 

strain. Therefore, the Sherlock tool can be applied to detect the inherent failure mechanism of 21 

the designed electronics and establish a relevant mitigation plan in its early design stage. In 22 

addition, this tool readily constructs the FEM of the electronics based on the ODB++ or Gerber 23 

design files with its internal database of various electronic packages. However, even the 24 
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Sherlock tool faces limitations in terms of saving the time and effort required for FEM 1 

construction, because a detailed geometry and material information of the packages are 2 

required to obtain proper analysis results. In addition, these PCB design files are typically 3 

available only when the design has progressed to some extent. Therefore, the Sherlock tool 4 

might be less efficient for reliability evaluation at the initial structural design stage of the 5 

electronics. 6 

 7 

  8 
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III. PCB Strain-based Structural Design Methodology 1 

A. Description of Design Methodology 2 

To overcome the theoretical limitations of conventional Steinberg’s theory and life 3 

prediction approaches, we proposed the use of a critical strain theory as a structural design 4 

methodology for evaluating the mechanical safety of solder joints in spaceborne electronics. 5 

The design methodology proposed in this study is called as “PCB strain-based 6 

methodology”. This methodology evaluates solder joint safety in a manner similar to 7 

Steinberg’s theory described above; however, the 𝑀𝑜𝑆 is calculated with respect to the PCB 8 

strain and this is important difference with the conventional Steinberg’s theory. First, a 9 

critical value of the in-plane principal strain of the PCB with respect to the package, 𝜖c, is 10 

estimated using the formula modified from Eq. (II-1) as follows [47]. 11 

𝜖c =
𝜁

𝐶√𝐿
                           (III-1) 12 

where  𝐶 and 𝐿 are the same parameters as those used in Eq. (II-1); and 𝜁 is an allowable 13 

in-plane principal PCB strain, which replaces 𝑟  and 𝐵  in Eq. (II-1) to eliminate the 14 

theoretical limitations of Steinberg’s theory. 𝜁 is calculated as follows. 15 

𝜁 = √
2.35

𝑡
× {1900 − 300 × log(𝜀̇)}                (III-2) 16 

where 𝜀̇ is the strain rate of the PCB; 𝜀̇ = 50,000, derived from the IPC-WP-011 document 17 

[48]. 𝜀pmax
  is the three-sigma value of the root mean square (RMS) in-plane principal 18 
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strain based on the Gaussian probability distribution of random vibration, which is described 1 

as follows [49]:  2 

𝜀pmax
= 3 × (

𝜀xrms  + 𝜀yrms

2
+ √(

𝜀xrms  − 𝜀yrms

2
)

2
+ (𝜀xyrms

)
2

 )      (III-3) 3 

where 𝜀xrms
  and 𝜀yrms

  are the root mean squares (RMS) in-plane normal strains, and 4 

𝜀xyrms
 is the RMS in-plane shear strain. The multiplication factor of three is applied in Eq. 5 

(III-3) and corresponds to the three-sigma value of the RMS principal strain, considering 6 

the probability of response occurrence based on the Gaussian distribution under random 7 

vibration [8]. The 𝑀𝑜𝑆  with regard to the PCB strain to meet the solder joint survival 8 

criterion, i.e., 2 × 107 random vibration cycles, can be calculated as follows. 9 

𝑀𝑜𝑆 =
𝜖c

𝐹𝑜𝑆m × 𝜀pmax

− 1                     (III-4) 10 

The Eq. (III-4) is a core formula associated with the novelty of the proposed design 11 

methodology which has not been proposed previously. 12 

 13 
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B. Methodology Validation (PBGA324 & TSSOP48) 1 

1. Description of PBGA388 PCB Sample 2 

In this study, the validation of proposed PCB strain-based methodology was conducted 3 

through the comparison of the calculated 𝑀𝑜𝑆  with the experimental results. Thus, we 4 

fabricated a PCB sample with PBGA packages and TSSOPs with the configuration shown in 5 

Fig. III-1. The numbers and locations of each package are also shown in the figure. Five 324-6 

pin PBGA packages (U1, U4, U5, U6 and U9) and four 48-pin TSSOPs (U2, U3, U7 and U8) 7 

were mounted on the PCB, which was formed of FR-4. The total mass of the assembled PCB 8 

was 65.6 g and the dimensions were 121 mm × 107.3 mm × 1.65 mm. The boundary conditions 9 

on the PCB included a total of 10 holes for M3 screws. In addition, a solder material of eutectic 10 

Sn-Pb37 was used to mount these packages on the PCB considering the space heritages. Table 11 

III-1 lists the specifications of input random vibration for the sample test, which corresponds 12 

to the qualification level for the spaceborne electronics. 13 

 14 
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 1 

Fig. III-1 Configuration of PCB sample with PBGA packages and TSSOPs 2 
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Table III-1 Specifications of PBGA324 & TSSOP48 packages 1 

Package no. Configuration Properties 

U1, U4, 

U5, U6, U9 

 

Package type: PBGA 

Pin count: 324 

Mount type: Surface mount 

Size (mm): 19×19×1.6 

Mass (gr): 1.4 

Solder Material: Sn-Pb37 

U2, U3, 

U7, U8 

 

Package Type: TSSOP 

Pin Count: 48 

Mount Type: Surface mount 

Size (mm): 12.5×6.1×1.1 

Mass (g): 0.283 

Lead material: Copper 

Solder material: Sn-Pb37 

 2 

 3 
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2. Fatigue Life Tests 1 

Prior to the random vibration test, non-destructive inspections of the PCB samples 2 

were conducted to check the manufacturing status on the solder joint. Figures III-2 and III-3 

3 show the representative X-ray and micro-optical inspection results for the U5 and U3 4 

packages, respectively. The results indicated that the qualities of all solder joints were 5 

acceptable and did not any unexpected voids and initial cracks. 6 

In the fatigue test, two PCB samples were used for guaranteeing the reliability of the 7 

test results. Figure III-4 shows a test set-up for the random vibration fatigue test of the 8 

PCB sample. An electrodynamic shaker (IMV, J260/SA78M) was used to implement the 9 

random vibration level specified in Table III-2. To measure the time to failure of each 10 

package during the tests, we used the in-situ resistance monitoring method based on the 11 

daisy-chain circuit, which connects the solder joints in series. Figures III-5 and III-6 show 12 

the daisy-chain circuit applied on the PBGA package and TSSOP, respectively. A data 13 

acquisition equipment (National Instruments, NI-9219) was used to monitor the resistance 14 

of each package at a speed of 50 samples/s. Considering the measurement error range of 15 

the equipment, the initial resistance of each packages was set to approximately 50 Ω by 16 

adding additional resistors at the end of the electrical circuit. In the test, the failure criterion 17 

on the solder joint were defined as when the daisy-chain resistance exceeded 10.5 kΩ, 18 

which is the maximum measurement limit of the test equipment. 19 

Figures III-7 and III-8 show the test results of time histories for daisy-chain 20 

resistances for the PCB samples of cases 1 and 2. The first PCB sample of case 1 was 21 

exposed to the random vibration environment specified in Table III-2 for 7.67 h. The 22 
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resistance value of the U5 package was gradually increased after 5.89 h of random 1 

excitation, and reached 10.5 kΩ, which was defined as a failure on the solder joint after 2 

7.42 h. The resistance value of the U6 package, was increased to 1.1 kΩ during the test. 3 

To increase the reliability of the test results, the second PCB sample of case 2 was tested 4 

for 16 h. The results of Fig. III-8 indicated that the U5 package reached to failure after 5 

6.89 h of excitation. This is almost similar to the results obtained in case 1, with a 6 

difference of 7.14%, although the resistance variation was observed after 3.02 h. In 7 

addition, the U6 package reached failure after 12.04 h. During the test, the other seven 8 

packages of both PCB samples did not show any resistance variation. 9 

Figures III-9~III-14 show the representative SEM cross-section micrographs of the 10 

corner-most solder joints of the tested PBGA package and TSSOPs on the second PCB 11 

sample of case 2, respectively. None of the four TSSOPs showed any crack on the solder 12 

joints even after 16 h of excitation, as shown in Fig. III-9. In contrast, in the case of U5 13 

and U6 packages, full cracks were observed along the boundary between the solder ball 14 

and solder pad at the package side, as shown in Fig. III-10~III-14. In addition, partial 15 

cracks occurred at the U1, U4, and U9 solder joints, although no resistance variations of 16 

those packages were observed during the test. This is because the resistance measurement 17 

equipment with limited accuracy could not detect the slight variation in resistance due to 18 

the micro-crack. To determine the time to failure on the solder joints of the tested packages, 19 

the SEM inspections were also conducted for the case 1 sample. 20 

Table III-3 summarizes these results and the fatigue life on each package or both case 21 

1 and 2 samples. The results indicated that both samples showed the same crack 22 

propagation states on the solder joint of each package, except for the U6 package, which 23 
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did not reach failure criterion in the case 1 sample. The solder cracks of U1, U4, and U9 1 

packages were initiated at some point within 7.67 h of the test. In case of the U5 package, 2 

the solder crack was initiated after 3.02 h in case 2. These results will be considered for 3 

the mechanical safety evaluation based on the 𝑀𝑜𝑆  calculation using various 4 

methodologies proposed in this study. 5 

 6 
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 1 

Fig. III-2 Representative X-ray inspection results on U5 BGA solder joints 2 
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 1 

Fig. III-3 Representative optical inspection results on U3 TSSOP solder joints 2 
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 1 

Fig. III-4 Random vibration fatigue test set-up 2 
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Table III-2 Specifications of random vibration (20 Grms) 1 

Frequency (Hz) PSD acceleration (PSD, g2/Hz) 

20~60 +3dB/oct 

60~1,000 0.273 

1,000~2,000 -6dB/oct 

Overall 20 Grms 

 2 
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 1 

Fig. III-5 Configuration of daisy-chain circuit for PBGA324 package 2 
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 1 

Fig. III-6 Configuration of daisy-chain circuit for TSSOP48 2 
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 1 

Fig. III-7 Time profiles of daisy-chain resistance on each packages of PBGA324 & 2 

TSSOP48 PCB sample #1 3 
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 1 

Fig. III-8 Time profiles of daisy-chain resistance on each packages of PBGA324 & 2 

TSSOP48 PCB sample #2 3 
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 1 

Fig. III-9 SEM micrographs on solder joint of U2 package of PCB sample #2 2 
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 1 

Fig. III-10 SEM micrographs on solder joint of U1 package of PCB sample #2 2 

 3 

  4 



  

39 

 

 1 

Fig. III-11 SEM micrographs on solder joint of U4 package of PCB sample #2 2 
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 1 

Fig. III-12 SEM micrographs on solder joint of U5 package of PCB sample #2 2 

 3 

  4 



  

41 

 

 1 

Fig. III-13 SEM micrographs on solder joint of U6 package of PCB sample #2 2 
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 1 

Fig. III-14 SEM micrographs on solder joint of U9 package of PCB sample #2 2 
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Table III-3 Summary of crack propagation state and time to failure on each package 1 

Package 

no. 

Case 1 Case 2 

Crack 

propagation 
𝑻𝑻𝑭 (h) 

Crack 

propagation 
𝑻𝑻𝑭 (h) 

U1 Partial crack < 7.67 Partial crack < 16 

U2 No crack > 7.67 No crack > 16 

U3 No crack > 7.67 No crack > 16 

U4 Partial crack < 7.67 Partial crack < 16 

U5 Full crack 7.42 Full crack 6.89 

U6 Partial crack < 7.67 Full crack 12.04 

U7 No crack > 7.67 No crack > 16 

U8 No crack > 7.67 No crack > 16 

U9 Partial crack < 7.67 Partial crack < 16 

 2 

  3 
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C. Mechanical Safety Evaluation 1 

To find a more practical structural design methodology for electronics in the structural 2 

design phase, we proposed evaluation approaches to assess the mechanical safety on the solder 3 

joint of various packages as shown in Fig. III-15; these were derived from the 𝑀𝑜𝑆 4 

calculation based on Steinberg’s theory and the PCB strain-based methodology, respectively. 5 

In this study, 𝐹𝑜𝑆m=1.11 was used for the 𝑀𝑜𝑆 calculation. This value is equivalent to a 6 

safety factor of 2.0 in the fatigue life for the Sn-Pb37 solder [8]. 7 

As a first step for evaluating the effectiveness of our proposed methodologies, we 8 

constructed a detailed FEM for the PCB sample, as shown in Fig. III-16. The 𝑀𝑜𝑆 of each 9 

package was calculated based on the displacement and strain responses predicted from the 10 

random vibration analysis with the random input profile specified in Table III-2. In addition, 11 

the calculated 𝑀𝑜𝑆 was compared with the fatigue test results described in Table III-3. Here, 12 

the methodologies based on Steinberg’s theory and the PCB strain-based methodology are 13 

named as STT-RV-1 and CST-RV-1, respectively. 14 

In the analysis, the detailed FEM reflects the actual configuration of the package, solder, 15 

solder pad and lead frame. The model consists of 738,995 nodes, 496,906 CPENTA elements, 16 

84,764 CHEXA elements, and 20 rigid link elements. As the boundary condition, six degrees 17 

of freedom (DOFs) were constrained on the screw holes of the PCB. Table III-4 lists the 18 

material properties used for the detailed FEM. Fig. III-17 shows the representative mode 19 

shapes of the PCB sample. The modal analysis results indicated that the first eigenfrequency 20 

was 641.53 Hz. 21 

Table III-5 summarizes 𝑀𝑜𝑆 of each package calculated using the STT-RV-1 and CST-22 

RV-1 methodologies. The calculated 𝑀𝑜𝑆 values showed positive margin with respect to all 23 
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TSSOPs. In case of the PBGA packages, the MoS values obtained using the STT-RV-1 1 

methodology showed a positive margin for the U1 and U9 packages, although these packages 2 

showed partial crack on the solder joint in the fatigue tests, as shown in Fig. III-10~III-14. On 3 

the other hand, the results obtained using the CST-RV-1 methodology showed negative margin 4 

for all PBGA packages. This well represents the fatigue test results which showed cracks on 5 

the solder joints of the PBGA packages. These results indicate that the CST-RV-1 methodology, 6 

based on the PCB strain-based methodology, is more effective for evaluating mechanical 7 

safety on the solder joint as compared to the STT-RV-1 methodology, based on Steinberg’s 8 

theory. 9 

We proposed another design approach that calculates 𝑀𝑜𝑆  based on the quasi-static 10 

analysis. For this, we derived the random equivalent quasi-static load of 83.45 Grms calculated 11 

by the Mile’s equation as follows [9]. 12 

𝐺rms = √(
𝜋

2
) (𝑓n)(𝑄)(𝑃𝑆𝐷fn

)                    (III-5) 13 

where 𝑄 indicates the amplification factor and 𝑃𝑆𝐷𝑓𝑛
 is the input PSD acceleration at the 14 

first eigenfrequency of 𝑓𝑛. 15 

By applying this methodology, the mechanical safety on the solder joint can be more 16 

simply evaluated while reducing the computation time as compared to the previous 17 

methodologies based on the random vibration analysis. Here, the methodologies based on 18 

Steinberg’s theory and PCB strain-based methodology are named as STT-QS-1 and CST-QS-19 

1, respectively. The 𝑀𝑜𝑆  values calculated using these methodologies are summarized in 20 

Table III-6. The results indicated that only the U5 package showed a negative margin from the 21 

STT-QS-1 methodology. In contrast, the results based on CST-QS-1 methodology indicated a 22 
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negative margin with respect to all PBGA packages. This also represents the fatigue test results 1 

well which showed cracks on the solder joint of PBGA packages. In addition, these results are 2 

similar to those obtained using the CST-RV-1 methodology although there are some 3 

differences in the calculated 𝑀𝑜𝑆 values. This indicates that the CST-QS-1 methodology is 4 

also effective in evaluating the mechanical safety on the solder joint, similar to the CST-RV-1 5 

methodology, even though the analysis method is much simpler than that of random vibration 6 

analysis. 7 

However, the construction of a detailed FEM of the entire package shown in Fig. III-16 8 

requires much time and effort. In addition, the use of such a large-sized FEM for the analysis 9 

at the electronic box level requires a significantly longer computation time. Therefore, in this 10 

study, the detailed FEM was simplified using 0D lumped masses and rigid link elements to 11 

model the masses of the package and solder joint, as shown in Fig. III-18, respectively. The 12 

first eigenfrequency calculated from this model was 611.06 Hz, which showed a difference of 13 

only 4.75% compared to that of the detailed FEM. The random equivalent static load of 80.46 14 

Grms was used for the quasi-static analysis. Here, the methodologies based on Steinberg’s 15 

theory and the PCB strain-based methodology are named as STT-QS-2 and CST-QS-2, 16 

respectively. 17 

Table III-7 summarizes the results of 𝑀𝑜𝑆 calculation based on the STT-QS-2 and CST-18 

