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Abstract
This thesis investigates the reliability of printed conductors on flexible substrates under cyclic
bending. The topic is approached by studying the effects of several key design parameters on the
bending lifetime of printed conductors under dynamic loading.
In this thesis, the test specimens with various cross-sectional geometries were printed on
different plastic and paper substrates. The test samples were fabricated with two printing methods,
silk screen and roll-to-roll printing, by utilizing three different silver pastes as the conductive
material. To evaluate the long-term performance of the printed traces, the test specimens were
exposed to cyclic bending and their electrical behaviour during the test was monitored with
resistance measurements.
The bending test results were analysed by utilizing the Weibull analysis, with a 20% increase
in resistance as the failure criterion. This method yielded a characteristic lifetime for a test
population, including 10 individual test specimens. When comparing the characteristic lifetimes
of all of the fabricated test populations, it was observed that all of the varied design parameters
had an effect on the bending reliability of the printed traces. However, within the studied
geometries and materials, the substrate was found to have the highest impact on the long-term
electrical performance of printed conductors under cyclic bending.
The study proves that the bending reliability of printed conductors can be enhanced by proper
design choices. This is done by minimizing the strain when the printed trace is subjected to
bending.

Keywords: bending, conductor, flexibility, printed electronics, reliability

Happonen, Tuomas, Luotettavuustutkimuksia joustaville pohjamateriaaleille
painetuille johtimille syklisessä taivutuksessa.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Tieto- ja sähkötekniikan tiedekunta
Acta Univ. Oul. C 571, 2016
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Tässä työssä tutkitaan joustaville substraateille painettujen johdinten luotettavuutta syklisessä
taivutuksessa. Aihetta lähestytään tutkimalla useiden tärkeiden suunnitteluparametrien vaikutusta painettujen johdinten elinikään dynaamisessa rasituksessa.
Työssä painettiin poikkileikkausgeometrialtaan vaihtelevia testirakenteita erilaisille muovi- ja
paperisubstraateille. Testinäytteet valmistettiin käyttäen kahta painotekniikkaa, silkkipainoa ja
rullalta rullalle painoa, hyödyntäen kolmea erilaista hopeapastaa johtavana materiaalina. Painettujen johdinten pitkäaikaisen suorituskyvyn arvioimiseksi testinäytteet altistettiin sykliselle taivutukselle ja niiden sähköistä käyttäytymistä monitoroitiin testin aikana resistanssimittauksilla.
Taivutustestin tulokset analysoitiin Weibull analyysin avulla käyttäen 20%:n kasvua resistanssissa vikakriteerinä. Tämän menetelmän lopputuloksena saatiin karakteristinen elinikä testipopulaatiolle koostuen kymmenestä yksittäisestä testinäytteestä. Vertailtaessa kaikkien valmistettujen testipopulaatioiden karakteristisiä elinikiä, havaittiin kaikilla vaihdelluilla parametreilla
olevan vaikutusta painettujen johdinten luotettavuuteen. Tästä huolimatta, tutkittujen geometrioiden ja materiaalien rajoissa, substraatilla todettiin olevan suurin vaikutus painettujen johdinten pitkä-aikaiseen sähköiseen suorituskykyyn syklisessä taivutuksessa.
Tämä tutkimus osoittaa, että painettujen johdinten taivutusluotettavuutta voidaan parantaa
oikeilla suunnitteluvalinnoilla. Tämä voidaan toteuttaa minimoimalla venymä painetun johtimen ollessa taivutuksessa.

Asiasanat: johdin, joustavuus, luotettavuus, painettava elektroniikka, taivutus
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1

Introduction

1.1

Motivation for the work

Printed electronics has been seen as a fabrication method to meet the industrial
requirements for low-cost and high-volume flexible electronics at low processing
temperatures (Chrisey 2000). Besides the recognized technological advantages,
printed electronics is estimated to grow into a multibillion business, in the near
future (Leenen et al. 2009).
The concept, called printed electronics, includes various non-contact and
contact printing methods to deposit printable materials onto fabricate electrical
structures (Khan et al. 2015). Despite the fact that the used materials and
manufacturing methods in printed electronics allows low processing
temperatures, the drawback of the printed structures is their lower electrical
properties in comparison to discrete surface mounted devices (Jillek & Yung
2005). However, printed electronics has shown its feasibility and potentiality in
multiple applications, such as systems on foils (Keränen et al. 2015, van den
Brand et al. 2008), antennas (Khaleel 2014, Lakafosis et al. 2010, Shin et al.
2009), sensors (Honeychurch & Hart 2003, Tudorache & Bala 2007, Voutilainen
et al. 2015), or wearable electronics (Jost et al. 2013, Karaguzel et al. 2009).
A potential high-volume manufacturing method for printed electronics is rollto-roll (R2R) printing (Kim et al. 2012, Kololuoma et al. 2004, Noh et al. 2010),
enabling a non-stop production of electrical structures on low-cost substrates
(Pudas et al. 2005). As described in the literature (Galagan et al. 2011,
Søndergaard et al. 2012, Søndergaard et al. 2013), this fabrication method also
facilitates the manufacturing of devices with organic semi-conductors, such as
solar cells.
Another clear advantage in printed electronics is the possibility for using
various flexible substrates on which the electrical structures are deposited. Such
base materials include, for example, polymers (Yakimets et al. 2010), papers
(Tobjörk & Österbacka 2011) and fabrics (Kim et al. 2010, Lacerda Silva et al.
2013). Using flexible substrates opens up new possibilities for printed electronics,
where the application needs to be used in a curved form or requires repeated
bending. However, bending a printed electronics application exposes it to a
mechanical loading, which might cause a weakening in its performance or even a
failure and should be taken into considerations, in advance.
17

Generally speaking, conductors are the most basic building blocks in
electronic designs. The importance of conductors is emphasized when considering
the feeding of electrical signals between various units in an electrical system.
Therefore, the performance of conductors is essential from the whole system’s
functionality point of view. The studies by Farley et al. in traditional printed
wiring assemblies (PWAs) under mechanical cycling, suggested that the copper
trace might be the most vulnerable component in a system and its durability can
be enhanced by a proper design (Farley et al. 2010, Farley et al. 2012). Design
recommendations to enhance the reliability of copper interconnects on printed
circuit boards (PCBs) under mechanical loading have also been proposed (Syed et
al. 2010).
In the case of printed electronics, the printed traces and adhesive
interconnections comprising printed conductors are also concluded to be a critical
factor from the perspectives of application functionality and reliability (Happonen
et al. 2014, Salam et al. 2009). Thus, understanding the electrical behaviour and
reliability of printed conductors under bending is extremely essential information
when designing printed and flexible electronics, and necessitates thorough
investigation.
1.2

Scope and objectives of the study

This study discusses the reliability of printed traces on flexible substrates under
cyclic bending. The hypothesis of the study is stated as follows:
Design choices have an effect on the bending reliability of conductors printed
on flexible substrates.
This presumption is approached by studying the effects of line cross-sectional
geometry, substrate properties, conductive material composition, printing
methods, bending direction and bending radius on the long-term electrical
performance of printed traces. All these aspects can be taken into account when
designing a bendable printed electronics application, including conductors. Any
other considerations affecting the mechanical durability of printed traces are
outside the scope of this thesis.
Printed electronic structures can be fabricated by different manufacturing
methods, however, this study is limited to dealing with the silk screen and roll-toroll printing methods. This choice is based on the maturity of the screen printing
process, with steady and repeatable outcomes, and on the potentiality of the rollto-roll process as a high-volume manufacturing method for printed electronics
18

applications, in the near-future. Another argument is that the same materials are
able to be utilized with both of the fabrication methods, and the output from both
of the processes is approximately the same, from a geometric perspective. This
enables a reasonable comparison between the two manufacturing techniques.
Furthermore, the results obtained from the low-volume, semi-automatic and
sheet-based screen printing process could be upscalable to the high-volume and
fully automatic roll-to-roll process.
When speaking about substrates and conductive materials, all utilized
materials in this study are generally available. No new compositions were
developed during the work, instead, all of the used materials are purchasable from
dedicated suppliers. In the case of flexible substrates, the used materials are
restricted to different types of plastics and papers. From the perspective of
conductive material, commercial polymer thick film (PTF) silver pastes with
different characteristics are utilized. Any methods for improving the performance
of the used materials are excluded from the study. Both the substrates and
conductive materials are utilized per se.
The main contribution of this study is to clarify the effects of the selected
design variables on the bending reliability of printed conductors. When studying
the long-term performance of printed traces, each design parameter is varied by at
least three values, to clearly distinguish the significance of the parameter on the
mechanical durability of a conductor. Moreover, the reliability test results
presented in this thesis are obtained by utilizing a statistical analysis in order to
increase the validity of the results. This study aims to gather design guidelines,
which can be exploited to design more reliable printed electronics structures. With
the knowledge provided by this thesis, one is able to consider how, why and how
much a certain design parameter affects the mechanical durability of a printed
conductor in cyclic bending.
1.3

Outline of the thesis

The structure of this thesis is organized as follows. Chapter 2 provides the
theoretical background for the study by presenting the used fabrication methods,
bending theory, introduction of the fatigue and reliability concepts and an
overview of the state-of-the-art in bending flexible electronics. Chapter 3 covers
the details of the experimental part of this work, including design and fabrication
of test components, used cyclic bending test setups and the utilized reliability
analysis method. The results from the conducted experiments are summarized in
19

Chapter 4, based on the original Papers I-IV. This chapter provides an analysis of
the effects of the studied design variables on the cyclic bending reliability of
printed lines. In Chapter 5, the obtained results are consolidated and conclusions
on the various effects are drawn. In addition, the implications of the obtained
results and suggestions for further studies are stated. Finally, Chapter 6
summarizes the conducted experiments and their results.

