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A B S T R A C T   

Printed circuit board (PCB) is the most important part of any electronic device which is made of copper-clad 
laminate and glass fiber-reinforced composites. Since the ply orientation of fiber-reinforced composites and 
lamina thickness have a significant influence on the mechanical properties of the whole composite laminate it is 
necessary to investigate the effects of ply orientation and lamina thickness on the bending properties of PCB so 
that they can be manufactured to meet the service requirements. In this work, the bending properties of PCB 
were investigated for seven different ply orientations of glass fiber-reinforced composite laminas and for eight 
different thickness combinations (for a constant laminate thickness) of glass fiber-reinforced composite lamina 
and copper-clad laminate. A commercially available finite element analysis software (Abaqus) was used to 
simulate a three-point bending test of PCBs and the simulation results were validated using experimental results. 
It is found that the bending stiffness is maximum for the cross-ply laminate. The introduction of angle ply im
proves the maximum von-Mises stress of the PCB with an insignificant cost of bending stiffness (less than 5% 
reduction). It is found that the bending stiffness and the maximum von-Mises stress of the PCB can be regulated 
through the variation of thickness of the constituent lamina. The laminate stiffness can be increased by increasing 
the thickness of stiffer laminas or by placing the stiffer laminas towards the surface of the laminate. The outcome 
of this research would provide a comprehensive understanding of the bending characteristics of the multi-layered 
PCBs which can be directly utilized by the PCB manufacturers. However, the effects of ply orientation and lamina 
thickness variation on the behavior of the PCBs subject to temperature variation, impact loading, vibration, and 
other conditions that might affect the service life of the PCBs should be investigated.   

1. Introduction 

A printed circuit board (PCB) is the heart of any electronic device and 
in the modern era, the use of electronic devices is increasing day by day. 
From cell phones to tablets, computers, laptops, and televisions are a few 
electronic devices that become a part of our daily life. During the service 
life, these devices encounter many types of loading including bending, 
thermal, impact, fatigue, or even vibration [1]. Ensuring the strength 
and durability of electronic devices is crucial to withstand the various 
loads they encounter throughout their service life. Among the essential 
components, PCBs play a significant role and must be well-protected 
from any external loading that might compromise their integrity. 
Despite its smaller thickness and size, it is imperative for the PCB to 

absorb and sustain these loads without failure. Therefore, an intensive 
study is required to enhance the properties of a PCB to meet these re
quirements. The major components of a multi-layer PCB are glass 
fiber-reinforced epoxy composites which are commonly known as FR-4 
and copper foil used as copper-clad laminate (CCL) [2]. Since a 
multi-layer PCB contains several layers of FR-4 and CCL, their individual 
layer thickness plays an important role under bending load. Again, FR-4 
contains glass fiber-reinforced epoxy composites. So, the fiber orienta
tion on the FR-4 also has a significant contribution to the bending 
properties of a PCB. 

Since different layers in PCBs have different mechanical properties, 
they are orthotropic in nature [3]. Hutapea and Grenestedt [4] inves
tigated the elastic properties of FR-4/CCL laminates subjected to 
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different temperatures. They found that if the temperature raised to the 
glass transition temperature of epoxy, the shear modulus of elasticity in 
both in-plane and out-of-plane significantly decreased. Young’s modulus 
in both warp and fill directions was less affected by the elevated tem
perature. The effect of cooling on the thermomechanical properties of 
PCBs is studied by Ramdas et al. [5] and they reported that Young’s 
modulus of elasticity of FR-4 decreased after immersion cooling in 
dielectric fluid EC100. Kim et al. [6] developed a simulation method to 
predict the warpage caused by the patterning process in PCBs where 
they have simplified the nonlinear thermo-elasticity problem into a 
linear one by adjusting thermal loading. The deflection predicted by the 
simulation was very close to the actual deflection found in the experi
mental results. 

Over the years, researchers have used different models for the pre
diction of thermo-mechanical properties of PCBs such as convolutional 
neural networks [7], deep learning [8], deep neural networks [9], 3-D 
convolutional neural networks [10], etc. 