QS-2 methodologies. The results indicated that only the U5 package showed negative margin 19 

when calculating the 𝑀𝑜𝑆  based on the STT-QS-2 methodology. This is similar to those 20 

based on the STT-QS-1 methodology. In case of the CST-QS-2 methodology, the 𝑀𝑜𝑆 results 21 

showed negative margin with respect to all PBGA packages, which well represents the fatigue 22 

test results of PBGA packages shown in Fig. III-10~III-14. These results indicate that the CST-23 

QS-2 methodology is more effective for the mechanical safety evaluation than the STT-QS-2 24 
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methodology. Further, the simplified FEM is effective for evaluating the mechanical safety on 1 

the solder joint as the detailed FEM shown in Fig. III-16. Moreover, the time to failure on the 2 

solder joint, estimated by dividing the 20 million critical fatigue cycles into the first 3 

eigenfrequency of PCB, was approximately 9.09 h. Therefore, the calculated 𝑀𝑜𝑆  well 4 

represents the fatigue test results shown in Table 4 because all PBGA packages actually failed 5 

within 7.67 h of excitation. 6 

Table III-8 summarizes the computation time of modal, random vibration and quasi-static 7 

analyses for each methodology. By using the simplified FEM and quasi-static analysis 8 

approach, the CST-QS-2 methodology needs much less computation time compared to the 9 

CST-RV-1 methodology. Therefore, it can be applied methodology for the mechanical safety 10 

evaluation of electronics including many integrated PCB with various packages. 11 

To validate the effectiveness of the CST-QS-2 methodology for evaluating the 12 

mechanical safety on the ceramic column grid array (CCGA) package, we also performed an 13 

additional fatigue test on the PCB sample under random vibration excitation. In addition, the 14 

test results were compared with the 𝑀𝑜𝑆 calculated from the CST-QS-2 methodology. The 15 

PCB sample used in this study was formed of FR-4 with a dimensions of 100 mm × 100 16 

mm × 2 mm and a total mass of 51.08 g. A daisy-chained 624-pin CCGA package with 17 

dimensions of 32.5 mm × 32.5 mm × 4.88 mm and a mass of 13.28 g was mounted at the 18 

PCB center. The materials of solder and solder column were Sn-Pb37 and Sn-Pb90, 19 

respectively. Figure III-19 shows the fatigue test set-up. In the tests, the PCB sample was 20 

exposed to 28 Grms of the random vibration for 20 min. In-situ monitoring of the daisy-chain 21 

resistance of the CCGA package was performed during the test. The failure criterion on the 22 

solder joint was same as that used in the test shown in Fig. III-4. Figure III-20 shows the time 23 

history of daisy-chain resistances for the PCB sample. The CCGA package rapidly reached a 24 
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resistance value of 10.5 kΩ, defined as a failure on the solder joint, after approximately 5.38 1 

min. The optical microscope inspection results shown in Fig. III-21 indicate full cracks on 2 

several solder columns located at the corner of the package. 3 

A simplified FEM was constructed in the form shown in Fig. III-18. The 𝑓𝑛 analyzed by 4 

this FEM was 350 Hz. The equivalent static load calculated from 𝑃𝑆𝐷𝑓𝑛
 of 0.404 G2/Hz was 5 

64.47 Grms. Since the variable 𝐶 for the CCGA package has not been developed so far, we 6 

used a value of 1.75 to calculate 𝜀c in Eq. (III-1). This value was originally used for the BGA 7 

package [8]. The calculated 𝑀𝑜𝑆 shown in Table III-9 indicated a negative margin. Therefore, 8 

these well represent the test results of cracks on the solder joint. These results indicate that the 9 

CST-QS-2 methodology proposed in this study is also effective for evaluating mechanical 10 

safety on the solder joint of the CCGA package. 11 
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 1 

Fig. III-15 Evaluation scheme for structural design methodology (w.r.t PBGA324 & 2 

TSSOP48 PCB) 3 
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 1 

Fig. III-16 Configuration of detailed FEM of PBGA324 & TSSOP48 PCB sample 2 
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Table III-4 Material properties used for analysis 1 

Material 

Elastic 

modulus 

(MPa) 

Shear 

modulus 

(MPa) 

Poisson 

Ratio 

Density 

(kg/m3) 

PCB (FR-4) 31,893 13,866 0.15 2,477  

PBGA 

package 
Component 15,168 6,320 0.2 1,900  

TSSOP 

Component 11,700 4,500 0.3 2,940  

Lead (Copper) 113,000 42,164 0.34 8,900  

Solder (Sn-Pb37) 29,379 10,801 0.36 8,490  

 2 

  3 



  

52 

 

 1 

(a) 2 

 3 

(b) 4 
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 1 

(c) 2 

Fig. III-17 Representative mode shapes of PCB sample 3 
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Table III-5 Comparison of 𝑴𝒐𝑺  calculated using STT-RV-1 and CST-RV-1 1 

methodologies 2 

No. Type 

STT-RV-1 CST-RV-1 

𝒁𝐚𝐥𝐥𝐨𝐰 

(mm) 

𝒁𝐦𝐚𝐱 

(mm) 
𝑴𝒐𝑺 

𝜺𝐜 

(μ-strain) 

𝜺𝐦𝐚𝐱 

(μ-strain) 
𝑴𝒐𝑺 

U1 PBGA 0.379 0.184 0.65 387 445 -0.31 

U2 TSSOP 0.737 0.19 2.11 662 208 1.55 

U3 TSSOP 0.739 0.193 2.06 662 211 1.51 

U4 PBGA 0.313 0.272 -0.08 387 503 -0.39 

U5 PBGA 0.22 0.379 -0.54 387 582 -0.47 

U6 PBGA 0.314 0.278 -0.10 387 514 -0.40 

U7 TSSOP 0.689 0.19 1.90 662 208 1.55 

U8 TSSOP 0.688 0.193 1.85 662 211 1.51 

U9 PBGA 0.378 0.184 0.65 387 446 -0.31 

 3 
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Table III-6 Comparison of 𝑴𝒐𝑺  calculated using STT-QS-1 and CST-QS-1 1 

methodologies 2 

No. Type 

STT-QS-1 CST-QS-1 

𝒁𝐚𝐥𝐥𝐨𝐰 

(mm) 

𝒁𝐦𝐚𝐱 

(mm) 
𝑴𝒐𝑺 

𝜺𝐜 

(μ-strain) 

𝜺𝐦𝐚𝐱 

(μ-strain) 
𝑴𝒐𝑺 

U1 PBGA 0.379 0.122 1.49 387 509 -0.39 

U2 TSSOP 0.737 0.129 3.57 662 165 2.21 

U3 TSSOP 0.739 0.129 3.58 662 166 2.19 

U4 PBGA 0.313 0.17 0.47 387 615 -0.50 

U5 PBGA 0.22 0.231 -0.24 387 650 -0.52 

U6 PBGA 0.314 0.184 0.36 387 635 -0.51 

U7 TSSOP 0.689 0.129 3.27 662 165 2.21 

U8 TSSOP 0.688 0.129 3.27 662 165 2.21 

U9 PBGA 0.378 0.122 1.48 387 509 -0.39 
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 1 

Fig. III-18 Configuration of simplified FEM of PBGA324 & TSSOP48 PCB sample 2 
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Table III-7 Comparison of 𝑴𝒐𝑺  calculated using STT-QS-2 and CST-QS-2 1 

methodologies 2 

No. Type 

STT-QS-2 CST-QS-2 

𝒁𝐚𝐥𝐥𝐨𝐰 

(mm) 

𝒁𝐦𝐚𝐱 

(mm) 
𝑴𝒐𝑺 

𝜺𝐜 

(μ-strain) 

𝜺𝐦𝐚𝐱 

(μ-strain) 
𝑴𝒐𝑺 

U1 PBGA 0.379 0.127 1.39 387 531 -0.42 

U2 TSSOP 0.737 0.135 3.37 662 381 0.39 

U3 TSSOP 0.739 0.135 3.38 662 348 0.52 

U4 PBGA 0.313 0.203 0.23 387 748 -0.59 

U5 PBGA 0.22 0.254 -0.31 387 907 -0.66 

U6 PBGA 0.314 0.203 0.24 387 769 -0.60 

U7 TSSOP 0.689 0.135 3.08 662 351 0.51 

U8 TSSOP 0.688 0.135 3.08 662 340 0.56 

U9 PBGA 0.378 0.127 1.38 387 531 -0.42 

 3 

  4 



  

58 

 

Table III-8 Comparison of computation time between various methodologies 1 

Methodology 
Modal analysis 

(min) 

Random 

Vibration 

analysis (min) 

Quasi-static 

analysis (min) 
Remarks 

CST-RV-1 6.28 38.47 - Detailed FEM 

CST-QS-1 6.28 - 9.52 Detailed FEM 

CST-QS-2 1.47 - 1.12 Simplified FEM 

 2 
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 1 

Fig. III-19 Random vibration fatigue test set-up of PCB sample with CCGA package 2 
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 1 

Fig. III-20 Time profile of daisy-chain resistance of CCGA package 2 
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 1 

Fig. III-21 Representative optical micrograph of CCGA solder joints 2 
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Table III-9 Results of 𝑴𝒐𝑺 and time to failure of CCGA package calculated using CST-1 

QS-2 methodology 2 

Type 
𝜺𝐜 

(μ-strain) 

𝜺𝐩𝐦𝐚𝐱
 

(μ-strain) 
𝑴𝒐𝑺 Remarks 

CCGA 268 871 -0.72 
𝑇𝑇𝐹test: 5.38 min 

(< 2 × 107 cycles) 

 3 
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D. Methodology Validation (PBGA388 Package) 1 

In the previous chapter, the effectiveness of the PCB strain-based methodology was 2 

validated by the fatigue life tests of PCB samples with BGA packages under random vibration. 3 

Their investigations also involved the feasibility of utilizing the FEM of the package 4 

simplified into the 0D lumped mass and rigid link elements to simulate the package and solder 5 

joints, respectively. However, it is necessary to validate the methodology with respect to the 6 

various PBGA package configurations, i.e., molded package shape to encapsulate the 7 

semiconductor die, and solder ball array (i.e., full array, peripheral), which were not 8 

investigated in the previous chapter. The investigations on these factors become especially 9 

important when the simplified package FEM form is used for the solder joint evaluation 10 

because the aforementioned package configuration features are not reflected in the FEM, 11 

which could, therefore, result in a severe error in the calculated 𝑀𝑜𝑆. In addition, there have 12 

been no sample cases to validate the methodology regarding the presence of mechanical 13 

fixations adjacent to the package in the previous chapter. Furthermore, the board 14 

eigenfrequency influence that affects the board strain rate has not been investigated and means 15 

that the feasibility of using the value of 𝜀̇ = 50,000 used for Eq. (III-1) in the previous 16 

chapter must be confirmed with respect to the various board eigenfrequencies. Therefore, in 17 

this study, we evaluated the effectiveness of the PCB strain-based methodology with respect 18 

to those factors. 19 

 20 
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1. Description of PBGA388 PCB Sample 1 

To validate the effectiveness of PCB strain-based methodology for evaluating solder joint 2 

mechanical safety under a random vibration environment, PCB test samples with PBGA388 3 

packages were fabricated, and an example of the sample in Case 1 is shown in Fig. III-22. A 4 

single PBGA388 package is mounted on an FR-4 PCB with dimensions of 125 mm × 125 mm 5 

× 1.6 mm. The total PCB sample mass is 51.1 g. Four holes for M3 screws were used for board 6 

fixation. Eutectic Sn63-Pb37 solder balls with space heritage were applied to mount the 7 

package. Table III-10 lists the PBGA388 package specifications. The key features of this 8 

package are that the area along the BT substrate edge is not covered with the molded package, 9 

and the solder ball peripheral array is formed beneath the package. These feature differences 10 

are the reasons for selecting this package for the methodology validation. For the experimental 11 

validation, five cases of PCB samples were fabricated in the configurations shown in Figs. III-12 

23 and III-24. Here, Cases 1, 1-1, and 1-2 correspond to the situations where the packages are 13 

mounted on various board locations. In particular, the Case 1-2 sample package is located 14 

adjacent to a screw hole with a distance of only 5 mm, where the solder joint might be 15 

influenced by the strain response caused by the bolt constraint. Cases 2 and 3 correspond to 16 

the samples with higher eigenfrequencies as the board size is reduced compared with the Case 17 

1 sample. The masses of Cases 2 and 3 PCBs are 29 g and 21 g, respectively. 18 

 19 
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 1 

Fig. III-22 Case 1 PCB sample with PBGA388 package 2 
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Table III-10 Specifications of PBGA388 package 1 

Item Specification 

Manufacturer Topline Co. Ltd. 

Configuration 

 

Solder ball 

- Material: Sn-Pb37 

- Dimension (mm): 0.45 × 0.7 (height × max. diameter) 

- Solder pitch (mm): 1.27 

- No. of solder balls (EA): 388 

- Array type: perimeter 

Package 

dimension 

- Dimension (mm): 35 × 35 × 2.3 (incl. solder balls) 

- Composition: BT substrate with mold 

- Mass (g): 5.0 (incl. solder balls) 

 2 
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 1 

Fig. III-23 Configurations of PCB samples in each case (Cases 1, 1-1 and 1-2) 2 
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 1 

Fig. III-24 Configurations of PCB samples in each case (Cases 1, 2 and 3) 2 
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2. Fatigue Life Tests 1 

To obtain the 𝑇𝑇𝐹𝑡𝑒𝑠𝑡  of each sample packages for comparison with the evaluation 2 

results using the PCB strain-based methodology, the fatigue life test was performed in a 3 

random vibration environment. Figure III-25 shows the fatigue life test set-up for the PCB 4 

samples on the electrodynamic vibration shaker. In this study, only one sample was used for 5 

each case. During the test, the time to failure (𝑇𝑇𝐹) of the packages was measured through an 6 

in-situ resistance monitoring based on a daisy-chain circuit implemented in each package. 7 

Figures III-26 shows the daisy-chain circuit configuration for a BGA package. The two-wire 8 

resistance measurement was performed on each sample by using the data acquisition 9 

equipment of DAQ6510 (Keithley Co. Ltd.), with an accuracy of 10-2 Ω and a sampling rate 10 

of 1.7 samples/s. The criterion for declaring the failure of a solder joint, which is crack 11 

initiation of solder joint, is determined when the equipment reads a 20% increased daisy-chain 12 

resistance value for five consecutive readings in accordance with the IPC-9701A standard [50]. 13 

The change in failure criterion from that used in the previous section is to more precisely 14 

assess 𝑇𝑇𝐹𝑡𝑒𝑠𝑡 of packages by more sensitively detecting the micro-cracking of solder joint 15 

based on the lessons and learned from the previous test. Exposure to random vibration in the 16 

out-of-plane direction of PCBs was initiated for all the samples, and the sample that reached 17 

the failure criterion during the test was disassembled from the test set-up. Table III-11 shows 18 

the specifications of the random vibration input level, which is commonly used for spaceborne 19 

hardware qualification. 20 

Figure III-27 shows the fatigue life test results, i.e., time histories of daisy-chain 21 

resistances for the PCB samples. The first failure signal from the resistance monitoring 22 

occurred from the Case 3 sample at 1.29 h of exposure to the random vibration environment 23 

specified in Table 2. The Case 1-1 sample also failed at a similar time. In addition, in Cases 1 24 
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and 2, the samples reached the failure criterion at 9.5 h and 10.4 h of progress, respectively. 1 

The resistance value of the Case 1-2 sample gradually increased during the test; however, it 2 

did not reach the failure criterion until the test completion at 12.4 h. 3 

Figures III-28~III-31 shows the cross-sectional microphotographs of cracked BGA 4 

solder joints for the samples that reached the failure criterion, which were taken using scanning 5 

electron microscope (SEM) after completion of the fatigue life test. All observed samples 6 

showed the cracking of solder joints and these results confirmed the 𝑇𝑇𝐹 determined through 7 

the resistance measurement shown in Fig. III-27. Most cracks were initiated and propagated 8 

along the interface boundary between the solder ball and package solder pad. Table III-12 9 

summarizes the results of the fatigue life tests including SEM inspection for each PCB sample. 10 

The Case 1-1 and 3 samples failed much earlier than the Case 1 samples although their board 11 

displacement values are much lower than that of Case 1. All the packages at the center of the 12 

board failed earlier than those located relatively near the edge of the board. In addition, the 13 

exact 𝑇𝑇𝐹 of the solder joint from the Case 1-2 sample could not be obtained due to the 14 

limited test duration although the data for the remaining four samples was obtained. These 15 

facts indicate that additional investigation is required for reliable evaluation on the PCB strain-16 

based methodology. Therefore, in this study, we performed the fatigue life prediction on the 17 

solder joints of the tested samples. 18 

 19 
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 1 

Fig. III-25 Fatigue life test set-up for PBGA388 PCB samples 2 
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 1 