20

2

Theoretical background

2.1

Screen printing

Printed electronics consists of several various fabrication techniques to deposit
electrical components and structures. Such methods include gravure,
flexographic, offset, screen and inkjet printing (Khan et al. 2015, Søndergaard et
al. 2012, Tobjörk & Österbacka 2011). This thesis focuses on the utilization of
screen printing methods to fabricate printed conductors on flexible substrates.
Screen printing is a manufacturing method, which allows the formation of
thick layers on a substrate. According to Søndergaard et al., screen printing can be
divided into two different types of methods, flat-bed screen printing and rotary
screen printing (Søndergaard et al. 2012). The operational principle of flat-bed
screen printing is depicted in Fig. 1. To deposit a desired pattern on a substrate, a
stencil, including a mesh and an emulsion exposed with the desired pattern, is
placed on the substrate (see Fig. 1a). The material to be deposited, paste or ink, is
placed on the mesh and, by means of a moving squeegee, the material is forced
through the openings of the stencil (Fig. 1b). After removing the stencil and
squeegee, the printed pattern remains on the substrate, as a wet layer (Fig. 1c).
Paste
Squeegee

Pattern to be printed

Emulsion

Mesh

Substrate

a)

b)

c)
Fig. 1. Flat-bed screen printing process.
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The screen printing process is upscalable for high-volume manufacturing by
using a rotary screen printing method. In this roll-to-roll method, the substrate is
moving between two rollers enabling the continuous printing of the desired
pattern(s) as illustrated in Fig. 2 (Søndergaard et al. 2012). In comparison to flatbed screen printing, the paste to be printed is located inside a rotating screen and
forced through the screen by a fixed squeegee. This enables deposition of the
desired patterns, with repetitive intervals.

Rotating screen
Pattern to be printed

Squeegee
Paste

Backup roller

Fig. 2. Rotary screen printing process.

Both of the presented printing methods are utilized in this thesis. The terms screen
printing and silk screen printing, used in the thesis, refer to previously presented
flat-bed screen printing, in which the printed patterns are fabricated as a sheetbased process. On the other hand, the rotary screen printing process is called rollto-roll printing, in this thesis.
In printed electronics, printable materials need to be selected to be compatible
with the used deposition method. Different parameters such as viscosity, surface
tension, conductivity and compatibility to other materials need to be taken into
account when selecting the printable material. Also, the properties of a substrate
material should be taken into consideration. Such characteristics include, for
example, dimensional stability, thermal stability and solvent resistance. (Khan et
al. 2015)
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When considering screen printing of a conductive pattern, a possible choice is
to use pastes or inks containing micrometre-sized metal particles. Within this
approach, solid metal flakes, such as silver particles, are suspended into a solution
that also contains solvents and binder material. After printing the wet layer, the
printed pattern is cured to remove the solvents, in order to achieve the
conductivity of the pattern. A typical curing method for metal flake pastes is heat
treatment. A cured printed conductor consisting of metal particles and binder
material has a typically larger surface roughness and higher volume resistivity in
comparison to its bulk counterpart. (Tobjörk & Österbacka 2011)
2.2

Bending theory

To understand the mechanical behaviour of a printed conductor under bending, an
analytical model is introduced in this section. Another approach could have been,
for example, the utilization of the numerical finite element method (FEM),
however, the classical beam theory was chosen for this purpose, due to its
simplicity.
A structural element is called a beam when its length is significantly longer
than its cross-sectional dimensions and the loads subjected to it produce
deflections perpendicular to its longitudinal axis (Boresi & Schmidt 2003). The
behaviour of a beam in bending can be considered by means of the EulerBernoulli beam theory. The main principle in this bending theory is that the plane
sections of a beam remain plane and perpendicular to the longitudinal axis of the
beam, under bending.
The bending of a beam is illustrated in Fig. 3 for a uniform beam element.
According to the beam theory, there is a neutral axis in a beam where no
longitudinal stresses or strains exist under bending. Based on this assumption, a
beam element, with an infinitesimal length dl on the neutral axis without bending,
maintains its length under bending, but is deformed into an arc. In the case where
a bending radius r is used, dl = r*dθ, where dθ is an infinitesimal angle of that
arc. Furthermore, when considering the beam elements at the distance ±h from the
neutral axis, the deformed arcs under bending have the infinitesimal lengths dl± =
(r ± h)*dθ.
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+ε
dl+
dl
+h

neutral axis

dl-

-h

-ε

r

dθ

Fig. 3. A beam under bending.

The strain ε of the beam element at the distance ±h from the neutral axis can be
calculated as follows:
(1)
where +ε denotes positive or tensile strain and –ε stands for negative or
compressive strain, respectively. Eq. (1) can also be applied in the context of
printed electronics. As the thickness of a substrate material is usually notably
larger than the layer thickness of a printed conductor, the bending behaviour of a
printed line can be assumed to be dominated by the substrate properties. Thus, by
ignoring the thickness of a printed conductor, Eq. (1) can be modified to
approximate the strain at the conductor’s surface:
(2)
where ds is the substrate thickness and t is the thickness of a printed line. As can
be seen, Eq. (2) does not take into account the material properties, either. Suo et
al. have presented a formula based on the beam theory for film-on-foil electronics
that also recognizes the elasticity of the used materials (Suo et al. 1999). This
equation is given as follows:
(3)
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where η = t/ds and χ = Yt/Ys. Moreover, η is used to define the ratio between the
thicknesses of trace and substrate, and χ describes the ratio between Young’s
moduli of trace and the substrate, respectively.
In the special case where Young’s moduli of trace and the substrate are equal
(χ = 1), Eq. (3) is simplified and the strain is only based only on the thicknesses of
the substrate and trace, and the bending radius. The same outcome is obtained
with the assumption that the substrate thickness is very high in comparison to the
trace thickness and their ratio approaches zero (η = 0). Thus, we get an
approximation for the strain from Eq. (3):
(4)
In practice, the ratio χ between Young’s moduli of substrate and trace materials
may differ from 1 and the ratio η between the thicknesses of the trace and the
substrate is not equal to 0. Thus, the elasticity of used materials should be taken
into account when accurately calculating the absolute strain.
2.3

Fatigue

Fatigue is the response of a material to repeatedly applied loadings resulting in
cyclic deformation and fatigue failure of a material (Suresh 1998). Furthermore, a
fatigue failure is a process containing multiple stages. At first, a fatigue failure is
initiated with the formation of cracks, then the cracks propagate with the
continued cyclic loading, and finally a specimen becomes structurally damaged
(Ellyin 1997).
There are many factors that affect the fatigue life of a specimen. According to
(Ellyin 1997), they can be grouped into separate categories, from which some are
interrelated, as depicted in Fig. 4. From these, processing refers to the
manufacture and deformation history during the fabrication of a specimen that
may have an effect on the fatigue behaviour. Load spectrum is defining the
fatigue life by means of magnitude, direction and rate of loading exposed to a
specimen. From the perspective of the specimen’s properties, both external
geometry and microstructure are factors affecting its fatigue life. Geometric
discontinuities, such as notches and joints, are usually potential sources for crack
initiation because of higher stresses and strains, in these locations. In the case of
microstructure, grain structure and size have a strong effect on fatigue life.
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Finally, environmental factors, such as temperature and humidity, need to be
taken into account when considering the fatigue life of a specimen.
Processing

Microstructure

Load spectrum

Fatigue life

Component geometry

Environment

Fig. 4. Factors affecting fatigue life.

A cyclic loading can be divided into two regimes. A domain where the cyclic
loadings are relatively low and the number of cycles to failure is high, is called
high-cycle fatigue (HCF). The other domain is low-cycle fatigue (LCF), where
the lifetimes are low and the cyclic loading is high, inducing plastic strain in a
specimen under interest. The transition between the two regimes typically occurs
around 104 to 105 cycles. (Collins 1993)
Concerning low-cycle fatigue, the Coffin-Manson relationship is a generally
applicable method for modelling LCF of ductile materials. It has been used, for
example, as an industrial standard for failure mechanisms and models of
semiconductor devices (JEDEC Solid State Association 2009) and for
characterizing the fatigue life of solder joints (Lee et al. 1999). The CoffinManson model defines the relationship between the applied plastic strain and
reversals to failure as follows (Lee et al. 1999):
′

2

(5)

where εp/2 is the plastic strain amplitude, εf’ is the fatigue ductility coefficient, 2N
is the number of reversals to failure (N cycles) and c is the fatigue ductility
exponent. In this model, εf’ and c are empirical constants to be defined for the
specific case under study.
The Coffin-Manson relation is utilizable with several applications, including
conductive structures on flexible substrates. It has been reported, for instance, to
be applicable for modelling the fatigue behaviour of evaporated silver thin films
26

on PET under stretching (Sim et al. 2012), evaporated copper thin films on
polyimide (PI) under bending (Kim et al. 2013), sputtered copper thin films on PI
under tensile testing (Kraft et al. 2001) or thin film copper traces on a PCB (Lall
et al. 2010).
2.4

Reliability

In the simplest terms, the concept of reliability is stated as follows (Levin & Kalal
2003):
Reliability is conformance to specification over time.
Furthermore, in greater detail, a commonly used definition for the term
reliability in engineering is (O'Connor & Kleyner 2012):
The probability that an item will perform a required function without failure
under stated conditions for a stated period of time.
Both of the presented definitions state that reliability is a time-dependent
concept to meet the required specifications. Therefore, we need some methods for
predicting the occurrence of not fulfilling the requirements, i.e. failure of a system
under study.
Forecasting the conformance to specifications for a certain period of a time
can be done through probabilities. Thus, this approach necessitates the use of
statistical methods when quantifying reliability. Depending on the failure rate
over time, there are several distributions that predict the life time of a system
under study, in a statistical way. Such life distributions are, for example,
exponential, gamma, Weibull and normal (Barlow & Proschan 1975).
The Weibull distribution is a generally applied method for statistically
analysing reliability test results in engineering. The cumulative distribution
function of the Weibull distribution is (Barlow & Proschan 1975):
1

,

0

(6)

where α > 0 is the scale parameter and β > 0 is the shape parameter of the
Weibull distribution. From these, the scale parameter α is used as a measure to
describe the characteristic lifetime of a test population under study. To be more
specific, the scale parameter α indicates the situation where 63.2% of the test
specimens in a studied test population have failed. The shape parameter β
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produced by the Weibull analysis describes the uniformity of the test specimens in
a population, in terms of their lifetimes. The effect of the scale and shape
parameters’ changes on the cumulative Weibull distribution function is
demonstrated in Fig. 5.

a)

b)

Fig. 5. Cumulative Weibull distribution function a) with varying scale parameter and
constant shape parameter (β = 3) and b) with varying shape parameter and constant
scale parameter (α = 1000).

