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Abstract

CrossMark

Recent advances in MEMS technology have brought forward a new class of high-density
stretchable/flexible electronics as well as large displacement MEMS devices. The in-situ
electro-mechanical characterization of such devices is challenging since it requires: (i) highly
delicate sample handling, (ii) controlled application of large (hundreds of ©m) multi-axial
displacements to mimic service conditions, (iii) integrated electrical testing and (iv) fast
actuation for cyclic testing. Techniques already developed for small-scale testing in literature
fall short to meet the combined set of requirements. To this end, a characterization methodology
that fulfills all these requirements is developed and presented here. The technique is based on a
piezo-driven micro-tensile stage, which provides large multi-axial displacements with high
resolution and fast actuation (4000 pm/s). This is combined with a method for sample
microfabrication on a test-chip to warrant delicate sample handling. Proof-of-principle
experiments are shown for multi-axial mechanical characterization, electrical characterization
and high cycle fatigue testing of micron-sized highly stretchable interconnects. Experiments are
conducted under in-situ microscopic observation using optical microscopy, scanning electron
microscopy, and high-resolution profilometry. The generic platform proposed here can be used
for other problems where similar requirements are faced, e.g. other miniaturized, large
displacement electro-mechanical applications that are currently being developed.

Keywords: micromechanical testing, in-situ microscopy, multi-axial loading, stretchable

electronics, MEMS

(Some figures may appear in colour only in the online journal)

1. Introduction

By imparting flexibility and stretchability to intrinsically stiff
and brittle (micro)electronics, numerous novel breakthrough
applications have been reported. The diverse applications of
stretchable electronics (SE) include smart health monitor-
ing body patches [1-3], bio-mimicking wide-angle cameras
(detectors) [4], and conformal neural implants [5], to name
a few.

1361-6439/20/055002+16$33.00

A typical (hybrid) approach to realize SE devices consists
of placing an array of application-specific integrated circuit
(ASIC) islands on an elastomer substrate, whereby the islands
are electrically connected by metal, stretchable interconnects
typically embedded in the elastomer substrate [6]. For many
applications, especially detector arrays [7], increasing the
(currently low) density of the ASIC islands to match the dens-
ity of conventional microelectronics is strongly required for
improved device performance. To this end, these interconnects

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. Configuration of the multi-axial tensile stage, based on two piezoelectric stages (a). (b) Zoom-in of the test-chip with 6 samples.
(c) The applied multi-axial displacement is illustrated in the (simulated) deformation of one of the 6 interconnects.

need to be miniaturized (with decreased footprint area), which
entails an even larger interconnect stretchability to preserve
the overall stretchability of the device [8]. Furthermore, in
most applications, the interconnects experience in-plane and
out-of-plane shear on top of the uniaxial stretch.

To achieve ultra-stretchability, interconnects that are sus-
pended freely between the connecting ASIC islands (i.e. not
embedded in the substrate) have been introduced [8—10]. Fur-
thermore, employing standard microfabrication recipes for
processing the interconnects allows their miniaturization to the
micron scale [8, 11] and beyond, while providing straightfor-
ward integration with ASIC island fabrication.

Electro-mechanical characterization of such ultra-
stretchable interconnects, which are the critical components
in such systems, proves to be challenging, since it requires:
(i) multi-axial actuation to mimic real service conditions;
(i1) large displacement actuation in the range of 100 s of
microns, due to their ultra-stretchable nature; (iii) delicate

sample handling, since undesired forces or vibrations during
processing and handling can easily result in thousands of
percentages of (unintentional) stretching that may damage
the interconnects; (iv) integrated electrical monitoring, which
can be challenging since conventional bulky probe stations
suitable for on-wafer testing need to be integrating with the
tensile stage for continuous monitoring; (v) fast actuation for
low-cycle and high-cycle fatigue testing to ensure reliability
and lifetime requirements, especially for medical devices.
Numerous novel small-scale testing techniques have been
developed over the last couple of decades with rapid devel-
opments in MEMS technology, notably on-chip testing tech-
niques [12, 13]. While these techniques adequately tackle
some of the challenges listed above, e.g. delicate sample hand-
ling, with the sample being co-fabricated in a test device,
they fall short to meet other challenges, e.g. high displace-
ment actuation [14]. This is mainly due to the fact that
these methodologies have been developed for material testing
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Figure 2. Illustration of the flat-top design of the stage to enable working with high-resolution lens (150x, 0.95 NA) with a working

distance of only 300 pm.