Fig. III-26 Configuration of daisy-chain circuit for PBGA388 package 2 
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Table III-11 Random vibration test specification (14.1 Grms) 1 

Frequency (Hz) PSD acceleration (PSD, g2/Hz) 

20 0.026 

50 0.16 

800 0.16 

2,000 0.026 

Overall 14.1 Grms 

 2 
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 1 

Fig. III-27 Time profiles of daisy-chain resistance on each PBGA388 PCB samples 2 
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 1 

Fig. III-28 SEM microphotograph of cracked BGA solder joints of Case 1 sample 2 
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 1 

Fig. III-29 SEM microphotograph of cracked BGA solder joints of Case 1-1 sample 2 
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 1 

Fig. III-30 SEM microphotograph of cracked BGA solder joints of Case 2 sample 2 
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 1 

Fig. III-31 SEM microphotograph of cracked BGA solder joints of Case 3 sample 2 
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Table III-12 Summary of fatigue life test results 1 

Case Time to failure (𝑻𝑻𝑭, h) SEM inspection results 

1 9.52 Solder ball cracked 

1-1 1.44 Solder ball cracked 

1-2 >12.4 Not observed 

2 10.38 Solder ball cracked 

3 1.29 Solder ball cracked 

 2 

  3 
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3. Mechanical Safety Evaluation 1 

The primary objective of the fatigue life prediction is to determine whether the solder 2 

joints are expected to fail within the 𝑇𝑇𝐹 ensured by the criterion of 2 × 107 cycles, which is 3 

specified for the methodologies investigated in this study. For the prediction, we used a life 4 

prediction approach, which is a Basquin’s power law equation [51]. This approach predicts 5 

the fatigue life based on the stress acting on the solder joint under vibration excitation. 6 

Therefore, FEM-based structural analyses were performed to analyze the dynamic responses 7 

and resulting solder stress of the samples. The test input PSD profile specified in Table III-11 8 

was applied for the analysis. Figure III-32(a) shows an example of the detailed FEM of the 9 

Case 1 sample, in which the actual package configurations, solder ball, and solder pad are 10 

modeled in detail. The FEM consists of 866,223 nodes, 31,184 CPENTA, 703,996 CHEXA 11 

elements, and four rigid body elements. As a boundary condition, six DoF constraints were 12 

applied on the four PCB screw hole interfaces. Table III-13 lists the material properties used 13 

for the analysis. 14 

Figure III-33 shows the representative modal analysis results, i.e., modal shapes of Case 15 

1 PCB sample at the first to third eigenfrequencies. The largest dynamic deflection is expected 16 

at the first eigenfrequency of 213.5 Hz where the global bending mode in the out-of-place 17 

direction of the board is observed. Table III-14 summarizes the first eigenfrequencies of all 18 

the PCB samples and these values were used for the fatigue life predictions. 19 

Figures III-34 and III-35 show the representative RMS von-mises stress distributions of 20 

Cases 1 and 1-2 samples under 14.1 Grms of random vibration. The major stress occurred at 21 

the interface layer between the solder ball and solder pad of the solder joint closest to the 22 

corner, where the largest relative displacement between the package and board occurred. This 23 

solder joint is, therefore, the most vulnerable to vibration excitation. Additionally, the stress 24 
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concentration locations in the solder balls correspond with the crack propagations shown in 1 

Fig. 6. In the Case 1-2 sample, the major stress occurred at the corner solder ball located 2 

adjacent to the screw joint because the mechanical constraint achieved by the joint induces the 3 

local strain that increases the solder stress, as shown in Fig. III-35. As mentioned above, this 4 

is an important factor in the mechanical safety evaluation and, therefore, will be addressed in 5 

a later chapter of this paper. Table III-15 summarizes the von-mises stress of solder joints for 6 

each sample. 7 

For the reliable prediction of fatigue life, a feasible solder stress value shall be computed 8 

from the FEM analysis. However, as described in the previous studies [10-11, 22, 24, 51], the 9 

solder stress or strain value is heavily dependent on the solid element mesh density and is a 10 

result of a stress–strain singularity at the interface layer between two different materials. To 11 

minimize the problem of mesh dependency, a volume-weighted average stress, 𝜎𝑎, was used 12 

for prediction [51]. The 𝜎𝑎 can be derived by calculating the average effective stress over all 13 

the solid elements in the interface layer between the solder ball and the solder pad, using Eq. 14 

(III-6), as follows: 15 

𝜎a =
∑(𝜎VM,e × 𝑉e)

∑ 𝑉e
                       (III-6) 16 

where 𝜎VM,e and 𝑉e are the RMS von-mises stress and volume of the element, respectively. 17 

The Basquin’s power law equation for predicting the total number of fatigue cycles, 𝑁f, based 18 

on the 𝜎𝑎 can be expressed as follows: 19 

𝜎a = 𝜎′f × (𝑁f)
𝑏                       (III-7) 20 

where 𝜎a  is the von-mises stress derived from the analysis; 𝜎′f  is the fatigue strength 21 

coefficient; and 𝑏 is the fatigue exponent, which is typically derived from the slope of the 22 
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stress-life cycle (S-N) curve. In this study, we used the material constants of 𝜎′f = 116.8 MPa 1 

and 𝑏 = -0.116 developed for eutectic Sn63-Pb37 solder [52]. For prediction, we used a 1.95-2 

sigma value of stress as 𝜎a , which is the equivalent of using 1-, 2-, and 3-sigma values 3 

considering a Gaussian distribution on the random vibration. The 𝑇𝑇𝐹𝑝𝑟𝑒𝑑 of the solder joint 4 

is predicted as follows: 5 

𝑇𝑇𝐹pred =
𝑁f

𝑓n
                          (III-8) 6 

where 𝑓n is the first PCB eigenfrequency. In the prediction, factor of safety for 𝑇𝑇𝐹pred, 7 

𝐹𝑜𝑆ttf, was set as 4.0, which is recommended on the fatigue as specified in the ECSS standard 8 

[53]. 9 

Figure III-36 shows the results of the fatigue life predictions for each PCB sample. For 10 

comparison, the 𝑇𝑇𝐹pred obtained from the tests are also specified in the figure. The trend 11 

of the 𝑇𝑇𝐹pred  for the samples showed a difference from that observed from the test, in 12 

particular, for the Case 1-1 and 3 samples. We judge that this difference was primarily caused 13 

by the irregular quality in solder ball shapes for each sample, as observed from the SEM 14 

microphotographs shown in Fig. III-28~III-31; although, the Case 1 and 2 samples showed 15 

the 𝑇𝑇𝐹pred  with relatively reasonable accuracy compared with the former two samples. 16 

Additionally, the 𝑇𝑇𝐹pred of the Case 1-2 sample was 16.04 h, which corresponds to the test 17 

results because the solder joint failures were not observed before the end of the 12.4 h duration. 18 

The important observation from the results of 𝑁f for each sample, is that all the samples were 19 

expected to fail within the 2 × 107 random vibration cycles. These prediction results were used 20 

as comparison data to validate the mechanical design methodology. 21 
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 1 

(a) 2 

 3 

(b) 4 

Fig. III-32 Configuration of (a) detailed and (b) simplified FEMs of Case 1 sample 5 
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Table III-13 Material properties for structural analysis 1 

Material 
Elastic modulus 

(GPa) 

Poisson’s ratio 

(-) 

Density 

(kg/m3) 

PCB (FR-4) 18.73 0.136 2,000 

Package substrate (BT) 22.00 0.280 2,000 

Package mold 15.20 0.200 1,900 

Solder ball (Sn63-Pb37) 29.40 0.340 8,490 

Solder pad (copper) 113.00 0.340 8,900 

 2 
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 1 

(a) 2 
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(b) 4 



  

86 

 

 1 

(c) 2 

Fig. III-33 Mode shapes of Case 1 PCB ((a) 213.5 Hz, (b) 408.1 Hz, (c) 538.7 Hz) 3 
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Table III-14 First eigenfrequencies of PCB samples obtained from detailed and 1 

simplified FEMs 2 

Case 

First eigenfrequency (Hz) 
Difference btw. FEMs 

(%) 
Detailed FEM Simplified FEM 

1 213.5 197.8 7.4 

1-1 214.2 199.9 6.7 

1-2 214.3 211.1 1.5 

2 419.3 377.9 9.9 

3 666.3 584.9 12.2 

 3 
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 1 

Fig. III-34 Von-mises stress distributions of Case 1 PCB sample 2 
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 1 

Fig. III-35 Von-mises stress distributions of Case 1-2 PCB sample 2 
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Table III-15 Analyzed volume-weighted average values of Von-mises stresses of solder 1 

balls for each PCB sample 2 

Case 
Volume-weighted average 

von-mises stress (MPa) 

1 8.87 

1-1 8.39 

1-2 7.67 

2 8.20 

3 8.00 

 3 
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 1 

Fig. III-36 Summary of fatigue life prediction results on solder joints of PCB samples 2 
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To validate the effectiveness of the PCB strain-based methodology, the evaluation 1 

scheme shown in Fig. III-37 was established on the methodologies based on PCB strain-based 2 

methodology and Steinberg’s theory described in Chapters II and III. This was derived in 3 

accordance with the fatigue failure theory factors and the FEM configuration. The 4 

effectiveness of these methodologies was evaluated by comparison between the estimated 5 

𝑀𝑜𝑆 values and the 𝑇𝑇𝐹 derived from the experimental and numerical approach shown in 6 

Fig. III-36. In this study, 𝐹𝑜𝑆m=1.25 was used for the 𝑀𝑜𝑆 estimation, which approximately 7 

corresponds to 𝐹𝑜𝑆ttf=4.0 with regard to the fatigue life of the Sn63-Pb37 solder material. 8 

For the mechanical safety evaluation of the PCB samples, random vibration analysis was 9 

performed on the detailed FEM, as shown in Fig. III-32(b). The 𝑀𝑜𝑆 was calculated from 10 

the analyzed displacement and strain responses of the samples by using Eqs. (II-1)–(II-3) and 11 

(III-1)–(III-4). Here, we defined the methodologies based on the PCB strain-based 12 

methodology and Steinberg’s theories as M.CST-1 and M.STT-1, respectively. The 𝑀𝑜𝑆 13 

values derived from these methodologies are summarized in Table III-16. The 𝑀𝑜𝑆 values 14 

of all the samples estimated from the M.CST-1 methodology showed the negative margin with 15 

regard to the criterion of 2 × 107 cycles and these results also correspond to the 𝑁f of samples 16 

obtained by experimental and numerical approaches shown in previous sections. In particular, 17 

it was clearly shown that the 𝑀𝑜𝑆  value estimated by the M.CST-1 methodology well 18 

represented the Case 1-2 sample being affected by the local strain resulting from the adjacent 19 

screw joint. Furthermore, the 𝑀𝑜𝑆  was well estimated for the PCBs with various 20 

eigenfrequencies, as observed from the results of Cases 1, 2, and 3. Conversely, M.STT-1 21 

methodology showed inaccurate results because only the Case 1 sample showed the negative 22 

margin of 𝑀𝑜𝑆 on the sample when estimated by this methodology. These results indicate 23 

that the M.CST-1 methodology based on critical strain theory is much more effective in the 24 
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mechanical solder joint safety evaluation for the BGA package located at various PCB 1 

locations, as compared with the M.STT-1 methodology. 2 

To minimize the time-consuming and effort-intensive FEM construction process, we 3 

proposed the use of a simplified form of FEM. This modeling approach simplifies the package 4 

into the 0D lumped mass element and the rigid link element connection between the mass 5 

element and the PCB, which simulate the package body and the solder joints, respectively. 6 

The representative simplified FEM configuration of the Case 1 PCB sample is shown in Fig. 7 

III-32(b). The modal analysis results summarized in Table III-14 indicate that the first 8 

eigenfrequency of the PCB samples had differences of up to 12.2%. However, this level of 9 

difference is not a problem with respect to using the simplified FEM because the frequency 10 

values are slightly lower than those of the detailed FEM, which gives slightly more 11 

conservative evaluation results in terms of the dynamic board response. For the evaluation, 12 

the methodologies based on the PCB strain-based methodology and Steinberg’s theory, which 13 

use the simplified FEM, were referred to as M.CST-2 and M.STT-2, respectively. 14 

Table III-17 summarizes the results of 𝑀𝑜𝑆  calculations based on the M.CST-2 and 15 

M.STT-2 methodologies. The 𝑀𝑜𝑆  value trends derived from both methodologies are 16 

approximately the same as the results presented in Fig. III-36. In contrast to the M.STT-2 17 

methodology, the 𝑀𝑜𝑆 of M.CST-2 represents the actual fatigue life of solder joints well, 18 

even though it was estimated by the PCB strain derived from the simplified FEM. These 19 

results indicate that the M.CST-2 methodology estimates the 𝑀𝑜𝑆 more accurately than the 20 

M.STT-2 methodology and confirm the feasibility of the use of a simplified FEM as shown in 21 

this study. This approach provides the evaluation results within a significantly shorter time 22 

compared with the detailed FEM as investigated in the previous section. 23 
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 1 
Fig. III-37 Evaluation scheme for structural design methodologies (w.r.t PBGA388 2 

packages) 3 
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Table III-16 Comparison of 𝑴𝒐𝑺 estimated by M.CST-1 and M.STT-1 methodologies 1 

Case 

M.CST-1 M.STT-1 

Experimental & 

numerical results 

(Fig. III-36) 𝜺𝐜 

(μ-strain) 

𝜺𝐦𝐚𝐱 

(μ-strain) 
𝑴𝒐𝑺 

𝒁𝐚𝐥𝐥𝐨𝐰 

(mm) 

𝒁𝐦𝐚𝐱 

(mm) 
𝑴𝒐𝑺 

1 293.9 1039.5 -0.75 0.218 0.295 -0.33 < 2 × 107 cycles failed 

1-1 293.9 1003.5 -0.74 0.267 0.239 0.01 < 2 × 107 cycles failed 

1-2 293.9 747.0 -0.65 0.760 0.112 5.14 < 2 × 107 cycles failed 

2 293.9 807.0 -0.67 0.166 0.052 1.88 < 2 × 107 cycles failed 

3 293.9 756.0 -0.65 0.148 0.016 7.56 < 2 × 107 cycles failed 

*𝐹𝑜𝑆m=1.25 (Equivalent to 𝐹𝑜𝑆ttf=4.0 for 𝑇𝑇𝐹pred) 2 

 3 
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Table III-17 Comparison of 𝑴𝒐𝑺 estimated by M.CST-2 and M.STT-2 methodologies 1 

Case 

M.CST-2 M.STT-2 Experimental & 

numerical results 

(Fig. III-36) 𝜺𝐜 

(μ-strain) 

𝜺𝐦𝐚𝐱 

(μ-strain) 
𝑴𝒐𝑺 

𝒁𝐚𝐥𝐥𝐨𝐰 

(mm) 

𝒁𝐦𝐚𝐱 

(mm) 
𝑴𝒐𝑺 

1 293.9 946.8 -0.72 0.201 0.267 -0.26 < 2 × 107 cycles failed 

1-1 293.9 752.6 -0.65 0.226 0.213 0.13 < 2 × 107 cycles failed 

1-2 293.9 353.4 -0.25 0.604 0.096 6.14 < 2 × 107 cycles failed 

2 293.9 816.3 -0.68 0.148 0.069 1.16 < 2 × 107 cycles failed 

3 293.9 736.8 -0.64 0.131 0.030 3.45 < 2 × 107 cycles failed 

*𝐹𝑜𝑆m=1.25 (Equivalent to 𝐹𝑜𝑆ttf=4.0 for 𝑇𝑇𝐹pred) 2 

 3 
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IV. PCB Strain-based Structural Design Methodology for 1 

Rapid Evaluation of Spaceborne Electronics 2 

In the previous section, to validate the effectiveness of the PCB strain-based methodology, 3 

fatigue life tests of a sample PCB with the PBGA324 and TSSOP48 packages were performed, 4 

and the 𝑇𝑇𝐹test  of the tested packages were compared with the calculated 𝑀𝑜𝑆 . For the 5 

application of their methodology, they investigated the effectiveness of both detailed and 6 

simplified FEM modeling techniques of the electronic packages. In case of the simplified FEM, 7 

the package was modeled using a 0D lumped mass and rigid link element to simulate the 8 

package body and solder joints, respectively. This modeling technique saves considerable time 9 

and effort compared with the detailed FEM, and is therefore useful when many number of 10 

tradeoff studies are required to verify the structural design of electronics in its initial design 11 

stage. The validation results confirmed that this methodology provides a relatively reliable 12 

prediction of the mechanical safety of a solder joint compared to Steinberg’s theory. In 13 

addition, this study also revealed the possibility of using the simplified FEM as a rapid solution 14 

for the evaluation. 15 

However, the design criterion of 2 × 107 cycles, used in both Steinberg’s theory and the 16 