As seen from Fig. 5, with a constant shape parameter β, the slope of the
cumulative distribution function is the same; however, the location of the curve in
the number of cycles axis is changing. Thus, the cumulative failure rate exceeds
the 63.2% point according to the scale parameter α. In the case where shape
parameter β is varying and scale parameter α is constant, the 63.2% cumulative
failure rate is exceeded at the same point, but the shape and slope of the
cumulative distribution function is changing. Especially in the cases where β is
low, the slope is gentle and the cumulative failure rate is higher, at the early
stages.
The Weibull distribution can also be associated with the well-known “bathtub
curve”. In this method of presentation, the failure rate is plotted as a function of
time, as illustrated in Fig. 6 (Levin & Kalal 2003). Moreover, the shape parameter
β needs to be over 1.0 to be able to discuss wear-out type failures. In the case of
β > 1.0, the failure rate is increasing over time, indicating a wear-out type failure,
such as fatigue. If β = 1.0, then the failure rate is constant over time and we are
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speaking about the useful life of a device or system of interest. In the case where
the shape parameter β < 1.0, the failure rate decreases over time, caused by a
considerable number of samples known as infant mortalities.
β=1

β>1

Infant
mortality

Useful life

Wear-out

Failure rate

β<1

Time (log scale)
Fig. 6. The “bathtub curve”.

2.5

State-of-the-art in bending flexible electronics

The effect of bending on the electrical characteristics of flexible electronics has
been studied widely in the literature. The current status of this topic is reviewed in
this chapter from various perspectives, including the different fabrication
methods, materials and electronic components under study.
2.5.1 Flexible electronics under bending
In the case of non-printed flexible electronic components, electrical
characterization of amorphous silicon thin-film transistors (TFTs) on compliant
substrates after bending has been reported by Gleskova et al. in several studies
(Gleskova et al. 1999, Gleskova et al. 2000, Gleskova et al. 2002). In these
studies, they examined the critical bending radii below which the transistors were
functional after the strain. Their investigations (Gleskova et al. 2006) were also
extended to cover solar cells on flexible substrates, with the safe regime of strain
aspect.
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Bending experiments for evaporated field effect transistors (FETs) on plastic
films were conducted by Sekitani et al. (Sekitani et al. 2005, Sekitani et al. 2006).
In these studies, the electrical behaviour of FETs was characterized as a function
of a bending radius, and was found to be dependent on the applied strain and the
direction of bending. In addition, a capacitor fabricated in the same process was
reported to vary its capacitance under bending due to the change of insulator layer
thickness, known as the Poisson effect (Sekitani et al. 2005). A similar
phenomenon was also observed in the case of high frequency microwave
capacitors evaporated on a PET substrate (Sun et al. 2010). Moreover, Sun et al.
reported a change in inductance when bending evaporated inductors that was due
to the change of the magnetic flux under bending.
The impact of mechanical anomaly on metal-oxide-semiconductor (MOS)
capacitors fabricated on silicon fabric, by means of a silicon wafer, was studied
by Ghoneim et al. In (Ghoneim et al. 2014) they reported the mechanical
durability of the MOS capacitors by monitoring the breakdown voltage as a
function of the bending cycles and drawing a conclusion between the used
bending radius and the resulting useful lifetime. All of the above-mentioned
studies emphasized the importance of a bending radius in flexible electronics and
that its substantial effect needs to be considered when evaluating the electrical
performance of flexible electronics under bending.
The wafer manufacturing technology was also utilized in the study, where the
bending characterization of flexible germanium diodes on a plastic substrate was
carried out (Qin et al. 2015). In this investigation, Qin et al. observed that the
longitudinal bending had a higher impact on the performance of a high frequency
single-crystalline diode than did transversal bending. The reason for this
observation was deduced to be the geometrical construction of the device and the
effects of divergent strains on it.
The functional properties of magnetic thin films under bending have also
been investigated. Magnetic anisotropy of a thin film on Kapton® substrate was
reported to vary notably and, therefore, strain-tunable, when bending the structure
(Gueye et al. 2014). Furthermore, the effects of repetitive bending on the
magnetic properties of a sputtered thin film on PET, were studied by Kwon et al.
with the conclusion that the direction of the tensile strain (transverse or parallel to
the magnetic easy axis) defines the magnetic performance under cyclic loading
(Kwon et al. 2015). These studies referred to the fact that the direction of bending
in relation to the component geometry should also be taken into account.
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A popular material combination in printed electronics is indium tin oxide
(ITO) on PET, comprising a transparent and conductive layer on a flexible
substrate, which is usable with a number of applications. The fatigue behaviour of
the ITO/PET structure under cyclic bending has recently been investigated,
including the reliability aspect (Alkhazaili et al. 2015, Li & Lin 2014, Paradee et
al. 2015). The analysis of conductive thin films after strain was further studied by
proposing a method called synchronized thermography to characterize the
uniformity of thin films (Leppänen 2015).
In the case of nanoscale patterns, characterization of spin coated nanoscale
conductive polymer films on PET have been reported under bending (Manoharan
et al. 2010). In (Jen et al. 2011, Miller et al. 2009) the critical tensile and
compressive strains for cracking thin films fabricated by atomic layer deposition
(ALD) and molecular layer deposition (MLD) methods on flexible substrates
were measured and converted to the corresponding bending radii according to Eq.
(4).
Bending mechanics is also usable in some applications. Sanginovich Karimov
et al. have reported a strain sensor, including carbon nanotubes (CNTs), on an
elastic beam (Sanginovich Karimov et al. 2012). Due to the physical behaviour of
the particles under strain, the resistance of such a device upon measurement, was
found to decrease in compression and to increase in tension, and thus, an
electrical response to mechanical loading was established.
2.5.2 Flexible printed electronics under bending
The effect of bending on electronic structures fabricated by various printing
methods has also been studied. The saturation current and mobility of printed
organic thin film transistors were found to increase in cyclic bending (Boddaert et
al. 2010). In (Khaleel et al. 2012) it was found that an inkjet printed, ultra wide
band (UWB) antenna on a Kapton® substrate exhibited a low susceptibility on
performance degradation, with 8 and 10 mm bending radii. The properties of an
antenna under bending were also studied in (Leung & Lam 2007), who found the
reading range of the radio frequency identification (RFID) application to
correspond with the projected area of a screen printed coil under bending. The
printed passive components were also studied by Voutilainen et al. who assessed
the reliability of screen-printed capacitors and inductors in cyclic bending
(Voutilainen et al. 2010).
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From a sensors point of view, screen printed carbon thick film
electrochemical sensors on plastic substrates have been reported to slightly
increase their resistivity, as the bending radius was decreased, but retained their
functionality (Cai et al. 2009). A flexible displacement sensor using conductive
paste deposited on rubber was proposed in (Kure et al. 2008). In the sensor
fabricated by Kure et al., the resistance increased when extending the structure,
due to the lower volume ratio of conductive fillers in the paste in extension.
Focusing on the conductors on flexible substrates, electrical resistivity of
microelectrodes from silver nanoparticle ink has been observed to increase with
the number of bending cycles (Ahn et al. 2009). Increasing the resistance rate as a
number of bending cycles has also been reported by Lee et al., who studied inkjet printed copper films on bismaleimide triazine (BT) substrate in comparison to
evaporated copper and silver layers on BT and PI (Lee et al. 2010). They
concluded that the lower increase rate of resistance in cyclic bending of the inkjetted layer was due to the porous structure of the printed conductive layer, when
compared to thermally evaporated counterparts. Ink-jet printed conductors from
silver nanoparticle ink on a plastic substrate in dynamic bending have also been
analysed as having a high durability (Halonen et al. 2012).
Janeczek et al. studied the mechanical durability of screen printed antenna
structures (Janeczek et al. 2012) and assessed the electromechanical properties of
screen printed polymer nanopastes in cyclic bending (Janeczek et al. 2013). They
observed that using a conductive paste with nanoscale silver powder provided
higher durability to bending than the counterparts printed by pastes with
micrometre-scale particles. The high flexibility of nanoparticles has also been
reported by Yang et al., who investigated the mechanical durability and
environmental stability of roll-to-roll printed, laser annealed, silver nanoparticles
(Yang et al. 2014).
Merilampi et al. characterized the electrical behaviour of screen printed silver
ink patterns on various flexible substrates under cyclic bending (Merilampi et al.
2009). They also observed the increase of resistance as a function of the number
of bending cycles and concluded that the composition of the polymer matrix and
micrometre-sized conductive particles has an effect on both the electrical and
mechanical properties of silver ink conductors. In addition, Merilampi et al.
emphasized the importance of a protective coating to sustain the flexibility of
printed silver conductors under bending.
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2.5.3 Failure mechanics of flexible electronics under bending
The mechanical model for interfacial failures in flexible electronic devices is
discussed by Chen et al. (Chen et al. 2014). Furthermore, Dai et al. investigated
failure mechanisms and transition among failure modes in a system with thin film
on a flexible substrate under bending (Dai et al. 2015). They presented four
failure modes for the studied structures: cracking, slipping, delamination in the
slipping zone and delamination. From these, cracking occurs as a rupture of the
thin film on a flexible substrate and the latter three at the interface between the
film and the substrate. In addition, Dai et al. stated that the transition of failure
changes more from cracking to delamination, in accordance with the presented
modes as the thickness of a thin film is increased. Similar failure modes, and the
transitions between them, have also been reported by theoretical and experimental
studies of bending inorganic electronic materials on plastic substrates (Park et al.
2008).
Considering cracking as a failure mode, crack propagation rates of nickel
microbeams have been investigated to predict the fatigue reliability of metallic
micro-sized components under bending (Sadeghi-Tohidi & Pierron 2015).
According to them, the effect of extreme stress gradients is fundamental
information for assessing the reliability of micromechanical systems or flexible
electronics under bending. Cracking is also discussed by Merilampi et al. stating
that the cause of increased resistance of screen-printed silver conductors under
mechanical loading is the partial breakage of the conductive network due to the
applied strain (Merilampi et al. 2009, Merilampi et al. 2010). Furthermore,
Merilampi et al. explained the measured increase in resistance as the reduction of
the contact area between the conductive particles and as the decrease in the
volume fraction of the conductive particles in the ink under tensile load. The
properties of a conductive material under tensile loading are also highlighted by
Sevkat et al. (Sevkat et al. 2008).
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3

Experimental

3.1

Design and fabrication of test components

In order to study the effects of line cross-sectional geometry on its cyclic bending
reliability, test components with several line widths w and thicknesses t were
fabricated. As depicted in Fig. 7a, a test specimen consisted of two adjacent lines
with a length of 25 mm and a 15 mm long perpendicular line connecting the two.
In addition, a test sample included two measurement pads, 5*10 mm in size, to
ensure the proper galvanic connection between the test sample and the
measurement equipment. Thus, the total length l of a test specimen was 65 mm.
The line width w was varied in this thesis as follows: w = 125 µm, 250 µm, 500
µm, 1000 µm and 2000 µm.
The side-view of a test sample is illustrated in Fig. 7b by drawing the sideview of a test specimen in scale, however, with a different magnitude in relation
to Fig. 7a. The thickness t of a test sample was modified by printing 1, 2 and 3
layers of a conductive material on the substrate. With the manufacturing
equipment used in this study, this resulted in designed line thicknesses t of 12 µm,
24 µm and 36 µm.
y

x
25 mm

15 mm

10 mm

5 mm

10 mm

w

5 mm

z

a)

125 µm

x

Substrate outline

t

10 mm

25 mm

b)

Fig. 7. Geometrical design parameters of the fabricated test samples from a) top-view
and b) side-view. Paper I © IEEE 2016.

