
Impact of geometry on stretchable meandered interconnect uniaxial
tensile extension fatigue reliability
1.1. Goals

The general aim of this work is to equip system level engineers We study the effect of the meander geometry and tha
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1. Introduction
 significant deformation capability and electric functionality. The 
concept is illustrated in Fig. 1(b) and (c). More information on 
stretchable systems, example applications and references can be 
found in the work of Vanfleteren et al. [2].
t of the 

with a collective notion of the reliable interconnect geometries, as encapsulation on the time to the electro-mechanical failure of the 

well as those geometries that are detrimental or hazardous and 
should be avoided, or carefully monitored in a complete stretchable 
system. In order to provide design rules we investigate the relation 
between geometry and lifetime in in-plane structured metal inter-
connects embedded in PDMS1 encapsulation. This work builds upon 
the methods and findings reported in our previous publication [1] 
where more detailed background as well as DOE can be found. Fig. 
1(a) represents the geometry of the interconnect in concern.

In a complete system the meandered interconnect connects stiff 
islands hosting electronic components. This layout grants
interconnect in cyclic stretching tests. Furthermore, finite element 
analyses are used to explain the observations made through 
Weibull lifetime analysis, as well as to perform parametric sweep 
past the capabilities of an experiment.

1.2. Background

We are particularly interested in the structured metal intercon-
nect of meandered shape due to the large area, conformable circuit 
applications in mind, which translates into the following 
requirements:

� Very high conductivity (generally above 105 S=cm, for effi-
cient, large area, mid power circuits, e.g. light engines).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.microrel.2014.09.009&domain=pdf
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Fig. 1. (a) Meander definition and its geometry parameters. (b) Stretchable interconnect utility in a conformable system. (c) Example stretchable light engine system.
� Ease of development using standard electronics manufac-
turing processes and equipments (transfer to industry).

� Electrical stability under strain (no significant resistance-
strain dependence and no significant resistance-wear
dependence).

Reviewing the stretchable technologies developed in the recent 
years [3–10] we find no stretchable, conductive, composite elasto-
mers that fulfill these requirements all at once. Only structured 
metals (meanders [11–14], meshes [15], yarns or buckled films 
[16]), forming a stretchable interconnect exhibit electro-mechani-
cal properties that can fulfill the above mentioned requirements. In 
particular, in-plane meandered interconnect (Fig. 1(a)), studied in 
this work, even if one penalizes bulk copper conductivity of � 6 � 
105 ½S=cm� proportionally to the added current path due to 
meandering, delivers, what one could define as equivalent conduc-
tivity of 2:5 � 105 ½S=cm�, for a typical geometry of H ¼ 30�. 
Approximately, this holds for any R since the running length of the 
meander can be shown to be independent of radius. This con-
ductivity is still about 31 times higher than the silver nanowires 
based, elastomer composite solution developed by Xu and Zhu [10] 
– the most conductive, stretchable composite known to authors 
that allows resistance stability under mechanical load.

2. Materials and methods

2.1. Test vehicle

Fig. 2(a) represents a single test vehicle realized in 17 lm thick 
copper (Circuit Foil BF-HF-LP2) by means of photolithography,
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Fig. 2. (a) Test vehicle fixed in the UTM. Dotted line indicates test current path for th
resistance reading taken during the 10% uniaxial stretching endurance test.
using dry film photoresist (DuPont Riston FX 920) and wet copper 
etching. The processing is carried out on a sacrificial FR4 carrier. 
The carrier is removed after embedding the top of the structured 
copper by 0.5 mm thick PDMS (Dow Corning, Sylgard 186), by 
means of liquid injection molding. Finally, the opposite side of the 
copper structure is encapsulated by injection molding. A detailed 
SMI processing is illustrated in another publication of our group [2]. 
The test vehicle can be divided into two functional zone types, the 
flexible only zones, realized by the large copper spill areas (bright 
areas in Fig. 2(a)) and two flexible, but also stretchable zones, 
containing the stretchable interconnects (transparent areas 
appearing darker in Fig. 2(a)). The two stretchable zones are 
bridged by meandered interconnects, a pair of each connected 
electrically in series (please refer to Appendix B (Fig. 15) for test 
vehicle dimensions and indication of test current paths).