PCB strain-based methodology, provides too much margin on the 𝑇𝑇𝐹 of the solder joint. In 17 

several previous studies [32-33, 35, 38] on the structural design of spaceborne electronics, 18 

PCBs have been designed to allow them to have a first resonant frequency of PCB (𝑓n ) 19 

typically between 100 and 800 Hz. For example, if an electronic package is assumed to be 20 

mounted on the PCB with 𝑓n of 800 Hz and the calculated 𝑀𝑜𝑆 indicates a positive margin 21 

(> 0), the fatigue life of the solder joint would be higher than 6.94 h in accordance with the 2 22 

× 107 cycles criterion. However, this value is extremely large in comparison with the total 23 
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duration of on-ground vibration tests and the actual launch, which typically ranges from a 1 

few minutes to tens of minutes. 2 

In addition, further investigation is required for different types of packages mounted on 3 

boards with various boundary conditions. In particular, the influence of the strain effect 4 

induced by the adjacent mechanical fixation, that is, package, connector, or screws, should be 5 

addressed. Moreover, the fixed value of 𝜀̇  = 50,000 in Eq. (III-2) might not be feasible 6 

because the board strain rate is actually dependent on 𝑓n and 𝜀pmax
. This means that the 7 

estimation method for 𝜀̇ is required for reliable evaluation of solder joint safety. 8 

Consequently, to overcome the limitations of conventional methodologies, it is 9 

essential to develop a design methodology to prevent excessive margins on the fatigue life 10 

by establishing a new design criterion that is suitable for spaceborne electronics. This 11 

criterion should be derived based on the actual duration of exposure to the random vibration 12 

during the vibration tests as well as the actual launch. A detailed investigation of the 13 

simplified FEM modeling technique with a strain-based theory to estimate 𝜀pmax
 and 𝜀̇ 14 

for various board boundary conditions is also required to achieve a rapid and reliable 15 

solution for the structural design of electronics. These are the primary objectives of the 16 

proposal of the Oh-Park methodology in this study. 17 

 18 

 19 

  20 
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A. Description of Design Methodology 1 

To solve aforementioned issues in evaluating the mechanical safety of a solder joint under 2 

a launch random vibration environment, we proposed the Oh-Park methodology that evaluates 3 

the structural design of spaceborne electronics. The proposed methodology evaluates solder 4 

joint safety based on the 𝑀𝑜𝑆 calculation with respect to the PCB strain based on the PCB 5 

strain-based methodology described in Chapter III. However, a key difference associated with 6 

the novelty of this methodology in comparison with previous ones is that the design factor 7 

𝐷𝐹, which is inverse number of 𝐹𝑜𝑆m in Eq. (III-4) is derived by estimating 𝑇𝑇𝐹req for a 8 

given vibration test and the launch processes of electronics. The mechanical safety 9 

evaluation is performed in accordance with the process shown in Fig. IV-1, and the details 10 

of each step are described below. In this study, following assumptions and conditions were 11 

reflected to establish the design methodology. 12 

 13 

- The design methodology proposed in this study only evaluates the mechanical safety 14 

of solder joint under random vibration. The specific failure mechanism on the solder 15 

joint considered in this study is the initiation of fatigue crack on solder or lead frame 16 

of electronic package. This becomes the failure criterion in the test and analysis. 17 

 18 

- The design methodology is established based on stress-life cycle (S-N) relationship 19 

(𝑁 × 𝑆𝑏 =Constant). In the proposed design methodology, the S-N curve region, 20 

where the stress value is above the yield strength of material, is ignored under 21 

assumption that the solder stress is occurred in elastic region (constant slope region 22 

in S-N curve). In addition, endurance limit is not considered since the recent studies 23 
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[54-55] suggest that it does not exist for metallic materials. This means that the fatigue 1 

failure can be eventually occurred by even the smallest magnitude of stress as long 2 

as the sufficient number of fatigue cycles is applied to the solder joint. This enables 3 

to let the proposed methodology only consider the constant slope of the S-N curve, 4 

which is described as fatigue exponent 𝑏. 5 

 6 

- The fatigue behavior of the solder joint is assumed to be occurred in elastic region of 7 

solder or lead material. Therefore, the approximate fatigue life, which is predicted 8 

𝑇𝑇𝐹, is directly related to the fundamental resonant frequency (𝑓n) of PCB where the 9 

major board deflection is occurred. The fatigue cycles accumulated at higher 10 

frequency modes are not accounted to estimate the 𝑇𝑇𝐹. This assumption makes it 11 

possible to use the following relation [8]. 12 

𝑁 = 𝑓n × 𝑇   or    𝑇 =
𝑁

𝑓𝑛
                   (IV-1) 13 

The main objective of this study is not to accurately predict the fatigue life, but to 14 

calculate the 𝑀𝑜𝑆  of solder joint. In this perspective, above relation gives 15 

sufficiently reasonable evaluation results on the solder joint. 16 

 17 

- Based on the assumption described above, the stress 𝑆  is directly related to the 18 

acceleration 𝐺 and to the displacement 𝑍 as follows [8]. 19 

𝑇 × 𝐺𝑏 = Constant                      (IV-2) 20 

𝑁 × 𝑍𝑏 = Constant                      (IV-3) 21 

𝑁 × 𝐺𝑏 = Constant                      (IV-4) 22 
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 1 

- PCB strain are assumed to be proportional to stress and strain of solder joint in 2 

accordance with the critical strain theory [47]. 3 

 4 

- The proposed design methodology estimates 𝑀𝑜𝑆 value based on the total number 5 

of cycles accumulated in random vibration derived from the relation shown in Eq. IV-6 

1. Here, the number of cycle 𝑁 can be underestimated as the modal participation of 7 

PCB mode at 𝑓n is less dominant as compared to the other modes. In this study, the 8 

uncertainty resulted from the above simplified cycle estimation approach is 9 

considered to be compensated by factor of safety of 4.0 on the required time to failure 10 

for survival in the test and launch process. This factor of safety value is based on the 11 

ECSS-E-ST-32C standard [53]. In addition, the fatigue damage accumulated in the 12 

vibration tests for all the axes of electronics is assumed to be same as that accumulated 13 

in the out-of-plane random excitation of PCB. This assumption adds more 14 

conservatism as well. Therefore, these assumptions make it possible to include 15 

resonable extent of margin on the MoS of solder joint. Though, the total number of 16 

accumulated cycles are far smaller than the original Steinberg’s criterion of 2×107 17 

cycles. 18 

 19 

 20 

  21 
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 1 

Fig. IV-1 Evaluation approach on structural design of spaceborne electronics using Oh-2 

Park methodology 3 

 4 

  5 
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1. FEM Construction & Modal Analysis (Step 1-2) 1 

As the first step of the evaluation, the FEM of electronics is constructed and 𝑓n  is 2 

determined by modal analysis. This is because the dynamic PCB strain and the resulting 3 

fatigue life of solder joints are directly related to 𝑓n where the largest board deflection occurs. 4 

The 𝑓n shall be defined for each package because the deflection can primarily be caused by 5 

either the global and local modes of the board in accordance with its boundary conditions 6 

(location of fixations, application of stiffeners, and asymmetric and irregular board shape). 7 

This rule is appropriate considering the possible occurrence of a complicated mode shape 8 

owing to the dynamic coupling between the PCB and the housing structure in some cases. The 9 

FEM modeling technique for PCBs with electronic packages will be addressed in a later 10 

section of this paper. 11 

 12 

  13 
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2. Estimation of 𝑻𝑻𝑭𝐫𝐞𝐪 for Survival in Vibration Test and Launch 1 

Process (Step 3-4) 2 

Next, 𝑇𝑇𝐹req is estimated based on the summation of 0 dB equivalent time on the solder 3 

joint under a random vibration environment in the test and launch phases. Figure IV-2 shows 4 

the vibration test scenario and the launch processes effecting electronics. This was established 5 

under the assumption that only a single development model was fabricated not only to qualify 6 

the design but also to be used as flight hardware to reduce the development time and cost. 7 

In this scenario, electronics are exposed to the qualification level of random vibration 8 

excitation at the component level and then undergo an acceptance test again at the satellite 9 

system (S/S) level. Finally, it was exposed to launch random vibration, which was assumed to 10 

be equivalent to the acceptance level of random vibration for 4 min in three axis 11 

simultaneously. Here, a single set of qualification tests includes four steps of random vibration 12 

tests, where the input level is gradually increased from -12 to 0 dB with a +3 dB interval, and 13 

they are performed for each axis. The acceptance test is performed following the same steps 14 

as the qualification test except for the tests with 0 dB level. To estimate 𝑇𝑇𝐹req in the above 15 

scenario, the equivalent exposure time of each test level with respect to full qualification level 16 

of test input (0dB), 𝑇x dB, is first estimated as follows: 17 

𝑇x dB = (𝑡test 𝑜𝑟 𝑡lnch) × (𝐺ratio)𝑏 × 𝑛                 (IV-5) 18 

where 𝑡test  and 𝑡lnch  are the durations of an individual vibration test and actual launch 19 

random vibration, respectively. 𝑏 is the fatigue exponent of the solder material, which is 6.4 20 

for the Sn63-Pb37 solder [18]. 𝐺ratio is the ratio of RMS input test level to the 0 dB input, 21 

which is described as follows. 22 
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𝐺ratio = 10
(

𝑥

20
)
                         (IV-6) 1 

The 𝑛 is the number of vibration tests for each test level. In this study, 𝑛 = 3 was used 2 

under the assumption that the damage in PCB out-of-plane excitation is accumulated in all 3 

excitation axes of the electronics. This assumption made it easier to estimate the equivalent 4 

time and generate an extent of conservatism on solder joint safety. 5 

Total 0 dB equivalent exposure time during a single set of vibration test is estimated by 6 

the summation of 𝑇x dB  values at each test level calculated using Eqs. (IV-5) and (IV-6). 7 

Considering the qualification test at component level as an example, total 0 dB equivalent 8 

exposure time, ∑ 𝑇C−Q, can be estimated as follows. 9 

∑ 𝑇C−Q = 𝑇−12dB + 𝑇−6dB + 𝑇−9dB + 𝑇−3dB + 𝑇0dB           (IV-7) 10 

Lastly, the 𝑇𝑇𝐹req for the test and launch process is estimated as follows. 11 

𝑇𝑇𝐹req = (∑ 𝑇C−Q + ∑ 𝑇S/S−A + ∑ 𝑇L) × 𝐹𝑜𝑆ttf             (IV-8) 12 

where ∑ 𝑇S/S−A is the total 0 dB equivalent exposure time in the acceptance test at S/S level. 13 

∑ 𝑇L  represents 0 dB equivalent exposure time for random vibration in the launch phase, 14 

which is equivalent to when the full acceptance level (-3 dB) input is applied to electronics 15 

for 4 min, following the assumption described above. 𝑇𝑇𝐹req is estimated by summation of 16 

the time values for each test and launch process with regard to the fatigue life accumulated in 17 

a single full level qualification test (0 dB). This is because the structural analysis is typically 18 

performed by applying a 0 dB input for the design validation. 𝐹𝑜𝑆ttf is a factor of safety with 19 

regard to the time to failure, which shall be a sufficiently high value because the fatigue has a 20 
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large amount of scatter. In this study, the 𝐹𝑜𝑆ttf = 4.0 recommended for metallic materials 1 

was applied in Eq. (IV-8) following the ECSS standard [53]. 2 

 3 
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 1 

Fig. IV-2 Assumed scenario of test and launch processes for spaceborne electronics 2 

 3 
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3. 𝑫𝑭 Estimation & 𝑴𝒐𝑺 Calculation with respect to PCB Strain 1 

(Step 5-6) 2 

To calculate the 𝑀𝑜𝑆, 𝐷𝐹 for 𝜖c is estimated from the values of 𝑇𝑇𝐹req and 𝑓n as 3 

below. 4 

𝐷𝐹 = (
𝑁org

𝑁req
)

1/𝑏

= (
2×107

𝑇𝑇𝐹req×60×𝑓n
)

1/𝑏

                (IV-9) 5 

where 𝑁org is the original criterion (2 × 107 cycles) used in the previous methodologies. The 6 

𝑁req (=𝑇𝑇𝐹req × 60 × 𝑓n) is the total number of fatigue life cycles required for survival in 7 

test and launch processes. 8 

The final step of the evaluation is to perform a random vibration analysis of electronics 9 

based on the 0 dB input for calculating the 𝑀𝑜𝑆  with respect to the PCB strain on each 10 

package using Eqs. (III-1)–(III-4). However, the 𝜀̇ in Eq. (III-1) is analytically estimated by 11 

taking the derivative of 𝜀pmax
 as follows: 12 

𝜀̇ = 2𝜋 × 𝜀𝑝𝑚𝑎𝑥
× 𝑓𝑛                     (IV-10) 13 

The 𝑀𝑜𝑆 for the solder joint is calculated based on the estimated 𝐷𝐹 as below. 14 

𝑀𝑜𝑆 =
𝐷𝐹 × 𝜖c

𝜀pmax

− 1 > 0                    (IV-11) 15 

The above Eq. (IV-11) is calculated based on the estimated 𝐷𝐹 using Eq. (IV-9), and 16 

this is the key feature of the proposed Oh-Park methodology that prevents an excessive fatigue 17 

margin on the solder joint and has not been proposed in previous studies. 18 
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B. Fatigue Life Tests 1 

1. Description of PBGA388 PCB Sample (Sample Set #1) 2 

Prior to the validation of the effectiveness of the proposed Oh-Park methodology, a 388-3 

pin plastic BGA (PBGA388) package with Sn63-Pb37 eutectic solder balls was selected and 4 

applied to fabricate the sample PCB assemblies for the fatigue life test under random vibration. 5 

Table IV-1 lists the specifications of this package. Figure IV-3 shows a representative 6 

configuration of the sample PCB assembly in Case 1. The PCB was made of FR-4 laminate 7 

with an area of 125 mm × 125 mm and a thickness of 1.55 mm. The mass of the PCB assembly 8 

was 51.1 g. The PCB is mechanically fixed using four M3 screw joints. The daisy-chain circuit 9 

shown in Fig. IV-4 was implemented in the PBGA388 package and the PCB to detect the 10 

occurrence of cracking on the solder joint by monitoring the circuit variation resistance in the 11 

fatigue life test. For the validation of the proposed methodology for various boundary 12 

conditions of the PCB, five cases of PCB samples were fabricated as shown in Figs. III-24 13 

and III-25. Here, Cases 1, 2, and 3 correspond to the samples with higher eigenfrequencies as 14 

the board size becomes smaller than that of the Case 1 PCB. Cases 1-1 and 1-2 correspond to 15 

the samples where the packages are mounted on a position closer to the edge of the board as 16 

compared with the Case 1 PCB. Among these, the package of Case 1-2 is located adjacent to 17 

the screw joint at a distance of 5 mm. Therefore, the cornermost solder joint of the package 18 

can be influenced by the board strain caused by the screw joint. 19 

 20 

  21 
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Table IV-1 Specifications of PBGA388 package 1 

Item Specification 

Manufacturer Topline Co. Ltd. 