The total length l of a test specimen was also a geometrical design parameter to
be varied. This was due to studying the effects of the bending radius on the
mechanical durability of the printed lines. For a bending tester with a constant
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bending radius, the total length was fixed at 65 mm, however, in the case of the
other tester with a variable bending radius, the total length of the test sample was
altered as follows: l = 76 mm, 104 mm and 161 mm. This resulted in a condition,
where about three fourths of the test specimen was subjected to bending, in every
case, when using this tester.
Along with the material conductivity, the line geometry defined the resistance
R of a printed line according to the well-known formula:
(7)
where ρ is the electrical resistivity of the material, l is the length of the line and A
is the cross-sectional area of the line. Moreover, A is able to be expressed as a
product of line width w and thickness t in the case of a rectangular cross-section.
For thin films with a uniform thickness, resistance is usually given as the sheet
resistance Rs, which can be calculated with the known resistance, line length and
width.
Besides the trace geometry, the effect of the substrate on the long-term
electrical performance of the test samples was studied. The materials used in this
study included plastic films and paper sheets with different properties. Melinex
ST506 PET film with a thickness of 125 µm (DuPont Teijin Films a), 100 µm
thick Arron transparency and Mylar A 50 µm PET (DuPont Teijin Films b) were
utilized as substrates on the plastic films. The paper sheets that were used
consisted of 4CC with a thickness of 105 µm (Stora Enso a), 100 µm thick
Staples A4 80 g/m2 copy paper and Lumiart 75 µm glossed paper (Stora Enso b).
All the used substrates in this study were commercially available, both PET foils
were produced by DuPont Teijin Films, 4CC and Lumiart were products of Stora
Enso and the transparency and copy paper were general office supplies. The
chosen substrates enabled the study of the influence of the substrate thickness on
the cyclic bending reliability of the printed traces. Another perspective of the
study was the difference between the performances of test samples fabricated on
different materials. Moreover, the paste used to deposit the test samples was taken
into consideration. The test structures were printed by Asahi LS-411AW (Asahi
Chemical Research Laboratory a), Asahi SW1400 (Asahi Chemical Research
Laboratory b) and DuPont 5064H PTF (DuPont Microcircuit Materials) pastes in
order to clarify the effects of the conductive material on the printed line bending
reliability. All of these commercial pastes had silver particles as a conductive

36

material, but differed in conductivity as specified by the paste manufacturers. The
given characteristics are listed in Table 1.
Table 1. Characteristics of the used silver pastes as provided by the manufacturers.
Silver content [%]

Viscosity [Pa*s]

Sheet resistance [mΩ/sq]1

62.8

20 – 30

< 40

Asahi SW1400

59 – 65

20 – 30

≤ 80

DuPont 5064H

63 – 66

10 – 20

≤ 15

Paste
Asahi LS-411AW

1

At 10 µm layer thickness

The test structures for the cyclic bending tests were fabricated by two different
manufacturing methods, silk screen printing and roll-to-roll printing. This made
the comparison between the outputs of the two fabrication methods possible. The
silk screen printing was a sheet-based semiautomatic process, which was
conducted by an MPM/SPM Speed Line screen printer. In this process, the test
sample deposition was conducted sheet by sheet using a 10*10 inch stencil, with a
325 mesh number (per inch) and an emulsion thickness of 12 µm. The stencil
contained the layouts for the test specimens with all of the specified line widths.
After depositing the test patterns, the sheets were heat-treated in an oven,
according to the manufacturer’s specifications, 20 minutes at 150°C. In the case
of the roll-to-roll printing, the process was fully automated and the test samples
were rotary screen printed on a continuously moving web. A 300 mm wide
moving plastic foil used as a substrate at a 2 m/min printing speed, resulted in
repetitive test patterns at certain intervals. The rotary screens used had a mesh
number of 215. After depositing the test samples in a printing unit, the web was
transferred into a drying oven. They were then heat treated as a continuous
process, and the test specimens were cured 2 minutes at 140°C. Table 2
summarizes the fabricated test component structures with respect to the studied
design parameters and used printing methods.
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Table 2. Summary of the fabricated test components.
Studied design parameter

Printing method
Silk screen

Roll-to-roll

Width w (µm)
125

x

250

x

x

500

x

x

1000

x

x

2000

x

x

12

x

x

24

x

36

x

Thickness t (µm)

Length l (mm)
65

x

x

76

x

104

x

161

x

Substrate
PET Melinex ST506 125 µm

x

Arron transparency 100 µm

x

PET Mylar A 50 µm

x

4CC 105 µm

x

Staples A4 copy paper 100 µm

x

Lumiart 75 µm

x

x

Paste
Asahi LS-411AW

x

x

Asahi SW1400

x

DuPont 5064H

x

3.2

Cyclic bending test setups

To expose the printed test samples to repeated cycling bending, two computercontrolled, bending test systems were constructed for this purpose. The first test
system consisted of an in-house built mechanics, an LCR meter and LabView
based measurement software. The tester mechanics was based on a stepping
motor, which rotated the arms of the machinery resulting in a horizontally moving
holder. As the other holder was fixed, a flexible test component fastened between
these holders was forced to bend as illustrated schematically in Fig. 8 (not in
scale) and in practice in Fig 9. The repetitive movement of the mechanics and
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fixed size of a test specimen (l = 65 mm) and the substrate outline led to a
constant bending radius r of about 6 mm, in every cycle at the extreme position.
Measurement
leads

Test sample

Moving end

Fixed end

Holder

Holder

a)

r = 6 mm

Holder movement

b)
Fig. 8. Schematic side-view of a test component in the bending tester with a constant
bending radius a) in a flat position and b) under bending.

a)

b)

Fig. 9. Side-view of a test component in the bending tester with a constant bending
radius a) in a flat position and b) under bending in practice. Paper II © IEEE 2015.
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The stepping motor used to run the mechanics was computer-controlled by
LabView software. The adjustable parameters for the stepping motor were the
direction of a step and the interval between consecutive steps. With this dynamic
bending test setup, the stepping motor was set to run continuously, in one
direction, with the speed resulting in a 4.2 seconds cycling time, or about 0.24 Hz
cycling frequency.
The LabView software was also used to control a HIOKI 3522-50 LCR
HiTester included in the test system. The LCR meter was configured to measure
the resistance R of a test sample with a 1 V test signal at DC, with an averaging
factor of 16 through a General Purpose Interface Bus (GPIB). The connection
between the bending tester and the LCR meter was established by 4 measurement
leads attached to the fixed end of the bending tester and thus enabled a 4-point
measurement method of resistance.
The 4-point measurement, also known as the Kelvin connection, consists of
four leads: high force, high sense, low sense and low force as pictured in Fig. 10.
From these, the force lines were used to feed test current through a resistor under
measurement. As for the sense lines, their purpose is to measure voltage over the
resistor. The sense lines of the Kelvin connection do not carry current due to the
high input impedance of the voltmeter. This connection enables accurate
definition of the resistance of a resistor under measurement by Ohm’s law.
Without the Kelvin connection, resistive measurement leads would cause an error
in the resistance measurement results. (Burns & Roberts 2001)
High force
High sense
+
Test current

V

Test voltage
-

R

Resistor under measurement

Low sense
Low force

Fig. 10. Resistance measurement schematic with Kelvin connection.

The LCR meter measurement intervals were also synchronized with the stepping
motor in such a way that there were 10 resistance measurements performed in a
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bending cycle. Finally, the measurement software saved the measurement results
on the computer for further data analysis.
The architecture of the other bending test system was the same as previously
described, however, now the operational principle of the bending machine was
changed. In this case, a stepping motor was used to reel in and out ropes via
supporting structures that led into a vertically moving cylinder. Furthermore, as
the one end of a test specimen was fastened to the cylinder and the other end to a
fixed measurement board, the test sample rolled over the cylinder as depicted
schematically in Fig. 11 (not in scale) and in practice in Fig. 12.
Moving end

Test sample

Fixed end

Holder

Holder

Measurement leads

r = 15, 20, 30 mm

Cylinder

a)

Cylinder movement
r
Cylinder rotation

b)
Fig. 11. Schematic side-view of a test component in the roller bending tester with a
variable bending radius a) in a flat position and b) under bending.
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Fig. 12. A test specimen in the roller bending tester with a variable bending radius with
a 30 mm bending radius in use. Paper IV © IEEE 2016.