(requiring relatively small strains to failure) and not for testing
highly stretchable MEMS structures. The latter have emerged
only recently with the advent of highly stretchable and large
displacement micro-actuators, e.g. for optical scanning applic-
ations [15]. Similarly, at the larger scales, various techniques
exist to apply complex, multi-axial deformation [16-18],
which however cannot be downscaled to micromechanical
tests, especially when both an out-of-plane displacement and
in-plane displacements need to be imposed. Therefore, in this
paper, a new experimental methodology tackling the com-
bined challenges of multi-axial loading, large displacement
actuation, delicate sample handling, integrated electrical test-
ing and fast actuation is presented. The methodology consists
of a miniaturized, fast actuation, multi-axial tensile stage with
integrated electrical probing, along with a test-chip designed
to ensure delicate handling of the samples at each stage from
fabrication to testing.

2. Setup and test-chip design

Key aspects of the design of the setup and the test-chip are
elaborated below.

2.1. Actuation

The actuation of the miniaturized loading stage is based on
two high-resolution piezoelectric nanopositioning stages (see
figure 1). The vacuum compatible nanopositioning stages
(MCL Nano-3D200) each have three (translations) degrees of
freedom (along x, y and z axes), enabled by the assembled

stack of three stages, specified by the manufacturer to have
a resolution of 1 nm (which is established technology for
piezoelectric flexure guided nanopositioning stages [19, 20])
and a travel range of 200 pm. The nanopositioning stages are
equipped with internal displacement sensors and a control loop
to eliminate the creep/drift effects arising from hysteresis in
the piezo actuators, for stable actuation even on long time
scales. Furthermore, the piezo actuators offer a fast response
time, which is needed for (high-cycle) fatigue testing. Com-
bined, the two nanopositioning stages provide a sample actu-
ation range of 400 pm along all three axes, enabling complex
multi-axial loading.

2.2. Clamping

The setup has been designed for in-situ, high-resolution Scan-
ning Electron Microscopy (SEM) as well as optical micro-
scopy testing. High-resolution optical microscopy necessitates
small working distances, e.g. a 150x lens with 0.95 Numerical
Aperture (NA) typically has a working distance of 300 pm.
Furthermore, it should be possible to actuate the samples in
x, y and z axes. Lastly, the test-chip on which the samples
have been processed (figure 1) needs to be clamped rigidly
enough, such that the interconnects would not be pre-loaded
when a mechanical force is applied to break the sacrificial Si
beams (shown in figure 1 and explained later). These require-
ments put a constraint on the type of sample clamping mech-
anism that can be used. Typical clamping techniques used in
micromechanical tensile testing include, using conventional
mechanical screw grips [21], electrostatic clamping [22], pin-
in-hole locking [23, 24] and (UV-curable) adhesive clamping
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base plate

Figure 3. Alignment of the tensile stage components with respect to each other and of the test-chip with respect to the tensile stage, with:
(a) test-chip placed on the insets (in grey) and pushed against the corresponding face of the clamp (in blue), (b) vertical face at the bottom of
a clamp, pushed against the corresponding vertical face of island protruding out of the piezo stage and (c) the piezoelectric stages pushed
against the vertical face of the base plate cavity to align both piezo-stages with respect to each other.

[25], etc. The three requirements stated earlier are most eas-
ily met by using a low contraction UV-curable glue applied to
the side faces of the test-chip resting on top of the inset faces
which have earlier been leveled in height under a profilometer
(see figures 2 and 3). Using a (UV-curable) glue allows for
the top surface of the test-chip to be free. Furthermore, the
test-chip is fully clamped (along all axes), making it possible
to apply a force on the sacrificial Si beams as well as sub-
sequently loading the interconnects along x, y, and z axes.

