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Abstract: Flexible printed circuits (FPC) are widely used in various electronic packages to
interconnect high-performance devices. In case of dynamic applications mechanical reliability of
FPCs is becoming a serious issue as complexity of the devices grows and miniaturization trend
continues. For many of such applications, failures of FPCs can lead to serious consequences.
Fatigue data on FPCs are not commonly available in published literature. One way to obtain such
data is to combine fatigue test results from standard or proprietary FPC dynamic testers with
Finite Element Analysis (FEA) based simulations. This paper describes first results of a research
project on development of an automated procedure of fatigue life assessment of FPCs by FEA
combined with fatigue and optimization analysis. Two goals have been pursued with development
of the methodology: to enable quick modeling and FEA of FPCs by electrical or mechanical
designers who are not familiar with FEA technology and ABAQUS software, to develop a fully
parameterized model for subsequent sensitivity and optimization studies. The automated modeling
of FPCs has been implemented as a vertical application or plug-in in Abaqus/CAE. Fatigue
analysis based on the strain-life method has been programmed in Excel since location of the most
dangerous area from fatique point of view could be predicted in advance. In general cases one
should use specialized fatigue analysis software for this purpose. FEA and fatigue analysis have
been combined using OPTIMUS software to find out an optimum design of the FPC from the
fatigue point of view. First results of the sensitivity and optimization studies have shown that the
method can be used provided more detailed test results are available both on a material and FPC
level.
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1. Introduction

Flexible printed circuits (FPCs) are widely used in various electronic packages to interconnect
high-performance devices. In case of dynamic applications like portable electronics and mobile
phones, mechanical reliability of dynamic FPCs is becoming a serious issue as complexity of the
devices grows and miniaturization trend continues. For many of such applications, failure of FPCs
can lead to serious consequences. There are two main types of FPCs — static and dynamic. Circuits
that are designed to form into a specific shape in order to conform to a design, and retain that
shape without further flexing are called static flexible circuits. Dynamic flexible circuits, on the
other hand, are made to provide a means of electrically connecting moving parts. Two main
factors that influence usable life of dynamic flexible circuits are material parameters and circuit
design. Detailed data on fatigue properties of thin copper foils and FPCs are not commonly
available in published literature. One way to obtain such data is to combine fatigue test results
from standard or proprietary FPC dynamic testers with finite element analysis (FEA) based
simulations. Fatigue of cupper foils and flexible printed circuits has been of significant importance
for suppliers of FPCs who published results of experimental studies (Merchant, 1999, Hayes,
2001, Douta, 2001, Martynenko, 2002). Several authors presented results of finite element
simulations of FPCs using mainly 2-D models (Zehnder, 1997, Douta, 2001, Martynenko, 2002).

This paper presents a methodology how to model, simulate and conduct fatigue analysis of FPCs
in automated manner. This is an ongoing study and only first results are presented in this paper.
We have been pursuing two goals with development of the methodology. A first goal was to
enable quick modeling and finite element analysis of FPCs by electrical or mechanical designers
who are not familiar with FEA technology and ABAQUS software. The second goal was to
develop fully parameterized model for subsequent sensitivity and optimization studies. In this
paper automated modeling of FPCs has been implemented as a vertical application or plug-in in
Abaqus/CAE.

2. Finite element analysis of FPCs with ABAQUS

21 Material properties

Circuit material choices are limited by their suitability for use in dynamic flex circuits by
electrical, mechanical, and physical properties. Copper foil is used as the current carrying material
in FPCs. In dynamic flex circuits annealed rolled copper (RA) foils are generally used because
their fatigue ductility is much better than that of conventional electrodeposited (ED) foils.
Polyimide films are used because they are dimensionally stable, can withstand soldering
temperatures, and have high initiation tear strength. Adhesive type greatly influences flex life.
Material properties provided by suppliers are usually limited to elastic ones and therefore
sophisticated material models available in commercial finite element tools like ABAQUS cannot
be utilized without conducting special additional testing. Literature review has shown that
structural properties of thin copper foils are significantly different from properties of bulk copper
and that should be taken into account in finite element simulations (Merchant, 1999, Hutchinson,
2000, Low, 2003, Yu, 2004). In the current model, copper and adhesive materials were specified
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as elastic-plastic with linear kinematic hardening option and linear properties were used for
polyimide, see Table 1.