Dissimilar materials with different coefficients of thermal expansion 
cause warpage in the PCBs [11–18] Lee et al. [19] studied the warpage 
of CCL/FR-4 which occurs from the residual stress developed in the CCL 
during manufacturing. They have investigated the flexural modulus of 
elasticity and coefficient of thermal expansion for four different fiber 
orientations (0◦, 45◦, 90◦, and 135◦) and found that cross-ply laminates 
have a better modulus of elasticity compared to angle-ply laminates. Lee 
[20] developed a finite element model to study the out-of-plane 
deflection of PCBs caused by the coefficient of thermal expansion 
mismatch between constituent materials. Haugan and Dalsjø [21] have 
investigated the bending properties of low and high glass transition 
temperature FR-4 laminates and found that warp-4 (width = 14.07 mm, 
thickness = 1.59 mm and not exposed to soldering) laminate has the 
highest modulus of elasticity of 24.84 GPa. Chippalkatti et al. [22] 
investigated both numerically and experimentally the natural frequency 
of 5 different PCBs of different dimensions and varying CCL thickness. 
They have predicted the orthotropic material properties of PCBs using 
their experimental results as the PCBs contain both FR-4 laminas and 
CCL. Fellner et al. [23] studied the cyclic mechanical properties of glass 
fiber-reinforced composites sandwiched between copper layers. They 
have considered five layers of thin copper and four layers of FR-4, per
formed a cyclic tension-compression test, and developed a finite element 
model based on the experimental data that can be utilized in predicting 
the lifetime assessment of PCBs under thermal load. The effect of 
indentation depth and hold time on the mechanical properties of woven 
glass/epoxy substrate which is being used in PCBs was investigated by 
Misrak et al. [24]. According to their findings, the modulus of elasticity, 
hardness, and creep time greatly depends on the surface roughness, 
location, maximum indentation load, and hold time. Wang et al. [25] 
investigated the drop-impact behavior of multilayer PCBs for four 
different types of material models and they were isotropic model, 
orthotropic model, multi-layer unidirectional model, and multi-layer 
fill-warp model and they found that the multi-layer fill-warp model 
predicts the accurate results when compared to the experimental results. 

The reliability of solder joints in a PCB is studied by Gleichauf et al. 
[26] under combined cyclic thermal and bending loads where they have 
developed a Finite Element Model (FEM) to predict the bending strain in 
a PCB. The interfacial reliability of the potting-PCB interface is investi
gated by Lall et al. [27] after long-term exposure of the PCB at high 
temperatures. Zhang et al. [28] developed a computational model to 
predict the plastic deformation on inner copper layers in a PCB under 
cyclic bending load and suggested that the plasticity of the inner copper 
layer should be accounted for in predicting the lifetime of a PCB. The 
mode-I fracture toughness of the epoxy/PCB interface is investigated by 
several researchers [29–31] either experimentally or using Cohesive 
Zone Modeling (CZM) approach to predict the mode-I fracture tough
ness. Oliveira et al. [32] developed a FEM model which can predict the 
bending strain in a PCB during In Circuit Test (ICT) which can be utilized 
to design ICT test fixtures to prevent any damage to PCBs. 

From the above discussion, it is clear that various researchers have 
studied different aspects of PCBs mostly the warpage caused by ther
momechanical loading, or utilized deep learning methods to predict the 
thermomechanical behavior of PCBs. However, there is a limited 
amount of research on the pure bending of PCBs under mechanical load, 
which is crucial since PCBs must support other components mounted on 
them, leading to bending. Therefore in this paper, the effect of FR-4 ply 
orientation and lamina thickness variation on the bending properties of 
multi-layer PCBs is investigated using commercially available finite 
element analysis software. A three-point bending test was simulated and 
the model was validated using experimental results obtained from the 
literature. The bending stiffness, maximum displacement, equivalent 
modulus of elasticity, and von-Mises stress were investigated for various 
ply orientations and lamina thicknesses to develop a comprehensive 
understanding. The results were found to be promising for application in 
the PCB manufacturing industries. 

