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Abstract 

This paper presents an analytical method to predict deformations of Printed Circuit Boards (PCBs) in relation to their 
manufacturing process steps. Classical Lamination Theory (CLT) is used as a basis. The model tracks internal stresses and includes 
the results of subsequent production steps, such as bonding, multilayer press cycles and patterning processes. The aim of this 
research is to develop a model that can be applied to predict laminate deformations in the production of complex PCBs. Initial 
experimental results of simplified test specimens show that the modeling approach is valid and capable of accurately predicting 
laminate deformations for standard bi-layer bonding and multiple press cycles. In the future, the evolved model can be used to 
analyze PCB manufacturing processes and optimize PCB design. 
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1. Introduction 

Printed Circuit Boards (PCBs) are the backbone of 
current electronic systems. They carry all the electronic 
hardware, chips and circuitry. Hence, they are a vital 
part of electronic systems. Increasing miniaturization 
and integration is driving PCB build-up complexity 
towards, multiple pressing and plating cycles, mixed 
materials, structures for thermal management, and RF 
and high speed data constructions. Bow and twist during 
manufacturing, and of the final multilayer PCB, is 
becoming more difficult to control and is critical with 
respect to production yield. Furthermore, fine-pitch 
surface mount component assembly and end-user 
applications have increasing flatness requirements. 
 

Fig. 1. Increasing PCB build-up complexity from 1992 to 2010. 

1.1. Printed Circuit Boards (PCBs) 

The PCB is a composite of organic materials (e.g. 
resin, fillers, glass fibers) and metals. The alternating 
sheets (or layers) of insulating and conducting materials 
provide the means to create circuits for electrical 
interconnections inside the board. Reinforced thermosets 
such as glass-epoxy are used as insulator material. The 
copper layers are generally thin compared to the 
thickness of the insulating material. 

Board sizes continuously decrease; however, the 
functionality and the number of chips per unit area 
increases. This results in more complex boards with 
more and smaller signal traces, and a higher layer count. 
An illustration of the PCB build-up evolution from 1992 
to 2010 is shown in Figure 1. 

The electrical interconnections (i.e. vias) are also 
miniaturizing, as shown in Figure 1. Vias are made by 
drilling through the insulating layers and depositing 
conductive copper on the perimeter. Increasing build-up 
complexity leads to problems with accuracy, flatness 
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tolerances and board deformation. This paper primarily 
focuses on the deformation due to the production process. 

1.2. PCB production process steps 

The PCB production process can easily consist of 
more than 70 steps, depending on the board complexity. 
These steps include a wide range of actions from 
cleaning to quality control. To determine laminate 
deformation the most important steps are [1]: 

 Press steps: Heating the laminate under pressure, 
triggering a chemical reaction in the adhesive layer 
(i.e. curing) that binds layers together. 

 Patterning: Etching a copper pattern by removing 
copper particles. 

 Plating: Holes are plated (metalized) with a thin 
copper film. Also, the thickness of the outer metal 
layers is increased. 

During the PCB production process hot press steps 
and build-up cause thermal strains inside the board. 
After cooling stresses remain and an asymmetric build-
up can cause board deformation. Due to the increasing 
board complexity and component density, board 
deformation tolerances become increasingly harder to 
meet. Therefore the topic of board deformation is 
becoming more important in PCB design. 

2. Board curvature 

Composite laminates are made from different 
materials and these materials have different 
characteristic properties. Deformation under thermal 
loads can occur when the constituents of a composite 
have a different Coefficient of Thermal Expansion 
(CTE). This is a well-known phenomenon in composite 
laminate technology [2]. 
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Fig.2.Four examples of layer expansion effects. 

Figure 2 shows the effect of differences in layer 
expansion for a bi- and tri-layer composite. When the 
temperature is increased, two unbound strips will expand 

but remain straight because they can slide along the 
contact interface (i and iii). Bonded layers however 
cannot deform freely and internal stresses are formed. 
These internal stresses cause a moment that induces 
laminate curvature (ii). For a symmetric lay-up stresses 
counteract each other and no moments or curvature 
occurs (iv). 

In this paper bow is defined as the deviation from 
flatness of a board characterized by a cylindrical or 
spherical curvature, as illustrated in Figure 3. Hence, if 
the product is rectangular, its four corners are in the 
same plane [3]. 

Fig.3.The definition of bow according to the IPC standard [3]. 