2.3. Alignment

An important aspect to consider in any mechanical test is the
proper alignment of the sample with respect to the loading
axes to avoid any spurious loading, as elaborated in detail by
Saif et al [26, 27] in the context of micromechanical testing.
This is ensured here by first aligning the test-chip, containing

the freestanding interconnects (figure 3), with the clamps. The
test-chip is a rectangular platform processed in a 150 mm Si
wafer and formed by etching through the wafer thickness. The
test-chip consists of two Si islands, for clamping, each sup-
porting the freestanding interconnects at the opposite ends.
Sacrificial Si beams are processed into the test-chip to keep
the two islands rigid during processing, handling, and test-
chip clamping. Microfabrication makes it possible to perfectly
align the interconnects with the test-chip itself. Etched (flat)
faces of the test-chip provide ideal features to align the test-
chip with respect to the clamp. The right (or alternatively
left) edge face of the test-chip is positioned against the cor-
responding (finely milled) vertical edge face of the corres-
ponding clamp to align the samples with respect to the clamp
(figure 3(a)). The clamps in turn are aligned with the corres-
ponding loading axes (of the actuators) by placing the (finely
milled) vertical edge face of a step machined at the bottom of
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Figure 4. FE simulation to identify the smallest energy to fracture the sacrificial Si beams. (a) Tensile loading along the x-axis, (b) in-plane
shear loading along the y-axis, (c) out-of-plane shear loading along the z-axis and (d) point load applied at the central notch at angle 6 in the
yz plane. The corresponding work done by the applied force/displacement until the fracture stress of 1.2 GPa is reached is displayed to the
right of each sub-figure. Note that the deformation has been magnified by a factor of 10 in each sub-figure for visualization.

the clamp against the vertical face of stacked z-stage protrud-
ing out from the top of the nanopositioning stage (figure 3(b)).
Since the nanopositioning stage was machined using elec-
trical discharge machining (by the manufacturer) it provides
low-roughness, flat faces appropriate for alignment purposes.
Finally, the two nanopositioning stages (and hence the cor-
responding loading axes) are aligned with each other by posi-
tioning and fixing the vertical edge faces of the stages against
the vertical edge face of the placement cavity milled into the
base plate (figure 3(b;)). This results in complete alignment of
the whole setup and hence the alignment of the interconnect
samples with respect to the loading axes.

2.4. Test-chip design for delicate sample handling and
testing

After clamping, to start loading the interconnect samples, the
sacrificial Si beams (figure 1(b)), processed to keep the two
Si islands fixed with respect to each other, need to be broken.
The sacrificial Si beams have been designed on the basis of
prior Finite Element (FE) simulations to render a high in-plane
and out-of-plane stiffness to the test-chip, preventing forces
arising from processing, handling, or clamping to be trans-
ferred to the interconnect samples. Whereas, after the silicon
islands of the test-chip have been clamped, it is desired that

only a small force is needed to break the sacrificial Si beams,
to make sure that the loads that are transferred to the intercon-
nects remain negligible. To this end, the sacrificial Si beams
contain sharp notches (see figure 4) created by thinning the
sacrificial Si beams through thickness as well as the in-plane
direction, to trigger localized high stresses and initiating local
fracture. Due to the brittle and single crystalline nature of the
test-chip material the local crack(s) propagate easily all the
way through the cross-section of the sacrificial Si beams. Here
the beam width has been aligned along the <100> crystalline
direction of the Si wafer. Using three notches in the sacrificial
Si beam significantly reduces the required load for bending,
while more than three notches would only negatively affect
the test-chip stiffness during handling and clamping. Exploit-
ing FE simulations, various deformation modes of the beam
are explored to identify the lowest energy to fracture mode. If
the test-chip is deformed as a whole, e.g. in tension (see fig-
ure 4(a)), or even in-plane (see figure 4(b)), or out-of-plane
shear (see figure 4(c)), a high amount of energy would be
required to reach the fracture stress of Si (~1.2 GPa [28]) in
the notches. If, on the contrary, a local point force is applied
downwards (along the z-axis), on the central notch of a sacrifi-
cial Si beam it requires only 2 uJ to reach fracture. This value
is even lower if the force is applied at an angle of 60° with
respect to the notch width.
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Figure 5. Illustration of: (a) electrical resistance probe assembly integrated with the piezo electric stage, (b) a magnified view of the the
electrical probes in contact with the Al contact pads on the test-chip, and (c) details of the electrical probe assembly components.