Within the roller bending tester setup, there was the possibility of using cylinders
of various sizes. In this study, cylinders with three different radii (15 mm, 20 mm
and 30 mm) were utilized. Due to various bending radii, test specimens with
different total lengths (l = 76 mm, 104 mm and 161 mm) were used for each
cylinder size, respectively. In this way, the same degree of mechanical loading
was able to be exposed, in every case, in relative scale. The cycling speed was
also varied for the roller tester depending on the used cylinder. However, the
cycling speed was about the same in comparison to the other bending tester, as
one rolling cycle lasted approximately 4 – 8 seconds, corresponding to a 0.125 –
0.25 Hz cycling frequency.
3.3

Reliability analysis

The results of the long-term resistance measurements were examined in this
study, with the 2-parameter Weibull analysis. The Weibull analysis is a generally
applied analysis method in reliability engineering, and was therefore, also adopted
here. Due to the statistical nature of the Weibull analysis, 10 test specimens were
included in the test population under study. The measurement results from each
test specimen in a population were fitted into the Weibull distribution resulting in
a characteristic lifetime (scale parameter α) and a shape factor (shape parameter
β) for the test population under study. From these, a characteristic lifetime was
used as a measure to describe and compare the reliability between the various test
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populations. Also the effects of the shape factor on the Weibull cumulative
distribution function was taken into consideration and used to confirm wear-out
type failures.
The failure criterion used in this study was a 20% increase in the measured
resistance in relation to the nominal resistance of each test sample. The chosen
failure criterion denoted that the printed conductors were partly functional or
conductive, when classified faulty. On the other hand, a 20% increase in
resistance clearly indicated the formation of failures and their propagation, i.e.
wear-out behaviour in a test sample under cyclic loading. The same failure
criterion, a 20% increase in resistance, is also utilized in other reliability
assessments. For instance, in the case of monitoring the performance of soldering
interconnections, this failure criterion is standardized (Institute of Printed Circuits
2002).
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4

Results

4.1

The effect of cross-sectional geometry on the bending
reliability of printed conductors

The effect of cross-sectional geometry of a printed conductor on its cyclic
bending reliability was studied in Paper I by modifying the designed line width
and thickness. The used design variables, materials and bending test setup in this
experiment are listed in Table 3.
Table 3. Parameters used in studying the effect of cross-sectional geometry on the
cyclic bending reliability of printed conductors.
Parameter
Width w (µm)
Thickness t (µm)
Length l (mm)
Substrate
Paste
Bending radius r (mm)
Bending direction
Printing method

Values
250, 500, 1000, 2000
12, 24, 36
65
PET Melinex ST506 125 µm
Asahi LS-411AW
6
Compression
Silk screen

The nominal DC resistances of the studied test specimens were measured with the
bending tester in the flat position before the cyclic bending. This was done in
order to evaluate the fabrication of the test samples and to guarantee the
repeatability of the manufacturing process. The measured initial average
resistances of the test populations under study are presented in Figs. 13a-d.
As can be seen, the measured average resistances of the test populations
followed the theory based on Eq. (7). The resistance was approximately halved
when the line width was doubled. The same effect was also observed to be valid
for thickness. Printing the second and third layer decreased the resistance to one
half or one third, respectively. Also the calculated standard deviations σ of the
average resistances in the test populations were moderate. The standard
deviations for the test populations with 1 printing layer varied between 5.8 –
11.3% depending on the line width, and 4.7 – 7.3% and 3.7 – 5.5% for 2 and 3
layer populations, respectively. Thus, based on the measured electrical behaviour,
the fabricated test samples were of uniform quality, in line with the theory and
applicable for further studies.
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a)

b)

c)

d)

Fig. 13. Average nominal resistances of the studied test populations as a function of
line width in a) absolute scale and b) relative scale and as a function of line thickness
in c) absolute scale and d) relative scale. Paper I © IEEE 2016.

The measured long-term electrical performance showed increasing resistance as a
function of the bending cycles. There were no catastrophic failures during the
cyclic bending, i.e. high resistance depicting an open circuit in the conductive
path, recorded, however, the resistances increased with various rates, depending
on the cross-sectional geometry of the test sample. No statistical outliers were
observed in the measurement data. Based on the results from the dynamic
bending tests, the Weibull distribution was fitted into the measurement data for
each population. Fig. 14 depicts an example of this for all of the test populations
with 1 printing layer.
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a)

b)

c)

d)

Fig. 14. Bending test results and corresponding Weibull cumulative distribution
functions for test populations with 1 printing layer and a) line width of 250 µm, b) line
width of 500 µm, c) line width of 1000 µm and d) line width of 2000 µm.

Based on the scale parameter α of the Weibull distributions fitted into
measurement data, the characteristic lifetimes of all of the test populations are
depicted in Fig. 15. It was observed that the characteristic lifetimes of the test
populations were inversely proportional to the line width and thickness.
Increasing the designed line width from 250 µm to 2000 µm, decreased the
lifetime by roughly one third for every layer thickness. Correspondingly, with
increased numbers of printed layers, from 1 to 3, resulted in the Weibull analysis
accordant lifetimes decreased by about 10-15%, depending on the line width.
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a)

b)

Fig. 15. Characteristic lifetimes of the studied test populations as a function of a) line
width and b) line thickness. Paper I © IEEE 2016.

The other output from the Weibull reliability analysis was the shape parameters
for each test population, which are listed in Table 4. The results clearly
demonstrated that the failures observed by the electrical measurements were
wear-out type, because the shape parameter exceeded 1.0 in every single case.
Table 4. Weibull shape parameters for the studied test populations.
Number of printed
layers

Weibull shape parameter β
Width w

Width w

Width w

Width w

250 µm

500 µm

1000 µm

2000 µm

1

2.03

2.48

2.11

3.18

2

3.10

2.75

4.48

2.56

3

3.18

2.74

6.42

3.67

The results from the Weibull analysis presented in Table 4 also indicated that the
shape parameters varied between test populations. To illustrate this, Fig. 16a
depicts the Weibull cumulative distribution functions for all test populations with
1 printed layer, whereas Fig. 16b pictures the same Weibull functions for all test
populations with a width of 1000 µm. As can be seen in Fig. 16a, the effects of
the shape parameter are minor, when β is about the same. However, cases where
the shape parameter varies notably, as in Fig. 16b, should be taken into
consideration when drawing conclusions.
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a)

b)

Fig. 16. Cumulative Weibull distribution functions for test populations with a) varying
line width and 1 printed layer and b) varying printed layers and a line width of 1000
µm.

To clarify the reason for the observed phenomena, the cross-sectional outlines of
fabricated test samples were characterized with an optical profilometer Bruker
Contour GT. This imaging method clearly illustrated that the cross-sectional
geometry was deformed during the silk screen printing process. As depicted in
Figs. 17a-d, the line was widened from the bottom during the printing by about
100 µm from both sides, in every case. However, with the narrower line widths,
the widening was higher in relative scale, and led to a larger flattening of the
cross-sectional outline, in comparison to the designed outline.
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a)

b)

c)

d)

Fig. 17. Typical cross-sectional outline of a test sample with a) 250 µm line width, b)
500 µm line width, c) 1000 µm line width and d) 2000 µm line width. Paper I © IEEE
2016.

The deformation of the cross-sectional geometry was also the reason for the
differences in the characteristic lifetimes between the test populations, with
different line widths. Based on Eqs. (3-4), the exposed strain is higher for the
structures with the higher line thickness. Thus, the test components designed with
the narrower line widths actually had lower line thickness and underwent lower
cyclic strain, which resulted in longer lifetimes. The same reasoning also applied
to the test populations with different designed line thicknesses. The test samples
with multiple printing layers had higher cyclic strain, which led to a worse longterm electrical performance.
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The failure mechanism of printed silver conductors in bending was deduced
as most probably being a micro-scale phenomenon. A macro-scale occurrence,
disengagement of silver particles from the conductor, was excluded by optical
profilometer imaging. The reconstructed topology of a test sample, before and
after the cyclic bending test process, was about the same, even though the sample
was judged to be electrically faulty. Therefore, the cause of the failure could not
be due to the deformation of the line geometry under bending. The reason for the
weakening of electrical performance of a printed line in bending was, thus, most
likely the decreased conductivity of the silver paste. This can be explained by
minor breakages between the silver particles in the conductive path due to the
exposed cyclic strain. The same reasoning has also been previously reported, for
example, in (Merilampi et al. 2009).
4.2

The effect of a substrate on the bending reliability of printed
conductors

The effect of substrate on the cyclic bending reliability of printed lines was
studied in Paper II by applying various plastics and papers as base materials on
which the conductive patterns were deposited. The used design variables,
materials and bending test setup are listed in Table 5.
Table 5. Parameters used to study the effect of substrate on the cyclic bending
reliability of printed conductors.
Parameter
Width w (µm)

Values
250, 500, 1000, 2000

Thickness t (µm)

12

Length l (mm)

65

Substrate

PET Melinex ST506 125 µm
Arron transparency 100 µm
PET Mylar A 50 µm
4CC 105 µm
Staples A4 copy paper 100 µm
Lumiart 75 µm

Paste
Bending radius r (mm)
Bending direction
Printing method

Asahi LS-411AW
6
Compression
Silk screen
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The starting point analysis in this study also included the measurement of the
initial DC resistances of the test samples. The average resistances of the silk
screen printed test populations, on three different plastic and paper substrates with
various thicknesses, are depicted in Fig 18.

a)

b)

Fig. 18. Average nominal resistances of the studied test populations printed on
various substrates as a function of line width in a) absolute scale and b) relative scale.
Paper II © IEEE 2015.

Based on the starting point analysis, the used substrate had already had an effect
on the nominal resistances of the printed conductors. The initial resistances were
measured as being notably lower for the test samples printed on 4CC and Copy
paper. This was due to their rougher surface, as the arithmetic average roughness
Ra and root mean squared roughness Rq, measured by the optical profilometer
Bruker Contour GT, were significantly higher when compared to the other
substrate materials. This resulted in conditions where the silver paste also partly
penetrated into the rough and porous substrate during printing. Furthermore, in
these cases, there was more conductive material in the test samples making them
actually thicker in comparison to the test samples printed on plastic films. The
electrical behaviour of the printed lines was observed to be roughly in accordance
with Eq. (7). The measured resistance was halved as the line width was doubled
for every substrate, despite the initial resistance in absolute scale.
The standard deviations for the studied test populations are listed in Table 6.
The results indicated moderate uniformity among the test populations and proved
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that the test specimens were suitable for the cyclic bending tests and reliability
analysis.
Table 6. Standard deviation of nominal resistances among the test populations on
various substrates.
Substrate

Standard deviation σ [%]
Width w

Width w

Width w

Width w

250 µm

500 µm

1000 µm

2000 µm

PET 125 µm

11.3

6.80

5.83

8.31

Transparency 100 µm

11.8

8.69

5.69

4.67

PET 50 µm

10.7

3.49

3.06

1.64

4CC 105 µm

5.88

5.10

5.95

6.37

Copy paper 100 µm

4.59

4.65

4.29

4.68

Lumiart 75 µm

10.4

4.15

4.00

5.91

Plastics

Papers

The used substrate was also observed to have an effect on the electrical behaviour
of the printed conductors during the cyclic bending tests. This is illustrated in Fig.
19a, where the DC resistance of the test samples printed on the thicker substrates
increased at a higher rate at the beginning of the test process, in relative scale.
The effect of the substrate on the electrical behaviour of the printed silver paste
under cyclic bending is emphasized in Fig 19b, where the relative change of
resistance in a cycle, in comparison to the nominal value, was higher during the
first bending cycle than during the subsequent ones. This indicated the formation
of failures in a conductor under test, during the very first cycle, followed by the
propagation of failures.
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a)

b)

Fig. 19. (a) Relative resistance change and (b) relative resistance change in a cycle of
test samples with a 2000 µm line width on various substrates during the 10 first
bending cycles. Paper II © IEEE 2015.