2.1. Residual stresses 

When a composite laminate is suspended in a 
statically independent way and there are no external 
forces or thermal gradients present, there will be no 
stress. Each deviation from this situation causes stress in 
the laminate. According to several publications, 
differences in CTE, polymer shrinkage during curing 
and viscoelastic effects are the main mechanism to cause 
residual stresses in PCBs leading to deformation [2, 4-5]. 

2.2. Thermal history 

When modeling the deformation of a composite 
laminate non-linear effects are encountered; i.e. 
viscoelastic properties or uneven strains due to different 
material properties and uneven temperature distributions. 
To allow analytical models to cope with these effects an 
Equivalent Thermal History (ETH) can be used [6]. This 
ETH can be seen as a single temperature step that results 
in a similar laminate deformation as the sum of all 
previous temperature steps. For instance in a linear 
system two sub-steps, both with a temperature increase 
of 50°C can be substituted with an ETH of +100°C, 
having a similar result. The ETH can also be used to 
incorporate the effects of other secondary effects. 

2.3. Current modeling approach 

Modern composite models rely on extensive Finite 
Element Model (FEM) calculations. There are three 
main techniques to model material properties when 
determining deformations in composite laminates [5]. 
Listed in successive order of complexity and accuracy 
these are: elastic, incremental elastic and viscoelastic. 
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They differentiate in constant or progressive material 
properties. For the most accurate results viscoelastic 
material properties must be used. This allows stress to 
build up during the curing phase and provides the means 
to incorporate friction and energy dissipation during the 
process. Various secondary effects should also be 
incorporated [7]. For instance, heat transfer, kinematics 
of the curing process, resin flow, thermal strains and 
mechanical constraints of the tooling are needed for an 
accurate result. Using a four stage FEM analysis, 
Brauner et al. [4] have shown good results to incorporate 
these effects. 

3. Analytical PCB deformation model 

Since a PCB is very similar to a composite, the 
Classical Lamination Theory (CLT) [8] is chosen as a 
mathematical basis to model PCB curvature analytically. 
The CLT is augmented with an experimentally 
determined ETH and algorithms for multiple press steps, 
patterned layers and the plating process. 
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Fig.4. Definitions of the Classical Lamination Theory (CLT) [8]. 

3.1. Model basis 

The CLT is able to determine the overall stiffness of a 
laminate based on the properties of each separate layer. 
Definitions for this model are shown in Figure 4. 
Curvature is determined around the centerline of the 
laminate with M being the bending moment and  the 
radius of curvature. Layer thicknesses are described by 
the height coordinate z. 

The main assumptions for this model are: 
 Perfect bonding between the layers 
 Pure bending with a constant radius 
 Linear elastic behavior 
 Negligible transverse and normal strains. 

In this case, forces and moments, laminate stiffness, 
and deformation are coupled in a Hooke-like expression: 
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where N and M are forces and moments, respectively; 
the ABD-matrix represents the laminate stiffness; and  
and  are the strain and curvature, respectively. The 
ABD-matrix can be determined based on material 
stiffness and lay-up information according to: 
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Here, Eij represents the laminate’s global stiffness 
matrix, k represents the layer number and z represents 
the height coordinate. Thermal strains are taken into 
account by determining the equivalent thermal forces 
and moments. These are no real forces and moments, but 
forces and moments that would have an equal strain 
effect as the thermal effects due to a certain temperature 
difference. Eq. 1 is augmented by adding these thermal 
forces (Nth) and moments (Mth) and by inverting the 
ABD-matrix: 
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3.2. Model structure 

Eqs. 1-5 can be used to simulate a single process step. 
Input properties, such as material properties and lay-up 
information, are used to generate the ABD-matrix. Next, 
the temperature difference is inserted to determine and 
store the stresses per layer. Finally, these results can be 
converted to laminate curvature. Successive processing 
steps can be implemented by iterating through Eqs. 1-5 
several times, continuously updating the ABD-matrix. 

 

Fig.5. Schematic model of PCB manufacturing process steps. 
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Calculated stresses per layer per process step are 
superimposed to determine the final laminate curvature. 
This model structure is shown in Figure 5. A single 
process step follows the arrows indicated with an (i); for 
multiple process steps loop (ii) is performed until the 
manufacturing cycle of the board is finished. 