2.2. Endurance test

The test vehicle, shown in Fig. 2(a), is fixed in the test setup and 
connected to the resistance measurement system (please see 
Appendix A). The reading in Fig. 2(b) is obtained by means of 4 
point resistance measurement while the test vehicle undergoes 
repeated tensile elongation using an Universal Testing Machine 
(UTM). Fig. 2(b) illustrates the high electrical stability and low 
resistance delivered by a series chain of two, 1 cm long, copper 
interconnects, registered under repeated, 10% interconnect strain-a 
generic endurance output in this reliability study. Please note the 
logarithmic scale on the vertical axis. Some spread of the instanta-
neous reading was present due to a random noise pickup during
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UTM actuation, not an actual change of meander resistance, there-
fore an averaged reading is also provided.

The moment of mechanical failure of the copper track due to 
fatigue is equivalent to an abrupt electrical failure (Fig. 2(b)) and 
is registered in function of performed stretching cycles. The same 
stable behavior and sudden failure was also reported previously 
by de Vries et al. [17]. A number of failures observed produces a 
statistical sample of times to failure, based on which, the underly-
ing failure distribution is modeled using a two parameter Weibull 
CDF (Cumulative Distribution Function). We use this particular 
model because of its historically proven applicability in reliability 
modeling of metals, as well as due to the structure of the mean-
dered interconnect, the failure of which can be viewed as a failure 
of the weakest chain link. Similar analysis on a family of mean-
dered interconnect technologies has been previously performed 
by de Vries et al. [17].

3. Theory/calculation

3.1. Statistical tools

The underlying Weibull distribution parameters2 were found 
using a simple Median Rank Regression (MRR) method in case of 
vehicles carrying 4 different radius (R) meanders (here referred to as 
geometry FSRW-Flex-Stretch-Radius-Width), and using Maxi-mum 
Likelihood (ML) method in case of vehicles carrying 4 identical 
meanders (geometry FSTR- Flex-Stretch-Transition). Please consult 
Appendix B (Tables 2–4) for interconnect geometries and nomencla-
ture. The use of MRR was dictated by only one failure per meander 
type obtained in each run by virtue of FSRW vehicles design. The 
rationale behind this design was to be able to fit a set of meanders 
spanning wide in R parameter in a relatively small space available on 
the test sample while ensuring each meander was far away from the 
encapsulation boundaries. More detail on DOE is explained in our 
previous publication [1]. As a consequence we could obtain only one 
failure per meander type, per fatigue run, which increased the 
amount of vehicles needed to obtain sufficient failure points as well 
as introduced some variability between each run execution (e.g. 
slight changes in test vehicle fixing or starting point for the tensile 
extension which can be expected to introduce fuzziness in the failure 
data). The combination of limited sample size and underlying exper-
imental variability were considered as volatile conditions for use of 
ML estimate [19], hence the conservative MRR method is preferred. 
The MRR fitting method was executed using a custom MATLAB script. 
The remaining vehicles of type FSTR had 4 identical meanders each, 
producing sufficient amount of failures using as little as two to three 
test vehicles (two/three UTM runs). This enabled the use of ML 
method which adds robustness against outliers to the inference of 
the underlying model as well as enables the calculation of the Wei-
bull parameter confidence intervals. The ML estimates of the two 
distribution parameters, b (shape) and g (scale), were found by 
MATLABs Statistics Toolbox function wblfit() that computes the 
solution to the Weibull Maximum Likelihood function maximization 
problem. Interested reader can find out more about the Maximum 
Likelihood method in [20] as well as its application for Weibull dis-
tribution in [21]. Moreover, a critical comparison of the two infer-
ence methods used in this work is provided by Genschel and Meeker 
[22].
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where N – number of fatigue cycles, g – scale parameter (characteristic life), b – shape

parameter [18].
3.2. Test vehicle selection, result suspension and censoring

Before each run the vehicles were inspected using a microscope 
and a multimeter. Sporadically, vehicles had inadequate definition 
of meanders or meanders with an electrical failure due to a photo-
lithography fault. These faulty meanders were discarded from 
analysis. As a result some small size differences between samples 
were allowed. The pre-selection was done to ensure that the sam-
ples are representative and differ due to defined geometries and 
not due to external factors related to production yield. No censor-
ing was used in all the new results presented (all failures occurred 
before the end of the test) with one exception, where an acceler-
ated failure generated by an etching fault; that had passed the ini-
tial inspection unnoticed, has been suspended (vehicle FSTR0 HE, 
suspension at 7798 cycles).