As expected on the basis of the starting point analysis and the measured
electrical behaviour during bending, the substrate was found to have a remarkable
effect on the bending reliability of the printed conductors. The characteristic
lifetime of all the studied test populations based on the Weibull analysis are
plotted in Fig. 20. The Weibull distribution shape parameter for each test
population is given in Table 7. The results proved that the thickness of the
substrate was an important factor, from the lifetime perspective. For both plastic
and paper substrates, the populations printed on thinner substrate were observed
to last longer in dynamic bending. In fact, the test samples printed on the 50 µm
thick PET film were so durable, the lifetimes were hundreds of thousands of
cycles, that a statistical analysis was not able to be conducted in a reasonable
amount of time. Therefore, the results for PET 50 µm populations are only based
on single measurement results.
The reason for the effect of the substrate on the lifetime of the printed
conductors in bending can be explained by Eqs. (2-4). Here, a thinner substrate
with lower ds decreases the strain on the conductor’s surface and, therefore,
enhances the long-term electrical performance under cyclic mechanical loading.
Based on the presented results, the aging type failures can also be compared
between the two substrate materials. Both transparency and copy papers had an
equal thickness of 100 µm, however, their surface characteristics were different.
The used transparency was smooth with minimal roughness (Ra = 39 nm and Rq =
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70 nm), whereas the roughness of the copy paper surface was considerably higher
(Ra = 4665 nm and Rq = 5678 nm). From the lifetime point of view, the copy paper
was observed to be more vulnerable to the cyclic bending. The characteristic
lifetimes of the test populations on copy paper were about 40 – 60% lower than
the test populations on the transparency. A possible reason for this is the higher
amount of conductive material in the printed lines on the rougher substrate,
resulting in a higher probability for failure to occur. Another perspective could be
the measured higher roughness of a printed line on the rougher substrate leading
to higher strain at the peaks of a non-uniform conductor surface.

a)

b)

Fig. 20. Characteristic lifetimes of the test populations on (a) plastic substrates and (b)
paper substrates as function of line width.
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Table 7. Standard deviation of nominal resistances among the test populations on
various substrates.
Substrate

Weibull shape parameter β
Width w

Width w

Width w

Width w

250 µm

500 µm

1000 µm

2000 µm

PET 125 µm

2.03

2.48

2.11

3.18

Transparency 100 µm

1.95

2.40

2.59

4.58

PET 50 µm1

NA

NA

NA

NA

4CC 105 µm

3.36

5.36

3.46

3.37

Copy paper 100 µm

1.95

1.51

2.26

3.94

Lumiart 75 µm

2.31

1.43

2.06

1.70

Plastics

Papers

1

Shape parameter for the population not available (NA) due to too small a number of studied test samples

4.3

The effect of paste characteristics on the bending reliability of
printed conductors

The effect of paste characteristics on the cyclic bending reliability of printed
conductors was studied in Paper III by utilizing different PTF pastes when
printing the test samples. In this experiment, the effects of the bending direction,
i.e. compressive and tensile strains, on the lifetime of the printed conductors was
also examined. The used design variables, materials and bending test setups, are
listed in Table 8.
Table 8. Parameters used to study the effect of paste characteristics on the cyclic
bending reliability printed lines.
Parameter
Width w (µm)1

Values
125, 250, 500, 1000, 2000

Thickness t (µm)

12

Length l (mm)

65

Substrate
Paste

PET Melinex ST506 125 µm
Asahi LS-411AW
Asahi SW1400
DuPont 5064H

Bending radius r (mm)
Bending direction

6
Compression
Tension

Printing method
1

125 µm line width only for roll-to-roll printed samples
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Roll-to-roll

The results from the electrical starting point analysis are presented in Fig. 21. As
can be seen, the average initial resistances of the test populations fabricated by
Asahi SW1400 were notably higher than for the other two pastes. This
observation was in line with the given specifications in Table 1, as the sheet
resistance of Asahi SW1400 was stated to be the highest one. On the other hand,
DuPont 5064H test samples were measured as having higher than expected
resistance. This was a consequence of highly widened and flattened conductors
during the printing process observed with the optical profilometer Bruker Contour
GT.
Unlike the previous studies in Sections 4.1. and 4.2., the analysis in relative
scale was now conducted with the 2000 µm line width as a reference, instead of
the narrowest line width. In addition, the theoretical behaviour was included in
Fig. 21b, based on the average resistances measured for the test populations with
2000 µm line and in accordance with Eq. (7). The outcome, in this case, was that
only the test populations fabricated by DuPont 5064H paste were able to follow
the expected behaviour, as a function of line width. The test samples consisting of
Asahi LS-411AW and Asahi SW1400 pastes had lower resistances at the narrower
line widths than was supposed. This was again due to the non-ideal
manufacturing process, where the widening of the printed lines was emphasized
at the narrower line widths leading to lower resistance values.

a)

b)

Fig. 21. Nominal resistances of the studied test populations fabricated with different
silver pastes as a function of line width in (a) absolute and (b) relative scale. Paper III
© Springer 2016.
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The calculated standard deviations for the measured test populations were found
to be very low, as illustrated in Table 9. The low numbers indicated a highly
repeatable fabrication process and very uniform test populations, which was an
expected result, as the roll-to-roll printing was a fully automated process.
Table 9. Standard deviation of nominal resistances among the test populations on
various substrates.
Paste

Standard deviation σ [%]
Width w

Width w

Width w

Width w

Width w

125 µm

250 µm

500 µm

1000 µm

2000 µm

Asahi LS-411AW

1.59

1.89

1.79

1.05

0.75

Asahi SW1400

0.98

0.89

0.58

1.15

0.70

DuPont 5064H

1.21

1.46

1.86

1.09

0.75

The reliability test results for the roll-to-roll printed traces based on the Weibull
analysis are presented in Fig. 22. The results showed that the test samples, with
Asahi SW1400 as a conductive, had multifold characteristic lifetimes in
comparison to the other two pastes, for every line width. Another important
observation was that the bending direction had a considerable effect on the
lifetimes. Moving from compressive strain to tension decreased the characteristic
life to one third with Asahi LS-411AW, to one fifth with Asahi SW1400 and less
than one tenth with DuPont 5064H. This indicated that the used pastes were more
vulnerable to pulling the conductive particles apart from each than pushing them
together.
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a)

b)

Fig. 22. Characteristic lifetimes of the roll-to-roll printed test populations with different
silver pastes as a function of line width in (a) compression and (b) tension. Paper III ©
Springer 2016.

The reason for the higher flexibility of the Asahi SW1400 paste was clarified with
a scanning electron microscope (SEM) JCM-5000, in Fig. 23. This imaging
method revealed that the Asahi SW1400 paste contained more small silver
particles than its counterparts. Furthermore, the volume fraction of silver particles
was lower in that case and made the structure more flexible due to higher amounts
of binder material, as has also been discussed in previous studies (Merilampi et
al. 2009, Merilampi et al. 2010). In addition, the higher nominal resistances for
the Asahi SW1400 samples were also contributed by the smaller particle sizes in
the conductive particle network and lower volume fraction of silver. Similar
results with respect to the effect of silver particle size on the resulting sheet
resistance have been reported in the literature (Hilali et al. 2006).
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a)

b)

c)

Fig. 23. Surface structures of (a) Asahi LS-411AW, (b) Asahi SW1400 and (c) DuPont
5064H silver pastes by SEM. Paper III © Springer 2016.

The Weibull distribution shape parameters for the roll-to-roll printed conductors
are listed in Table 10. As can be seen, the values are over 1.0 designating a wearout due to cyclic bending. The shape parameters are also significantly higher,
especially in tension, than they are for the presented results for the silk screen
printed samples, in Sections 4.1. and 4.2. This observation proved the uniformity
of the test populations was not only based on the initial resistances, but also in
terms of lifetimes.
Table 10. Weibull shape parameters of the roll-to-roll printed conductors with different
silver pastes.
Paste

Weibull shape parameter β
Width w

Width w

Width w

Width w

Width w

125 µm

250 µm

500 µm

1000 µm

2000 µm

Asahi LS-411AW

3.05

3.82

3.59

4.47

5.54

Asahi SW1400

2.66

3.21

2.81

3.45

5.23

DuPont 5064H

3.76

3.78

5.01

3.73

3.94

Asahi LS-411AW

5.92

5.46

9.18

7.84

19.08

Asahi SW1400

2.40

4.37

4.41

3.43

4.00

DuPont 5064H

5.49

11.71

12.09

5.95

9.28

In compression

In tension

The obtained results also enabled a comparison of the two manufacturing
processes, silk screen and roll-to-roll printing, as there were test populations
fabricated with the same design parameters and materials, however, with different
printing methods. Closer investigation of the matter revealed that the average
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nominal resistances of roll-to-roll printed test populations were higher and the
lifetimes were lower, than with the silk screen printed populations. A possible
reason for the observed dissimilarity was assumed to be the different curing
conditions. In the sheet-based screen printing process heat-treatment was done at
150°C for 20 minutes, whereas in the roll-to-roll process, the curing conditions
were 2 minutes at 140°C. Thus, roll-to-roll printed test populations with an
additional post-annealing, accordant to the silk screen printing process, were
prepared.
The effect of post-annealing is depicted in Fig. 24. It was observed that the
initial resistances of roll-to-roll and post-annealed test populations decreased by
about 30%, even below that of the silk screen printed values. In addition, the
lifetimes were found to be multiple with the post-annealing when compared to the
samples fabricated in the regular process. The enhancements in the performance
were due to the proper heat-treatment, where the remaining solvents were
evaporated from the printed silver paste during the post-annealing.

a)

b)

Fig. 24. (a) Nominal resistances and (b) characteristic lifetimes of the roll-to-roll
printed, silk screen printed and post-annealed roll-to-roll printed test populations as a
function of line width. Paper III © Springer 2016.