2. Computational modeling 

2.1. Materials 

PCBs are usually made of glass fiber-reinforced epoxy composites 
sandwiched (commercially known as FR-4) with copper-clad laminates 
(CCL) between copper foils. The benefit of FR4 is that it has an excellent 
resistance-to-weight ratio. It does not absorb water, possesses high 
mechanical and fire retardant properties, and serves as an effective 
insulator in both dry and wet conditions. Its low cost makes it suitable 
for small-series PCB fabrication or electrical prototyping. The mechan
ical properties of the FR-4 layer and copper are given in Table 1. The FR- 
4 layer consists of a cross-ply with a 0◦ and a 90◦ ply. The volume 
fraction of fiber in 0◦ ply is 0.52 and in 90◦ ply is 0.40. 

2.2. Modeling conditions 

Two dimensional deformable part with a length of 50 mm and width 
of 30 mm as shown in Fig. 1 (a) was modeled using commercially 
available finite element software Abaqus version 6.17. Three-point 
bending test was simulated with a span length of 46 mm and a uni
formly distributed load of 99.3 N was applied along the centerline of the 
specimen throughout the width as shown in Fig. 1 (b). The value of the 
load was taken from Ref. [2] since they found that the average load for 
the 5 mm deflection of the specimens is 99.3 N. A linear-elastic analysis 
was performed with two roller supports and the load was applied with a 
loading roller at the center of the specimen (refer to Fig. 1 (b)). 

S4R elements which are 4-node quadrilateral shell elements were 
used to model the specimen because of their suitability for thin plates 
[33]. Fig. 2 (a) shows the typical mesh on the model with uniform shell 
elements. Mesh sensitivity analysis was performed to ensure that the 
results are independent of the mesh size. Fig. 2 (b) shows the mesh 
sensitivity analysis graph, where von-Mises stress and deflection were 
plotted against the number of elements. It is observed from this figure 
that the von-Mises stress and the deflection both increases initially with 
the increase in the number of elements. However, the von-Mises stress 
and deflection becomes constant at 9450 number of elements and the 
results do not change with further increasing the number of elements in 
the model. Since after 9450 number of elements both von-Mises stress 
and deflection remains unchanged, it can be said that the results 
generated from the model are independent of the mesh size. So, it was 
used for further analysis; in this case, the global mesh size was 0.4 mm. 

Table 1 
Material Properties [2].  

Material E1 (MPa) E2 (MPa) G12 (MPa) ν12 ρ (kg/m3) 

FR-4 22000 22000 3500 0.28 1940 
Copper 103000 103000 39700 0.33 8940  
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To investigate the effect of ply orientations, seven different orien
tations were considered and they are identified as O1 to O7. Since the 
copper foil is isotropic, the orientation does not have any effect, the 
orientations were changed only for the FR-4 as shown in Table 2. Among 
these models, model O1 represents the cross-ply laminate while the 
other models are angle-ply laminates. 

To investigate the effect of lamina thickness, eight different lamina 
thicknesses were considered in this investigation as listed in Table 3. 
Here, the models were identified as T1, T2, T3, etc. The total thickness of 
all the models was kept constant and only the individual lamina thick
nesses were varied. 

3. Results and discussions 

3.1. Model validation 

Numerical simulation was performed following the materials and 
methods described in the study by Li et al. [2], and the 
load-displacement response obtained from the simulation is compared 
with the experimental results as shown in Fig. 3. It is seen that the load 
increases linearly with increasing deflection as expected since a linear 
elastic simulation was performed. This figure demonstrates that the 
load-displacement response obtained from our simulation closely aligns 
with the experimental findings of Li et al. [2]. However, a slight devi
ation is observed in the displacement range of 1.5 mm–3.5 mm. This 
discrepancy can be attributed to the nonlinearity in the 
load-displacement response since their results were based on experi
mental data, while our current analysis assumed linear elasticity. 

