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Abstract

:

When performing In-Circuit Tests (ICTs) of Printed Circuit Boards (PCBs), there are certain phenomena related with strain analysis that must be known in order to obtain stronger and more accurate testing results. During testing, PCBs are often subjected to mechanical bending efforts that induce excessive strain. This study focuses on the building of a Finite Elements Analysis (FEA) methodology that prevents excessive bending strain in critical points of a PCB during an ICT. To validate this methodology, a set of experimental tests, matched with a set of FEA, were carried out. Thus, companies, before the development of an ICT machine (fixture), will be able to use this FEA methodology to predict whether the maximum strain of a PCB under study, when subjected to its ICT, will damage it, thus reducing unnecessary production costs. A guideline was thus designed to enable the creation of the most representative Finite Elements Model (FEM) for any PCB, based on its amount and direction of copper traces.
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1. Introduction


During the whole PCB production process, electronic devices are subjected to several external interferences that can cause excessive bending, damaging them. Several studies related to PCB bending have been carried out, trying to predict PCB behaviour during several phases of the production process, as well as when they are subjected to external efforts in their final usage.



One of the most common quality control processes PCBs are subjected to at the end of the production chain are the ICTs. During these tests, PCBs are positioned in a bed of nails and, by mean of pressers, are pressed against the bed. The pressers’ locations are achieved without carrying out any previous study, based only on the expertise of the ICT fixtures designers. This expertise-based process often leads to high bending efforts that induce an excessive strain on the PCB, damaging them, and causing failure in proper operation of the PCB [1].



Several studies have been performed to analyse mechanically the bending effects on PCBs. The greatest number of works have resorted to three- and four-point bending tests, and are addressed to the packages’ solder joints reliability and their main failure mechanisms [2,3,4,5,6,7,8,9,10,11]. There are also studies using drop-impact tests to understand the PCBs’ dynamic bending effects on solder joint behaviour [12,13]. Furthermore, there are some analyses regarding the effects of thermal bending on solder joints [14,15,16]. However, there is a lack of specific work and research on PCB bending during ICTs.



Therefore, this project is intended to build a guideline that allows to create the best FEM (the simplest and, at the same time, the most accurate) for any type of PCB, depending on their geometric and mechanical characteristics. This is an advantageous tool to ICT producing companies because before assembly of any ICT fixture and its pressers, it is possible to create an FEM to predict the strains each PCB would be subjected to during an ICT. It then allows the ICT fixture-designing teams to predict whether the strains at the critical points will be greater than the maximum allowable value and, if necessary, to change the pressers’ location in order to minimize strains. It is important to mention that this study focus on bare board ICTs if it does not deal with PCBAs, and that it can be used for Flying Probe ICTs since the load applied by the probe is known. In addition, it might be addressed to other applications during the PCB production process, as long as the PCBs are subjected to mechanical bending efforts due to supports and contact points.



In order to achieve the proposed goals, this paper is organized as follows: Section 1 introduces the root causes and the motivations for this paper, fitting the project into the current fierce evolution and competition in the mechatronics industry. A brief introduction of what an ICT is and its main limitations are provided. Thereafter, a study of the relevant state of the art is briefly exposed. Finally, the goals of the paper are presented and why this paper could be a great asset to the mechatronics industry, specially to the ICTs industry, is justified.



Section 2 presents the adopted materials and methods used to carry on with the project. First, the experimental setup is shown and explained. The machine that will emulate the conditions of an ICT machine, as well as its main components and operation mode, and the data acquisition devices and method, are shown. Further, based on studies already carried out by several authors, the way the FEA are going to be applied to the present study case are also presented. More concretely, the pre-processing phase and the used parameters are announced.



In Section 3, the results obtained in the previous chapter, from both experimental tests and numerical simulations, are provided.



The results’ analysis and discussion are provided in Section 4. The results from the experimental tests are assumed as the target results and, for that reason, the data resulting from the numerical simulations are compared with the experimental results. These results, regarding physical and mechanical representativeness, are discussed.



Finally, in Section 5, the conclusions are exposed. Based on these conclusions, as initially proposed, a methodology that prevents excessive bending strain is presented.