4.4

The effect of the bending radius on the bending reliability of
printed conductors

The effect of the bending radius on the cyclic bending reliability of printed
conductors was studied in Paper IV, by varying the bending radius exposing the
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strain. The used design variables, materials and bending test setup in this
investigation are listed in Table 11.
Table 11. Parameters used to study the effect of bending radius on the cyclic bending
reliability of printed conductors.
Parameter

Values

Width w (µm)

2000

Thickness t (µm)

12

Length / (mm)

76, 104, 161

Substrate

PET Melinex ST506 125 µm

Paste

Asahi LS-411AW
DuPont 5064H

Bending radius r (mm)

15, 20, 30

Bending direction

Tension

Printing method

Roll-to-roll

In the starting point analysis of this study, the measured initial DC resistances
were converted to sheet resistances, according to Eq. (7). This was done in order
to compare the nominal resistances of the studied test populations with different
line lengths. The average sheet resistances and standard deviations for the test
populations are presented in Table 12. The results showed that the sheet
resistances of the Asahi LS-411AW test specimens were accordant to the
specifications, however, the DuPont 5064H samples showed too high a resistance
when compared to the specifications. A probable reason for this was the flattening
and widening of the line during the printing process, as discussed in Section 4.3
above. On the other hand, the calculated standard deviations favoured the high
uniformity among test samples in terms of electrical performance.
Table 12. Starting point analysis for the roll-to-roll printed conductors with different
line lengths.
Line length [mm]

Asahi LS-411AW

DuPont 5064H

Rs [mΩ/sq]

σ [%]

Rs [mΩ/sq]

σ [%]

76

37.1

1.47

39.5

0.47

104

41.6

1.53

36.1

0.44

161

41.5

1.15

35.5

0.67

The cyclic bending reliability tests proved that the bending radius has a high
impact on the long-term electrical performance of the roll-to-roll printed traces. In
this experiment, the test specimens were exposed to a variable bending radius, in
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such a way, that approximately three fourths of each line length was under cyclic
tensile bending, in every case. The results from the Weibull analysis are presented
in Table 13, for the studied populations. As can be seen, wear-out was highly
protracted, above 20 mm bending radius for both of the paste populations. Based
on the estimation in Eq. (4), this was due to the decreased strain, when increasing
the used bending radius.
Table 13. Weibull shape parameters for the roll-to-roll printed lines with different cyclic
bending radii.
Bending radius [mm]

Asahi LS-411AW
Strain

α

[%]

[number of

DuPont 5064H
β

Strain

α

[%]

[number of

cycles]

β

cycles]

15

0.913

324

5.14

0.88

98

6.12

20

0.685

731

9.62

0.66

397

3.10

30

0.457

10780

5.25

0.44

11435

3.41

The investigation was further extended to discover a method for modelling the
lifetime of printed conductors on the cyclic bending, for a random bending radius.
This objective was approached by applying the Coffin-Manson relationship,
which characterizes the low-cycle fatigue for plastic deformations, for the
reliability test results. This was done by plotting the results in the strain vs.
reversals to failure scale, where the strain was calculated based on Eq. (4) and the
reversals to failure were obtained from the Weibull analysis. Next, a best-fit line
for both utilized paste populations was drawn through the points on the chart and
the needed parameters for the Coffin-Manson equation were found from the line
equations. The Coffin-Manson relationship accordant behaviour of fatigue life
was also verified with two confirming tests. In the first test, a critical bending
radius was explored, with which the test sample failed during the first reversal.
The other confirming test was done with the bending radii, which was estimated
to result in a failure, after about 10 reversals. The results are depicted in Fig. 25
and straightforwardly prove the Coffin-Manson type fatigue behaviour for the
printed lines in cyclic bending.
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Fig. 25. Modelling the fatigue life of the studied test populations according to the
Coffin-Manson relationship. Paper IV © IEEE 2016.

Furthermore, by utilizing the obtained coefficients for the Coffin-Manson
relation in Eq. (5) and also taking into account Eq. (4), the characteristic lifetime
of a test population was able to be computed as a function of the bending radius.
This is successfully demonstrated in Fig. 26 with respect to the measurement
results. The presentation also illustrates the applicability of the Coffin-Manson
model to assess the reliability of printed conductors in real-life applications for a
random bending radius.

64

Fig. 26. Modelled lifetimes of the studied test populations under cyclic bending, for a
random bending radius, according to the Coffin-Manson relationship. Paper IV © IEEE
2016.
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5

Discussion

5.1

Comparison between the studied effects on the bending
reliability of printed conductors

The characteristic lifetimes of the studied test populations fabricated in sheetbased screen printing process are summarized in Table 14. All of the test
specimens in these results had Asahi LS-411AW as a conductive paste, and the
cyclic bending reliability tests were carried out in the tester setup, with a 6 mm
bending radius in compression.
Table 14. Characteristic lifetimes of the test populations fabricated by screen printing.
Studied design parameter

Weibull shape parameter α (number of cycles)
Width w

Width w

Width w

Width w

250 µm

500 µm

1000 µm

2000 µm

12

1555

1365

1290

1045

24

1477

1363

1138

1001

36

1436

1254

1078

913

Thickness t (µm)

Substrate1
PET Melinex ST506 125 µm

1555

1365

1290

1045

Arron transparency 100 µm

12623

17746

18331

15812

PET Mylar A 50 µm2

138688

170032

246833

522870

4CC 105 µm

1184

1420

1570

1376

Staples A4 copy paper 100 µm

7599

9497

9556

5750

Lumiart 75 µm

5828

8089

12809

17216

1

Thickness t = 12 µm

2

Single measurement results only

Based on Table 14, the effects of the cross-sectional geometry and substrate on
the bending reliability of screen printed conductors are able to be discussed and
compared. Let the test population with line width w = 2000 µm and thickness t =
12 µm (one printed layer) on Melinex ST506 PET substrate, with thickness ds =
125 µm be the reference. Now, in the case where the line width was decreased
from 2000 µm to 250 µm, the characteristic lifetime increased about 1.5 fold
based on the reliability analysis. This occurrence was a consequence of a nonideal manufacturing process, where the cross-sectional outline of a printed line
was flattened the narrower line width was. Moreover, the actual strain on the
conductor surface under bending varied across its width and the previously
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presented equations to calculate the strain could not be used, in a straightforward
manner. Therefore, a more detailed theoretical model could be considered for
future studies. From a design perspective, recognition of the flattening of the
cross-sectional geometry with narrow lines and its effects on the reliability is
beneficial, but cannot be generalized between the different manufacturing
processes.
The other studied cross-sectional geometry was line thickness t. As can be
seen in Table 14, increasing the line thickness from the reference value to 36 µm
decreased the lifetime by roughly 10%. According to the approximation stated in
Eq. (4), increasing the number of printed layers from one to three, also increased
the strain on the conductor surface from 1.14% to 1.34%. Thus, the increased
cyclic strain led to lower lifetimes, in this case. In comparison to the line width,
line thickness had a smaller effect on the bending reliability. In addition, it should
be remembered that the multilayer conductors were fabricated by curing each
layer before printing the next one. This might have had an effect on the structural
properties of the printed line, when it was compared to a conductor with the same
thickness, but deposited with a single printing.
The used substrate was noticed to have a significant effect on the results from
a reliability perspective. Only taking into account the studied plastic substrates,
the characteristic lifetimes were 1045 cycles for the reference population, about
16000 cycles for the test samples on 100 µm thick transparency and over half a
million for a specimen on the 50 µm PET. This was due to the decrease of cyclic
strain, based on the estimation in Eq. (4), as the substrate thickness ds was lower.
In the case of transparency, the strain was decreased to 0.93% and for 50 µm PET
to 0.52%, respectively. Decreasing the substrate thickness resulted in about 15
and 500 fold lifetimes, in the studied strain range. The same effect was also seen
with the studied paper substrates, however, with lower increases in lifetimes. To
conclude, the effects of the substrate on the bending reliability of printed
conductors is notably higher than the effect of conductor cross-sectional
dimensions. The corresponding enhancement, in terms of lifetime, cannot be
obtained with the line cross-sectional geometry design, but rather with the proper
choice of the used substrate.
It should be also noted that the comparison between different test populations
was done based on the scale parameter α from the Weibull distribution. This
parameter indicated a situation where 63.2% of the specimens in a test population
have been failed. On the other hand, in practical applications, cumulative failure
rates of 5% or 10% would be a more reasonable limit. In such cases, a low shape
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parameter β value of the Weibull distribution or deviation of shape parameters
between the compared test populations might have a significant effect on the
results. This was illustrated in Fig. 16b, where three test populations had the
following Weibull parameters: α = 1290, 1138 and 1078; β = 2.11, 4.48 and 6.42,
respectively. Based on the scale parameter α, the first population is the most
reliable, however, it also exceeds a 5% or 10% failure, at first. Therefore, a
thorough analysis with several failure rates would be required, while also taking
the shape parameter β into consideration.
When combining the design choices of cross-sectional geometry and
substrate, utilizing a thinner substrate would enable the use of wider line widths w
with higher conductivity and also result in a higher bending reliability, as is
proved by the experiments. Another option for obtaining higher conductivity is
the use of higher line thicknesses t. By utilizing thinner substrates, the strain at the
conductor’s surface is decreased according to Eq. (4) in cases where the sum of
the line thickness t and substrate thickness ds is decreased. This might also lead to
higher bending reliability, however, it should be remembered that the
approximation stated in Eq. (4) assumes that ds >> t. Therefore, if the thicknesses
of a substrate and a printed line are of the same size or a printed line is thicker
than a substrate, higher bending reliability might not be achieved and a different
strain model needs to be used for such cases.
The discussion on the various design choices and their effects on the bending
reliability of the printed traces can be extended by also taking into account the
roll-to-roll processed test samples. Table 15 lists the characteristic lifetimes of the
studied test populations printed in the roll-to-roll process on 125 µm thick
Melinex ST506 PET substrate with one printing layer in every case.
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Table 15. Characteristic lifetimes of the test populations fabricated by roll-to-roll
printing.
Studied design parameter