To apply this localized force, a miniature load assembly
is made, with a razor a blade edge at an angle of 60° with
respect to the notch width attached to a miniature linear x, y
stage (DT12XY stage by Thorlabs) as shown in figure 5(a).
The razor blade edge is first aligned with the central notch and
then carefully inserted into the notch to conveniently fracture
it in a well-controlled manner.

2.5. Electrical probing for simultaneous electro-mechanical
testing

Additional to the mechanical characterization, the electrical
characterization of such interconnect structures (or other
MEMS structures), i.e. the evolution of electrical resistance

with deformation, is essential. This is particularly pertinent
here since a high interconnect stretch is required and a signi-
ficant change in electrical characteristics with large deform-
ation can affect the performance of the SE device. To this
end, an approach for in-situ electrical characterization during
mechanical loading is developed. This allows for less cum-
bersome testing compared to ex-situ testing using probing sta-
tions, often used in the semiconductor industry for intermittent
quasi-static testing. Furthermore, continuous electrical monit-
oring allows to detect interconnect failure during fatigue test-
ing as shown below. The approach adopted here is to have
miniaturized custom built (12 needles) wedge probes directly
mounted on the clamps (see figure 5), such that there is no
relative movement between the probe needles and the test-chip
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Figure 6. The tensile stage placed inside the FEI Quanta 600 ESEM. The high-vacuum compatible tensile stage can be tilted (+5O to —750)

with the SEM sample stage.

during tensile testing. The probe wedges are mounted on the
clamps through a miniaturized custom-built vertical manipu-
lator. The wedge can be moved vertically with the help of two
sleeves attached to each wedge, sliding along lubricated ver-
tical shafts attached to a bottom plate, which itself is screwed
to the clamp. The vertical displacement is controlled with the
help of a screw of an extremely fine pitch of 200 pm (by Thor-
labs), providing a high resolution of ~6 pum (assuming 10°
minimum rotation) (see figure 5(c)). A miniature bearing is
glued to the bottom side of the manipulator screw head to isol-
ate the torque applied on the screw from being applied to the
probe wedge. Leaf springs attached to the bottom plate ensure
that the wedge and consequently the probe needles can be
moved down in a well-controlled fashion and provide a vertical
force to retract the wedge after the test. On the test-chip, two
wires from each per interconnect fan out to a total of 12 contact
pads, on either side of the test-chip, to allow four-point probe
electrical resistance measurements (see figure 5(b)). The elec-
trical measurements and data acquisition are performed using

an integrated multimeter and data acquisition system (Keithley
2701) with a multiplexer module (Keithley 7700), to be able
to measure the resistance of all six interconnects in parallel.

The whole setup is vacuum compatible and designed for
high vacuum conditions (up to 10~® mbar), enabling high-
resolution in-situ SEM testing. The miniaturized setup can eas-
ily fit inside the SEM chamber, even with the possibility to tilt
the SEM stage. Furthermore, the flat top design is instrumental
for imaging at small working distances for high-resolution
imaging. An image of the setup placed inside the chamber of
FEI Quanta 600 SEM is shown in figure 6.

3. Experimental methodology

To start a test, first, the test-chip is extracted from the Si pro-
cessing wafer (figure 7). The test-chips are suspended in the
wafer with the help of polyimide tabs (see figure 7(b)), which
can be conveniently removed using, e.g. a low-cost CO, laser
cutter or a razor blade mounted on a manual manipulator. The
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Figure 7. Fabricated test-chips with photographs of: (a) the full 150 mm wafer and (b) a fabricated test-chip suspended in the Si wafer with
the help of polyimide (PI) tabs. The residual silicon islands are processed to define the inner geometry of the test-chip without having to
etch the full cavities. The thin PI tabs, which can be easily cut, help avoid the need of employing mechanically or thermally aggressive