Table 1. Example of material properties used in the simulation.

Material Poisson ratio Elastic Modulus Yield Stress
(GPa) (MPa)
Copper 0.34 75.0 85.0
Adhesive 0.4 0.69 33.0
Polyimide 0.35 4.0 -

Fatigue properties of FPCs are usually obtained by doing flex or rolling tests on standard or
proprietary testers. The most typical test employed in the determination of dynamic flex life is the

rolling flex method, where an etched circuit pattern with coversheet is subjected to continuous

flexing until electrical discontinuity occurs. Motion of the model can be characterized by several

stages. Situations at the start of the each stage are illustrated in Figure 1.

a) Starting position

[

b) End of FPC bending, upper holder

(

(

]

moves down

Figure 1. Stages (a-d) of a rolling test.

2.2 Finite element model

Side view

(

¢) Rolling forward

d) Rolling backwards

(

ABAQUS code (ABAQUS, 2005) has been selected for doing finite element modeling of the
rolling test because that was a customer request. For modeling of the rolling test, it would be

enough to have a simplified 2-D model but in a general case in a mobile phone flexible circuits

can have various complicated shapes and deformation behavior that would require 3-D models.
Continuum shell elements with composite structure have been chosen for modeling of FPSs and
other parts were modeled as discrete rigid bodies. General view of the model is depicted in Figure
2. It can be seen that model contains four main parts: flexible circuit, two plates and one holder.
Flexible circuit can be single, two- or three-layered. Bottom layer and middle layer can be
different but upper layer is the same as the bottom layer. The layers are connected to each other

2006 ABAQUS Users’ Conference

407




only at the ends as it is shown in Figure 3. Bottom layer of the flexible circuit is connected to the
moving plate and to the fixed holder at the areas shown in Figure 2.

Rigid Surface moves down after
FPC has completed bending

Here FPC is connected to the Bottom Holder

Rigid Surface (Bottom Holder)
does not move

Nodes (Group A) are rigidly
connected to the Rigid surface

Flexible Printed Circuit (1, 2 or 3 layers)

Figure 2. Finite element model used for simulation of the FPC’s rolling test.

Amplitudes used to specify boundary conditions along x-axis and z-axis of the nodes marked as
“Group A” in Figure 2, are shown in Figure 4. Values of the amplitudes depend on a user
specified parameters.

7 Side view

-nd layer (top) 1-st layer (bottom)
s

Layers are Layers are not connected Layers are
connected to each other here connected
to each other to each other

Figure 3. Connection between layers of the flexible circuit.

2.3 General description of the plug-in

The developed plug-in enables a user who doesn’t have any prior knowledge about ABAQUS
software to create single-, two- or three-layered flexible circuit model, which simulates a dynamic
rolling flex tester. There are ABAQUS/Standard and ABAQUS/Explicit versions of the plug-in,
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which provide opportunities to optimize calculations for flexible circuits with different parame-
ters. The plug-in can be used in ABAQUS/CAE (Complete ABAQUS Environment) with
graphical user interface or in a batch mode. The latter method is particularly useful for running
optimization studies with third-party codes since in this case a user can perform parameterization
on geometry of the model, which would be very difficult to achieve if it is done based on an
ABAQUS input file. Both versions of the plug-in generate 100%-complete ABAQUS input file
(*.inp). With the plug-in a user defines some basic properties (like length, width, number of
layers, material properties etc.) for the flexible circuit with easy-to-use graphical interface. After
that the plug-in generates an ABAQUS input file , which can be directly used for running
ABAQUS analysis.
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Figure 4. Amplitudes of the UX and UZ degrees of freedom of the driving nodes.

24 How to use the Plug-in

After simple installation of several files included with the plug-in has been completed, a user can
start using it. To run the plug-in with graphical user interface one should start ABAQUS/CAE and
select “Flexible circuits (Standard)” or “Flexible circuits (Explicit)” from the Plug-ins
submenu of ABAQUS/CAE main menu. Both Abaqus/Standard and Abaqus/Explicit versions of
the plug-in have similar user interface. After running the plug-in a user will see a General settings
menu shown in Figure 5. In the General settings menu one can set basic parameters of the model
like length, width, material properties etc. Material properties can be defined manually by
selecting “User Defined” option or can be specified by selecting a predefined name of a flexible
circuit supplier. In the latter case all material properties will be defined automatically. In the first
layer settings (Figure 6) and in the second layer settings menu one can select thickness of each
lamina and width of the copper wires in the first layer. In case of a model with three layers
currently the third layer is assumed to be the same as the first one. Material parameters defined in
the ,,Material properties* tab are limited to the properties required to define material properties for
copper, adhesive and polyimide, based on the selected material models. When better material
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parameters are obtained from special material tests or from literature, other more sophisticated
material models can be selected and in this case the ,,Material properties tab will be modified.

