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The deformation and failure mechanisms of metal/polymer electrical interconnects with S-shaped planar meanders are investigated. Samples consist of 1 μm
thick aluminum conductive coating evaporated on a 10 μm thick polyimide substrate. Uniaxial tensile tests up to 40% stretch with in-situ optical and scanning
electron microscopy (SEM) were performed to assess the effects of different meander geometries on the local mechanics. As a consequence of the large strain
experienced by the underlying polymeric substrate, two different delamination modes were observed at the metal/polymer interface, namely, (a) shear-based
and (b) buckling-based delamination. Mechanisms (a) and (b) are activated depending on the speciﬁc meander geometry: interestingly, a crucial role was
played by the length of rectilinear arms, which was shown to inﬂuence the extent of transverse contraction experienced by the interconnect. Upon increasing
stretch, in-situ SEM observations revealed detrimental effects related to the interfacial failure, as metal fracture localizes in the delaminated areas.
Experimental results suggest that, in addition to the need of surface treatments aimed at improving the metal/polymer interface adhesion, it is also crucial to
conceive optimal geometrical designs to achieve mechanical reliability of stretchable interconnects.
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1. Introduction
Flexible and Stretchable electronics refer to a new class of devices
whose key attribute is the ability to be bent and stretched undergoing large
strains (≫1%) keeping their function under mechanical loading as required
by the applications. In particular, deformable electrical in-terconnects are
pivotal components for large area stretchable and ﬂexible devices, which
are conceived as grids of sensing elements whose function is to provide
spatially resolved measurements on deformable bodies such as the case of
applications in the biomedical ﬁeld [1,2,3]. Nevertheless, matching the
mechanical response of the metal ﬁlm and the polymeric substrate still
opens some issues related to functional failure [4,5,6]: to address the
associated challenges in material science, it is instrumental to improve the
mechanical reliability and hence the electrical functionality [7] of
deformable interconnects. Cracking of the metal ﬁlms and interface
delamination phenomena represent the
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most critical mechanical issues for metal/polymer systems. In
particular, previous studies have shown that in metal/polymer
systems subject to stretching, the metal ﬁlm ﬁrst develops cracks
perpendicular to the ten-sile direction at low strains [8,9]. Upon
further loading, compressive transverse stresses arise in the ﬁlm
strips due to a Poisson's ratio mismatch between the substrate and
the ﬁlm, causing delamination and buckling in a direction
perpendicular to the tensile direction [10,11,12, 13]. As the metal ﬁlm
delaminates and becomes freestanding, the beneﬁts related to the
interaction with the compliant substrate are lost; in-deed,
experiments have shown that a freestanding thin metal ﬁlm usually
fractures at a smaller strain with respect to thin metal ﬁlms bonded to a
polymeric substrates [14,15,16]. The low ductility of a free-standing
metal ﬁlm results from local thinning. For a sufﬁciently thin ﬁlm with
exposed free surface, dislocations readily escape from the sur-face
[17,18]. Subsequently, the metal does not harden appreciably and even
a small perturbation in the metal ﬁlm thickness promotes necking
formation. Although metal cracking and buckling induced by transverse
compression have been widely reported in literature, these studies
generally refer to fully coated metal/polymer systems and hence they
do not provide a comprehensive knowledge on patterned metal ﬁlms
onto polymeric substrates, which are the leading choice for deformable
interconnects developed by microfabrication technologies. In the
coplanar technology [19,20], in fact, the deformability of the device is
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achieved by means of stretchable interconnects able to withstand the high
deformations requested by the speciﬁc applications. Metal inter-connects
featuring suitably designed geometry have been explored, proposing
different structural designs [4,21], among which S-shape geometry has
been widely used [22,23,24,25]. This approach is, up to date, one of the
most promising strategies to achieve extremely large strains (N200%),
accommodated by the meander in-plane bending [26], with constant and
high conductivity, depending on the selected materials (35 ÷ 60 ∙ 106 S/m)
[27,28]. Several recent studies addressed new breakthroughs in the
mechanical reliability of metal/polymer systems, providing increasing
knowledge on the speciﬁc issues of patterned deformable interconnects
[4,29,30,31,32]. Numerical analysis on the deformation behavior of Sshaped interconnects allowed to interpret experimental evidences of
extreme stretchability by means of solid me-chanics arguments [33,34]:
upon stretch of the polymeric substrate, the meandering structure causes
the strain ﬁeld to become non-homogeneous nearby the interconnect,
relieving most of the stresses experienced by the metal conductor.
Normally, this mechanism postpones metal fracture, thus extending the
effective stretchability of the device. Nevertheless, combined experimental
and numerical studies [5] have shown that, though stress peaks do not
trigger the development of cracks in the metal, they may concentrate at the
metal/polymer interface and go beyond critical tractions, leading to
interfacial delamination. Naturally, the non-homogeneous stress
distribution greatly depends on the interconnect geometry, which thus
dictates whether and where delamination may occur. In this paper the
local deformation mechanism of aluminum/polyimide deformable S-shape
electrical interconnects subjected to uniaxial tensile stretch, characterized
by a moderate stiffness mismatch (EAl/EPI ~20), have been investigated. The
local mechanics of this material system is suitable to investigate the issue of
stretch-induced metal/polymer delamination, which is well reported in the
literature [35,36]. Accordingly, we present an experimental study which
explores the deformation modes and associated mechanical failures of
stretchable aluminum/polyimide interconnects; the study is carried out by
means of tensile tests with in-situ SEM as well as optical imaging. The role
of the geometrical design of the S-shaped aluminum meanders is
discussed. Finite element models have been used to support the interpretation of experiments on a solid mechanics basis. The results reveal a
correlation between the speciﬁc meander geometry and the failure
mechanisms experienced by the interconnect. Design rules to enhance the
reliability of deformable interconnects can be inferred from the spe-ciﬁc
results achieved in this work.