The same failure mode was identified for all remaining data. 
Metal track was ruptured due to rapid crack buildup in the zones of 
highest plastic strain concentration which corresponds to the rapid 
electrical failure as illustrated by the reading in Fig. 2(b).
3.3. Modeling tools

The computational models were realized using the commercial 
finite element code Abaqus/Standard (Dassault, Systemes Corp., RI, 
USA). Since the symmetry of the problem allows for reduction of 
the region of interest, only half of the sample was modeled, reduc-
ing the analysis to a single row of meanders. Symmetry boundary 
conditions were applied on one side of interconnects, while on the 
other side a 10% of stretch was applied through displacements con-
ditions to reproduce the experimental configuration, considering 
the flexible part connected to the clamp as rigid. Mesh sensitivity 
analyses allowed to estimate an optimal mesh density for the glo-
bal models in the range 3 � 105–4 � 105 linear hexahedral elements, 
in order to have at least four elements across the width of the 
meander track, enough to provide accurate results. The copper was 
modeled as a perfect elasto-plastic material by the Von Mises yield 
criterion, with the elastic Young’s module E ¼ 117 GPa and
the yielding point at ry ¼ 0:370 GPa. A Neo-Hookean strain energy 
function, C10 ¼ 0:157, was selected to represent the hyperelastic 
behavior of the PDMS. PDMS was considered incompressible. In 
order to avoid intrinsic computational ill conditioning of incom-
pressible materials, hybrid elements have been used to simulate 
the PDMS mechanical response. The accumulated plastic strain 
per cycle was considered as representative for the critical regions 
where the metal cracking initiates and, eventually, rupture occurs. 
A number of four stretching cycles were applied in order to reach a 
steady state condition past which the accumulated plastic strain 
per cycle is constant [23,24].
4. Results

4.1. Metal geometry impact on reliability

4.1.1. Radius effect
In our previous work [1] we have found frequent zero-hour fail-

ures and infant mortality in a large, R = 2.9 mm copper meanders. 
Smaller meanders, instead, exhibited much better cyclic perfor-
mances evaluated in the same fatigue conditions. In the current 
work, a FEM model replicating the geometry of the stretchable 
zone of that test vehicle (geometry FSRW0) was prepared as shown 
in Fig. 3(a).

Comparison of the FEM results in Fig. 3(b) across different radii 
meanders confirms a severe plastic strain localization in the large 
meander track. The region of the high plastic strain overlaps well 
with the location of the zero-hour and early failures found in the
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Fig. 3. FEM modeling result – maximum, equivalent plastic strain accumulated in the 4th cycle to 10% interconnect elongation. (a) FEM model and maximum plastic strain
regions in track 1 and 4. (b) Comparison between all meanders.
previous experiment [1]. Further finite element analyses address-
ing different encapsulation thickness (Section 4.2.1) will provide a 
mechanical interpretation of the above result.

4.1.2. Effect of meander rotation
In [1] it was also shown that the amount of metal in the 

interconnects affects the failure distribution parameter b, thus 
highlighting the relevance of metal distribution. One way to 
achieve a straightforward visualization of the interconnect metal 
distribution is to simply project the metal length onto an axis per-
pendicular to the tensile force direction. One can use a simple algo-
rithm integrating column-wise on a high resolution bitmap image 
of the interconnect to realize such a distribution profile. Fig. 4(a) 
represents the simple interconnect FSRW0 and a profile obtained 
by this method.
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Fig. 4. (a and b) FSRW test vehicle geometries (top) and their copper distribution (bot
uniaxial tensile fatigue life per meander type.
Knowing that adding metal was not the way to proceed toward 
higher reliability we were interested to see how the interconnect 
would respond to a significant metal redistribution, and if that 
could bring reliability improvement. One way to redistribute the 
metal without adding more copper to the interconnect or changing 
the parameters of the meanders is to rotate it with respect to the 
tensile force direction. A vehicle FSRW0 Fi5 was prepared, where all 
the meanders were rotated by 5� compared to the baseline 
geometry FSRW0. Fig. 4(b) illustrates the rotated interconnect and 
its metal distribution.