wafer dicing processes

PI tabs help to avoid the use of, e.g. mechanically aggress-
ive saw dicing, which could damage the freestanding intercon-
nects, or the use of an expensive dicing laser [29]. Next, with
the help of wafer tweezers the sample is placed on the top sur-
face of the clamp insets. The left (or alternatively right) face
of the test-chip is pushed against the corresponding face of the
clamp. Subsequently, UV-curable glue is applied on the top
and bottom edges of the test-chip while ensuring that the glue
does not rise above the top surface of the test-chip, which could
impede the use of low working distance lens. Illuminating the
glue for 30 mins with a UV lamp sets the glue. Finally, the
reinforcement bars (see figure 5(a)) are placed on the clamps
on the top and bottom sides and then glued to the clamps by
apply air-drying silver paint.

Once the clamping procedure has been completed, the
knife-edge of the beam breakage assembly (see figure 5(a))
is heightened to be at the level as the test-chip with the help
of adjustment screw and delicately moved with the miniatur-
ized linear stage into the central notch to conveniently break
it. Note that as explained earlier, only a minute force is needed
to break the sacrificial Si beam. After breaking the notched sil-
icon sacrificial Si beams, the glued temporary reinforcement
bars are also removed before the specimen loading can be ini-
tiated. This is done by locally applying a few drops of acetone
with a syringe to dissolve the dried silver paste. The tempor-
ary reinforcement bars are then removed by retracting the sac-
rificial Si beam breakage assembly, with the slanted edge of
the assembly frame, pushing the reinforcement bars backward.

Now the loading can be applied to the interconnects. Since
six parallel interconnects are processed in each test-chip, six
of them can be simultaneously tested in one experiment. A
custom-built LabVIEW interface is used to apply the loading
in displacement control, enabling complex loading paths rep-
resentative of interconnect loads in real devices.

4. Proof of principle experiments

A typical uniaxial tensile loading test is shown in figure 8. Ini-
tially, the loading is applied in small increments to study the
onset of buckling (see figure 8(d)). At each loading step, the
interconnect is unloaded to the initial configuration to compare
the shape of the interconnect with the initial shape, in order to
determine the onset of plasticity in parts of the interconnect.
Beyond the engineering elastic limit (figures 8(e), (f)), which
is the point where the interconnect still recovers its original
shape, the interconnect is incrementally stretched further bey-
ond the elastic limit, reaching a high axial displacement, until
finally fracture occurs (figure 8(g)).

For such structures, besides uniaxial stretching, multi-axial
characterization is equally important, i.e. application of in-
plane as well as out-of-plane shear loading to mimic the inter-
connect loading in real service conditions. Similar to tensile
loading, for in-plane shear loading large displacements can
be conveniently applied with the piezoelectric stages since
the resolution and displacement range along all three axes is
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Figure 8. Proof-of-principle uniaxial tensile test results with the interconnects stretched in the in-plane x-direction. (a) Test-chip with
broken sacrificial Si beams, ready to be actuated, (b) SEM micrograph of all 6 parallel interconnects in the test-chip, (c) a magnified view of
the initial stage of interconnect no 4, imaged throughout the loading, (d) interconnect transitioning from a planar configuration to a 90°
rotated out-of-plane configuration after application of a minute displacement, (e) interconnect stretched to its maximum elastic stretch of
623%, (d) unloaded configuration after the maximum elastic stretch and (g) plastic stretch of 1,255%.

identical. As in the case of the uniaxial tensile loading, ini-
tially, small displacements steps in increments of 1 pum are
applied to study the onset of buckling, while later on larger
steps may be applied with subsequent unloading of the sample
to its original position to study the onset of plasticity, as shown
in figure 9.

A unique feature compared to other small scale testing
setups is that out-of-plane (shear) loading based characteriz-
ation can also be easily performed. In order to visualize the
out-of-plane displacement better, the setup is tilted by 5~ with
respect to the electron beam with the help of the SEM tilt stage.
Since for these interconnects, there is no buckling transition
occurring in the out-of-plane opening mode, the initial dis-
placements are not chosen to be small as in the previous two
tests.