2. Experimental
Fabrication of devices was performed on Si 4″ substrates, single side
polished. Doping and crystal orientation were not considered since
wa-fers were used only as mechanical support during fabrication. In
order to provide a repeatable adhesion of layer on wafers, a thin oxide
layer (30 nm) was grown by thermal dry oxidation and treated with
plasma oxygen before coating with the structural layer (Matrix
Plasma Asher, power 200 W, O2 1.5 Torr, temperature 80 °C, time 1′
and 20″). The sub-strate (structural layer) was implemented with a
polyimide ﬁlm, Durimide DI115A, with a target thickness of 10 μm. In
order to reduce the layer adhesion and allow the removal of devices
from the SI sub-strate at the end of the process, wafers were treated
with a primer be-fore deposition, since the composition DI115A
already includes a primer and further priming is reported to reduce
the adhesion in the re-sist datasheet. The polyimide ﬁlm was then
spun with spread at 700 rpm for 4 s, sit step 10 s, spinning at 1000
rpm for 45 s. Then, soft bake was performed on hotplate in two steps
for 2 min at 100 °C, and 5 min at 135 °C. Final bake of structures was
performed at 350 °C for 1.5 h in order to provide the full mechanical
properties of the material. Generally polyimide represents one of the
material selections for de-formable electronics applications with
useful properties such as chemi-cal and radiation resistance, electrical
performance and mechanical