2. Materials and Methods


2.1. Experimental Setup


To emulate the conditions of an ICT machine, a set of experimental tests were performed in an adapted machine, presented in Figure 1.



The machine comprised of a pneumatic cylinder and bottom and upper plates. To apply force, the upper plate moves downward and meets the bottom plate, guiding each other with the help of a guiding system.



The PCB is placed on top of support pins that imitate needles and it is guided into the experimental machine using guiding pins with tight tolerance. In the guiding pins, the PCB is restricted in the Z axis (Figure 2).



To apply load, pressers (as shown in Figure 3) were used. The geometry of the pressers is as it occurs in a real ICT.



For each presser, a load cell is associated to precisely quantify the force on every used presser.



To measure the strain data for each experimental test, strain gages were used. This is the most practical way to find the strains without affecting the response of the measured part [4,6,7,8,10,14,17,18]. Three uniaxial strain gages (KFGS-1-120-C1-23) were applied in strategic positions of the PCB (Figure 4). The strain gages are connected to the signal amplifier HBM QuantumX MX1615B which, in turn, are connected to a PC where the data is displayed.



During the experimental tests, the PCB was supported by nine needles and pressed by three pressers. The relative locations of these components are shown in Figure 5 (the letter N identifies the needles and the letter P identifies the pressers).



As explained, the force produced by each presser during the experimental tests were measured by load cells. Tests were performed with two different pressures, applied by a pneumatic cylinder: 1 bar and 1.5 bar. Based on the nomenclature in the Figure 5, and arising from each pressure, the forces associated to each of the three pressers are in the Table 1.



These positions were chosen to represent different amounts of copper in the PCB, in different directions. This way, it is possible to obtain different configurations concerning the amount of copper.



Since PCBs have different layers, it is necessary to take into account the amounts of copper on each layer.



The positions of the three strain gage sensors are presented in Figure 6: (a) 1st copper layer; (b) 2nd copper layer; (c) 3rd copper layer; (d) 4th copper layer.



According to the referential in Figure 6, sensor 1 measures the strain in the Y direction and sensors 2 and 3 measure the strain in the X direction. It is possible to observe that sensor 1 is located above a region of the PCB where there are copper traces perpendicular to the sensor measurement direction in the third layer. Sensor 2 is in a location where it found a copper trace—in the second layer, with the same direction of the sensor measurement direction. Sensor 3 is above a region where there are no copper traces. Thus, it was possible to cover the different basic configurations of copper amounts in a PCB.




2.2. Finite Elements Analysis


A PCB is a complex device with specific and complex mechanical properties, which vary due to several factors, such as the number of layers, the thickness, the type of fiber of the composite material that attaches the copper traces, the fiber density, and the weavy-style (number of bundles in fill-and-warp directions) [3,19,20]. All these variables need to be taken into account when creating an FEM of a PCB, regardless of the type of study that is being conducted. There are many authors modelling PCBs as a full single material body [2,5,6,7,8,10,12,13,17,18,20,21]; however, to obtain more accurate results, some researchers have opted to create multi-layered models considering the layers of the PCBs [3,11,19,20,22].



When running PCB numerical simulations, when considering it as a full single material body, it is assumed that the PCBs are a whole body made of a fibrous composite (matrix phase/reinforcement phase plus fiber phase). Under these conditions, the PCB material properties could be considered either isotropic or orthotropic. In full body isotropic models, the PCBs are considered as an elastic–plastic material, defined by a stress–strain curve resultant from tensile tests, and their behaviour follows the von Mises criteria:


  G =  E  2  (  1 + v  )     



(1)




where  G  represents the Shear Modulus,  E  is the Young Modulus, and  v  represents the Poisson’s Ratio. In the full body orthotropic model, the fiber phase is neglected and this way, the PCBs are modelled as degenerated bi-phase models, acquiring an orthotropic behaviour [20].



On the other hand, when discretizing the layers of the PCBs, there could be layers made of an electrically conductive material (copper is the most widely used), interspersed with fibrous composite layers. Similarly, fibrous composite layers might be considered either isotropic or as orthotropic. Further, a multi-layered PCB model has been also developed, which divides fibrous composite layers into two sub-layers, with each layer discretizing the fill and wrap fiber directions. The fibers are involved and impregnated in the matrix phase (FR-4 epoxy resin is most widely used for this application) [20].