Fig. 4(c) and (d) compare the reliability result from the 10%
strain endurance tests performed on the two vehicles. The largest 
meander is not visible in both the Weibull charts because it was 
being damaged already during vehicle preparation due to its sensi-
tivity to plastic strain concentration as presented in the simulation
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results in Section 4.1.1. In the remaining, fatigue failures obtained
in tracks 2,3, and 4 the failures occur more randomly (lower b, as
expected) in rotated meanders compared to the ‘straight’ ones as
visible by comparing all results in Fig. 4(c) and (d). Along with
the shape parameter however, also the characteristic life is
diminished in all rotated tracks, leading to an overall decrease in
reliability of the rotated meanders.
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4.1.3. Transition geometry effect
Another transition geometry was evaluated which is illustrated

in Fig. 5. This particular transition design is very attractive since
unlike the previous attempt at meander transition reinforcement [1]
and the simple transition FSTR0, it has a scalable geometry (Fig. 5)
that does not introduce any additional parameters to the meander
definition.

Please note how this modified transition does not increase the
peak interconnect copper distribution values, but instead redistrib-
utes the material in Fig. 6 compared to the simple transition.

Both geometries FSTR0 (simple transition) and FSTR1 (tapered
transition) were compared in a 10% uniaxial tensile strain fatigue
R
H0 H

Fig. 5. FSTR1, tapered geometry transition rule, where H0 is uniquely defined for a
given H : H0 ¼ ð1� sinðHÞÞ=2.
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Fig. 7. Equivalent plastic strain in metal after the 4th cycle of 10% interconnect elongatio
Please note that the encapsulation around the metal has been removed from the view.
test. Both geometries had approximately the same meander radius 
R � 1 mm (exact parameters can be found in Appendix B). The reli-
ability result is presented in Fig. 6 and indicates that the tapered 
transition is largely under-performing, producing some 50 times 
shorter characteristic life compared to the simple design. All fail-
ures in tapered meanders were found in transition only whereas 
in the FSTR0 vehicle the failures in the transition parts and in the 
middle of the interconnects were approximatively equally distrib-
uted, being 44% and 56%, respectively.

FEM of the tapered transition meander (R = 0.91 mm) revealed 
40 times higher maximum plastic strain accumulated in the 4th 
cycle of elongation compared to the simple transition meander of 
the nearest radius (r = 0.96 mm). Fig. 7 compares the plastic strain 
distributions in both interconnects. In simple meander the plastic 
strain is evenly distributed between all meander heads, while in 
tapered design the plastic strain concentrates in the transition 
zones. This is in agreement with the spatial failure locations found 
in the two interconnects by experiment.

4.2. Encapsulation parameters impact on reliability

4.2.1. Encapsulation thickness effect
FEM model, including the different radii meanders (geometry 

FSRW0) was evaluated with varying thickness of encapsulation 
as indicated in Fig. 8(a), keeping the metal layer in the middle of 
the encapsulation thickness (t), in each case. The maximal plastic 
strain accumulated in metal, after 4 cycles of 10% axial strain, 
was extracted. The results across each meander in combination 
with each encapsulation thickness are presented in Fig. 8(b).

The large meander shows very high sensitivity to encapsulation 
thickness t. Up to 0.4 mm thickness the models indicate there is no 
plastic strain in meander 1 (elastic region is never exceeded), 
above that thickness the plastic strain accumulation in track 1 
exceeds that of meanders 2, 3 and 4, reaching about 5 times higher 
plastic strain with 1 mm encapsulation, compared to the remain-
ing meanders. Results obtained for track 1, 2 and 3 show steadily 
decreasing plastic strain with decreasing encapsulation thickness 
and generally align with those of Hsu et al. [25].

We were able to confirm the decreasing plastic strain concen-
tration in meanders with decreasing encapsulation thickness by 
obtaining an improved lifetime in a 10% strain, fatigue test on a 
simple reliability vehicle FSTR0. The vehicle was built in two vari-
ants with full, t ¼ 1 mm encapsulation and in half-encapsulated 
version (FSTR0 HE), where the meanders were covered only on one 
side with 0.5 mm encapsulation. A schematic of the cross sections 
of both vehicles can be found in Fig. 9(a), along with the Weibull 
reliability plot from the failure data. Improved reliability can be 
seen in the half-encapsulated vehicle. Fig. 9(b) confirms the 
significance in characteristic life change due to encapsulation
z
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(b)

n. (a) Tapered design (FSTR1), R = 0.91 mm. (b) Simple design (FRTR0), R = 0.96 mm.
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Fig. 8. (a) FEM model of the FSRW0 meander geometry realized in 5 variants of differing encapsulation thickness (t). (b) FEM result – maximum equivalent plastic strain per
meander track accumulated in the 4th cycle of 10% interconnect extension.
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Fig. 9. (a) Reliability comparison between the full (t � 1 mm), and half-encapsulated meanders (t � 0:5 mm). (b) Weibull characteristic life parameter estimated by the ML
method. The vertical error bars indicate 95% confidence interval for parameter g. The horizontal bars indicate 2SD of the test vehicles thickness.
thickness. Horizontal bars in Fig. 9(b) indicate 2SD encapsulation 
thickness spread between vehicles due to liquid injection molding 
process tolerance. The thickness was measured over the stretch-
able zone using soft materials thickness gauge MTG from Check-
line, supplied with 16 mm footer with 212 g mass.