The change in the electrical resistance of the samples with
applied deformation is studied with the help of the four-point
probe resistance measurement assembly described earlier. The
electrical characterization during mechanical loading can be
performed for any type of multi-axial (xyz) loading path. To
start the test, after fixating the sample and before removing
the sacrificial Si beam, the electrical probes are aligned with
the contact pads under an optical microscope (figure 11) and
constrained in the in-plane directions with the help of fixation

screws. The probe tip diameter is 50 pm, while the contact pad
pitch, i.e. the center to center distance between two adjacent
pads is 640 pm, which is large enough to allow the in-plane
alignment between the probes and pads manually without an
additional XY translational stage. Once fixed, the probe wedge
is moved downwards by rotating the ultra-fine threaded screw,
while visualizing the probes through the microscope. Con-
tact between the probes and the pads manifests itself through
an increased reaction moment on the screw, which is simul-
taneously verified through the microscope. Upon contact, the
probe wedge is moved further down by ~25 um, i.e. a quarter
rotation of the screw, to ensure that all probes make good con-
tact with the contact pads. The titanium probes allow for a
100 pm elastic deflection, i.e. the deflection.

In order to make electrical contact, the insulating native
oxide film on the Al contact pads is broken by mechanical
force applied by the probe needles and the electrical connec-
tion is maintained by the continuous current applied during the
electrical resistance measurement as discussed in [30-32]. A
good electrical connection is verified before mechanical test-
ing by stabilizing the resistance (for a few minutes) until tran-
sient effects have passed. Finally, the cables connecting the
probe card to the multimeter are chosen to be very compliant,
in order to not pose any asymmetric load to the relatively
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Figure 9. Proof-of-principle test showing 3 of the 6 parallel interconnects loaded in in-plane (xy) shear with: (left) the initial configuration
to, (middle) loaded to maximum elastic in-plane shear of 495% and, (right) being unloaded after the maximum elastic stretch.

compliant flexure stages. In order to measure all (six) inter-
connect resistances in parallel, the probe wedge cables are
connected to the multimeter through a Keithley 7700 mul-
tiplexer module, capable of supporting ten four-point probe
resistance measurements. At each loading stage (multiple) res-
istance measurements are acquired for each of the six inter-
connects, as shown in figure 12. The experiments were per-
formed in temperature-controlled conditions with a maximum

variation of 1°C, to reduce the influence of ambient temperat-
ure on the resistivity.

For application purposes, it is important to characterize the
repeated usage and fatigue behavior of stretchable intercon-
nects and MEMS devices considering the cyclic loading in
their applications. The actuation stages, with the fast react-
ing piezo elements and their flexure mechanism based design
enable convenient fatigue testing, which is considerably more
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Figure 10. Proof-of-principle tensile test results with an interconnect loaded in the out-of-plane z-direction from (a) the initial configuration
to (b) a stretch of 813%. To better visualize the out-of-plane displacement the SEM stage has been tilted by 5 .

Figure 11. Illustration of the 4-point probe electrical resistance measurement setup, with (a) tensile stage with integrated testing probes,
under optical microscope, (b) the probe tips aligned on top of their corresponding contact pads of the test-chip and (c) a magnified view of a

probe tip in contact with the corresponding contact pad.

difficult with the geared, motorized systems [33]. In order to
achieve the maximum actuation frequency (for feasible testing
durations), a predetermined square waveform (see figure 13) is
sent to the controller through the LabVIEW GUI, with which
a maximum actuation frequency of 10 Hz is achieved. While
this frequency is large enough for fatigue testing, the inertia
effects in the compliant sample structures, such as the highly
stretchable interconnects are still negligible. The electrical res-
istance of the interconnects is monitored as well during the
cyclic loading, with open-circuit resistance serving as a con-
venient criterion to detect interconnect failure. More import-
antly, a systematic resistance change occurs due to plasticity
and/or defect evolution during cyclic loading. For the results
displayed in figure 13, optical microscopy images are captured

1

every million cycles to complement the electrical resistance
results. The results shown here are for uniaxial tensile load-
ing of the 100 pm tall interconnects stretched up to 1000%
(half of the plastic stretch value). All interconnects survive
up to 10 million cycles without failure. The variation of the
interconnect resistance lies within a range of 1%, which is
mainly attributed to variations of the ambient temperature and
a systematic increase or decrease of the resistance cannot be
observed.