[ Flexible Printed Circuit x|

General settings | 1st layer ssttings | 2nd layer ssttings | Material propertiss |

aode: [moder-1 =
Length (mm) (L) EX
\Width (mim) (W) fess |
Start of the flexible part (mm) (S) R
RacllLs (mm) @) [s
Nurrber of layers: B

Material importer User Defined ~
Marne of the ABAQUS input file: fle

Profile view

Upside viewr

E

Analysis of Flexible Printed Circuits, Nokia Ressarch Center, Helsink, 2005

oK Cancel

Figure 5. General settings menu.
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First thickness (TH1) (mm) o012
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Fourth thickness (THdY (mrm) foos
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Cross section view Polyimide

<«
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120 Adhesive
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oK. Cancel

Figure 6. First layer settings menu.
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3. Finite Element Results and Fatigue Analysis

When simulation results are available, another simple plug-in is used to extract maximum strain
and stress values on the outermost surfaces of copper from Abaqus results file (*.odb) and to build
cyclic stress-strain curves as the one shown in Figure 7.
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Figure 7. An example of a stress-strain result curve for copper layer.

Strain-life method (Dowling, 1999) was used to build strain-life fatigue curves based on the
Coffin-Manson equation (1):

O-f b c
£, =?(2N_,.) +£,(2N) (1)
The properties that are determined from strain-life data are the following:

o ; = Fatigue strength coefficient,

b = Fatigue strength exponent,

€, = Fatigue ductility coefficient,
c= Fatigue ductility exponent.

First part of equation (1) represents linear strain and the second part is equal to the plastic
component of strain. The following values are obtained from Figure 7:

Ag,, = plastic strain range,
Ao = stress range,

Ag = total strain range.
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It would be useful to use half-ranges of the amplitudes instead of the amplitudes: Ae, = Ae/2,
Ao, =Ac/2, Ag,, =Ag, /2. Number of tests to failure is equal to 2N ,, where N, is the
number of full reversals. E is elastic modulus of the material.

To draw the strain-life curve we need to determine the following constants for the equation (1):

0 ,b,cand €, . This was done in Excel by using linear least mean square approximation to fit the

following equations:

log2N ;) = 1 10g(0,) ~ log(@) @

log(2N | ) = élogw,m ) —élog(e,o 3)

After parameters b, o, ¢ and & for equation (1) have been calculated, a strain-life curve, like the
one depicted in Figure 8, can be built. In the tests conducted so far, number of cycles to failure
was measured only for three different bending radii.

Strain-life curve

— Strain-life curve

1.E-01 3 £ radius 1.0 mm
] < radius 1.5 mm
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[}
$ 1.E-02
i ] \
£
B4 I3
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1.E-04 e —rr————rrrl
1000 10000 100000 1000000

Cycles to Failure, 2N

Figure 8. An example of strain-life curve for a single layer FPC.

The second practically important part in FEM simulation was to estimate wrinkling of the FPC at
different test conditions, which happens during rolling test, see Figure 9. It is important to be able
to estimate wrinkling because there is limited free space available in mobile devices. With the
single-layer flexible circuits there was not any remarkable wrinkling during the rolling phase with
the 1.0 mm, 1.5 mm and 2.0 mm radii. The maximum vertical deflection with the single-layer
flexible circuits was in the bending phase. With the two- and three-layered flexible circuits vertical
deflection of the FPC in the bending phase was much smaller then in the rolling phase. Deformed
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shapes of FPC corresponding to maximum wrinkling with different parameters (radius and
number of layers) are presented in Figure 10.
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Figure 10. Maximum wrinkling of FPC depending on the number of layers (1-3)
and bending radius (1.0, 1.5, 2.0 mm).
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4. Sensitivity Analysis

Sensitivity analysis of a single-layer model of FPC was conducted using commercial general-
purpose optimization software OPTIMUS from Noesis Solutions company (Noesis Solutions,
2005). OPTIMUS is an environment in which one can automatically visualize and explore the
design space and gain the critical insights into the dynamics of the problem. OPTIMUS can
intelligently find the optimum point in the design space using a combination of gradient methods
for a quick analysis - or state-of-the-art genetic algorithms where multiple hills, valleys and
saddles are anticipated in the response surface. Four geometrical parameters selected as input
variables for the sensitivity study are thicknesses of each lamina as shown in Table 2, where
nominal low and high values of the variables are shown.