stability. Its high elastic modulus and its capability to undergo large
permanent deformations make it a suitable candidate as a supporting
material for ﬂexible or stretchable electronic devices. In contrast to other
widely used polymers which exhibit higher compliance and elas-tic recoil
such as PDMS, the higher stiffness of polyimide provides a better
conﬁnement and mechanical shielding for the conductive metal layers
[37,38]. The metal layer was deposited by evaporation of 1 μm of
aluminum (e-gun evaporation, ULVAC high vacuum coater EBX-16C) and
deﬁned by lift-off in a planar S-shape design. For this purpose, the
deposition of the layer was performed after coating the wafer with Ma-N
1420 negative resist with thickness 2100 nm, followed by layer lithography
and development. In order to enhance the Al adhesion to the substrate, the
surface of the polyimide was activated before Al depo-sition with a further
oxygen plasma treatment as already described above. Lift-off was
performed with DMSO at 80 °C in ultrasound bath until removal was
complete. The geometrical design of the interconnects is characterized by
three parameters: the meander radius (R), amplitude (A) and width (W).
Five different sets of the geometrical parameters have been investigated
(See Table 1).
The length of the rectilinear arm Ain is also reported in Table 1 as
it will be a parameter with mechanical relevance. Fig. 1 shows a
represen-tative sample in which the polyimide substrate and two Sshaped alu-minum metal lines are visible. The devices were
separated by dicing saw cutting, setting the cut depth slightly above
the polyimide thickness in order to preserve the substrate integrity.
The nominal width and length of the samples were of 1.3 mm and
15 mm, respectively. The gauge length of the serpentines samples was
5 mm; furthermore, 5 mm per side has been devoted to gripping area.
Micro-tensile testing with simultaneous imaging of the samples has
been carried out by means of an in-house developed micro-tensile
equipment (featuring a 5 N load cell and a displacement actuator with
a resolution of 50 nm) with vacuum proof components, suitable for
the use in SEM chamber. Optical (Olympus LEXT OLS4100, confocal
Laser Scanning Microscope) and SEM (Zeiss EVO 50 EP, LaB6 electron
gun) observations have been performed during stretching of the
interconnects. Displacement driven tests have been performed, at
room temperature. Preliminary tests have been carried out with the
purpose to assess suitable loading rates and maximum applied stretch
since, differently from other polymers, polyimide exhibits a viscoelasto-plastic mechanical behavior [39,40,41], undergoing a smooth
and gradual transition from the linear elastic to the irreversible
(plastic like) regime [42]. Based on these preliminary tests, a
displacement rate of 1 μm/s was selected in order to minimize the
time-dependent contributes to the mechanical response, which
would have affected the reliability of the in-situ analysis procedure.
The mechanical characterization of the single constituents alumi-num
and polyimide was also achieved, with the purpose to provide suitable
material constitutive laws in the ﬁnite element models which simulate the
stretching process. The polyimide was characterized through uniaxial
tensile tests performed by means of the micro-tensile equipment described
above. The sample size and testing parameters are the same as that of the
aluminum/polyimide samples. A direct characterization of the aluminum
layers could not be achieved, as standalone material samples do not exist.
Aluminum layers evaporated on Si substrates having a thickness
comparable to that of the

Table 1
Geometrical parameters for the tested S-shaped interconnects.
Distance within meanders

Width

Radius

Amplitude

Ain [μm]

W [μm]

R [μm]

A [μm]

30
50
40
60
90

10
10
20
20
50

20
40
20
40
40

90
150
120
180
270

Sample identiﬁer

W10R20A90
W10R40A150
W20R20A120
W20R40A180
W50R40A270

of the polymer, whereas the Young modulus of the metal is only one
order of magnitude higher than that of the polymer. However, although
the macroscopic mechanical response of all interconnects was similar,
local (micro) deformation modes can be greatly affected by the meander geometry, with a non-negligible effect on the mechanical reliability
of the system. An optical analysis during the micro-tensile tests has
been conducted with the purpose to quantify the deformation mechanisms at local level. To this aim, a measure of the in-plane local distortion has been deﬁned as the nominal strain of the material line
connecting the opposite points A and B on the metal coatings (Fig. 3):

Local strain ¼

Fig. 1. S-shaped deformable interconnect sample. Three main parameters deﬁning the
S-shaped geometry are highlighted in the inset: rectilinear arm (Ain), width (W) and
radius (R).

interconnects were characterized by means of nanoindentation testing. To this purpose, a spherical indenter with 25 μm tip
radius was used [41]. The elastic modulus was obtained through
the Field and Swain procedure [43]; while, yield stress and work
hardening were estimated through hardness measurement as
suggested by Tabor [44].