Configuration 

 

Solder ball 

- Material: Sn63-Pb37 eutectic solder 

- Dimension (mm): 0.45 × 0.7 (height × maximum ball diameter) 

- Solder pitch (mm): 1.27 

- No. of solder balls (EA): 388 (26 solder balls in one side) 

- Array type: perimeter 

Package 

- Type: Daisy-chained (dummy package) 

- Dimension (mm): 35 × 35 × 2.3 (incl. solder balls) 

- Composition: BT substrate with mold encapsulation 

- Mass (g): 5.0 (incl. solder balls) 

 2 

 3 
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 1 

Fig. IV-3 Representative configuration of sample PCB assembly in Case 1 2 

 3 
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 1 

Fig. IV-4 Configuration of daisy-chain circuit for PBGA388 package 2 
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2.  Results of Fatigue Life Tests 1 

The fatigue life test set-up for a set of PCB samples mounted on the vibration shaker is 2 

shown in Fig. IV-5. In this study, three sets of board samples were fabricated and tested to 3 

ensure the reliability of the test results. To assess 𝑇𝑇𝐹test of each package, in-situ monitoring 4 

of the daisy-chain resistance was performed. Two-wire resistance measurements were 5 

performed for each sample using the data acquisition (DAQ) device of DAQ6510 (Keithley 6 

Co. Ltd., USA). The measurement accuracy of the DAQ was less than 10-2 Ω, and the sampling 7 

rate was set as 1.7 samples/s. The failure criterion on the solder joint was defined as when the 8 

DAQ detects a resistance value 20% higher than the initial value, five times consecutively, in 9 

accordance with the IPC-9701A standard [50]. The random vibration test input of 20 Grms 10 

specified in Table IV-2 was continuously applied for the excitation of board samples until the 11 

failure criterion was achieved. 12 

Figure IV-6 shows the time histories of the daisy-chain resistance values for the first set 13 

of PCB samples. The initial failure of the solder joint was detected in the Case 1 sample at 42 14 

min of random excitation. The Case 2 sample subsequently failed at 57 min, and Case 1-1 also 15 

failed at approximately the same time. The Case 1-2 and Case 3 samples failed at 148 and 240 16 

min of test progress, respectively. Table IV-3 shows the measured 𝑇𝑇𝐹 values of the tested 17 

packages, 𝑇𝑇𝐹test, for all the sets of PCB samples. The 𝑇𝑇𝐹 of PCB samples in the same 18 

case was similar between each other although some of the samples showed slight differences. 19 

These test results were used to validate the Oh-Park methodology. 20 

 21 

  22 
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 1 

Fig. IV-5 Fatigue life test set-up for a set of PCB samples 2 
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Table IV-2 Specifications of input random vibration 1 

Frequency (Hz) PSD acceleration (g2/Hz) 

20 0.091 

60 0.273 

1,000 0.273 

2,000 0.069 

Overall (full level (0 dB)) 20 Grms 

 2 

  3 
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 1 

Fig. IV-6 Time profile of measured daisy-chain resistance for each sample during 2 

random vibration excitation 3 

 4 

 5 
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Table IV-3 𝑻𝑻𝑭𝐭𝐞𝐬𝐭 of PCB samples measured from fatigue life test 1 

Case Set 1 samples Set 2 samples Set 3 samples 

1 42 54 34.5 

1-1 57.8 47 223 

1-2 148 114.3 222.5 

2 57 60 63 

3 240 70 600 

 2 

  3 
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C. Methodology Validation 1 

To validate the effectiveness of the proposed Oh-Park methodology, the validation 2 

scheme shown in Fig. IV-7 was established in accordance with the various simplified FEM 3 

modeling techniques. The evaluation was also performed using Steinberg’s theory for 4 

comparison with the proposed methodology. In addition, the validation involves a comparison 5 

between the 𝑀𝑜𝑆 calculated based on 𝐹𝑜𝑆m value with respect to the original criterion of 2 6 

× 107 cycles and 𝐷𝐹 value based on 𝑇𝑇𝐹req. The mechanical safety of the tested sample 7 

PCBs was evaluated in accordance with the approach described in Fig. IV-1. We also predicted 8 

the 𝑇𝑇𝐹  using both methodologies to determine whether the calculated MoS accurately 9 

represents the actual 𝑇𝑇𝐹 of the tested packages. 10 

The predicted 𝑇𝑇𝐹, 𝑇𝑇𝐹pred, based on the PCB displacement, is calculated using the 11 

power law-based equation described as follows: 12 

𝑇𝑇𝐹pred = 𝑁org × (
𝛿allow

𝛿max
)

𝑏
× (

1

𝑓n×60
)               (IV-12) 13 

where 𝑁org is 2 × 107 cycles for random vibration. Based on the PCB strain, 𝑇𝑇𝐹pred is 14 

calculated as follows:  15 

𝑇𝑇𝐹pred = 𝑁org × (
𝜀c

𝜀pmax

)
𝑏

× (
1

𝑓n×60
)               (IV-13) 16 

 17 
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 1 

Fig. IV-7 Validation scheme for Oh-Park methodology 2 

 3 

  4 



  

120 

 

1.  FEM Modeling Technique of PCB 1 

In this study, a guideline on the simplified FEM modeling technique for the PCB and 2 

electronic package was established for the reliable evaluation of solder joint safety. The 3 

guideline includes the estimation method for 𝜀pmax
. Fig. IV-8 shows a representative example 4 

of a simplified FEM of a sample PCB in Case 1 modeled by the proposed technique. The 5 

modeling guideline was established by a trial and error method based on numerous structural 6 

analyses. The FEM of the package is based on the lumped mass and rigid link elements, as 7 

presented in the chapter III because it is the simplest form of modeling to save time and effort 8 

in constructing the model among the existing modeling techniques of the electronic package. 9 

The rigid link elements used for simulating the package and bolted junctions have the 10 

constraints in only three translational DoFs. As the boundary condition, six DoF constraints 11 

are applied to the independent nodes of the rigid link elements of bolted junctions. To find the 12 

most feasible modeling technique for evaluating solder joint safety, three different modeling 13 

configurations for the BGA-type package, with various numbers of nodes on the PCB 14 

connected with the lumped mass by a rigid link element, as shown in Fig. IV-9, were proposed 15 

and investigated. Types 1, 2, and 3 correspond when the rigid link elements are connected to 16 

the numbers of 4, 8, and 9 nodes on the PCB, respectively. 17 

The shell elements of QUAD4 and TRI3 are used for modeling the PCB as they provide 18 

more precise board strain results compared with the solid elements, which could overestimate 19 

the stiffness due to the inability to provide the rotational DOFs. Here, the package mounting 20 

area, which is equivalent to the package body size, is uniformly modeled by QUAD4 elements. 21 

Because the board strain is overestimated when the element is constrained by a rigid link, a 22 

technique to determine the appropriate size of the shell element is essential to mitigate the 23 

overestimation problem. In practice, it is known that the solder joint becomes vulnerable to 24 
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fatigue failure under mechanical loading as the density of the solder ball array decreases 1 

because it typically leads to a reduction in the size of the solder ball [15]. Based on this, we 2 

found that reasonable strain estimation is possible for the BGA package when the element size 3 

is equivalent to the value of the package body length divided by the number of solder balls on 4 

one side of the package. For the PBGA388 package, with a length of 35 mm and a number of 5 

26 solder balls on one side, the element size was approximately 1.35 mm, and this value was 6 

used in the FEM modeling shown in Fig. IV-8. This modeling technique is advantageous as it 7 

enables a reflection of the effect of the density of the solder ball array even if its actual 8 

configuration is not implemented in the FEM. For the rest of the area on the board, a mesh 9 

size that can obtain uniform mesh quality is recommended. In this study, a 1.5 mm mesh size 10 

was used for the FEM. After the random vibration analysis, 𝜀pmax
 is derived from the RMS 11 

nodal strains extrapolated from the element centroid. Here, 𝜀pmax
 is the averaged value of 12 

strains at four nodes belonging to the cornermost QUAD4 element in the package mounting 13 

area, as shown in Fig. IV-10. 14 

 15 
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 1 

Fig. IV-8 Example of FEM of PCB assembly with Case 1 modeling technique for 2 

electronic package 3 
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  1 

(a)                                  (b) 2 

 3 

(c) 4 

Fig. IV-9 Various simplified modeling techniques for electronic package ((a) Type 1 (4 5 

nodes connection), (b) Type 2 (8 nodes connection), (c) Type 3 (9 nodes connection)) 6 

 7 
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 1 

Fig. IV-10 Calculation method to derive 𝜺𝐩𝐦𝐚𝐱
 from simplified FEM 2 

 3 
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2.  Mechanical Safety Evaluation 1 

Prior to the structural analysis of sample PCBs, the conformity between measured and 2 

analyzed dynamic responses of sample PCBs was investigated based on the bare PCBs in Case 3 

1, 2 and 3 without packages. The FEMs of these bare PCBs were constructed and random 4 

vibration analysis was performed. Cases 1-1 and 1-2 were not analyzed because the board 5 

configurations are same as that of Case 1 and only difference is the mounting location of PCB. 6 

Figs. IV-11~IV-13 are measured and analyzed PSD acceleration responses of bare PCBs and 7 

these comparison results are summarized in Table IV-4. The modal damping values of 0.02, 8 

0.0355 and 0.047 was applied in the analyses of Case 1, 2 and 3. The damping ratio is a 9 

function of stiffness, damping coefficient and mass of the system. Increased modal damping 10 

values of Cases 2 and 3 are caused by smaller masses of the PCB compared with the Case 1. 11 

Same phenomenon was also reported in previous researches on the vibration response 12 

characteristics of metal beam and PCB [56-57]. The analyzed Grms responses and 𝑓n values 13 

of all the bare PCBs correspond with the measured ones with only maximum difference of 14 

2.7 % and 3.4 %, respectively. Although the bare PCBs in Cases 1 and 3 showed some 15 

differences in response at 2nd or 3rd peaks, it does not a problem for analysis since the 1st peak 16 

response is dominant in terms of the mechanical safety of solder joint. Therefore, we 17 

concluded that the FEM of PCB provides reliable analysis results. 18 

After construction of the FEMs with various modeling techniques shown in Fig. IV-9, 19 

modal analysis was performed for each case. The representative results of the first three major 20 

mode shapes of the Case 1 PCB constructed by the Type 3 modeling are shown in Fig. IV-11. 21 

The analyzed values of 𝑓n for each sample PCB are summarized in Table IV-4. Table IV-5 22 

summarizes the estimation results of 𝑇𝑇𝐹req for survival in the scenario shown in Fig. IV-2. 23 
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The results indicated that 𝑇𝑇𝐹req = 35.2 min became the design criterion for electronics. Fig. 1 

IV-12 shows the variation of the estimated 𝐷𝐹 as a function of 𝑓n when 𝑇𝑇𝐹req = 35.2 min. 2 

It can be seen that 𝐷𝐹 becomes larger than 1.0 as the 𝑓n increases. In contrast, the previous 3 

studies [4, 13] used 𝐹𝑜𝑆m = 1.11–1.4 regardless of the 𝑓n, which is equivalent to 𝐷𝐹=0.71–4 

0.91. These results indicate that the 𝐷𝐹  estimated by 𝑇𝑇𝐹req  in accordance with the 5 

proposed methodology would be effective to prevent the unnecessary margin for fatigue life 6 

of solder joint. 7 

 8 

 9 

  10 
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 1 

Fig. IV-11 Measured and analyzed PSD acceleration responses of bare PCB in Case 1 2 

(w/o package) 3 
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 1 

Fig. IV-12 Measured and analyzed PSD acceleration responses of bare PCB in Case 2 2 

(w/o package) 3 
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 1 

Fig. IV-13 Measured and analyzed PSD acceleration responses of bare PCB in Case 3 2 

(w/o package) 3 
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 1 

Table IV-4 Summary of measured and analyzed responses of bare PCBs 2 

Case 
Measured Grms 

Response 

Analyzed Grms 

Response 
Difference (%) 

1 70.6 71.58 1.4 

2 65.9 64.11 2.7 

3 59.5 60.72 2.0 

Case Measured 𝒇𝐧 (Hz) Analyzed 𝒇𝐧 (Hz) Difference (%) 

1 205 201 1.9 

2 348 360 3.4 

3 485 484 0.2 

 3 

 4 

  5 
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 1 

(a) 2 

 3 

(b) 4 
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 1 

(c) 2 

Fig. IV-14 Mode shapes of sample PCB in Case 1 with Type 3 package modeling ((a) 1st 3 

mode: 198.2 Hz, (b) 2nd mode: 386.8 Hz, (c) 3rd mode: 520.5 Hz) 4 

 5 

  6 
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Table IV-5 Analyzed values of 𝒇𝐧 for each sample PCB assembly 1 

Case 
Type 1 FEM 

(4 nodes connection) 

Type 2 FEM 

(8 nodes connection) 

Type 3 FEM 

(9 nodes connection) 

1 186.0 196.7 198.2 

1-1 188.4 196.1 197.0 

1-2 193.0 194.5 196.0 

2 351.1 389.3 393.4 

3 537.2 627.2 635.9 

 2 

  3 



  

134 

 

Table IV-6 Estimation results of 𝑻𝑻𝑭𝒓𝒆𝒒 for survival of solder joint in test and launch 1 

processes 2 

Step Factor Value Unit Remarks 

No. of tests per each test 

level 
n 3 - - 

Fatigue exponent for 

solder joint 
b 6.4 - for solder or lead frame material 

Duration for a single test 

(min) 
ttest 2.00 min - 

Duration for launch 

random vibration (min) 
tlnch 4.00 min - 

Eqv. time for vibration 

tests at each test level 

(min) 

T-12dB 0.00029 min - 

T-9dB 0.0026 min - 

T-6dB 0.024 min - 

T-3dB 0.219 min - 

T0dB 2.00 min - 

Eqv. time for qualification 

test (comp. level) 
ΣTC-Q 6.74 min 

for 3-axis tests 
Eqv. time for qualification 

test (S/S level) 
ΣTS/S-A 0.74 min 

Eqv. time for launch (S/S 

level) 
ΣTL 1.32 min 

Eqv. to AT (ΣT-3dB),  

3 axis excitation 

Factor of safety w.r.t. 

required fatigue life (min) 
FoSttf 4 - Referred ECSS-E-ST-32C 

Required fatigue life for 

solder joint (min) 
TTFreq 35.2 min - 

 3 

  4 
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 1 

Fig. IV-15 Estimated 𝑫𝑭 for estimated 𝑻𝑻𝑭𝐫𝐞𝐪 as a function of 𝒇𝐧 2 

 3 

  4 
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Table IV-7 summarizes the 𝑀𝑜𝑆 calculated for each package using the proposed Oh-1 

Park methodology and Steinberg’s theory when the Type 1 modeling is applied. The results 2 

derived from 𝐹𝑜𝑆m = 1.11, used in the previous chapter, are also summarized in Table IV-7 3 

for comparison with the proposed methodology. Fig. IV-16 shows the 𝑇𝑇𝐹pred calculated 4 

using Eqs. (IV-12) and (IV-13) to validate the effectiveness of the methodologies. In this study, 5 

the 𝑇𝑇𝐹pred is considered to be accurate if it is within the range of four times longer and 6 

shorter values of the minimum value of 𝑇𝑇𝐹test considering the scatter factor of 4.0 specified 7 

in the ECSS standard [53]. The overall results obtained from both methodologies indicate that 8 

the application of 𝐷𝐹 derived from 𝑇𝑇𝐹req effectively mitigates the problem of excessive 9 

margins in the 𝑀𝑜𝑆  calculation. However, the opposite trend was observed between the 10 

results of these methodologies. The 𝑀𝑜𝑆 values calculated by Steinberg’s theory, based on 11 

the 𝑇𝑇𝐹req, seem to accurately represent mechanical safety because only the Case 1 package 12 

failed at 34.5 min in the test, which is earlier then the 𝑇𝑇𝐹req  = 35.2 min, revealed the 13 

negative margin. However, 𝑇𝑇𝐹pred for the Cases 1-2, 2, and 3 packages are much longer 14 

than 𝑇𝑇𝐹test and this overestimation results from the theoretical limitations of Steinberg’s 15 

theory. The Oh-Park methodology, however, provides conservative results for 𝑀𝑜𝑆  and 16 

𝑇𝑇𝐹pred because the values of 𝜀pmax
 were excessive in most cases. This phenomenon was 17 

caused by the strain concentration at the rigid link element connected to only four nodes of 18 

the PCB, which has a largely different configuration as compared to the actual PBGA388 19 

package with a 2D solder ball matrix. Therefore, we investigated the Types 2 and 3 modeling 20 

with 8 and 9 nodes constrained by rigid links, respectively, to more effectively simulate the 21 

actual package configuration. 22 
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Table IV-8 summarizes the results of the 𝑀𝑜𝑆 calculations based on the Type 2 FEM, 1 

and the 𝑇𝑇𝐹pred values obtained using Eqs. (IV-12) and (IV-13) are shown in Fig. IV-17. It 2 

is evident that the 𝑀𝑜𝑆 calculated by the Oh-Park methodology accurately represents the 3 

mechanical safety with respect to 𝑇𝑇𝐹req = 35.2 min as compared with the results obtained 4 

using the Type 1 FEM presented in Table IV-6. This is because the phenomenon of strain 5 

concentration seen in the Type 1 FEM was mitigated by adding additional rigid constraint 6 

points for the package. Meanwhile, the 𝑀𝑜𝑆 calculated by Steinberg’s theory also seems to 7 

well represent the mechanical safety; however, the graph shown in Fig. IV-14 indicates that 8 

the 𝑇𝑇𝐹pred  values derived from Steinberg’s theory are still outside the acceptable error 9 

ranges specified above, except for the Case 1-1 package. This means that the problem with 10 

Steinberg’s theory seen in Table IV-7 and Fig. IV-16 could not be solved by changing the 11 

package modeling configuration, whereas the Oh-Park methodology provides considerably 12 

reliable results. 13 

Table IV-9 and Fig. IV-18 show the results of the 𝑀𝑜𝑆 and 𝑇𝑇𝐹pred values calculated 14 

by the design methodologies based on the Type 3 FEM. The 𝑀𝑜𝑆 values obtained by the Oh-15 

Park methodology are similar to the results of the Type 2 model presented in Table IV-8. 16 

However, the 𝑇𝑇𝐹pred values for all the sample packages were within the specified error 17 

range, which is more accurate than those of the Type 2 model. Although a maximum difference 18 

of up to three times was observed between the 𝑇𝑇𝐹pred and the minimum value of 𝑇𝑇𝐹test 19 

according to the sample cases, this degree of over- or under-estimation, is judged to be 20 

acceptable in the evaluation because 𝐹𝑜𝑆ttf = 4.0 is considered in 𝑇𝑇𝐹req. In contrast, as 21 

observed in the former analysis results using the Types 1 and 2 FEMs, Steinberg’s theory 22 

continuously provides inaccurate results for the 𝑇𝑇𝐹pred, which is critical in reliable 𝑀𝑜𝑆 23 

calculation. These results indicate that the problems associated with Steinberg’s theory cannot 24 
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be solved regardless of the modeling technique used. These results validated the effectiveness 1 

of the Oh-Park methodology for evaluating solder joint safety in comparison with previous 2 

methodologies. In addition, we also concluded that the Type 3 FEM with 9 nodes of PCB 3 

connected with a rigid link element is the most feasible solution for reliable and rapid design 4 

evaluation of electronics based on the proposed methodology among the Type 1–3 modeling 5 

techniques. 6 

 7 

  8 
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Table IV-7 Comparison between methodologies based on 𝑴𝒐𝑺  of sample PBGA388 1 

package calculated using Type 1 FEM 2 

Case 
𝜺̇ 

(μ-strain/s) 

𝜺𝐜 

(μ-strain) 

𝜺𝐩𝐦𝐚𝐱
 

(μ-strain) 

𝑫𝑭 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 min) 

𝑴𝒐𝑺 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 min) 

𝑴𝒐𝑺 

(𝑭𝒐𝑺𝐦 

=1.11) 

Oh-Park 

methodol. 