3.2. Effect of ply orientation 

In this section, we present the results of the load-deflection response 
and bending stiffness analysis for various ply orientations. The aim is to 
assess the impact of different ply orientations on the mechanical prop
erties of the composite laminate. The load-deflection response is linear 
for all ply orientations, as depicted in Fig. 4 (a). The slopes of the load- 
deflection curves provide insights into the stiffness variations among the 
models. Model O1 exhibits a higher slope, indicating greater stiffness, 
whereas model O5 shows a lower slope, suggesting reduced stiffness. 
This observation aligns with the intuitive relationship between slope 
and stiffness in load-deflection curves (Fig. 4(b)) as well. Model O1 
serves as the baseline and the bending stiffness of this model is 20.23 N/ 
mm. The stiffness of model O1 is 12.16% greater than model O5 that is 
showing the minimum stiffness. Model O3 and O6 show similar stiffness 
despite the variation in the ply orientation. Model O2 shows a decrease 
in stiffness by 3.16% compared to the base model. 

Other than bending stiffness, the equivalent modulus of elasticity is 

Fig. 1. (a) Schematic diagram of the model, and (b) load and boundary conditions.  

Fig. 2. (a) Typical mesh with shell elements, and (b) mesh sensitivity analysis.  

Table 2 
Ply orientations of different models considered in the analysis.  

Material Type Ply Orientations 

O1 O2 O3 O4 O5 O6 O7 

FR-4 0 0 -45 45 45 45 90 
FR-4 90 90 45 -45 -45 -45 0 
Copper Foil 0 0 0 0 0 0 0 
FR-4 0 45 0 0 45 90 45 
FR-4 90 -45 90 90 -45 0 -45 
Copper Foil 0 0 0 0 0 0 0 
FR-4 0 0 0 45 45 90 45 
FR-4 90 90 90 -45 -45 0 -45 
CCL 0 0 0 0 0 0 0 
FR-4 90 45 0 90 45 45 90 
FR-4 90 45 0 90 45 45 90 
CCL 0 0 0 0 0 0 0 
FR-4 90 90 90 -45 -45 0 -45 
FR-4 0 0 0 45 45 90 45 
Copper Foil 0 0 0 0 0 0 0 
FR-4 90 -45 90 90 -45 0 -45 
FR-4 0 45 0 0 45 90 45 
Copper Foil 0 0 0 0 0 0 0 
FR-4 90 90 -45 -45 -45 -45 0 
FR-4 0 0 45 45 45 45 90  
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also calculated and compared. The following equation [33] is used to 
calculate the equivalent modulus of elasticity- 

Ex =
F
v
.

l3

48Iz
(1)  

Where, Ex (MPa) is the equivalent modulus of elasticity, F (N) is the 
bending force, v (mm) is the midspan deflection, l (mm) is the span 
length and Iz (mm4) is moment of inertia with respect to the z-axis. 

Similar to the stiffness results, the calculated equivalent modulus of 
elasticity for O1 is the maximum, and for O5 it is minimum as shown in 
Fig. 4 (b). The equivalent modulus of elasticity for O1 is 26.62 GPa and 
for O5 is 23.39 GPa which is 12.13% lower than the base model. It is 
clear from Fig. 4 (b) that the bending stiffness and equivalent modulus of 
elasticity are significantly affected by the ply orientation and stacking 
sequence. Further analysis on the effect of ply orientation on the stiffness 
and equivalent modulus of elasticity is given at the later stage in this 
section in relation with other properties of the laminate. 

The contour of the displacement and von-Mises stress along the 
thickness direction (i.e. z-axis) for different ply orientations are shown 
in Figs. 5 and 6 respectively. It can be observed from Fig. 5 that the 
displacement for model O5 is maximum and it is minimum for O1 for the 
same fixed load of 99.3 N. The displacement of O5 is 13.88% greater 
than O1 as listed in Table 4. 