3.3. Equivalent Thermal History (ETH) 

During each bonding reaction several secondary 
effects occur. While the model takes the difference in 
CTE of the constituents into account, temperature 
distributions, gelation reaction mechanisms and time 
influences are not taken into account. For unaccounted 
effects, the model uses an ETH as defined in Section 2.2. 
The idea behind the ETH comes from a linear expression 
for the model. By modeling the relation between 
deformation and temperature difference as: 

eqTC  (6) 

where C is a constant that symbolizes the entire model 
apart from the temperature. With an experimentally 
determined temperature Eq. 6 can be used to produce the 
correct deformation results for a given laminate. 

3.4. Multiple press steps and plating 

Introducing multiple press steps and plating process 
steps in the model involves multiple iterations. After 
each step the stress per layer is stored. When the 
laminate is finished, all stresses are superimposed and 
the final curvature is determined. Three different process 
steps are distinguished in the process of both bonding 
layers and plating a thin copper film: 
1. The layers or semi-finished laminates are heated 

towards the process temperature. 
2. Deformation that is present in the laminates, due to 

curved constituents, is flattened by the press. The 
force is determined using Eq. 1 and then converted 
into stresses and stored. 

3. The final laminate is modeled by updating the 
ABD-matrix and stresses are determined based on 
cooling down from the experimentally determined 
equivalent temperature (Teq). This temperature is 
also referred to as the onset temperature. 

3.5. Patterned layers 

The model is also able to incorporate the influence of 
copper patterns in layers. Equations based on serial and 
parallel stiffness are used to develop global layer 
properties for mixed epoxy-copper layers. Global layer 
properties can be determined based on the properties of 
the constituents and information about the mixture of 

contents. The equivalent stiffness of each layer is 
determined according to [9]: 
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where E and V represent the Young’s modulus and the 
material fraction, respectively; and the subscripts c and r 
indicate copper and resin properties, respectively. Other 
material properties are determined according to the 
ESTEC Structural materials handbook [10]. 

4. Experimental validation 

A series of experiments have been conducted to prove 
the validity of the model. Experiments focusing on the 
ETH, multiple press steps and patterned layers will be 
treated. The experimental validation of the plating 
process is omitted. 

4.1. Onset temperature 

A number of bi-layer composites are formed by 
bonding aluminum and copper sheets of 305x209 with 
an epoxy or acrylic adhesive. The lay-up is described in 
Table 1. Since the produced samples are asymmetric, 
they will deform due to internal stresses. Measurements 
of the midpoint of the laminate enable the calculation of 
the curvature. The results can then be used to determine 
the accuracy of the model for bi-layer samples. Metals 
were chosen as test material because their microstructure 
is more homogeneous compared to composites, reducing 
errors due to uneven distribution of stresses. Sets of 
laminates are bonded at different temperatures (i.e. 
160°C, 180°C and 200°C) to determine the influence of 
the curing temperature on laminate deformation. The 
curing time for each process is based on manufacturer 
data to ensure full cure of the adhesive layers. 

Table 1. Lay-up of bi-layer composites using two different adhesives. 

Layer Acrylic adhesive  Epoxy adhesive 

#1 Copper 0.30mm  Copper 0.30mm

#2 Acrylic 0.11mm  Epoxy 2x 0.08mm

#3 Aluminum 0.21mm  Aluminum 0.21mm

 
After the bonding process, each laminate is placed 

with the convex side up on a flat surface. The distance 
between the table top and the highest point of the 
laminate is measured. This deformation is transformed 
into curvature using the following correlation: 

l90cos11
 (8) 
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Table 2 lists the results of this experiment. Although 

the mean curvature seems to increase with the process 
temperature, this trend is not significant. Statistically, 
various process temperatures result in an almost similar 
deformation. This is probably caused by the heating rate 
of the press and the laminate package inside. Since the 
temperature increases gradually, most of the curing is 
done before the laminate reaches its final process 
temperature. 

Table 2. Measured laminate deformation. 

Adhesive Process 
temperature 

(°C) 

Number of 
samples 

(-) 

Mean 
curvature 

(1/m) 

Standard 
deviation 

(1/m) 

Acrylic 160 6 2.71 0.04 

Acrylic 180 6 2.78 0.13 

Acrylic 200 6 2.90 0.05 

Epoxy 200 10 2.89 0.02 

 
An important observation is that the shape of the 

laminate is cylindrical. Bow can be seen along the long 
edge of the laminate. As shown in Figure 6, the short 
side is almost flat. Curvature along the long side of the 
laminate changes the moment of inertia of the sample, 
preventing bow along the short edge. 
 

Fig.6. Bi-layer composite showing cylindrical deformation. 