1 666,933 91.6 570.7 0.542 -0.70 -0.86 

1-1 628,179 96.2 530.7 0.543 -0.67 -0.84 

1-2 217,938 178.9 179.7 0.545 0.83 -0.10 

2 879,625 70.0 398.7 0.599 -0.71 -0.84 

3 987,798 60.9 292.7 0.640 -0.67 -0.81 

Case 𝒓 
𝒁𝐚𝐥𝐥𝐨𝐰 

(mm) 

𝒁𝐦𝐚𝐱 

(mm) 

𝑫𝑭 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 min) 

𝑴𝒐𝑺 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 min) 

𝑴𝒐𝑺 

(𝑭𝒐𝑺𝐦 

=1.11) 

Steinberg’s 

theory 

1 1.000 0.201 0.363 0.542 0.02 -0.50 

1-1 0.887 0.226 0.291 0.543 0.43 -0.30 

1-2 0.332 0.604 0.135 0.545 7.21 3.03 

2 1.000 0.148 0.072 0.599 2.44 0.86 

3 1.000 0.131 0.024 0.640 7.52 3.91 

 3 

  4 
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 1 

Fig. IV-16 Comparison between 𝑻𝑻𝑭𝐭𝐞𝐬𝐭  and 𝑻𝑻𝑭𝐩𝐫𝐞𝐝  calculated by methodologies 2 

with Type 1 FEM 3 

 4 

  5 
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Table IV-8 Comparison between methodologies based on 𝑴𝒐𝑺  of sample PBGA388 1 

package calculated using Type 2 FEM 2 

Case 
𝜺̇ 

(μ-strain/s) 

𝜺𝐜 

(μ-strain) 

𝜺𝐩𝐦𝐚𝐱
 

(μ-strain) 

𝑫𝑭 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 min) 

𝑴𝒐𝑺 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 min) 

𝑴𝒐𝑺 

(𝑭𝒐𝑺𝐦 

=1.11) 

Oh-Park 

methodol. 

1 358,000 140.2 289.7 0.547 -0.12 -0.56 

1-1 312,581 150.8 253.7 0.547 0.09 -0.46 

1-2 246,408 169.3 201.6 0.546 0.54 -0.24 

2 502,239 113.7 205.3 0.609 -0.09 -0.50 

3 602,408 99.5 152.9 0.656 -0.01 -0.41 

Case 𝒓 
𝒁𝐚𝐥𝐥𝐨𝐰 

(mm) 

𝒁𝐦𝐚𝐱 

(mm) 

𝑫𝑭 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 min) 

𝑴𝒐𝑺 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 min) 

𝑴𝒐𝑺 

(𝑭𝒐𝑺𝐦 

=1.11) 

Steinberg’s 

theory 

1 1.000 0.201 0.279 0.547 0.31 -0.35 

1-1 0.887 0.226 0.228 0.547 0.81 -0.11 

1-2 0.332 0.604 0.120 0.546 8.22 3.53 

2 1.000 0.148 0.069 0.609 2.53 0.94 

3 1.000 0.131 0.012 0.656 15.62 8.82 

 3 

  4 
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 1 

Fig. IV-17 Comparison between 𝑻𝑻𝑭𝐭𝐞𝐬𝐭  and 𝑻𝑻𝑭𝐩𝐫𝐞𝐝  calculated by methodologies 2 

with Type 2 FEM 3 

 4 

  5 
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Table IV-9 Comparison between methodologies based on 𝑴𝒐𝑺  of sample PBGA388 1 

package calculated using Type 3 FEM 2 

Case 
𝜺̇ 

(μ-strain/s) 

𝜺𝐜 

(μ-strain) 

𝜺𝐩𝐦𝐚𝐱
 

(μ-strain) 

𝑫𝑭 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 min) 

𝑴𝒐𝑺 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 min) 

𝑴𝒐𝑺 

(𝑭𝒐𝑺𝐦 

=1.11) 

Oh-Park 

methodol. 

1 358,000 145.2 269.4 0.547 -0.02 -0.51 

1-1 312,581 152.3 247.4 0.547 0.13 -0.45 

1-2 246,408 162.3 217.9 0.546 0.23 -0.33 

2 502,239 118.6 191.0 0.609 0.02 -0.44 

3 602,408 103.1 144.0 0.656 0.09 -0.36 

Case 𝒓 
𝒁𝐚𝐥𝐥𝐨𝐰 

(mm) 

𝒁𝐦𝐚𝐱 

(mm) 

𝑫𝑭 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 min) 

𝑴𝒐𝑺 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 min) 

𝑴𝒐𝑺 

(𝑭𝒐𝑺𝐦 

=1.11) 

Steinberg’s 

theory 

1 1.000 0.201 0.270 0.547 0.36 -0.33 

1-1 0.887 0.226 0.216 0.547 0.91 -0.06 

1-2 0.332 0.604 0.114 0.546 8.70 3.77 

2 1.000 0.148 0.042 0.609 4.79 2.18 

3 1.000 0.131 0.012 0.656 15.60 8.82 

 3 

 4 

  5 
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 1 

Fig. IV-18 Comparison between 𝑻𝑻𝑭𝐭𝐞𝐬𝐭  and 𝑻𝑻𝑭𝐩𝐫𝐞𝐝  calculated by methodologies 2 

with Type 3 FEM 3 

 4 

  5 
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D. Methodology Validation on Various Packages 1 

1.  Sample Set #2: CCGA624 Package 2 

In the present study, we also evaluated the 624-pin ceramic CGA (CCGA624) package, 3 

presented in the previous chapter based on the Oh-Park methodology with the Type 3 FEM 4 

modeling technique. A daisy-chained CCGA624 package with a size of 32.5 mm × 32.5 mm 5 

× 4.9 mm was mounted on the center of the PCB with dimensions of 100 mm × 100 mm × 2 6 

mm. The total mass of the PCB assembly is 51.1 g, including the package with a mass of 13.3 7 

g. An array of Sn20-Pb80 solder columns was integrated on the PCB using a Sn63-Pb37 8 

material. The sample PCB was exposed to 28 Grms of random vibration excitation until the 9 

daisy-chain resistance indicated failure of the solder joint. A 𝑇𝑇𝐹test  = 5.38 min was 10 

observed from the test results. The FEM was constructed using the approach shown in Figs. 11 

IV-8 and IV-9. The analyzed 𝑓n was 382.6 Hz. 12 

Table IV-10 summarizes 𝑀𝑜𝑆 and 𝑇𝑇𝐹 values calculated by the design methodologies. 13 

The test results in the Section III-C showed that the fatigue fracture was occurred at the solder 14 

column. This means that the evaluation shall be performed by applying the value of 𝑏 for 15 

Sn20-Pb80 material, however, it has not yet been developed thus far. Therefore, in the analysis, 16 

we applied 𝑏=3.44 that was originally developed for Sn10-Pb90 column material [11] as a 17 

substitute. The 𝑀𝑜𝑆 calculated by the Oh-Park methodology using 𝐷𝐹 showed a negative 18 

margin and it accurately represents the mechanical safety as 𝑇𝑇𝐹pred was smaller than the 19 

𝑇𝑇𝐹req = 35.2 min. In addition, 𝑇𝑇𝐹pred has only 1.72 times difference with 𝑇𝑇𝐹test. In 20 

contrast, using Steinberg’s theory still provided inaccurate results. These results indicate that 21 

the proposed Oh-Park methodology is also effective for providing reliable evaluation results 22 

on the CCGA package. 23 
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Table IV-10 Comparison between methodologies based on 𝑴𝒐𝑺 of sample CCGA624 1 

package 2 

Design 

methodol. 

𝑴𝒐𝑺 𝑻𝑻𝑭 

𝜺̇ 
(μ-strain /s) 

𝜺𝐜 

(μ-strain) 

𝜺𝐩𝐦𝐚𝐱
 

(μ-strain) 

𝑫𝑭 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 

min) 

𝑴𝒐𝑺 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 

min) 

𝑻𝑻𝑭𝐩𝐫𝐞𝐝 

(min) 

𝑻𝑻𝑭𝐭𝐞𝐬𝐭 

(min) 

Diff. btw. 

𝑻𝑻𝑭 

(times) 

Oh-Park 

methodol. 
838,668 67.8 348.9 0.395 -0.51 3.12 5.38 1.72 

Design 

methodol. 

𝑴𝒐𝑺 𝑻𝑻𝑭 

𝒓 
𝒁𝐚𝐥𝐥𝐨𝐰 

(mm) 

𝒁𝐦𝐚𝐱 

(mm) 

𝑫𝑭 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 

min) 

𝑴𝒐𝑺 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 

min) 

𝑻𝑻𝑭𝐩𝐫𝐞𝐝 

(min) 

𝑻𝑻𝑭𝐭𝐞𝐬𝐭 

(min) 

Diff. btw. 

𝑻𝑻𝑭 

(times) 

Steinberg’s 

theory 
1.0 0.141 0.09 0.395 2.98 4,124 5.38 766.5 

 3 

  4 
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2.  Sample Set #3: QFP208 Package 1 

In addition to the BGA and CGA type packages, the effectiveness of the proposed design 2 

methodology was also evaluated with regards to the QFP type package as well. This package 3 

is also one of the common types applied for the electronics being developed recently. In this 4 

study, a daisy-chained 208-pin QFP (QFP208) package was selected for the methodology 5 

evaluation. Figure IV-19 shows the illustration of the PCB sample with QFP208 package and 6 

the specifications of the package are listed in Table IV-11. The package with a size of 28 mm 7 

× 28 mm × 4 mm was mounted on the PCB sample with dimensions of 243 mm × 160 mm × 8 

2.4 mm, and the total mass of PCB assembly is 196 g. The copper lead frames of the package 9 

were soldered on the PCB using Sn63-Pb37 material. Figure IV-20 shows set-up for random 10 

vibration fatigue tests. The sample PCB was exposed to 14 Grms of random vibration excitation 11 

until the daisy-chain resistance indicated failure of the solder joint. A 𝑇𝑇𝐹test = 277 min was 12 

observed from the daisy-chain resistance measurement results shown in Fig. IV-21. 13 

In this study, we proposed the simplified modeling technique for QFP type package and 14 

it is illustrated in the Fig. IV-22. The overall modeling methodology is same as that shown in 15 

Figs. IV-8 and IV-9, but the difference in contrast to the modeling of BGA package is that the 16 

number of 16 points at the edge of the package body area are connected by rigid link element. 17 

The structural analysis was performed after making the FEM. Figure IV-23 shows 18 

representative mode shapes of the QFP208 PCB. The analyzed board 𝑓n was 119 Hz. Table 19 

IV-12 summarizes 𝑀𝑜𝑆 and 𝑇𝑇𝐹 values calculated by the design methodologies. The 𝑀𝑜𝑆 20 

calculated by the Oh-Park methodology using 𝐷𝐹 showed a positive margin and it accurately 21 

represents the mechanical safety because 𝑇𝑇𝐹pred was 120 min than the 𝑇𝑇𝐹req = 35.2 min. 22 

In addition, 𝑇𝑇𝐹pred=120 min has only the difference of 2.31 times with 𝑇𝑇𝐹test. Meanwhile, 23 
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the Steinberg’s theory showed the similar results as that of the Oh-Park methodology. The 1 

reason for the accurate results of the Steinberg’s theory is that the mode shape is close to the 2 

ideal half-sine wave such that the 𝑍allow is calculated with minimal error. The conclusion of 3 

the analysis is that the proposed Oh-Park methodology might be also effective for providing 4 

reliable evaluation results on the QFP package. 5 

 6 

  7 
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 1 

Fig. IV-19 Illustration of PCB sample with QFP208 package 2 

 3 
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Table IV-11 Specifications of QFP208 package 1 

Package No. Configuration Properties 

U1 

 

- Package Type: QFP 

- Pin Count: 208 

- Mount Type: Surface Mount 

- Size (mm): 28×28×4 

- Mass (g): 5.4 

- Solder Material: Sn63-Pb37 

 2 

 3 

  4 
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 1 

Fig. IV-20 Random vibration test set-up for QFP208 PCB sample (sample set #3) 2 

 3 

 4 

 5 
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 1 

Fig. IV-21 Time profile of daisy-chain resistance for QFP208 package (sample set #3) 2 
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 1 

Fig. IV-22 Simplified FEM modeling technique for QFP package 2 
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 1 

(a) 2 

 3 

(b) 4 
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 1 

(c) 2 

Fig. IV-23 Representative mode shapes of QFP208 PCB ((a) 119.0 Hz, (b) 216.1 Hz, (c) 3 

374.1 Hz) 4 

 5 
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Table IV-12 Comparison between methodologies based on 𝑴𝒐𝑺  of sample QFP208 1 

package (sample set #3) 2 

Design 

methodol. 

𝑴𝒐𝑺 𝑻𝑻𝑭 

𝜺̇ 
(μ-strain /s) 

𝜺𝐜 

(μ-strain) 

𝜺𝐩𝐦𝐚𝐱
 

(μ-strain) 

𝑫𝑭 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 

min) 

𝑴𝒐𝑺 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 

min) 

𝑻𝑻𝑭𝐩𝐫𝐞𝐝 

(min) 

𝑻𝑻𝑭𝐭𝐞𝐬𝐭 

(min) 

Diff. btw. 

𝑻𝑻𝑭 

(times) 

Oh-Park 

methodol. 
254,621 208.1 340.5 0.506 0.21 120 277 2.31 

Design 

methodol. 

𝑴𝒐𝑺 𝑻𝑻𝑭 

𝜺̇ 
(μ-strain /s) 

𝜺𝐜 

(μ-strain) 

𝜺𝐩𝐦𝐚𝐱
 

(μ-strain) 

𝑫𝑭 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 

min) 

𝑴𝒐𝑺 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 

min) 

𝑻𝑻𝑭𝐩𝐫𝐞𝐝 

(min) 

𝑻𝑻𝑭𝐭𝐞𝐬𝐭 

(min) 

Diff. btw. 