The von-Mises stress serves as a critical parameter for failure 
assessment. When von-Mises stress surpasses the material’s yield 
strength, it initiates plastic deformation, and if this stress continues to 
escalate, eventual material failure occurs. While the current analysis 
assumes linear elastic behavior, the examination of von-Mises stress 
across various models provides a qualitative understanding of potential 
variations in failure tendencies under identically applied loads. Among 
the models, O7 reports the highest maximum von-Mises stress, while O3 
exhibits the lowest. Specifically, the maximum von-Mises stress for O7 
exceeds that of the baseline model O1 by 8.50%, whereas for O3, it is 
notably 19.33% lower than O1. 

Table 3 
Variation of lamina thicknesses.  

Lamina  Lamina Thickness (mm) 

T1 T2 T3 T4 T5 T6 T7 T8 

FR-4a 0.04 0.06 0.05 0.04 0.04 0.03 0.04 0.06 
Copper Foil 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012 
FR-4a 0.04 0.06 0.05 0.04 0.04 0.03 0.04 0.06 
Copper Foil 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012 
FR-4a 0.11 0.09 0.12 0.10 0.11 0.13 0.08 0.06 
CCL 0.1 0.09 0.065 0.11 0.09 0.09 0.145 0.145 
FR-4a 0.11 0.09 0.12 0.11 0.13 0.13 0.08 0.04 
CCL 0.10 0.09 0.065 0.11 0.09 0.09 0.145 0.145 
FR-4a 0.11 0.09 0.12 0.10 0.11 0.13 0.08 0.06 
Copper Foil 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012 
FR-4a 0.04 0.06 0.05 0.04 0.04 0.03 0.04 0.06 
Copper Foil 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012 
FR-4a 0.04 0.06 0.05 0.04 0.04 0.03 0.04 0.06 
Volume Fraction of CCL 0.27 0.24 0.18 0.30 0.24 0.24 0.39 0.39  

a Each FR-4 consists of two equal-thickness layers of glass fiber reinforced epoxy composite. 

Fig. 3. Comparison of the load-deflection response of present work with [2].  

Fig. 4. (a) Load-deflection response and (b) Bending stiffness and equivalent modulus of elasticity for different ply orientations.  
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Analysis of Table 4 reveals a similarity in the bending properties of 
models O3 and O6. Notably, the distinctions between these models are 
twofold: firstly, the substitution of two 0◦ laminas in the central FR-4 
layer of O3 with 45◦ laminas, and secondly, a modification in the ply 
orientation within the remaining FR-4 layers, excluding the bottommost 
one. These observations collectively suggest that variations in laminar 
orientations within the FR-4 layers have a limited impact on the overall 
bending properties. 

Further scrutiny of Table 4 reveals a slight increase in the maximum 
von-Mises stress for O2 compared to O1, while model O7 demonstrates a 
notably elevated maximum von-Mises stress in comparison to both 
models O1 and O2. The stiffness is slightly reduced in model O2 and 
significantly reduced in model O7. For model O2, three FR-4 layers 
containing angle plies were introduced by replacing three internal FR-4 
cross ply of layers keeping two outer FR-4 layers unchanged. For model 
O7, four FR-4 angle ply layers were introduced by replacing the cross 

plies, middle FR-4 layer was left unchanged, and the ply orientation at 
the outer two FR-4 layers were altered. Note that the bending properties 
are not significantly affected by altering the orientation of intra FR-4 
laminas as discussed earlier and it is established in the literature that 
the angle plies offer less stiffness compared to cross plies. So, it is evident 
that the introduction of angle plies in the internal FR-4 layers is the main 
reason for reduced stiffness (see Fig. 4(b) and Table 2) because of the 
lower stiffness of the angle plies. The same reason applies to the higher 
maximum von-Mises stress in models O2 and O7 because the stiffness 
difference between copper foils and FR-4 layers with angle plies in
creases significantly which causes a higher stress jump between these 
two layers. Model O5 shows minimum stiffness (see Fig. 4(b)) and 
Table 4) because all FR-4 layers consist of angle plies with lower stiff
ness. Models O4 and O7 have the same number of FR-4 angle ply layers 
but in model O4, two of the angle ply-based FR-4 layers were placed at 
two outermost locations in the laminate which caused a decrease in 

Fig. 5. Displacement along the thickness direction for different ply orientations.  