3. Results
The stress versus strain data for polyimide samples and for aluminum/polyimide samples are reported in terms of nominal or engineering stress versus nominal strain. The stress vs strain data, reported in
Fig. 2, show that the overall mechanical response was insensitive to
the geometrical features of the interconnects, resulting in a global behavior that was dominated by the non linear stress vs strain response
of the polymer. In particular, all samples exhibited an initial elastic moduli of approximately 3.2 GPa; while, a decrease of the tangent modulus
is observed for strain larger than 10%.
This is an expected result as the cross sectional area of the metal
layer is three orders of magnitude lower than the cross sectional area

Fig. 2. Stress vs strain curves (nominal thickness, 10 μm, nominal width, 1.3 mm) as obtained from the uniaxial tensile tests; in the inset, a representative sample ﬁxed between
the grippers is reported.

ðB−AÞt −ðB−AÞt0
ðB−AÞt0

ð1Þ

in which (B − A) is the length of the line segment which connects the
points A and B reported in Fig. 3; while, the subscripts t0 and t refer to
the initial and current length of the line segment, respectively.
A comparison between the in-plane distortions for all sample
geometries is reported in Fig. 3, where differences in the local behavior can
be appreciated: in particular, samples w10r20a90 and w20r20a120 (red
and orange curves in Fig. 3) show a higher local strain with respect to the
other designs. Furthermore, the in-situ optical analysis suggests a
correlation between the amount of the local strain and the occurrence of
stretch-induced delamination. The optical images insets in Fig. 3 are
representative examples of optical light reﬂections in the deformed
conﬁgurations. These indicate possible damage or delamination and out of
plane buckling for samples w10r40a150, w20r40a180 and w50r40a270,
i.e., those exhibiting lower local strain with respect to the remaining
samples. Whereas samples undergoing larger local strain (i.e., w10r20a90
and w20r20a120) did not exhibit delamination, sug-gesting that these two
designs can better accommodate the overall ap-plied strain. Noteworthy, it
was observed that delaminations and out of plane buckling mostly
occurred for the layouts featuring longer rectilin-ear arms, thus suggesting
the layout parameter Ain to play the most relevant role as concerns the
inﬂuence of the S-shaped design on the local mechanical response. To gain
insights into the stretch-induced failure phenomena evidenced by the
optical analysis, in-situ tensile tests within the Scanning Electron
Microscope (SEM) chamber have been carried out. Surface morphology
was obtained by means of secondary electrons (SE) micrographs. The edge
effect (i.e., the higher emission of secondary electrons at edges of
morphological features [45]), en-hances the image contrast, making edge
regions appear brighter. This effect is exacerbated when out of plane
displacements occur. For instance, when a delaminated metal coating lifts
up, it causes the crests of delaminated regions to appear brighter. This
makes SE detection a

Fig. 3. Comparison between global and local strain (Eq. (1)) measured through optical
analysis. Two representative stretched meanders, as obtained through the optical imaging,
are reported in the insets; A and B represent the points used to estimate the local strain.