4.2.2. Encapsulation perimeter effect
In this experiment we evaluated the impact of lateral deforma-

tion of meanders due to a Poisson effect in the encapsulation, 
which was earlier reported in simulation results by Gonzalez 
et al. [26].

FSTR0, simple meander geometry vehicles were prepared, dif-
fering in the width of the specimen while keeping constant the 
interspace between adjacent meanders, Fig. 10(a), (d) and (g). 
The base test vehicle geometry had a 73 mm wide interconnect 
while, by removing parts of base encapsulation by sharp scalpel, 
the encapsulation in the remaining vehicles was reduced to 
52 mm and 36 mm width respectively. By changing the aspect 
ratio of the stretchable zone we could expect different level of lat-
eral compression in interconnects under the same tensile strain.

Each vehicle type was evaluated for reliability under repeated, 
10% uniaxial strain conditions. The corresponding results of Wei-
bull analysis are presented in Fig. 10(b), (e) and (h). In the case of 
the narrow encapsulation vehicle (Fig. 10(h)) the reliability results 
could not be properly fitted with a Weibull distribution. By tracing 
back each failure with its position in the vehicle the
outer tracks (nr. 1 and 4) and the inner tracks (nr. 2 and 3) were 
found belonging to a distinct failure model each. Following, the 
data was divided into two separate clusters, giving approximate ML 
distribution fit for inner and outer tracks separately, as visible in 
Fig. 10(i). The outer tracks are indicated as less reliable than the 
inner ones. The clustering procedure for inner and outer tracks was 
repeated for the remaining vehicles with 52 mm and 73 mm wide 
encapsulation. The corresponding results are visible in Fig. 10(f) 
and (c). By comparing all three clustered results, the gradual 
decrease of reliability can be followed in the outer tracks as the 
PDMS boundary moves closer to the outer meanders. Please note 
that the high variability of b in the fitted distributions should be 
assigned to the very small statistical samples remaining after 
clustering.

4.2.3. Encapsulation hardness effect
A number of FSTR0, simple meander geometry vehicles were 

prepared, with differing PDMS encapsulation hardness. Different 
silicones from Dow Corning were used- see Table 1. The aim was 
to asses the impact on reliability due to the encapsulation hardness 
in the lower Shore-A range. We use hardness measure due to its 
widespread use in silicone products datasheet).

After mixing the two components for three minutes, a 5 min 
vacuum chamber degassing was performed; afterwards, liquid 
injection molding and curing in oven at 50 �C for 24 h was carried 
out. Table 1 lists the silicones and apparent Shore A hardness
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Fig. 10. Left column (a,d,g) – FSTR0 test vehicles in modified encapsulation perimeter variants. Middle column (b,e,h) – Weibull reliabilities in 10% tensile strain test obtained
with fatigue testing of the corresponding vehicles. Right column (c,f,i) – Reliability analysis repeated after clustering the failures between inner tracks (2, 3) and outer tracks
(1, 4).

Table 1
Shore A hardness of the encapsulation based
on material type. Please note that the low
hardness of MS1003 resulted from curing
temperature limitation of 50 �C.

Encapsulation Apparent hardness

Sylgard 184 45.6 (1SD)
Silastic E 36.6 (1.8SD)
Sylgard 186 35.0 (0.6SD)
MS1003 28.5 (0.9SD)
obtained in each test vehicle as a result. The hardness was mea-
sured using a Checkline Durometer type RX-DD-A at the ends of
each specimen where the PDMS was the thickest (9 mm) providing
a 10 � 80 mm perimeter of solid material for the hardness test. It
should be noted that the MS1003 material was not completely
crosslinked after the 50�C cure, leading to hardness much below
that indicated by the material datasheet (28 vs. 51 Shore A). The
recommended curing temperatures for MS1003 are in excess of
100 �C, not applicable in our case due to the limitation of the
PMMA mold used for the realization of the reliability test vehicles



Table 2
FSRW0 test vehicles meander parameters. Left- Base geometry, Right-rotated geometry (each meander rotated 5� off vertical axis.