Fig. 6. Von-Mises stress distribution for different ply orientations.  

Table 4 
Comparison of bending properties of all the models.  

Models Stiffness (N/ 
mm) 

Percentage Change 
(%) 

Modulus 
(GPa) 

Percentage Change 
(%) 

Displacement 
(mm) 

Percentage Change 
(%) 

von-Mises Stress 
(MPa) 

Percentage Change 
(%) 

O1 20.23 – 26.62 – 4.912 – 227.10 – 
O2 19.59 -3.16 25.78 -3.16 5.073 3.28 234.90 3.43 
O3 19.35 -4.35 25.47 -4.32 5.135 4.54 183.20 -19.33 
O4 18.45 -8.80 24.28 -8.79 5.389 9.71 192.40 -15.28 
O5 17.77 -12.16 23.39 -12.13 5.594 13.88 199.70 -12.07 
O6 19.34 -4.40 25.46 -4.36 5.137 4.58 183.30 -19.29 
O7 18.69 -7.61 24.60 -7.59 5.316 8.22 246.40 8.50  
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stiffness compared to model O7. Because the stiffer layers must be 
placed at the outer sides of the laminate to achieve the highest overall 
stiffness of a laminate [34]. For the same reason, the maximum 
von-Mises stress in O4 is seen to be lower than that of O7 (see Table 4) 
despite the same number of angle ply-based FR-4 layers. The maximum 
von-Mises stress in models O3 and O6 is because of the placement of less 
stiff angle ply-based FR-4 layers at the outer side causing comparatively 
lower overall stiffness of the laminate and higher displacement without 
a significant increase in stress jump between copper foils and the angle 
ply-based FR-4 layers. 

Based on the bending properties considered in the analysis, it can be 
said that O1 represents the best ply orientation because the bending 
stiffness and equivalent modulus of elasticity are maximum for this 
model and the displacement is minimum. For a printed circuit board, 
higher bending stiffness or lower bending deflection is desired [2]. The 
introduction of angle ply has a negative effect on the bending stiffness, 
modulus, and maximum displacement but it has improved the von-Mises 
stress. So, models O3 and O6 can also be considered for application in 
printed circuit boards because of their lower von-Mises stress (19.33% 
and 19.29% respectively compared to model O1) by compromising the 
stiffness by 4.35% and 4.40% respectively (see Table 4). 

3.3. Effect of lamina thickness 

The effect of ply orientation on the bending properties of PCB is 
discussed in section 3.2 and it is found that model O1 represents the 
optimum ply orientation in terms of the laminate stiffness. So, for 
orientation O1, the thicknesses of the FR-4 and CCL are varied to 
investigate the effect of lamina thickness. Here, eight variations of 
lamina thicknesses were considered as reported in Table 3. Fig. 7 (a) 
shows the bending stiffness and equivalent modulus of elasticity for 
different lamina thicknesses. It is observed that both the bending stiff
ness and the equivalent modulus of elasticity for T7 are higher compared 
to all the models. The bending stiffness and equivalent modulus of 
elasticity are 11.72% and 11.80% higher compared to the base model as 
shown in Table 5. For the comparison purpose in this case T1 model is 
considered as the base model which is the same model in the previous 
section i.e. O1. 

Model T2, T5, and T6 consist of the same volume fraction of CCLs in 
the laminate through the cross section but model T2 shows lower stiff
ness compared to the other two. The thickness of the outer two layers of 
FR-4 is reduced in models T5 and T6 while the thickness of the FR-4 
layers adjacent to the CCLs is increased. As a result of this modifica
tion, the stiffer copper foil layers have moved away from the centerline 
of the specimen. This accounts for the increased stiffness observed in T5 
and T6 as compared to T2, aligning with the principles of the sandwich 
theory, which posits that higher sandwich stiffness is achieved when the 

stiffer layer is positioned away from the centerline. 
Comparing the models T7 and T8, for the same volume fraction of 