suitable technique to provide a visual representation of the
delaminated area, besides allowing to identify local failures (e.g.,
metal fracture) at a characteristic length scale beyond the resolution
power of an optical mi-croscope. For each interconnect, monotonic
loading programs were ap-plied within the SEM chamber. Loading
rates and maximum applied stretches were the same as those applied
under optical observation tests. Tests were carried out until failure,
which occurred at about 48.8 ± 7.4% applied stretch. The test was
stopped for about 60 s at each 200 μm displacement increment with
the purpose to acquire high resolution images at a given global stretch
level. Based on the pre-liminary mechanical characterization, the
aforementioned time lapse was assumed to be short enough to avoid
viscoelastic artifacts that can inﬂuence the deformed conﬁguration.
SEM images revealed that, in-deed, delamination also affected the
samples featuring higher local strains in previous analysis (e.g.,
w10r20a90, Fig. 4).
Interestingly, in this case a uniform shear failure at the edge of the
metal/polymer interface was observed (Fig. 4a,b, left panel), which
explains the absence of appreciable out of plane displacement of
the metal ﬁlm and the related uncapability to detect the phenomena
at the optical microscope. SEM data conﬁrmed the buckling phenomena observed through the optical microscope. In particular, the buckling phenomena occurred for designs having Ain longer than 40 μm.
Indeed, by visual inspection of the SEM images, interconnects
w10r20a90 and w20r20a120 (Ain equal to 30 and 40 μm, respectively) exhibited uniform shear dominated delamination. On top left
panels of Fig. 4, details of the two samples with A = 90 μm (Ain
equal to 30 μm) and A = 120 μm (Ain equal to 40 μm) are reported.
A roughly uniform delamination along the edge of the metal line
has been found (insets refer to stretch level of about 40%); this
metal/polymer detachment is generated by shear stress at the interface and no out of plane buckling has been found, in agreement with
the outcome of the tensile tests carried out under the optical microscope. The right panels of Fig. 4 show details of samples featuring
Ain N 40 μm, focusing on the regions in which the out of plane
displacement of the metal coating did localize.
In-situ testing performed in SEM also provided insights into
local failure phenomena occurring after delamination. In particular, Fig. 5 shows the buckled aluminum ﬁlm; the inset shows a
fracture in the metal layer occurring at the boundary edge of the
delaminated area.

Fig. 5. SEM image of a buckled metal meander; in the inset, a crack localized on the buckled aluminum is highlighted.

4. Discussion
The results presented in this work outline two different
deformation mechanisms upon axial stretch for different S-shaped
designs, as illustrated in Fig. 6. The left panel of Fig. 6 depicts the
shear-based delamination found for the samples with Ain ≤ 40 μm.
Bold red arrows show the axial stretch applied to the sample; small
red arrows denote contraction of the sample along the direction
perpendicular to that of stretching.
Shear stress acting at the metal/polymer interface induced by the
axial stretching causes shear-based detachment of the metal coating.
The right panel of Fig. 6 shows the buckling-based delamination
found for samples with A in N 40 μm. Small red arrows show the
axial stretching applied on the samples; bold red arrows show the
contraction of the sample along the direction perpendicular to the
stretching direction. The latter induces compression on the metal
layer, eventually leading to delamination and out of plane buckling
only for samples Ain N 40 μm. Optical microscopy allowed to determine an approximate value of the critical axial stretch at which out
of plane buckling occurs; it was estimated to be around 12% global
axial strain (εcr
axial ~ 12%). Moreover the change in the meanders
amplitude A, i.e. the transverse serpentine shortening (εA), has
been measured during the experimental tests through confocal
laser microscopy. Fig. 7 shows the comparison between the two
extreme geometries: Ain = 30 μm and Ain = 90 μm.

Fig. 4. SEM images of the tested samples upon stretch at two magniﬁcation levels. The images on 1st and 3rd columns report the undeformed and deformed interconnects at 40% strain; the
images on 2nd and 4th columns report a magniﬁcation view that allows at identifying the delaminated regions (bright area).

Fig. 6. Delamination mechanisms. (a) Shear-based: the delamination is driven by the axial stretch which induces shear at the metal/polymer interface; (b) buckling-based: the contraction
along the direction perpendicular to the loading direction induces compression in the metal coating and eventually buckling.

At a given applied axial stretch, larger meanders (w50r40a270) are
subjected to higher compressive strains as compared to sample
w10r20a90 (see Fig. 7). The two samples reported in Fig. 7 are
represen-tative for the two deformation mechanisms identiﬁed in this
work. Higher transverse contraction experienced by w50r40a270,
even at the early stage of the loading program, indicates that out of
plane
buckling
is
more
likely
to
occur
for
this
speciﬁc sample as compared to other samples with smaller Ain. This
is consistent with the ﬁnding of this work.
A ﬁnite element model has been set up with the purpose to
estimate the transverse compressive strain exhibited along the
vertical arm of the serpentine geometry.
To this aim, the commercial ﬁnite element solver ABAQUS (Dassault
Systèmes Simulia©, Providence, RI, US) was used. A full three dimensional
model consisting of approximately 3 ∙ 105 hexahedral trilinear solid
elements was developed to simulate a representative unit featuring two
complete meanders of the whole sample (Fig. 8). Static analyses have been
performed by applying a displacement-based boundary conditions
consistent with a macroscopic maximum strain of 20%. The geometric
features of the samples allowed to introduce boundary condi-tions as
follows: i) symmetry has been imposed along the median line of the sample
by constraining the displacement component perpendicular to the
symmetry plane; ii) periodic boundary conditions have been ap-plied on
the two vertical edges of the two meanders region. Periodicity conditions
have been applied to the displacement components at all the nodes of the
left and right surfaces of the ﬁnite element model: this was done
automatically by means of an in-house developed Python script. These
boundary conditions constrain the two corresponding boundaries to
experience the same strain and opposite stress, meanwhile allowing