Weibull shape parameter α (number of cycles)
Width w

Width w

Width w

Width w

Width w

125 µm

250 µm

500 µm

1000 µm

2000 µm
248

Paste1
Asahi LS-411AW

293

260

248

256

Asahi LS-411AW2

925

1142

969

784

897

Asahi SW1400

1210

994

1003

963

1038

DuPont 5064H

188

278

316

293

257

Asahi LS-411AW

104

109

88

94

92

Asahi SW1400

233

213

207

216

203

DuPont 5064H

18

18

17

20

19

Paste3

Bending radius r Bending radius r Bending radius r Bending radius r
6 mm

15 mm

20 mm

30 mm

Asahi LS-411AW

92

323

729

10780

DuPont 5064H

19

98

397

11463

Paste4

1

In compression with bending radius r = 6 mm

2

With post annealing

3

In tension with bending radius r = 6 mm

4

In tension for test specimens with width w = 2000 µm

What is first observed from Table 15, is that the changes in lifetimes as a function
of line width are notably lower in the roll-to-roll process than with the screen
printed test samples. This emphasizes the observation that the effect of line width
on the bending reliability of printed conductors is derived from the manufacturing
process and its ability to produce the desired cross-sectional geometry, for the
printed lines. The other comparison between the two manufacturing methods can
be done by means of the lifetime of the reference populations (w = 2000 µm and t
= 12 µm on Melinex ST506 PET with Asahi LS-411AW paste) in compression.
As can be seen in Table 15, the characteristic lifetime of the roll-to-roll printed
reference population was only about one fourth when compared to the screen
printed equivalent. The lifetime of the roll-to-roll printed reference population
was enhanced close to the sheet printed samples by adding an additional postannealing for the roll-to-roll printed samples, after the normal printing process.
Thus, by improving the fabrication process in roll-to-roll printing, from a curing
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point of view, the outcomes from the two manufacturing methods could be
comparable.
The used PTF paste was also found to have an effect on the bending
reliability of the printed lines. Based on Table 15, the test populations fabricated
by Asahi SW1400 had, on average, about a 4 fold increased lifetime in
comparison to Asahi LS-411AW and DuPont 5064H populations. The reason for
this result was the smaller volume fraction of silver particles in the paste, which
led the structure to be more flexible. Thus, by carefully choosing the paste with
the proper characteristics, the lifetime of a printed line is able to be improved. In
comparison to the previous results, of the studied pastes, the effect of paste
characteristics on the bending reliability of printed conductors is significantly
lower than the effect of the substrate, but higher than the effect of the line crosssectional geometry.
The flexibility differences of various pastes may also be pondered in cases of
multilayer structures in bending. By placing the stiffer layers closer to the neutral
axis and the more flexible materials as the outermost layers, the bending stiffness
can be minimized as discussed, for example, by Wyser et al., (Wyser et al. 2001).
The effects of the bending radius and direction on the lifetime of the printed
traces were also studied. These factors are not actually design parameters, and
therefore, are incomparable to the previous discussions, however, they provide
vital information from an application and operational environment perspective.
The most important parameter in using the flexible printed electronics application
with printed conductors, is the bending radius. As can be seen in Table 15, the
correlation between the bending radius and the defined lifetime was increasing
exponentially and, therefore, only using the application with large bending radii
increases its lifetime considerably. Such a result for a large area printed
electronics application has been reported, for example, by Keränen et al. who
studied lighting elements consisting of light emitting diode (LED) chips attached
on PET foil, with a printed wiring pattern (Keränen et al. 2015). In this study, it
was found that the fabricated structure catastrophically failed during the first
bending cycles, when using a 15 mm bending radius, but remained functional
over 700 bending cycles as the bending radius was increased to 20 mm.
The cyclic bending test results, with various bending radii, can also be
reflected back to the roll-to-roll manufacturing method. In the rotary screen
printing method used in this study, a printed line was exposed to tens of bending
cycles with a minimum bending radius of 35 mm. Based on the online
measurements conducted in Paper IV, the resistance of a printed line typically
71

increased about 2 – 2.5% during the first 50 bending cycles, with a 30 mm
bending radius. The actual change of resistance during the fabrication can be
estimated to be lower than that, as the bending radii in the roll-to-roll equipment
were larger than with those used with the test setup. Thus, the effect of cyclic
bending stress exposed to a printed line during the roll-to-roll fabrication process
used in this study, can be ignored.
To summarize, within the studied materials and geometries, the used substrate
had the highest impact on the bending reliability of the printed lines and is,
therefore, the most important design parameter to consider from a mechanical
durability point of view. The second highest effect was found to be the paste
characteristics and the lowest impact was measured to be the line cross-sectional
geometry. All in all, the latter two design parameters were minor in comparison to
the effect of the substrate on the cyclic bending reliability of the printed
conductors, in this study. However, based on the literature, the performance of
screen printed lines under bending can be remarkably enhanced by using pastes
with nanoparticles (Janeczek et al. 2013, Yang et al. 2014).
5.2

Implications of the results

The results presented in this thesis were obtained by using a semi-automatic or
fully automated manufacturing process and a computer-controlled test setup, with
automated bending mechanics and measurement functions. In addition, the longterm measurement results were analysed with a method that included the
statistical perspective. Thus, the results presented in this thesis were repeatable
and the validity of this research is good.
As demonstrated by the results, the chosen materials and physical dimensions
have an effect on the long-term performance of a printed line. These results could
be utilized as guidelines to optimize the design choices for a particular application
from a bending reliability point of view. The first option is, naturally, to maximize
the bending reliability of flexible applications based on the provided results.
However, there is also a possibility of designing the printed lines to be highly
vulnerable to bending. This approach could be beneficial for sensoring and
monitoring purposes, where bending is an unwanted phenomenon for the
application. The proved Coffin-Manson relationship between the applied cyclic
strain and the resulting lifetime is also useful when assessing the reliability of
printed conductors in a real-life application environment, where the traces
undergo repeated bending. All in all, the results proved the validity of the
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hypothesis of this study, as every chosen and studied design had an effect on the
bending reliability of the printed conductors.
5.3

Future research

The presented results proved that design choices have an effect on the mechanical
durability of a printed conductor. On the other hand, the functionality or
performance of a design is usually verified through simulations in electronics.
Constructing simulation models that include both electrical and mechanical
aspects could be beneficial to the designer of printed electronics. Such a
multiphysics model would require further studies to define the correct parameters
for describing the realistic wear-out behaviour of the used materials.
Based on the experiments conducted for this thesis, the used substrate was
found to be a critical parameter from the cyclic bending reliability point of view.
Therefore, more careful study of the characteristics of substrates could be useful
for enhancing the lifetimes of conductors printed on the chosen substrate. In
addition, surface treatment methods affecting the performance of the substrateconductor interface could be taken into consideration. However, this aspect was
totally excluded from this thesis.
Another aspect for extending studies related to cyclic bending reliability is
exposing the specimens to various environmental loadings. As the ambient
conditions around the printed electronics applications may vary, the effects of
temperature and humidity on the bending reliability would also be advantageous
to investigate. From these, sub-zero temperatures, temperatures above the glass
transition point of plastics and high humidity when using papers as a substrate
could impact the mechanical performance of the substrate and the printed
conductors on it.
The presented results created the basic knowledge on the bending reliability
of printed conductors. However, building up a fully printed electronic system
requires the use of functional electrical components consisting of different
conductive, semi-conductive and/or insulating materials. These functional
components, such as transistors, batteries or solar cells, are formed from
multilayer stacks, which make the analysis of their electrical behaviour under
bending more complex. Studying the bending reliability of printed multilayer
structures, in the future, would be beneficial in providing essential lifetime
information, however, it requires greater clarification on the phenomena with
various material interfaces and wear-out behaviours for several materials. In
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addition, real-life applications may require coating or encapsulation of printed
electronics. This drastically changes the structure from the beam theory
perspective, as the printed patterns, in those cases, are moved closer to the neutral
axis and the exposed strain is thus decreased. However, the thorough analysis of
such scenarios is left for further studies.
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6

Summary

This thesis studied the cyclic bending reliability of printed conductors. The
experiments presented in this thesis were based on the assumption that the
lifetime of printed lines is able to be affected by the design choices made for the
conductors. This hypothesis was approached from line width and thickness,
substrate properties, conductive material characteristics, fabrication process,
bending direction and bending radius perspectives.
The study included the fabrication of test specimens by screen and roll-to-roll
printing methods, with the chosen design variables. After manufacturing, the test
samples were exposed to cyclic bending with dedicated test equipment, and their
electrical performance was monitored with resistance measurements, during
dynamic loading. Finally, the lifetime of each test population, consisting of 10
individual test samples, was assessed by the Weibull analysis, with a 20%
increase in resistance as the failure criterion.
The results proved that every studied design choice had an effect on the
characteristic lifetime of a test population. In the case of the line widths used in
this study, decreasing the width of the screen printed conductors increased their
lifetime due to the flattening of lines during the fabrication process, resulting in a
lower strain. For the printed multilayer lines, the reliability was decreased
because of higher strain. The strain was also found to be the reason why
conductors on thinner substrates lasted longer in cyclic bending. From an
intensive properties perspective, PTF paste with the smallest volume fraction of
conductive silver particles was analysed and found to be the most reliable, due to
its more flexible nature. A difference was also found between the silk screen and
roll-to-roll printed samples, in favour of screen printing, however, the lifetime of
the roll-to-roll printed samples was able to be enhanced by an adequate heattreatment. From the application point of view, bare conductors under tension were
more vulnerable to failure when compared to compression and increasing the
bending radius was observed to enhance the lifetime considerably.
When comparing the various design variables, the effect of the substrate was
found to be the most critical parameter. Within the studied geometries and
materials, the lifetime of a test population was enhanced the most by decreasing
the substrate thickness. The reason for this was the highest reduction of strain on
the conductor under bending.
The results implicated the importance of the used materials and dimensions
when designing bendable printed conductors. Based on the presented results, the
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mechanical durability of printed lines is able to be optimized by the appropriate
design choices, which minimize strain. Moreover, the results achieved in this
thesis provide very essential information, and may be used as guidelines when
designing printed and flexible electronics, with high electrical performance under
cyclic mechanical loading.
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