Figure 7 shows the most common ways to model a PCB.



Y. Wan et al. [20] carried out a study on the mechanical behaviour of a PCB when subjected to a drop impact experimental test. It undoubtedly showed that the multi-layered fill-wrap model allows for the most accurate and realistic FE analysis. However, the computational requirements and the time required to run the simulations are extremely high. It also stated, as expected, that the isotropic model is the worst representation of reality if the results collected from the drop-impact experimental test are the most disparate.



The present work tried to find out the best FEM to simulate PCB behaviour during ICTs. It used a 1.6 mm thick, multi-layered PCB (four copper layers) named eBooster.



Figure 8 shows the schematic sectional view of eBooster when considering both homogeneous and multi-layered models.



Layer thickness and materials of multi-layer PCBs models are presented in Table 2.



Once the PCB was made using an orthotropic fibrous composite reinforcement (woven E-glass FR-4 epoxy resin), the following two FEM were created:




	
FEM.1: Homogenous orthotropic model with solid element meshing



	
FEM.2: Multi-layered orthotropic model with solid element meshing representing the fibrous composite layers and with shell element meshing representing the copper layers








The mechanical properties of each material of the PCB are tabulated in Table 3.



In order to match the simulation approach with the experimental setup—as described in Section 2.2—the software Ansys was used. Apart from FEM, the boundary conditions that rule all the FEA were the same. The PCB was supported by needles and loaded by pressers, and the material assigned to the needles was structural steel in order to represent the reality created in the experimental setup. The contacts between the needles and the PCB were defined as rough with the formulation adjust to touch. This type of contact allows gaps or penetration between the contact and target surfaces, once the FEM surfaces are mathematically approximated. In Figure 9, the needles and their contacts with the PCB are shown. In Figure 10, the locations where the three pressers load the PCB are represented. Naturally, those locations were based on the pressers’ locations in the experimental tests.



Fine mesh face sizings were applied to the needles’ faces that were in contact with the PCB. Once these contacts were defined as rough with the formulation adjust to touch, this face sizing is a crucial step, since it will prevent excessive penetration between the needles’ elements and the PCB elements.



The interior walls of the guiding holes (denoted as A and B in Figure 11), where the fixing pins are inserted to fix the PCB, were constrained as fixed. This means the holes are prevented from any kind of motion. Further, the needles were considered as grounded in order to restrain their movement in the Z-axis (Figure 11).



In FEM.1, a multizone method was applied to the PCB, and it was defined with hexahedral elements which fit within the PCB geometry, allowing to obtain excellent mesh metrics properties. Once the needles are out of the interest region, they are meshed with a default coarse mesh (automatic method) to reduce computational analysis complexity. However, fine mesh face sizing was applied to the needles’ faces that were in contact with the PCB (Figure 12). In FEM.2, the copper layers were meshed with shell elements and the fibrous composite layers were meshed with solid elements. To fit within the thinner copper layers, the quadrilateral method was used. A multizone method with hexahedral elements was used on the solid elements layers. Part of the meshes of both FEM can be seen in Figure 13.



In order to match the experimental setup, the three strain gages were modelled in corresponding locations and orientations as rectangular prisms, with negligible thickness, and meshed with a single shell element (Figure 14).



Since each strain gage is a single element, during the pre-processing phase, it was ordered to the Ansys to return the element mean strain for each of the three created strain gages. The measurement orientation of each strain gage was selected in accordance with the experimental test setup.



Thus, Finite Element Analysis for each of the two FEM was performed, applying forces performed by the three pressers. The forces measured during the experimental tests were followed, namely, those that resulted from the pneumatic pressures of 1 bar and 1.5 bar.





3. Results


The results from the experimental test and Finite Element analyses are exposed in this chapter in order to provide an overview of the accuracy of the results themselves. The experimental results and the results from the Finite Element Analysis of the two FEM are presented.