Table 2. Geometrical input variables.

Variable name | Low value (mm) | Nominal value (mm) | Maximum value (mm)
THA1 0.006 0.012 0.018

TH2 0.0085 0.017 0.0256

TH3 0.009 0.018 0.027

TH4 0.0125 0.025 0.0375

Young’s modulii of copper, adhesive and polyimide were selected as three more input variables as

shown in Table 3 with their corresponding nominal, low and high values.

Table 3. Material input variables.

Variable name | Low value (GPa) | Nominal value (GPa) | Maximum value (GPa)
CopperYoung 37.5 75 1125

AdhYoung 0.35 0.7 1.05

PolYoung 2.15 4.3 6.45

It was necessary to parameterize the model in order to run Design of Experiment (DOE) study in
OPTIMUS. Since change of section properties affects other parts in the model, parameterization of
ABAQUS input files would have been very tedious. The task was easily achieved by
parameterization of a batch file, which is used to run a command line version of the plug-in. After
that three output vectors and three output variables had to be defined. Total strain LE11, plastic
strain PE11 and maximum stress S11 have been selected as output vectors and ranges of these
vectors were defined as output variables since these values are needed to estimate fatigue life. The
overall workflow defined in OPTIMUS is shown in Figure 11.

LE11 Range_LE11
MatThickness

St Range_S11

Pre-Processing Abaqus/Standard rin “FE_Résults

MatPrap
PE11 Range_PET1

Figure 11. Process Flow for DOE study

In the current version of OPTIMUS information is retrieved by the program from ASCII input and
output files. To create output vectors we had to request printing of results in certain elements to a
* dat file and after that the file had to be cleaned and only needed information was extracted with
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the grep tool. In case an analysis is ran on a Unix server and Optimus calculations are performed
on a PC, it is needed to transfer data in a batch mode between Unix and PC in secure environment.
That was achieved by using a freeware software Putty and simple shell scripts. The same
procedure could be implemented with any other secure connectivity software. In the first DOE
study a 2 level full factorial analysis was selected. Low and high values for each of the design
inputs have already been defined in the definition of the Input Parameters and do not need to be
changed. Based on results of the first DOE we ran a linear Response Surface analysis and
calculated contribution of the input variables to the output results as shown in Figure 12 and

Figure 13.

Response:Range_LE11
Regression:R"2=0.42926365336466, R°2_adj=0.39624587952255,
R*2_press=0.35086304671231
Factor Characteristics:

1)
2)
Ell
4)
5)
6)
7

N Factor Name Hinimum HMax irmum
1ithl 0.0u6 0.018
11tnz 0.008 0.026
11th3 0.005 0.027
11thd 0.012 0.038
CopYouny 37.8 112.5
AdhYoung 0.35 1.08
PolYoung 2.15 6.45
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5 lichd -0.0018 .
6) CopYoung 0.0007 I
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Figure 12. Contribution of Input variables to the Output Variable “Range LE11”.

Response:Range 511
Regression:R“2=0.59705554980377, R*Z_adj=0.57374471384201,
R*2_press=0.54164656373754
Factor Characteristics:

1
2)
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11thi 0.006 0.018
11th2 0.008 0.026
1l1ch3 a.003 0.027
11th4 0.01z 0.038
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Figure 13. Contribution of Input variables to the Output Variable “Range S11”.
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5. Conclusions

A methodology that enables detailed finite element analysis of certain types of FPCs to be done
quickly and in a fully parameterized way has been presented. A first simplified attempt to conduct
fatigue analysis of the FPCs using strain-life method has shown that the method can be used
provided more detailed test results are available both on a material and FPC level. Preliminary
Design of Experiments study has revealed the most important geometrical and material
parameters. Next step in the study would be an optimization analysis to find out the optimum
design of the FPC from the fatigue point of view.
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