𝑻𝑻𝑭 

(times) 

Steinberg’s 

theory 
0.812 0.524 0.801 0.506 0.29 184.2 277 1.50 

 3 

  4 
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3. Sample Set #4: PBGA388 Package 1 

The evaluation on the PBGA388 package was additionally performed with respect to the 2 

PCB with different boundary condition with that shown in Fig. III-24 and III-25. Figure IV-3 

24 shows the illustration of the PCB sample used for the methodology evaluation. The PCB 4 

has same dimensions in area as those shown in Fig. IV-22. However, the difference is that the 5 

PCB thickness was reduced from 2.4 mm to 1.2 mm and the stiffener made up of aluminum 6 

6061 with 0.8 mm thickness was integrated on the bottom side of the PCB. The sample PCB 7 

was exposed to 20 Grms of random vibration excitation until the daisy-chain resistance 8 

indicated failure of the solder joint. A 𝑇𝑇𝐹𝑡𝑒𝑠𝑡 = 277 min was observed from the daisy-chain 9 

resistance measurement results shown in Fig. IV-25. The FEM was constructed using the 10 

approach shown in Figs. IV-8 and IV-9. The analyzed 𝑓𝑛 was 104 Hz. 11 

Table IV-13 summarizes 𝑀𝑜𝑆 and 𝑇𝑇𝐹 values calculated by the design methodologies. 12 

The 𝑀𝑜𝑆 calculated by the Oh-Park methodology using 𝐹𝑜𝑆𝑚 showed a positive margin 13 

and it accurately represents the mechanical safety because 𝑇𝑇𝐹𝑝𝑟𝑒𝑑 was 158 min than the 14 

𝑇𝑇𝐹𝑟𝑒𝑞  = 35.2 min. In addition, 𝑇𝑇𝐹𝑝𝑟𝑒𝑑  has only the difference of 1.8 times with the 15 

𝑇𝑇𝐹𝑡𝑒𝑠𝑡. However, the Steinberg’s theory showed inaccurate results as the calculated 𝑀𝑜𝑆 16 

was -0.50 and 𝑇𝑇𝐹𝑝𝑟𝑒𝑑  was 13.4 min. These results indicated the effectiveness of the 17 

proposed Oh-Park methodology for different boundary condition of PCB. 18 

 19 

  20 
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 1 

Fig. IV-24 Illustration of PCB sample with PBGA388 package 2 

 3 

  4 
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 1 

Fig. IV-25 Time profile of daisy-chain resistance for PBGA388 package (sample set #4) 2 

 3 
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Table IV-13 Comparison between methodologies based on 𝑴𝒐𝑺  of sample PBGA388 1 

Package (sample set #4) 2 

Design 

methodol. 

𝑴𝒐𝑺 𝑻𝑻𝑭 

𝜺̇ 
(μ-strain /s) 

𝜺𝐜 

(μ-strain) 

𝜺𝐩𝐦𝐚𝐱
 

(μ-strain) 

𝑫𝑭 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 

min) 

𝑴𝒐𝑺 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 

min) 

𝑻𝑻𝑭𝐩𝐫𝐞𝐝 

(min) 

𝑻𝑻𝑭𝐭𝐞𝐬𝐭 

(min) 

Diff. btw. 

𝑻𝑻𝑭 

(times) 

Oh-Park 

methodol. 
214,292 204.8 327.9 0.495 0.26 158 282 1.8 

Design 

methodol. 

𝑴𝒐𝑺 𝑻𝑻𝑭 

𝒓 
𝒁𝐚𝐥𝐥𝐨𝐰 

(mm) 

𝒁𝐦𝐚𝐱 

(mm) 

𝑫𝑭 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 

min) 

𝑴𝒐𝑺 

(𝑻𝑻𝑭𝐫𝐞𝐪 

=35.2 

min) 

𝑻𝑻𝑭𝐩𝐫𝐞𝐝 

(min) 

𝑻𝑻𝑭𝐭𝐞𝐬𝐭 

(min) 

Diff. btw. 

𝑻𝑻𝑭 

(times) 

Steinberg’s 

theory 
0.875 0.626 1.473 0.495 -0.14 13.4 282 21 

 3 

 4 

  5 
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E. Considerations in Practical Structural Design of Spaceborne 1 

Electronics 2 

For the structural design methodology proposed in this study to be used in the practical 3 

structural design of spaceborne electronics, the mechanical safety evaluation process is better 4 

to be minimized in the viewpoint of a rapid design and evaluation. 5 

 6 

1) Possibility of minimizing mechanical safety evaluation process 7 

The evaluation approach described in Fig. IV-1, obviously, requires an increased 8 

number of calculation steps to reach the final evaluation results as compared to those of 9 

Steinberg’s theory that only needs steps 1, 2 and 6. However, steps 3 and 4 to derive the 10 

𝑇𝑇𝐹req might be sufficient to be performed once in an entire space program because test 11 

and launch processes for all the electronics are determined in accordance with the 12 

development model philosophy established in early design process of spacecraft. 13 

Meanwhile, the value of 𝐷𝐹  in step 5 is originally intended to be calculated for each 14 

package because 𝑓n would be different for each package. However, the highest value of 15 

𝐷𝐹 among the values for all the packages in the electronics can be derived and applied to 16 

all the packages. This would also simplify the calculation process. 17 

In case of the FEM modeling technique for electronic package shown in Fig. IV-8, 18 

simulating the package by mesh sizing of the package mounting area on the PCB and 19 

connecting different number of rigid links according to the package type is necessary for 20 

estimating reliable 𝑀𝑜𝑆 based on PCB strain. This requires more effort as compared to 21 

that of the Steinberg’s theory. However, the package type and the number of solder joints 22 

on one side of package can be easily found in the package datasheet or specification. No 23 
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other mechanical information is needed to model the package. Therefore, we can say that 1 

it would still be useful for rapid model construction and analysis of electronics, even in the 2 

initial structural design phase when the electronics design is not mature. 3 

 4 

2) Absence of S-N data of solder or lead material 5 

One potential problem in applying the proposed design methodology is that some 6 

solder or lead material developed in recent does not have S-N curve data, which means the 7 

absence of fatigue exponent 𝑏 . This is the limitation in evaluating solder joint safety 8 

because additional material fatigue tests are required to obtain that data, which is out of 9 

scope of this study. Currently, there is no other option but to apply the value of other similar 10 

solder or lead material. Nevertheless, if there is concern with vulnerability to fatigue failure, 11 

additional fatigue tests of sample package might be one feasible solution. 12 

 13 

3) Assumption in estimation of the number of fatigue cycles 14 

In the proposed design methodology, the number of fatigue cycles 𝑁 was derived by 15 

𝑓𝑛 × 𝑇𝑇𝐹req. This simplified calculation approach was possible under assumption that the 16 

𝑁  is directly related to 𝑓𝑛 . Since the 𝑓𝑛  is the fundamental resonant frequency, the 17 

participation of the other modes at lower or higher frequency range is not included in 18 

estimating the value of 𝑁 accumulated under given random vibration loading. In case of 19 

the single PCB mounted on the rigid base, the 𝑓𝑛 is obtained at first major peak response, 20 

which is highly dominant in the modal participation point of view. To qualitatively prove 21 

this fact, the number of positive zero crossings, 𝑁0
+, were estimated and compared with 22 

the 𝑓𝑛 . The definition of 𝑁0
+  is the average number of times where the displacement 23 
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trace crosses the zero axis with a positive slope [8]. This value can be estimated from 1 

multiple number of responses at various PCB modes as the equation described below. 2 

 3 

𝑁0
+ =

1

2𝜋
(

𝜋
2∙𝑃1∙𝑓1∙𝑄1

(2𝜋𝑓1)2 +

𝜋
2∙𝑃2∙𝑓2∙𝑄2

(2𝜋𝑓2)2 +⋯

𝜋
2∙𝑃1∙𝑓1∙𝑄1

(2𝜋𝑓1)4 +

𝜋
2∙𝑃2∙𝑓2∙𝑄2

(2𝜋𝑓2)4 +⋯

)

1/2

                   (IV-14) 4 

 5 

where, 𝑓 , 𝑃  and 𝑄  denote eigenfrequency, power spectral density at 𝑓  and 6 

amplification factor at 𝑓, respectively.  7 

As a representative example of comparison between 𝑁0
+ and 𝑓n, the bare PCBs in 8 

Case 1, 2 and 3 described above were selected and their test results were used for the 9 

estimation. The 𝑓  and 𝑄  values were derived from three major modes for each PCB 10 

from the low level sine sweep results. 𝑃  were derived from the random vibration 11 

specification in Table III-2. Table IV-14 (a), (b) and (c) summarizes the results of 12 

comparisons between 𝑁0
+ and 𝑓n for Cases 1, 2 and 3, respectively. The results indicate 13 

that all the sample bare PCBs showed 𝑁0
+ values having differences of less than 6.3 % 14 

with 𝑓n. This means that the estimated 𝑇𝑇𝐹 or 𝑁 values would have a similar extent of 15 

difference. This amount of error does not produce any problem in evaluating mechanical 16 

safety of a single PCB by the proposed design methodology because the 𝐹𝑜𝑆𝑡𝑡𝑓=4.0 is 17 

considered in the 𝑇𝑇𝐹req. However, the modal participation at 𝑓n could be less dominant 18 

when the PCB integrated with the housing structure of the electronics as the dynamic 19 

coupling between housing and PCB creates various complex modes. However, the error 20 

still could be covered by the above 𝐹𝑜𝑆𝑡𝑡𝑓  value. If necessary, the estimation of 𝑁0
+ 21 

might be one way to investigate on the use of 𝑓n for 𝑇𝑇𝐹req estimation. 22 
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 1 

4) Estimation of 𝑇𝑇𝐹req in various space programs 2 

In the proposed design methodology, 𝑇𝑇𝐹req=35.2 min was derived with regards to 3 

the development scenario shown in Fig. IV-2. One thing to note is that it is not the fixed 4 

value applied for every space program. The scenario shown in Fig. IV-2 was established 5 

under assumption that a single electronics (FM) is developed and exposed to vibration 6 

during qualification test, acceptance test and launch. If the scenario changes, 𝑇𝑇𝐹req shall 7 

be calculated based on the changed test and launch processes. In this study, several other 8 

examples of 𝑇𝑇𝐹req estimation in accordance with three assumed development scenarios 9 

were provided. Followings are the development scenarios investigated in this study. 10 

 11 

Scenario 1 EQM, QM and FM of electronics are developed and tested separately 

(One of the typical process in satellite development program) (Fig. 

IV-26) 

- The EQM or QM is not used for flight 

Scenario 2 One electronics is developed and undergoes PFM level test and 

launch (Fig. IV-27) 

- Typical duration of random vibration test at PFM level: 1 min 

(*Qualification level: 2 min) 

Scenario 3 Reusable launch vehicle, 20 times of repetitive launch after 

component acceptance test (Fig. IV-28) 

- Vibration during re-entry of launch vehicle was not considered. 

 12 
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Table IV-15 summarizes the estimation results of 𝑇𝑇𝐹req with respect to scenario 1. 1 

Here, we calculated 𝑇𝑇𝐹req for the qualification test of EQM or QM and acceptance test 2 

and launch of FM. The 𝑇𝑇𝐹req=25.4 min was estimated for the QM with 𝐹𝑜𝑆ttf = 4.0 3 

and it was approximately 2.7 times larger value than that of FM even if it undergoes 4 

component, payload and satellite system level acceptance tests as well as launch. Therefore, 5 

if the structural design is analytically validated for 𝑇𝑇𝐹req=25.4 min, the FM would not 6 

be failed during acceptance tests and launch. 7 

Table IV-16 summarizes the estimation results of 𝑇𝑇𝐹req with respect to scenario 2. 8 

Here, we calculated 𝑇𝑇𝐹req for the PFM level tests and launch of FM. The 𝑇𝑇𝐹req=45.5 9 

min was estimated for the FM with 𝐹𝑜𝑆ttf  = 4.0. This development approach would 10 

reduce the development cost and schedule as compared to the scenario 1 shown in Table 11 

IV-15. However, a care must be taken to the increased value of 𝑇𝑇𝐹req in the structural 12 

design of electronics. 13 

Table IV-17 shows the estimation results of 𝑇𝑇𝐹req with respect to scenario 3. Here, 14 

we calculated 𝑇𝑇𝐹req  for the QM and FM of electronics for launch vehicle. In this 15 

scenario, the component-level qualification test is separately performed for QM of 16 

electronics. FM is fabricated and tested at acceptance level, and then it goes to 20 times of 17 

repetitive launch without refurbishment once integrated with the launch vehicle. The 18 

𝑇𝑇𝐹req=106.7 min was estimated for the FM with 𝐹𝑜𝑆ttf = 4.0. This is 4.2 times larger 19 

value than that of QM. These results indicate that the multiple number of repetitive 20 

launches produce much larger fatigue damage on the solder joint of electronics as 21 

compared to that of qualification-level vibration test. This factor shall be considered for 22 

ensuring the structural safety of electronics. 23 
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Table IV-14 Comparison between 𝑵𝟎
+ and 𝒇𝐧 of bare PCBs 1 

(a) Case 1 PCB 2 

Mode 
Eigenfreq. Amp. Factor PSD Level 

f (Hz) 𝑸 (-) 𝑷 (G2/Hz) 

1 202 20.9 0.273 

2 655 9.3 0.273 

3 1644 3.21 0.11 

Difference btw. 𝑁0
+ and 𝑓n (%) 6.30 

 3 

(b) Case 2 PCB 4 

Mode 
Eigenfreq. Amp. Factor PSD Level 

f (Hz) 𝑸 (-) 𝑷 (G2/Hz) 

1 360 26.8 0.273 

2 681 3.38 0.273 

3 1255 5.2 0.177 

Difference btw. 𝑁0
+ and 𝑓n (%) 3.90 

 5 

(c) Case 3 PCB 6 

Mode 
Eigenfreq. Amp. Factor PSD Level 

f (Hz) 𝑸 (-) 𝑷 (G2/Hz) 

1 498 13.5 0.273 

2 898 2 0.273 

3 1771 5.84 0.09 

Difference btw. 𝑁0
+ and 𝑓n (%) 4.46 

 7 

 8 

  9 
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 1 

Fig. IV-26 Assumed electronics development scenario 1 (Typical QM-FM approach) 2 

 3 

 4 

  5 
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Table IV-15 Estimation results of 𝑻𝑻𝑭𝐫𝐞𝐪 for assumed development scenario 1 1 

Step Factor Value Remarks 

No. of tests per each test level N 3 
tests per each level in 3 

axes 

Fatigue exponent for solder joint b 6.4 
for solder or lead frame 

material 

Eqv. time for vibration tests at each 

test level (min) 

T-12dB 0.00007 -12 

T-9dB 0.0007 -9 

T-6dB 0.006 -6 

T-3dB 0.110 -3 

T0dB 2.00 0 

Duration for a single test (min) 

t1 0.50 
for low level tests (-12, -

9, -6 dB) 

t2 1.00 for accept. test (-3 dB) 

tQ 2.00 for qual. test (0 dB) 

Duration for launch random vibration 

(min) 
tL 4.00 for launch 

QM 
Eqv. time for qual. test 

(comp. level) (min) 
ΣTC-Q 6.35  

FM 

Eqv. time for accept. test 

(comp. level) (min) 
ΣTC-A 0.35  

Eqv. time for accept. test 

(payload level) (min) 
ΣTP/L-A 0.35  

Eqv. time for accept. test 

(S/S level) (min) 
ΣTS/S-A 0.35  

Eqv. time for launch 

(min) 
ΣTL 1.32 

Eqv. to accep. test, 3 

axis excitation, 4 min 

duration 

Summary 

Factor of safety w.r.t. 