3.1. Experimental Results


As stated in Section 2.1, a PCB was experimentally tested in bending efforts and strains were measured in three distinct areas by mean of three different strain gages. In addition, as referred to in Section 2.1, a set of experimental tests were conducted that allowed to acquire strain data, graphically and numerically.



For instance, the graphics obtained from one of the experimental tests (1 bar) are shown in Figure 15. The green, red, and blue lines correspond to the data recorded by strain gages 1, 2, and 3, respectively.



Table 4 presents the strains measured (averaged) by the three strain gages, from all the experimental tests, for both 1 and 1.5 bar.




3.2. Finite Element Analysis


As per the process described in Section 2.2, FEA of both FEM.1 and FEM.2 were performed.



Table 5 and Table 6 present the obtained strains by each of the three strain gages, for both 1 and 1.5 bar pressures, when running simulations with FEM.1 and FEM.2, respectively.



The time required for the numerical simulation of the FEM.1 and FEM.2 models are stated in Table 7. It is important to note that the PC used was an HP OMEN Serie 15-en0000 with 16 Gb RAM and an AMD Ryzen 7 4800H processor. In addition, Table 7 shows the number of nodes and elements of each of the meshes of FEM.1 and FEM.2. The required time refers to the FEA, considering a pressure of 1.5 bar.



The numerical analysis with FEM.2 took more time than FEM.1, despite the higher number of nodes and elements in the latter. This is due to the higher complexity of FEM.2, as this model, being multi-layered, entails more contact definition, namely, between layers.



Figure 16 allows to graphically compare the experimental results with the FEA results when the PCB is subjected to resultant forces from 1 bar of pressure. Figure 17 provides the results when 1.5 bar of pressure is used.



It is possible to conclude that, regardless of the pressure, when compared to the experimental results, the FEM.1 model provides accurate results for all the three strain gages. The FEM.2 presents a more accurate strain value regarding strain gage 2. For a better insight into these strain values, the errors between the experimental and FEA results (based on the experimental results) were calculated, disclosed in Table 8 and Figure 18.



It is clear that the strain values of strain gage 2, regardless of the adopted pressure as well as the FEM, is the most accurate strain gage and with the most stable values. In addition, it can be observed that the error associated with the measurements of strain gages 1 and 3 increases exponentially when using a pressure of 1.5 bar. Ever so slightly, it is the other way around with the error associated with strain gage 2.





4. Discussion


Even when not considering the PCB as a multi-layer body in model FEM.1, the strain values, resulting from the numerical simulations, seem to be really accurate. This stems from the PCB’s low copper density. The FEM.1 model, which is not modeled with copper layers, represents reality well. This is the conclusion when observing the strain values from the experimental setup, side-by-side with the results obtained from the numerical simulations using FEM.1. These values are displayed in the following two tables (Table 9 and Table 10) considering the tests using 1 bar and 1.5 bar, respectively.



It is observed that at pressure of 1.5 bar, the error tends to increase, as was expected.



Table 11 and Table 12 provide a comparison between the experimental and numerical analysis results for the FEM.2 model.



Unlike the FEM.1 model, it was observed that, when using FEM.2, there is no universal behavior of strain values increment when the applied force is increased. It is possible to conclude that the error associated with strain gages 1 and 2 decreases with the force increment and, conversely, with strain gage 3, the error value increases. As shown in Section 2.1., strain gages 1 and 2 are in zones above copper traces. It accomplishes the expected: models having copper layers provide better strain results in zones where PCBs have copper traces, when compared to homogeneous models. However, it is observable that only the strain values obtained by FEA for strain gage 2 are notably close to the strain values measured in the experimental tests (errors of 4.23% and 1.95% in Table 11 and Table 12, respectively).



The strain values obtained from numerical simulation of the FEM.2 model, with strain gage 1, are not close to the values experimentally obtained with strain gage 2. This might be because strain gage 1 was above a copper trace only in the third copper layer, as described in Section 2.1 (Figure 6). In other words, in the real PCB, there was a thickness of 1.3175 mm separating strain gage 1 from the copper trace (Table 2), unlike what is verified in the FEM.2 model, where the two superior copper layers of the PCB are represented. In addition to the thickness between the strain gages and the first layer with copper traces, the copper traces’ orientation might also be a factor to consider because, in contrast to what is verified in strain gage 1, strain gage 2 shares the same orientation as the copper trace underneath it and presents better results.