Fig. 7. Transverse shortening of the serpentine. In the inset the quantity εA is represented
on the largest interconnect (Ain = 90 μm).

to catch stress, strain and displacement ﬂuctuation at the small scale, in
analogy to what happens in the real samples. The aluminum was modeled
as a von Mises elastic plastic isotropic material with work hardening.
Young modulus (69 GPa) and yield stress vs plastic strain are those
obtained through the characterization study [41]. The polyimide was also
modeled as an isotropic elastic–plastic material with Young modulus (3.2
GPa) and yield stress as obtained through the micro-tensile tests [41]. The
elastic–plastic modeling of polyimide is a phenomenological approach
suited for polymers exhibiting permanent strain upon stretching, as it
happens for the polyimide (data not shown)[38]. Viscoelastic effects in the
polymer material were not included in the constitutive models as major
deformation mechanisms resulting from the polyimide/aluminum
interaction were sought. A perfect bonding between the polymer substrate
and the metal coating was considered as the aim of the model was not to
reproduce the delamination phenomena itself, while to gain insights on the
deformation modes

Fig. 8. Finite element discretization of a unit cell of the stretchable interconnect.

Fig. 9. Compressive strain along the direction perpendicular to the loading direction on
the rectilinear arm vs applied axial strain; strains are calculated by means of ﬁnite
element models. The comparison between the ﬁve different geometries highlights an
increasing compressive strain for increasing Ain value. Applied boundary conditions are
represented in the inset.

leading to the onset of the interface delamination; on the other hand,
more reﬁned numerical models aimed at describing the whole
process until complete failure will be developed in a future study.
The obtained ﬁnite element model has been validated by comparing
the macroscopic stress vs strain response in the axial direction to the
experimental data [40].Theﬁnite element analyses provided an estimate of
the transversal contraction of the samples upon axial stretching.
Compressive strain of the polymeric substrate along transverse direction
results in compressive strain along the rectilinear arm of the bonded metal
coating. It can be shown that the geometrical parameter Ain plays the most
relevant role; indeed, for increasing values of Ain, the metal experiences an
increasing compressive strain (see Fig. 9 in which transverse metal strain
vs axial strain is reported).
The compressive strain along the rectilinear arm of the metal coating, measured through optical images analyses, at the onset of
buckling on the sample with Ain = 90 μm is about 5%. Finite element
analysis results show that the compressive strain of 5% for Ain = 90
μm corresponds to about 14% axial stretch (see green line in Fig. 9).
This value is slightly larger than the critical axial stretch estimated
through the ex-periments (εcr
axial ~ 12%). At the same axial stretch
level, the samples with Ain = 30 μm exhibited a computed
compressive strain in the metal of about 4.2% (15% lower than that
found in buckled samples), as represented in Fig. 9 with the red line.

Fig. 11. Angle of rotation from the initial conﬁguration of the rectilinear arm in the
metal coating. The evolution of the angle θ with respect to the axial stretch shows a
different mechanical deformation behavior of the S-shape interconnects that can be
related to the occurrence of the buckling phenomena.