Table 3
FSTR0 test vehicles meander parameters.

Table 4
FSTR1 test vehicle meander parameters.
[1]. Additionally, because the Silastic E and Sylgard 186 materials 
provided very similar levels of hardness, the failure samples gener-
ated from both silicone types were merged into a single, Shore A36 
statistical sample. The result of the fatigue test to 10% strain can be 
found in Fig. 11(a). The failure locations are very similar in all 
vehicles leading to no significant differences in reliabilities, as 
illustrated by Fig. 11(b).
5. Discussion

In this section we discuss the presented results and attempt to
explain the observations as well as indicate importance of a given
parameter effect for reliability.
5.1. Metal geometry effects

FEM result in Section 4.1.1 confirms our earlier, empirical find-
ings by indicating very high sensitivity of the large, R = 2.9 mm 
meander to tensile elongation [1]. The sensitivity exhibited itself as 
about 5 times higher plastic strain accumulation in the 4th, sim-
ulated cycle of stretching to 10% strain, compared to the remaining, 
smaller meanders. In the empirical study this sensitivity led to 
damage already during processing (sample release from the mold) 
producing zero-hour failures or high failure variability in the reli-
ability analysis as indicated by low Weibull shape parameter b < 
2 in Fig. 4(c). This effect was reproducible in meanders of the same 
size in a reliability test that followed, as shown in Fig. 4(d).
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Fig. 11. (a) Weibull analysis of failures obtained with FSTR0 geometries in a 10% tensile strain fatigue test. Vehicles differed in hardness of encapsulation. (b) ML estimate of
the characteristic life of interconnects in function of encapsulation hardness. The vertical error bars indicate 95% confidence intervals for the characteristic life parameter. The
horizontal error bars indicate 2 � SD of the hardness measurement.
From beam theory it should follow that a large curvature mean-
der should accommodate deformation (meander opening) with the 
lowest stresses in its structure compared to small curvature fea-
tures. Moreover the large meander introduces the least amount 
of copper into the interconnect (see Fig. 4(a)). The failure data 
and the modeling results we collected however, pointed in the 
opposite direction. In order to explain the discrepancy between 
the theory and our results we analyze the encapsulation thickness 
effect further on in Section 5.2.

Reliability results in Section 4.1.2, track 2, 3, 4 indicate that 
meander rotation has a detrimental effect on reliability regardless 
of meander radius R. By applying a 5� rotation to the meanders the 
randomness of failure in all tracks has increased compared to the 
base configuration. This observation is in agreement with the claim 
made in our previous publication that the amount of copper intro-
duced by the meandered interconnect is related with the Weibull 
shape parameter of the failure distribution [1].This is visible by 
comparing the steepness of the failure data fits and the metal dis-
tribution profiles in Fig. 4. The significance of this result is, that in 
stretchable electronic systems, meanders misaligned with the 
assumed direction of tensile forces will produce larger variability 
and increase chance of failure at low cycles compared to meanders 
aligned with the tensile force direction. This should be avoided by 
design or otherwise accounted for in estimation of the worst-case, 
low tail system reliability, significant for attaching warranties to 
product lifetimes.
Fig. 12. (a) In-plane deformation difference between encapsulated and non-encapsulat
encapsulated meander in transition zone.
Reliability results in Section 4.1.3 show the sensitivity of the 
interconnect to the metal geometry at the transition. In this result, 
as well as our previous study [1], we show that the simple transi-
tion with phase /0 ¼ 90�, and with no tapering at the transition 
zone is much more reliable than the tapered transitions. On one 
hand, the tapered meander end may be causing more stiffness in 
transition, which results in a lower stretchability of the intercon-
nect that, additionally, is made effectively shorter by the tapered 
parts. On the other hand, the resilience of the simple geometry may 
be coming from the way in which the first meander head cou-ples 
with the non-stretchable region, restraining deformation of metal 
in the transition zone. This effect does not exist in the scal-able 
design FSTR1 because the presence of the tapered part at meander 
end offsets the distance between the non-stretchable border and 
the first meander head.