Due to the sub-micron characteristic length (thickness
in this case), the material properties of the interconnect
and similar microfabricated samples can greatly vary from
bulk properties as a result of mechanical size-effect being
active and consequently the material properties cannot be
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Figure 12. The evolution of the electrical resistance with applied stretch, displaying only a small variation till ~1000% stretch (beyond the
elastic limit) and a steeper increase to a maximum of ~3% before interconnect failure. Note that interconnect 1 was missing from the
beginning of the test for this test-chip, reflecting the fact that the yield was not optimal of the non-optimized microfabrication process

assumed a priori [34]. A material strengthening effect was
also observed in the case of uniaxial tensile tests performed
on the freestanding interconnects. A qualitative estimation of
the strengthening was made by fitting FEM simulations to the
experiments [8]. Typically, dedicated test samples with the
same sizes and processing conditions are fabricated and tested
(e.g. by a tensile test) to characterize the material behavior. In
case of the freestanding interconnects another consideration
needs to considered, i.e. the size effect might also be depend-
ent on the deformation modes of interconnect, more specific-
ally bending induced strain gradient effects [35]. Therefore,
testing on the original sample is highly preferred. A stretching
(uniaxial tensile test) on the freestanding interconnect sample
to characterize its material behavior however entails force res-
olution of few nano-Newtons (due to highly compliant struc-
ture), along with very delicate sample handling and load trans-
fer functionalities as discussed in [36]. Alternatively, inverse
methods such as FEM updating (FEMU) or integrated digital
image correlation (IDIC) [37] can be utilized to circumvent
some of these complications.

A variation of IDIC which utilizes surface topographical
images and termed as integrated digital height correlation
(IDHC) [38, 39] was utilized for the sample characteriza-
tion. A confocal optical profilometer (Sensofar S neox) with
a 100x magnification lens having a numerical aperture of 0.9
and working distance 1 mm was used to obtain topographical
images. The samples were loading out-of-plane in the z direc-
tion with incrementally higher displacement-controlled loads
and subsequently unloaded after each load step. Ideally, the
topographical images of the interconnects in the out-of-plane
loaded condition would be utilized for the IDHC. However,
even at relatively small out-of-plane displacements of tens of

pm, interconnect beams bend with large gradients and the
topography cannot be captured even with a high numerical
aperture lens. The topography of the sample in the unloaded
configuration could, however, be captured and was recorded
after unloading from each incrementally increasing displace-
ment load. With the onset of plasticity, the sample geometry
would change in the unloaded configuration as a result of accu-
mulated plasticity and can be quantified by correlating the
unloaded (deformed) shape with the original unloaded (unde-
formed) shape.

To enable DHC on the freestanding interconnect sample, a
pattern is needed to be applied as the native pattern was insuf-
ficient. A pattern consisting of 300 nm silica nanoparticles
was applied the sample using a dried micro-mist technique.
Due to the scarcity of the available samples, the pattern could
not be optimized and only a sparse pattern (of unclustered
nanoparticles) was applied (see figure 14(a)). However, in
this case essentially the change in curvature of the intercon-
nect beams as a result of plasticity was required to be cap-
tured, for which a few particles over the beam length were
deemed sufficient. Furthermore, a global-DHC approach [40]
was used here, which reduced the requirement on pattern dens-
ity due to higher-order continuity. The sample was meshed
with isogeometric elements with four elements over the inter-
connect beam length and one element over the beam width.
Non-Uniform Rational B-Splines (NURBS) shape functions
were used to capture the displacement fields with second order
shape functions in the beam length direction and zeroth order
shape function on the beam width direction. The in-plane and
out-of-plane displacement fields obtained from the applica-
tion of DHC are shown in figures 14(b)—(d). As shown in fig-
ure 14(e) the image residual has a very low average value with
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Figure 13. Fatigue test results for interconnects with a height of 100 pm, with (a) the applied displacement waveform (in blue) and the
measured displacement (in red) for the piezo-stage at 10 Hz and (b) the measured interconnect electrical resistance change as a function of
the applied number of cycles, showing that all six interconnect survive until 10 million cycles at an amplitude of 1000% stretch.