As concerns the stress ﬁeld computed by the FEA, the inﬂuence of
the interconnect geometry can be better explained when comparing
de-signs featuring equal width: i) samples w10r40a150 and
w20r40a180 experienced higher compressive stresses and lower
shear stresses as compared to their counterparts featuring equal
width and shorter rectilinear segments (w10r20a90 and w20r20a120,
respectively. See Fig. 10); and ii) consistently, experimental data
show that samples w10r40a150 and w20r40a180 exhibited buckling
along the edges of the rectilinear segments, while samples w10r20a90
and w20r20a120 failed by uniform shear-delamination.
The extensive delamination and out of plane buckling occurring on
samples exhibiting larger Ain is such that the mechanical constraint provided by the interaction with the substrate is lost allowing for
substan-tial rotation of the rectilinear arm as the axial stretch
increases. Fig. 11 shows that, at the early stage of the loading program,
the proper con-straint of the substrate on the metal layer prevents
rotation of the recti-linear arm; whereas, upon delamination and
buckling of w50r40a270, a substantial increase of the arm rotation
occurs as metal/polymer inter-face stress has been released. This will
cause further in-plane bending of the curvilinear meander with further
delamination which eventually may lead to metal cracking. Geometric
compatibility between metal coating and substrate is found on the
samples with shorter Ain (such as w10r2a90) up to 70% axial stretch.
This is shown by the smaller rota-tion of the rectilinear arms found in
this latter sample. This ﬁnding would suggest that this speciﬁc
geometry would decrease the probabil-ity of failure upon stretching.

Fig. 10. (a) Schematic illustration of the normalized proﬁle coordinate, x/w, along the half width; (b) compressive stress proﬁles and (c) shear stress proﬁles.

Buckling and delamination phenomena have been largely studied
on metal coating/polymer composites with emphasis on fully coated
systems. Both buckling-based [10,11,12,13] and shear-based delamination have been investigated [45,46]. On the other hand, mechanical failure in stretchable metal/polymer patterned interconnects
have been considered on material systems different than that studied in the present work, with speciﬁc reference to lateral ﬁbrillation
of PDMS/copper systems [5,35,36] and to plastic strain accumulation
on the metal components using models with perfect metal/polymer
interfaces [4,29,34]. The present study matches the interface failure
behavior with the layout geometry of deformable interconnects,
and therefore provides an innovative contribution as concerns the
relationship between structural design and mechanical reliability
of S-shaped interconnects.

5. Conclusion
In this paper, deformation mechanisms of metal/polymer interconnects
have been investigated through a combination of micro-tensile testing and
in-situ optical and SEM imaging. Two main stretch-induced failure
mechanisms have been outlined: a) shear-based and b) buckling-based
metal/polymer delamination. The experiments have shown that the
occurrence of mechanism a) or b) is related to the geometrical design of
the S-shaped interconnects. In particular, the rectilinear arm length, Ain,
was identiﬁed as a key parameter: samples with the longest Ain exhibited
out of plane buckling, whereas other samples experienced shear-based
delamination. Buckling of the metal ﬁlm along the rectilinear arm is
induced by the compressive stress of the metal owed to transverse
contraction of the polymeric substrate upon axial stretch. Numerical
analyses allowed to elucidate a correlation between the extent of lateral
contraction and Ain, providing indications for the in-terpretation of
experimental results on a solid mechanics basis. Delamination of the metal/
polymer interface is a failure mode of practical relevance in the ﬁeld of
deformable interconnects. Indeed, delamination will cause loss of the
conﬁnement effect granted by the substrate, leading to a free-standing
metal ﬁlm, which is more prone to fracture onset and propagation as
already pointed out in discussing Fig. 5.
In this work, the effect of geometrical features of the aluminum
meanders have been investigated; while process parameters, including
bonding enhancement surface treatments, were kept unchanged for all
samples. The presented results provide useful indications on the
correlation between geometrical features and relevant deformation
mechanisms that can jeopardize the mechanical and hence electrical
reliability of the deformable interconnects; therefore, these results can set
the basis for an optimal shape design of the interconnects. Once optimal
geometrical criteria are set, further studies aiming at optimizing inter-face
bonding should be undertaken.
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