CCLs (0.39), it is observed that T8 has lower stiffness than T7. It is also 
due to the movement of stiffer copper foil layers towards the center for 
model T8 because of the increase in the thickness of the outer FR-4 
layers. Despite the decrease in volume fraction of CCL for model T5, 
the stiffness loss of model T5 compared to model T7 is insignificant 
because of the movement of the CCLs away from the centerline of the 
specimen. Similarly, model T6 displays a higher stiffness than model T1 
due to the shifting of outer copper foil layers away from the centerline, 
although the volume fraction of CCL in T5 is lower than T1. The reasons 
for the lowest stiffness of model T3 are firstly, the increase in outer FR-4 
layers which shifted the stiffer copper foil layer towards the centerline, 
and secondly, the reduction of the volume fraction of CCLs. The higher 
stiffness of models T4 and T7 compared to T1 is mainly due to the 
increased volume fraction of CCL. The model T8 shows a decrease in 
stiffness compared to T1 despite a significant increase in volume fraction 
of CCL because of the movement of the copper foil layers towards the 
centerline of the specimen. 

If the outer four layers of the laminate are kept constant which is the 
case for models T1, T4, T5 and T7 (see Table 3) the stiffness of the 
composite is highly dependent on the volume fraction of CCL in the 
composite as shown in Fig. 7 (b). It is seen that the stiffness of the 
composite increases linearly with increasing the volume fraction of CCL 
in the composite with a very high correlation coefficient R2 = 0.9849. It 
indicates that the position of the layers (i.e. stacking sequence) adjacent 
to the centerline of the composite cross section does not have significant 
impact on the stiffness of the laminate. 

So, it can be deduced that the variation of thickness of various layers 
in the laminate causes changes in two parameters i.e. the volume frac
tion of the constituent laminas and the distance of laminas from the 
center of the specimen. These two changes significantly affect the 
bending properties of the composite laminate. The best result can be 
obtained by compromising between these two changes. For example, for 
a constant volume fraction of CCL in the composite, the layer thickness 
should be adjusted in such a way that the copper foil layers and the CCLs 
are placed away from the centerline as much as possible to achieve a 
higher stiffness. On the other hand, for a fixed position of the outer 
layers (i.e. two copper foil layers and two outer FR-4 layers), the volume 
fraction of CCL may be increased to obtain higher bending stiffness. 

The displacement contours for all the models are shown in Fig. 8 and 
it is observed that the displacement is maximum for model T3 and it is 
minimum for model T7. The maximum displacement for model T3 is 
19.48% higher while the maximum displacement for model T7 is 
10.57% lower than the base model as reported in Table 5. The von-Mises 
stress distribution is shown in Fig. 9 for different thicknesses and the 
same trend is also observed i.e. the von-Mises stress for model T3 is 

Fig. 7. (a) Bending stiffness and equivalent modulus of elasticity for different lamina thicknesses (b) The stiffness of the composites as a function of the volume 
fraction of CCL. 
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17.13% higher and for model T7 it is 10.59% lower than the base model. 
From the above discussion, it is evident that model T7 is found to be 

the best in terms of both stiffness and maximum von-Mises stress among 
the eight different lamina thicknesses considered in this analysis. 

3.4. Optimum ply orientation and lamina thickness 

From section 3.2 it is found that model O1 represents the best ply 
orientations based on the laminate stiffness and model T7 represents the 
best lamina thicknesses as discussed in section 3.3. However, at this 
stage, we cannot conclude that O1 orientation and T7 thicknesses are 
best as other orientations for T7 thickness were not considered. It might 
be possible to get better bending properties for T7 thickness and other 
orientations (other than O1). In order to investigate that, other orien
tations with T7 lamina thicknesses are considered as well and the 
possible models are named as O1T7, O2T7, and so on, and in this case, 
O1T7 serves as the base model for comparison. 