no systematic variations, indicating an accurate correlation.
Results form the IDHC are out of scope of this work and are
presented in [38]. The experimental characterization proced-
ure mentioned here can be utilized where similar constraints
are present, e.g. in the case of freestanding interconnects or
MEMS devices.

4.1. Conclusions and recommendations

This paper presented an experimental methodology for
electro-mechanical characterization under in-situ microscopic
observation of highly stretchable micron-sized structures such
as interconnects for stretchable electronics or other MEMS
applications where large multi-axial displacements and a high
resolution at the micrometer scale matters. The design of a
multi-axial test setup is presented, along with sample handling
and clamping procedures based on a test-chip platform on
which the micron-sized samples are microfabricated. As a
proof of principle, in-situ multi-axial tensile test experiments
with four-point probe electrical characterization are shown for
quasi-static loading and high-cycle fatigue.

The setup is based on two commercially available piezo
flexure position stages for actuation, a technology that
has matured over the last few decades for nanoposition-
ing systems, providing fast, multi-axial and high-resolution
actuation. Typical systems also come with drivers, e.g. for
LabVIEW, making it possible to build GUIs with rich and
customizable functionality with relative ease. For such piezo-
ceramics based systems, creep, hysteresis and thermal drift
are well known issues [41]. Therefore, it is important to use
piezo stages with integrated closed-loop control systems. Dif-
ferent displacement sensing options are available for such
systems, each with its own advantages and disadvantages
[42]. Therefore, when choosing piezo stages for actuation it
is important to choose the appropriate sensing solution and
verify the performance of the control system based on the
particular test of interest, e.g. quasi-static testing, creep test-
ing or high-temperature testing, each with its own set of
requirements. Another important aspect to consider is that
the piezo stages are relatively compliant when compared with
geared-motorized stages due to their flexure based design.
Therefore, appropriate measures, such as discussed here, need
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Figure 14. Results from application of digital height correlation (DHC) on the freestanding sample. (a) Topographic image of the test
specimen in the undeformed configuration before the test, measured with optical profilometry; the zoom of the corner section shows the
nanoparticles that form the topographical contrast used as pattern for DHC (note that the particles are barely visible due the
diffraction-limited in-plane optical resolution). (b) In-plane u, displacement field. (c) In-plane u, displacement field. (d) Out-of-plane u;

displacement. (e) Image residual field.

to be taken to ensure that the samples are not pre-loaded
during the sample clamping procedure. Moreover, typical
piezo flexure actuation stages are not designed to handle
large loads [41], e.g. the system used here is rated at 10
N by the manufacturer, which is enough for many small-
scale testing cases, however, for larger forces a special-
ized piezo stage or geared systems may be needed instead.
For electrical characterization with simultaneous mechanical
loading, commercially available customized probe wedges

were mounted directly on the clamps with a custom-built
miniaturized manipulator as a simple, yet an accurate prob-
ing solution. The Si based test-chip on which the samples
have been fabricated is obtained by regular microfabrica-
tion processing, typically used for the fabrication of MEMS
structures. The test-chip design ensures that it is rigid dur-
ing processing and handling while easily set free by minute
mechanical force to start testing. Finally, it is important
to note that the testing methodology is not suitable for all
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applications, e.g. small-scale material testing which involves
relatively small scale gauge displacements to sample fail-
ure and thus requiring extremely fine sample handling would
require other small scale testing techniques such as ones
detailed in [13, 26, 43—-45]. The methodology discussed here
is, however, meant for small-scale tests where large multi-axial
gauge displacements are required for characterization along
with electrical probing and fatigue testing, which is a necessity
for stretchable electronics interconnects and large displace-
ment MEMS devices.
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