5.2. Encapsulation geometry effects

FEM presented in Section 4.2.1 evaluated performance of the 
interconnects of varying radii under varying encapsulation 
thickness. The plastic strain accumulation presented in Fig. 8(b) 
indicates strong coupling effect between the largest radius mean-
der and the encapsulation thickness. Note that the same meander, 
track 1, R = 2.9 mm, which exhibits about 5 times higher plastic 
strain accumulation than the remaining tracks 2, 3 and 4 at 1 mm 
encapsulation, is the best performer below 0.5 mm encapsulation.
ed meander. (b) Comparison of strain distribution between encapsulated and non-



This combination of results indicates that a different metal defor-
mation mechanism occurs at different encapsulation thickness. 
One should also consider the high Poisson ratio of PDMS (m � 0:5). 
Upon tensile extension of the interconnect in direction x, the 
encapsulation contracts in both remaining y and z direction to 
maintain volume. The compressive strain components contrib-ute 
to achieve a different deformation of the meander depending on 
the presence of encapsulation. The FEM results have shown that, at 
the end of the last loading cycle the meander without PDMS 
encapsulation exhibits a lower curvature at the attachment to the 
flexible area, compared to the model with encapsulation (Fig. 
12(a)). The high thickness of PDMS used for encapsulation enforces 
the meander deformation due to PDMS contraction in the direction 
perpendicular to the loading direction resulting in an increased 
strain gradient along the cross section of the copper. This 
eventually leads to higher plastic strain accumulated over the 
loading cycles for encapsulated models, Fig. 12(b). In case of 
smaller meanders the presence of the track in the elastomer has a 
locally restricting effect on PDMS tensile extension at the meander 
heads, which results in less transverse encapsulation compression 
in these regions, as show in the work of Hsu et al. [25], which may 
explain the differences depending on R, observed in our study.

Results obtained for track 1, 2 and 3 generally align with those 
of Hsu et al. [25] showing steadily decreasing plastic strain with 
decreasing encapsulation thickness. These results agree also with 
those of Gonzalez et al. [27] who points out that higher aspect ratio 
(R/W) meanders attract lower plastic strain. As presented in our 
results, this rule applies up to a certain, maximal R/W, past which 
the exact opposite effect is observed (the larger meander, the 
higher plastic strain).

We now know, that thick encapsulations will encourage this 
effect. In combination with the Weibull shape parameter increas-
ing with decreasing R [1] one should be considering larger mean-
der designs more hazardous because high R interconnects will 
develop higher chance of early failure. This effect will be pro-
nounced in circuits comprised of many interconnects by affecting 
the characteristic life of a system (please consider the series sys-
tem unreliability Eq. (1) for high k and low b which is introduced 
further). One should take into account that these conclusions hold 
for fatigue life at moderate interconnect extension and may not be 
optimal for larger strains or one time stretchability to failure (e.g. 
choosing for small R will probably encourage earlier PDMS/metal 
delamination failure described by Hsu et al. [25] at high intercon-
nect elongations simply because small R interconnect introduces 
more metal into the stretchable zone (Fig. 4(a)).

The result presented in Fig. 8(b) is not only significant for suit-
able selection of meander parameters, but also a guide for proper 
stretchable interconnect simulation. With these results we show
Fig. 13. Transverse deformation due to the Poisson effect at 10% tensile strain.
that by neglecting the presence of even very thin and soft encapsu-
lation in FEM the real over-encapsulated structures will be poorly 
represented. In literature we find a similar recommendation made 
by Gonzalez et al. [27] who discourages the use of plane-stress FEM 
to simulate encapsulated, meandered interconnects.

Finally, we have also been able to confirm the encapsulation 
thickness effect by comparing a half-encapsulated (t = 0.5 mm) 
reliability vehicle with one that was fully encapsulated (t = 1 mm). 
With encapsulation present on one side of the intercon-nect we 
have achieved a significant increase in the Weibull charac-teristic 
life under 10% extension fatigue test as shown in Fig. 9(b). 
Sweeping across smaller thickness was restricted by the manually 
handled, liquid injection molding procedure tolerance.

In Section 4.2.2 we show how the definition of the meandered 
interconnect encapsulation perimeter in the x–y plane affects the 
reliability. As a result of reducing the encapsulation size outside of 
the zone where metal is present we observe decreasing perfor-
mance of the meanders closest to the PDMS boundary. This effect is 
again the result of the incompressibility of the PDMS encapsula-
tion. Incompressibility results in transverse narrowing of the 
stretchable zone whenever tensile extension is exerted, as 
illustrated by a photograph in Fig. 13.