When comparing the results of the two models—FEM.1 and FEM.2—to the experimental results, it is undoubtedly seen that FEM.1 has a higher level of accuracy with regard to strain gages 1 and 3. On the other hand, FEM.2 generates slightly more accurate results for strain gage 2 if, in the real PCB, the thickness separating the strain gage from the second layer is small (0.235 mm; Table 2).




5. Conclusions


A homogeneous model of a PCB is a good approach to reality, provided that the maximum permissible error is very low. It might be necessary to use a multi-layer model, depending on the morphology of the PCB under study.



It is also concluded that regarding PCBs, or PCBs zones, with a low copper trace density, homogenous numeric models realistically simulate the PCBs. In zones where there are copper traces in the same orientation as the strain gages, multi-layers models allow to obtain results that are more accurate. Further, in zones where the copper traces are not too “deep” in the PCB, these same copper traces affect the numerical results. Therefore, in these cases, multi-layers numeric models should be used.



Based on this information, the following methodology was built for systematic analysis of PCB bending simulations during ICTs (Figure 19).



However, to consolidate this methodology and for future research, a wider variety of PCBs should be tested in order to define how the FEA of a multi-layered FEM behaves.



It is also necessary to test more PCBs with different copper amounts to create value ranges of copper trace density, which define low or high copper density. With this, the team expects to move from the qualitative approach presented here to a quantitative approach. In addition, it is necessary to confirm the influence of copper trace orientation and thickness separating the copper traces and the strain gages.
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Figure 1. Adapted Machine for the Experimental Setup. 






Figure 1. Adapted Machine for the Experimental Setup.



[image: Machines 10 00135 g001]







[image: Machines 10 00135 g002 550] 





Figure 2. Support and guiding pins. 






Figure 2. Support and guiding pins.



[image: Machines 10 00135 g002]







[image: Machines 10 00135 g003 550] 





Figure 3. Pressers. 
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Figure 4. PCB under study with the three strain gages attached. 
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Figure 5. Relative locations of the needles and pressers. 
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Figure 6. Strain gage sensors’ positions in relation to PCB layers: (a) 1st layer; (b) 2nd layer; (c) 3rd layer; (d) 4th layer. 
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Figure 7. Five usual ways of modelling PCBs. 
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Figure 8. Schematic sectional view of the PCB eBooster: (a) Homogeneous model; (b) multi-layer model. 
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Figure 9. Needles’ notation and their contact zones with PCBs. 
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Figure 10. Pressers’ load locations. 
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Figure 11. Illustration of the grounded needles and the fixed guiding holes. 
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Figure 12. Needles’ mesh zones. 
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Figure 13. Illustration of the mesh of both analysed FEM: (a) FEM.1; (b) FEM.2. 
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Figure 14. Strain gages modelation. 
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Figure 15. Data acquired by three strain gages during one of the experimental test (1 bar). 
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Figure 16. Experimental results vs FEA results (1 bar). 
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Figure 17. Experimental results vs FEA results (1.5 bar). 
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Figure 18. Percentual error of the FEA results, compared to the experimental results. 
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Figure 19. Methodology for systematic analysis of PCB bending simulation during ICTs. 
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Table 1. Force applied by each presser during the experimental tests.
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	Pressure
	Presser P1
	Presser P2
	Presser P3





	1 bar
	163 N
	162 N
	184 N



	1.5 bar
	230 N
	199 N
	278 N
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Table 2. Layer Thickness and Materials.
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Layers

	
PCB eBooster




	
Thickness (mm)

	
Material






	
A

	
0.0350

	
Copper




	
B

	
0.2000

	
Fibrous composite




	
C

	
0.0175

	
Copper




	
D

	
1.0650

	
Fibrous Composite




	
E

	
0.0175

	
Copper




	
F

	
0.2000

	
Fibrous Composite




	
G

	
0.0350

	
Copper
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Table 3. Mechanical properties of fibrous composite reinforcement and copper.
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Properties