Fig. 10 shows the bending stiffness for different ply orientations and 

thicknesses. It is observed from this figure that the bending stiffness is 
maximum for model O1T7. The bending stiffness for this model is found 
to be 22.60 N/mm as shown in Table 6. Table 6 reports the bending 
stiffness, modulus, maximum displacements and maximum von-Mises 
stress for T7 lamina thicknesses and other possible orientations. It is 
found from this table that the bending stiffness and equivalent modulus 
of elasticity are maximum for model O1T7 and the displacement is 
minimum for this model which indicates that O1 ply orientation with T7 
thickness distribution is the best in terms of bending stiffness among all 
the orientations and thickness distributions considered in this work. 

The von-Mises stress is found to be minimum for models O3T7 and 
O6T7. So, again, models O3 and O6 with T7 thickness distribution may 
also be considered for application in printed circuit boards by sacrificing 
the laminate bending stiffness by 3.85% and 3.45% respectively. This 
would also increase the life of the laminate because the lower the von- 
Mises stress higher the lifetime of the structure. 

Table 5 
Comparison of bending properties of all the models.  

Models Stiffness (N/ 
mm) 

Percentage Change 
(%) 

Modulus 
(GPa) 

Percentage Change 
(%) 

Displacement 
(mm) 

Percentage Change 
(%) 

Von-Mises Stress 
(MPa) 

Percentage Change 
(%) 

T1 20.23 – 26.62 – 4.912 – 227.08 – 
T2 18.16 -10.23 23.91 -10.18 5.468 11.32 252.96 11.40 
T3 16.92 -16.36 22.28 -16.30 5.869 19.48 265.98 17.13 
T4 20.89 3.26 27.50 3.31 4.754 -3.22 219.74 -3.23 
T5 20.11 -0.59 26.26 -1.35 4.937 0.51 228.21 0.50 
T6 20.67 2.17 27.22 2.25 4.803 -2.22 222.02 -2.23 
T7 22.60 11.72 29.76 11.80 4.393 -10.57 203.03 -10.59 
T8 20.04 -0.94 26.38 -0.90 4.956 0.90 229.17 0.92  

Fig. 8. Displacement along the thickness direction for different lamina thicknesses.  

Fig. 9. Von-Mises stress distribution for different lamina thicknesses.  
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4. Conclusions 

The aim of this research was to investigate the effect of ply orien
tation and lamina thickness on the bending properties of multi-layer 
PCBs. Seven different ply orientations and eight different lamina 
thickness distributions were considered in this investigation. The 
following points summarize the outcome of this research-  

• The ply orientation significantly affects the bending properties of the 
multi-layer PCBs such that the introduction of angle ply by replacing 
the cross ply decreases the bending stiffness but the improvement in 
maximum von-Mises stress is evident.  

• The bending stiffness and equivalent modulus of elasticity for model 
O1 are maximum compared to all other ply orientations considered. 
However, models O3 and O7 show comparable stiffness and equiv
alent modulus of elasticity with improved von-Mises stress.  

• The variation of lamina thicknesses keeping the overall thickness of 
the laminate constant changes two parameters in the laminate (i.e. 
the volume fraction of the constituent laminas and the distance of 
laminas from the center of the specimen) which affects the bending 
properties of the multi-layer PCBs. The laminate stiffness can be 
significantly increased by increasing the volume fraction of stiffer 
laminas and placing the stiffer laminas away from the centroid axis 
of the laminate.  

• The bending stiffness and equivalent modulus of elasticity for model 
T7 are maximum which are respectively 11.72% and 11.80% greater 
than the base model. On the other hand, the maximum deflection for 
model T7 is 10.57% lower than the base model.  

• The bending stiffness and equivalent modulus of elasticity for model 
O1T7 are maximum (20.60 N/mm and 29.76 GPa respectively) and 
the maximum deflection is minimum among all the variations 
considered in this research.  

• Model O1T7 exhibits the best bending performances in terms of 
stiffness and the maximum deflection among all the models but a 
compromise of less than 5% in bending stiffness could lead to a 

multi-layer PCB (models O3T7 and O6T7) with better von-Mises 
stress and longer lifetime. 
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