Because the outer tracks, number 1 and 4, are out of the ‘‘neutral 
axis’’ of the Poisson effect lateral compression they are subjected to 
lateral displacement field that adds to the deformation of the metal 
track due to the tensile force. As a result, diminished reliability is 
observed. Similar observation is made in [26] by FEM.

The practical implication of this result is, that, in order to main-
tain predictable and uniform failure distribution across a multiple-
interconnect stretchable system, one should ensure that the mean-
ders are placed about the center line of the Poisson compression in 
each interconnect and as far as possible from the encapsulation 
borders. For a large, grid-like system (Fig. 1(b)) this indicates the 
necessity for placing openings in the encapsulation to mechani-
cally separate each stretchable interconnect from the other (dem-
onstrator in Fig. 1(c) may serve as an example). Preferably, the 
interconnects should be running in pairs at most or otherwise have 
the outermost tracks far away from the encapsulation boundary 
(one could view the vehicle in Fig. 10(d) as a borderline case con-
sidering the presented material properties, geometry and test con-
ditions). Ideally, one would want to be able to extrapolate the 
single interconnect geometry reliability testing result to reliability 
of a complete system consisting of k identical interconnects, using 
the size effect rule applied to Weibull distribution. By ensuring 
equivalence between meanders and stretchable interconnects in a 
large design this will be made possible. The benefit in that case is 
that the system failure CDF differs only by characteristic life 
compared to its single interconnect CDF [18]:

FðNÞ ¼ 1� exp½�ðN=gkÞ
b� where gk ¼

g
kð1=bÞ

ð1Þ

where g and b are single interconnect Weibull failure distribution 
estimates obtained in fatigue testing and k is the number of inter-
connects in the system.

In Section 4.2.3 no significant impact on reliability was found by 
encapsulating the meanders with materials ranging from Shore-A 
29 to Shore-A 46 hardness. This result however, should be under-
stood well in the context of the moderate strain test conditions 
(PDMS materials were far from entering increasing tangent modu-
lus strain ranges) as well as the, effectively narrow, Young’s mod-
ulus range covered. Following the study of [28] one could roughly 
translate the presented hardness range to 0.7–1.8 MPa range of 
Young Moduli (this conversion should not be treated formal as the 
hardness measurement was an apparent measure only). Together 
with limited amount of failure data the test has not enough power 
to yield significant differences. For higher tensile
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Fig. 15. Base test vehicle dimensions (mm).
extensions as well as wider Shore A range of materials one should 
expect detrimental impact of harder encapsulation on the reliabil-
ity to be much more pronounced as suggested by earlier modeling 
studies [27]. For moderate interconnect strains (here 10% or less) 
the designers can freely choose encapsulation materials from the 
lower Shore A range (29–46 Shore A) based on other than cyclic 
reliability, application-specific criteria (e.g. optical properties).
6. Conclusions

We have presented a number of reliability and simulation stud-
ies where stretchable meandered interconnects were subjected to
10% repeated, uniaxial tensile extension while varying the inter-
connect geometry and encapsulation materials. We have identified
a strong coupling between encapsulation thickness and meanders
aspect ratio which indicate that already relatively thin (>500 lm)
and soft encapsulation (E ¼ 0:7 MPa), combined with large aspect
ratio meanders (R=W > 14), produce extremely low reliabilities.
We indicate that the use of small meanders (R 	 1 mm) can be
beneficial to create systems that run very low risk of failure during
normal life by having a very well defined failure time (high Weibull
b parameter). Reduction of encapsulation thickness is always to the
benefit of interconnect fatigue life. Misalignment between mean-
der direction and the tensile forces direction should be avoided 
or carefully monitored as possible source of early failures. Current 
results, as well as our previous findings, confirm that the transition 
zone to the flexible area is not improved by in-plane tapering of the 
meander ends in short interconnects. Provided that R=W 	 14 a 
simple transition (FSTR0) is most optimal. A general recommenda-
tion is made to place meanders about the center of Poisson lateral 
compression in the encapsulation. This is necessary to maintain 
equal reliabilities of neighboring meanders. One way to translate 
this concept for a large stretchable system is to decouple neighbor-
ing bundles of interconnects by creating openings in the encapsu-
lation. Finally, we show that PDMS encapsulation materials with 
hardness anywhere in the range between 29 and 46 Shore-A, make 
little difference to the interconnect reliabilities provided that inter-
connect extension is limited to 10%.
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