To analyze this effect, small samples have been cut 
from the produced laminates. A clear increase in 
deformation can be found when the ratio width vs. 
length reaches unity. Table 3 shows the deformation for 
various strip widths. 

Table 3. Measured effect of width vs. length ratio on deformation. 

Strip size 
(mm) 

Number of 
samples (-) 

Mean deformation 
(mm) 

Standard 
deviation (mm) 

25x250 8 18.9 0.6 

50x250 8 19.3 1.2 

100x250 8 22.1 0.6 

 
The relation between deformation and temperature is 

analyzed by heating the strips in a climate chamber. The 

temperature of the strips is gradually increased and the 
deformation is measured at fixed time intervals. Figure 7 
shows the deformation profile for a strip from a bi-layer 
composite that was processed at a temperature of 180°C 
using an acrylic adhesive. For the other process 
temperatures and epoxy adhesive similar profiles were 
observed. 

The thick lines indicate the measured values and the 
thin lines are a linear extrapolation of the measurement 
results. The value for the ETH is found where the 
extrapolation crosses the horizontal axis (i.e.  = 0). This 
resulted in an average ETH of 235°C. Differences 
between different bonding temperatures and adhesive 
types proved not to be significant. 
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Fig.7. Strip deformation profile; bi-layer composite processed at 180°C 
using an acrylic adhesive. 

4.2. Multiple press steps 

A similar set of experiments is performed to establish 
the influence of multiple press steps on laminate 
deformation. A copper-aluminum-aluminum laminate is 
produced in two press steps with an epoxy adhesive. 
Two different sequences were used with a total of eight 
samples. Sequence one started with a copper-aluminum 
laminate, thus having a deformed half-fabricated 
laminate, and the second aluminum layer was added in 
the second step. The second sequence started with an 
aluminum-aluminum laminate and then a copper layer is 
added. Each bonding process was carried out at a 
temperature of 200°C. The final results are listed in 
Table 4. 

Table 4. Measured results for multiple press steps. 

 Al+(Al-Cu) (Al-Al)+Cu 

Number of samples (-) 4 4 

Mean curvature (1/m) 2.00 1.62 

Standard deviation (1/m) 0.021 0.015 

 
The results show a clear difference between the first 

and the second sequence. Since both boards have the 
same lay-up this is an indication that stresses in a 
deformed sub-board are retained throughout the second 
press cycle and influence the final board deformation. 
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4.3. Patterned layers 

Copper patterns are expected to have an important 
effect on PCB curvature as well. For this experiment a 
copper pattern is etched in a standard factory laminate 
consisting of 0.1mm epoxy with a 0.07mm copper on 
both sides. The patterns consist of straight lines with a 
width of 0.25mm and are oriented either along the long 
side or across the laminate. Residual stress in the 
laminate causes curvature. Due to the low stiffness of the 
laminates it was impossible to take accurate 
measurements; however, the laminates show a distinct 
behavior. Figure 8 shows a photograph of six laminates. 
The three topside laminates have a pattern along the long 
side and are clearly less curved than the three bottomside 
laminates where the pattern was positioned across the 
laminate. 

 

Fig.8. Different curvature for patterning along and across laminates. 

4.4. Modeling versus experiments 

Figure 9 compares the modeling results with the 
experimental results. The results are normalized to 
enable the comparison between the results. Good results 
are achieved for simulating bi-layers and multiple press 
steps using the current model with an experimentally 
determined ETH. 
 

Fig.9. Normalized results of model vs. experiment. 

The results for the patterned layers did not compare 
well with the model. This is due to the low laminate 
stiffness and inability to make accurate measurements. 
Also, the modeling of the plating process and patterned 
layers should be refined more. 

5. Conclusions 

For future applications it is important to approximate 
the deformation of complex PCBs. In this paper an 
analytical model is presented to predict the deformation 
of a PCB based on the CLT. Several additions have been 
made to adapt the model for standard PCB production 
process steps, assuming temperature independent 
material parameters for each of the layers. These 
modeling additions are: 

 Equivalent thermal history 
 Multiple press steps and plating 
 Patterned layers 

The evolved model has been validated 
experimentally. In a series of experiments various parts 
of the model were tested. The current model can predict 
the behavior of bi-layer samples and multiple press 
steps; however, it struggles with accurate predictions for 
the plating process and patterned layers. Further research 
should be conducted to determine the effects of plating 
and patterning, and give a more accurate prediction for 
these processes. 
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