	
Fibrous Composite

(Woven E-Glass FR-4 Epoxy Resin)

	
Copper






	
Young Modulus (MPa)

	
    E x    

	
24.000

	
110.000




	
    E y    

	
23.000




	
    E z    

	
15.000




	
Shear Modulus (MPa)

	
    G  x y     

	
9.200

	




	
    G  y z     

	
8.400

	
40.953




	
    G  x z     

	
6.600

	




	
Poisson’s Ratio

	
    v  x y     

	
0.11

	




	
    v  y z     

	
0.09

	
0.343




	
    v  x z     

	
0.14
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Table 4. Experimental strains measured.
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	1 bar
	1.5 bar





	Strain gage 1
	−348 µm/m
	−473 µm/m



	Strain gage 2
	−693 µm/m
	−869 µm/m



	Strain gage 3
	−172 µm/m
	−237 µm/m
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Table 5. Strain results from FEA of FEM.1.
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	1 bar
	1.5 bar





	Strain gage 1
	−350.35 µm/m
	−491.21 µm/m



	Strain gage 2
	−746.72 µm/m
	−925.15 µm/m



	Strain gage 3
	−173.01 µm/m
	−211.05 µm/m
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Table 6. Strain results from FEA of FEM.2.
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	1 bar
	1.5 bar





	Strain gage 1
	−131.16 µm/m
	−209.83 µm/m



	Strain gage 2
	−723.58 µm/m
	−886.25 µm/m



	Strain gage 3
	−113.75 µm/m
	−139.45 µm/m










[image: Table] 





Table 7. Required time and number of nodes and elements.
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	Time
	Nodes
	Elements





	FEM.1
	32 min
	1.544.313
	327.644



	FEM.2
	1 h 55 min
	456.860
	127.728
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Table 8. Percentual error of the FEA results, compared to the experimental results.
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1 bar

	
1.5 bar




	

	
FEM.1

	
FEM.2

	
FEM.1

	
FEM.2






	
Strain gage 1

	
0.67%

	
62.31%

	
3.71%

	
55.64%




	
Strain gage 2

	
7.19%

	
4.23%

	
6.07%

	
1.95%




	
Strain gage 3

	
0.58%

	
33.87%

	
10.95%

	
41.16%
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Table 9. Comparison of strain values in the experimental and numerical analyses of the FEM.1 model (1 bar).
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1 bar




	

	
Experimental Results

	
FEM.1

	
Error






	
Strain gage 1

	
−348 µm/m

	
−350.35 µm/m

	
0.67%




	
Strain gage 2

	
−693 µm/m

	
−746.72 µm/m

	
7.19%




	
Strain gage 3

	
−172 µm/m

	
−173.01 µm/m

	
0.58%
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Table 10. Comparison of strain values in the experimental and numerical analyses of the FEM.1 model (1. 5 bar).
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1.5 bar




	

	
Experimental Results

	
FEM.1

	
Error






	
Strain gage 1

	
−473 µm/m

	
−491.21 µm/m

	
3.71%




	
Strain gage 2

	
−869 µm/m

	
−925.15 µm/m

	
6.07%




	
Strain gage 3

	
−237 µm/m

	
−211.05 µm/m

	
10.95%
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Table 11. Comparison of strain values in the experimental and numerical analyses for the FEM.2 model (1 bar).
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1 bar




	

	
Experimental Results

	
FEM.2

	
Error






	
Strain gage 1

	
−348 µm/m

	
−131.16 µm/m

	
62.31%




	
Strain gage 2

	
−693 µm/m

	
−723.58 µm/m

	
4.23%




	
Strain gage 3

	
−172 µm/m

	
−113.75 µm/m

	
33.87%
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Table 12. Comparison of strain values in the experimental and numerical analyses for the FEM.2 model (1.5 bar).
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1.5 bar




	

	
Experimental Results

	
FEM.2

	
Error






	
Strain gage 1

	
−348 µm/m

	
−209.83 µm/m

	
55.64%




	
Strain gage 2

	
−693 µm/m

	
−886.25 µm/m

	
1.95%




	
Strain gage 3

	
−172 µm/m

	
−139.45 µm/m

	
41.16%
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