Required TTF (min) 
FoSttf 4 ECSS-E-ST-32C 

Required TTF for solder 

joint (min) 

TTFreq 25.4 for QM 

TTFreq 9.5 for FM 

  2 
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 1 

Fig. IV-27 Assumed electronics development scenario 2 (PFM approach) 2 

 3 

 4 

  5 
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Table IV-16 Estimation results of 𝑻𝑻𝑭𝐫𝐞𝐪 for assumed development scenario 2 1 

Step Factor Value Remarks 

No. of tests per each test level N 3 
tests per each level in 3 

axes 

Fatigue exponent for solder joint b 6.4 
for solder or lead frame 

material 

Eqv. time for vibration tests at each test 

level (min) 

T-12dB 0.00007 -12 

T-9dB 0.0007 -9 

T-6dB 0.006 -6 

T-3dB 0.110 -3 

T0dB 1.00 0 

Duration for a single test (min) 

t1 0.50 
for low level tests (-12, -

9, -6 dB) 

t2 1.00 for -3 dB test 

tQ 1.00 for PFM test (0 dB) 

Duration for launch random vibration 

(min) 
tL 4.00 for launch 

FM 

Eqv. time for qual. test 

(comp. level) (min) 
ΣTC-A 3.35   

Eqv. time for accept. test 

(comp. level) (min) 
ΣTP/L-A 3.35   

Eqv. time for accept. test 

(payload level) (min) 
ΣTS/S-A 3.35   

Eqv. time for accept. test 

(S/S level) (min) 
ΣTL 1.32 

Eqv. to accep. test, 3 axis 

excitation, 4 min 

duration 

Summary 

Eqv. time for launch (min) FoSttf 4 ECSS-E-ST-32C 

Required TTF for solder 

joint (min) 
TTFreq 45.5 for FM 

 2 

  3 
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 1 

Fig. IV-28 Assumed electronics development scenario 3 (for reusable launch vehicle) 2 

 3 

 4 

  5 
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Table IV-17 Estimation results of 𝑻𝑻𝑭𝐫𝐞𝐪 for assumed development scenario 3 1 

Step Factor Value Remarks 

No. of tests per each test level N 3 tests per each level in 3 axes 

Fatigue exponent for solder 

joint 
b 6.4 for solder or lead frame material 

Eqv. time for vibration tests at 

each test level (min) 

T-12dB 0.00007  

T-9dB 0.0007  

T-6dB 0.006  

T-3dB 0.110  

T0dB 2.00  

Duration for a single test (min) 

t1 0.50 
for low level tests (-12, -9, -6 

dB) 

t2 1.00 for accept. test (-3 dB) 

tQ 2.00 for qual. test (0 dB) 

Duration for launch random 

vibration (min) 
tL 4.00 for launch 

QM 

Eqv. time for qual. 

test (comp. level) 

(min) 

ΣTC-Q 6.35  

FM 

Eqv. time for 

accept. test (comp. 

level) (min) 

ΣTC-A 0.35  

Eqv. time for 

accept. test 

(payload level) 

(min) 

ΣTL 26.32 

Eqv. to accep. test, 3 axis 

excitation, 4 min duration per 

launch, 20 times repetitive 

launch (vibration during re-entry 

was not accounted for 

estimation) 

Summary 

Eqv. time for 

accept. test (S/S 

level) (min) 

FoSttf 4 ECSS-E-ST-32C 

Eqv. time for 

launch (min) 

TTFreq 25.4 for QM 

TTFreq 106.7 for FM test + launch (20 times) 

  2 
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V. Conclusion 1 

In this study, to find a more practical structural design methodology for evaluating 2 

mechanical safety on the solder joint in the initial structural design phase of spaceborne 3 

electronics under launch random vibration environment, a novel structural design 4 

methodology based on 𝑀𝑜𝑆 calculation with respect to the PCB strain, which makes up for 5 

the drawbacks of the Steinberg’s fatigue failure theory, was proposed. As a first step for 6 

implementing the design methodology, the effectiveness of the use of a PCB strain-based 7 

methodology for evaluating solder joint safety was evaluated by comparing the calculated 8 

𝑀𝑜𝑆 with the results of the fatigue test of the PCB sample with the PBGA packages and 9 

TSSOPs under a random vibration environment. In the evaluation, the possibility of using a 10 

simplified form of FEM for electronic package was also investigated via the comparison with 11 

the detailed FEM. The comparison indicated that the 𝑀𝑜𝑆 calculated based on the PCB strain 12 

was much more effective in evaluating the mechanical safety on the solder joint compared 13 

with the conventional Steinberg’s theory. In addition, the methodology based on the quasi-14 

static analysis of the simplified FEM using 0D lumped mass and rigid link element was found 15 

to be applicable for structural design of electronics as a methodology based on the random 16 

vibration analysis of a detailed FEM. The effectiveness of this methodology was also validated 17 

for the CCGA package by comparing the calculated 𝑀𝑜𝑆  with an additional sample test 18 

under random vibration. 19 

Based on the PCB strain-based methodology established as described above, a structural 20 

design methodology that evaluates the solder joint safety according to the accumulated 21 

exposure time to vibration during on-ground tests and actual launch was proposed and 22 

investigated with the aim of solving the problem of structural overdesign of electronics caused 23 
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by the conventional Steinberg’s design criterion. The proposed methodology, named as “Oh-1 

Park methodology”, evaluated solder joint safety by 𝑀𝑜𝑆  calculation using 𝐹𝑜𝑆𝑚 2 

estimated by total 0 dB equivalent time during the vibration tests and launch. This mitigates 3 

problems associated with previous methodologies, i.e., the provision of an excessive margin 4 

on the fatigue life of the solder joint. In this study, for the application of the proposed 5 

methodology, simplified FEM modeling techniques of the electronic package based on the 6 

lumped mass and rigid link elements were developed as a reliable and rapid solution to the 7 

structural design of electronics. The novelties and important points of the Oh-Park 8 

methodology proposed in this study are summarized in detail as follows. 9 

 10 

1) PCB strain-based structural design methodology 11 

The Oh-park methodology evaluates the mechanical safety of solder joint based on the 12 

𝑀𝑜𝑆 calculation based on PCB strain as described above. The approach of using the PCB 13 

strain for calculating 𝑀𝑜𝑆 of solder joint is key point that provides the novelty of this 14 

methodology and has not yet been proposed after appearance of Steinberg’s theory in 1970. 15 

The proposed 𝑀𝑜𝑆 calculation methodology eliminated the limitations of the Steinberg’s 16 

empirical formula, which causes the calculation error in allowable displacement. This 17 

could enable more reliable evaluation of solder joint safety in comparison with the 18 

conventional Steinberg’s theory. 19 

 20 

2) Mechanical Safety Evaluation Considering Actual Test and Launch Phases 21 

The important issues associated with the Steinberg’s theory, focused in this study, was 22 

that the design criterion of 2 × 107 cycles for random vibration provides excessive margin 23 

on the fatigue life of solder joint much more than a necessary for survival in test and launch 24 



  

175 

 

phases. The proposed Oh-park methodology evaluates the solder joint safety according to 1 

the accumulated exposure time to the random vibration excitation in a series of on-ground 2 

vibration tests and actual launch phases. This approach has not yet been proposed in the 3 

previous studies. 4 

 5 

3) FEM Modeling Technique for Electronic Package 6 

In regards to the problem of inaccurate mechanical safety evaluation using the 7 

Steinberg’s theory, the fatigue life prediction theories based on the detailed FEM of 8 

electronic package were only solution thus far. However, as described above, the 9 

construction and analysis of detailed FEM consumes too much time and effort, such that it 10 

is difficult to evaluate the entire electronics with many number of PCBs and packages. The 11 

simplified FEM modeling technique using 0D lumped mass and rigid link element, 12 

proposed in this study, is effectively reduces the time and effort while proving a reliable 13 

evaluation results of solder joint safety. A similar modeling technique has been used in the 14 

previous studies, however, used only for analyzing the eigenfrequency and dynamic board 15 

displacement. The modeling technique proposed in this study was developed to reliably 16 

calculate the PCB strain by determining the number of rigid link connections and shell 17 

mesh density of PCB according to various types of packages. This approach has not yet 18 

been proposed in the previous studies. 19 

 20 

For the experimental validation of the proposed Oh-Park methodology, PBGA388 21 

packages mounted on the PCB with various boundary conditions were exposed to random 22 

vibration until solder joint failure was observed. These test results were compared with the 23 

𝑀𝑜𝑆 calculated in accordance with the evaluation process using the proposed methodology. 24 
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𝑇𝑇𝐹𝑝𝑟𝑒𝑑  was also calculated to ensure the reliability of the methodology. In addition, we 1 

validated the methodology for the CCGA package and QFP which are commonly used for 2 

spaceborne electronics. All of the validation results indicate that the Oh-Park methodology 3 

enables reliable and rapid evaluation of the mechanical safety of solder joints for spaceborne 4 

electronics. In addition, it might contribute to the reduction in satellite development cost and 5 

time as the minimization of the number of development models can be positively considered 6 

based on the evaluation using the proposed methodology. 7 

 8 

 9 

  10 
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VI. Future Study 1 

The future works on the improvement of the novel PCB strain-based structural design 2 

methodology beyond this study are described as follows. 3 

 4 

1) Validation on various types of electronic packages & complex PCB configurations 5 

In this study, the Oh-Park methodology was proposed with respect to the several types 6 

of packages (PBGA324, PBGA388, CCGA624, QFP208). However, more evaluation 7 

shall be validated with respect to the various packages and board configurations to ensure 8 

the reliability of this methodology. For example, the other package types such as ceramic 9 

QFP (CQFP), ceramic BGA (CBGA), leadless ceramic packages and through hole-type 10 

packages are widely used for space application as well but they have not been 11 

investigated in this study. In regards to the PCB, more complex configurations including 12 

asymmetric shape of board and irregular locations of fixations shall be investigated in 13 

the future. 14 

 15 

2) Structural design methodology for mechanical shock environment 16 

The Oh-Park methodology was initially proposed in this study for evaluating 17 

mechanical safety for launch random vibration environment. However, the design 18 

evaluation of electronics with regards to the mechanical shock induced by separations of 19 

launcher stage and satellite with on-board deployable appendages shall be performed 20 

analytically in the early design phase. Therefore, the methodology for shock environment 21 

shall be developed in the future. 22 

 23 
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3) Application of methodology in actual space applications 1 

Based on the validations described above, the Oh-Park methodology will be evaluated 2 

for potential use in other types of integrated packages, such as small outline packages 3 

and quad flat packages. In the future, based on the results, the Oh-Park methodology 4 

could potentially be applied in actual space programs such as small satellite development. 5 

In addition, reusable launch vehicle would be one potential objective for application of 6 

proposed design methodology. 7 

 8 

 9 

  10 
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Island, Korea, 2016 8 

9) Tae-Yong Park, Bong-Geon Chae and Hyun-Ung Oh, “Experimental Study on Solar 9 

Energy Collection System Using Commercial PMMA Lens for Cube Satellite Application”, 10 

The 8th Asian-Pacific Conference on Aerospace Technology and Science (APCATS), Jeju 11 

Island, Korea, 2015 12 
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193 

 

개발”, 한국우주과학회 2015 춘계학술대회 1 
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태양전력 시스템 검증”, 한국우주과학회 2014 춘계학술대회 5 
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【감 사 의 글】 1 

고등학교 1학년이었던 2008년, 나로호 첫 발사가 이뤄지는 장면을 보면서 2 

우주공학 분야의 엔지니어를 업으로 삼겠다는 목표를 가졌었습니다. 그 후 조선3 

대학교 항공우주공학과에 입학하여 신입생으로 1년을 보내면서 이 분야에서의 4 

커리어를 쌓기 위해 박사가 필요하다는 생각을 갖고 다소 이른 시기인 학부 2학5 

년 때 우주기술융합연구실에서 학부 연구생으로 연구를 시작했습니다. 그리고 96 

년이 지난 지금 박사학위논문 심사를 마치고 최종 논문을 마무리하고 있습니다. 7 

연구에 있어서는 코흘리개 어린아이였던 저를 9년간 헌신적으로 지도해주신 오8 

현웅 교수님께 깊은 감사의 말씀을 올립니다. 9년 간의 연구과정 동안 제 부족9 

한 실력으로 정말 혼이 많이 났지만 돌이켜보면 지금의 순간까지 도달하기 위해 10 

반드시 필요한 과정이었습니다. 학위논문 심사를 흔쾌히 수락해주시고 바쁘신 11 

와중에 세심하게 논문을 검토해주신 유영준 박사님, 전북대 임재혁 교수님, 안12 

규백 교수님, 그리고 솔탑 김홍래 책임님께도 감사의 말씀드립니다. 덕분에 학13 

위논문이 무사히 잘 마무리될 수 있었습니다. 14 

그간의 연구과정은 당연하게도 쉽지 않은 순간들의 연속이었습니다. 이해되15 

지 않는 해석과 실험 결과를 이해하기 위해 수많은 논문들을 찾아보며 실마리를 16 

찾아 그래프 하나, 표 하나를 뽑아내는 과정들을 비롯해 그것들을 모아 논문으17 

로 탄생시키는 작업은 매번 할 때마다 넘기 힘든 산과 같이 다가왔습니다. 대학18 

원 과정의 첫발을 딛는 석사 1학기를 이제 막 시작했을 무렵, 연구실에서 하고 19 

있는 일들이 잘 풀리지 않아 대학원 과정을 포기하려고 했던 때가 있었습니다. 20 

그러나 지도교수님과 연구실 선배, 동료들의 지속적인 관심과 조언으로 그 시기21 
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를 극복할 수 있었습니다. 다만, 그 때 이후의 저는 이 과정을 모두 견디고 박1 

사까지 해야 하는 이유에 대해서 처음으로 진지한 고민을 했고, 이 과정에서 얻2 

은 나름의 답이 제가 박사과정을 끝까지 마칠 수 있었던 원동력이 되었습니다. 3 

그것은 자기 자신이 할 수 있는 임계점을 넘길 만큼의 노력이 이뤄져야 만이 성4 

장이 가능하다는 어떤 책의 한 구절이었습니다. 5 

제가 만약 석사과정 1학기였던 그 때 대학원을 그만두고 다른 분야를 선택6 

했더라도 그 분야에서 성공하기 위해 임계점을 넘겨야 하는 것은 마찬가지일 것7 

이라는 생각이 들었습니다. 저는 석사과정까지는 제가 선택한 분야에서의 임계8 

점을 넘기지 못했다고 생각했습니다. 그래서 제가 선택한 길의 끝에 무엇이 있9 

을지는 반드시 임계점을 넘어서 확인해보겠다는 나름의 의지를 갖고 박사과정을 10 

시작했습니다. 연구 과정에서 의문은 되도록 끝까지 물고 늘어지고, 논문을 찾11 

아 읽고 기억하는 일을 잘 되지 않더라도 계속 반복했습니다. 그렇게 박사과정 12 

연차가 올라가자 몇 년 전 학부생, 석사과정 때는 불가능해 보였던 것들이 점차 13 

가능해졌고, SCI 논문을 쓰는 과정이 조금씩 덜 어렵게 느껴졌습니다. 또한 하14 

고 있는 모든 일에 대해 자신감을 갖기 시작했습니다. 박사과정은 단연코 쉽지 15 

않은 과정이었지만, 이 과정에서 제가 느낀 것은 임계점을 넘기기 전까지는 다16 

소 앞이 보이지 않더라도 우직하게 견뎌내는 과정이 필요하다는 것이었습니다. 17 

이 것이 실험실이 처음 생겼을 때부터 전해 내려온 오랜 슬로건인 ‘맨 땅에서 18 

우주로’를 실현하는 하나의 정신이었다고 생각합니다. 그것을 견디는 과정에서 19 

점차 변화한 저의 모습은 제 맘에 들었고, 이와 같은 성취를 느낄 수 있음을 인20 

생의 축복으로 생각하고 있습니다. 21 

또한, 박사과정 중 느낀 다른 한가지는 혼자서 모든 것들을 견디면서 할 수 22 
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있는 건 한계가 있다는 것이었습니다. 학부 때 초소형위성 프로젝트를 하면서 1 

위성 시스템 하나를 만들어내는 과정이 쉽지 않음을 느꼈고 매번 어려운 상황에 2 

부딪칠 때마다 추위 속에서 체온을 나누듯 연구실 1기 팀원들이 한데 모여 그 3 

상황들을 견디며 문제를 하나씩 해결해 나갔습니다. 그렇게 2년여 간의 개발과4 

정을 거쳐 위성 비행모델 완성에 이르렀던 경험은 제 기억 속의 진한 향수로 남5 

아 있습니다. 그 후 박사과정을 마치기까지도 저는 연구를 위해 했던 일들 중 6 

100% 혼자 한 것이 없다고 생각하고 있고, 감사하게도 주변에 여러 분들의 지원7 

과 격려가 있었기에 가능했다고 생각하고 있습니다. 연구실 1기 멤버들인 명재8 

형, 성철이형, 수현누나, 현모형, 헌우형, 수진, 봉건, 영현은 모두 대학에 와9 

서 10년이 넘는 시간 동안 지속되고 있는 오랜 인연들이며, 현재 멤버들인 연10 

혁, 지성, 석진, 수현, 혜인, 민영, 재현, 재섭, Shankar도 1기 멤버 이후에 함11 

께 연구를 했던 소중한 사람들입니다. 결과적으로 학위과정은 본인 손에서 마무12 

리되고 저 또한 당연히 그랬지만, 이 인연들이 있었기에 할 수 있었다고 생각하13 

여 항상 감사한 마음을 갖고 있습니다. 14 

이제 대학원을 마치고 저는 13년 전 고등학생 시절에 품었던 목표인 우주공15 

학 분야 엔지니어 중 한명으로서 현업에서 커리어를 쌓아가고자 합니다. 박사가 16 

되는 이유 중 하나는 한 명의 독립연구자로서 연구를 수행할 수 있는 사람이 되17 

는 것이라고 생각합니다. 그러나 박사학위만 받았다고 곧바로 그러한 사람이 될 18 

수 없으며, 그 이후에도 부단한 노력이 필요할 것입니다. 그렇기에 박사학위를 19 

받았다는 것이 무언가를 이룬 것이 아니라, 이제 진짜 무언가를 이루기 위한 출20 

발선상에 선 것이라는 마음가짐을 갖고 학위과정을 마치고자 합니다. 이것이야 21 

말로 박사가 되는 목표를 이뤘다고 자만하거나 나태에 빠지지 않는 저만의 마인22 
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드 셋입니다. 앞으로 한 명의 엔지니어로서 현업에서 만날 엔지니어들과 협력하1 

며 겸손한 자세를 갖고 덕을 쌓으며 성장해 나가겠습니다. 2 

마지막으로 항상 저에게 아낌없는 사랑과 지원을 해 주신 부모님께 감사의 3 

말씀을 올리며 이 학위논문을 바칩니다. 제가 박사를 할 수 있었던 데에는 앞서 4 

말한 여러가지 이유들이 있었으나, 부모님의 관심과 지지가 가장 컸습니다. 항5 

상 사랑하고, 감사합니다. 6 
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