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Abstract
Stretchable printed electronics have recently opened up new opportunities and applications,
including soft robotics, electronic skins, human-machine interfaces, and healthcare monitoring.
Stretchable hybrid systems (SHS) leverage the benefits of low-cost fabrication of printed electronics
with high-performance silicon technologies. However, direct integration of silicon-based devices
on conventional stretchable substrates such as thermoplastic polyurethane (TPU) and
polydimethylsiloxane (PDMS) is extremely challenging due to their restricted low-temperature
processing. In this study, a recently developed thermoset, stretchable substrate (BeyolexTM) with
superior thermal and mechanical properties was employed to realize SHS via direct flip chip
bonding. Here, ultra-thin chips (UTC) with a fine-pitch, daisy-chain structure was flip-chip
bonded by using anisotropic conductive adhesives, while the complementary circuitry was
facilitated via screen-printed, stretchable silver tracks. The bonded samples successfully passed
reliability assessments after being subjected to cyclic 30% stretch tests for 200 cycles. The potential
benefits of chip encapsulation after integration with the stretchable substrate to withstand larger
strains were demonstrated by both mechanical simulation and experimental results.

1. Introduction

Stretchable electronic devices with high elastic mech-
anical responses are the key enablers of advanced
technologies such as human-machine interfaces, soft
robotics, and stretchable energy harvesting [1–5].
Also, the direct integration of electronics with bio-
logical tissues, such as human skin, with the goal
of long-term health monitoring has been a highly
sought-after topic [6]. On-skin electronics are expec-
ted to exhibit skin-like mechanical properties and
sustain their electrical functions when exposed to a
strain in the range of 30%. According to a previous
study, the maximum strain the human skin can with-
stand is about 30% [7]. Several polymeric substrates
with different rates of stretchability have so far been
evaluated to build a stretchable circuit board. Ther-
moplastic polyurethane (TPU) has received the most
attention, while polydimethylsiloxane (PDMS) and

polyurethane have also been used previously [8–15].
Likewise, several stretchable conducting materials,
such as stretchable metallic inks, conducting poly-
mers, carbon-based composites, and liquid metals,
have been developed and successfully printed on
those substrates [16–19].

Stretchable hybrid systems (SHS) are currently
the mainstream for stretchable electronics since chip-
less systems (similar to chip-less flexible) have not
rendered high-performance and versatile products.
The incorporation of rigid silicon-based compon-
ents into a low-modulus stretchable substrate, on the
other hand, may impact the overall system’s stretch-
ability and bendability. As a result, strain engineering
in SHS systems is critical to impart total stretchabil-
ity despite the existence of non-stretchable chips and
interconnections. The goal of strain engineering is to
minimize strain on rigid elements while localizing it
on stretchable electrodes. Two approaches for SHS
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have been pursued so far, namely embedding rigid
or flexible islands in the stretchable parts as opposed
to direct flipchip bonding on the stretchable. The
embedding of the rigid island as a strain-relief struc-
ture or flexible printed circuit boards (PCB) con-
taining several chips are the most common meth-
odologies for SHS. Here, the interconnects to the
stretchable electrodes are mostly fabricated after the
embedding process, either via the built-up layers or
on the surface. As an example, this approach has
enabled several devices with enhanced performance,
such as electrocardiogram devices, where all the chips
were surface-mounted on a flexible PCB and then
embedded in an elastomer. In that study, only the
electrodes were exposed to high strain [20, 21]. Con-
cerning the direct integration of rigid chips on the
SHS, also known as the ‘chip-last approach’, few stud-
ies have been reported so far [22]. Here, the robust
bonding of the chip pads to the stretchable substrates
such as TPU or PDMS was rather challenging.

The first question for direct integration on a
stretchable substrate is the interconnection approach,
i.e. chip on board or flipchip bonding. Wire-bonding
and conventional reflow soldering cannot be used on
TPU because it has a low melting point (between
100 and 120 ◦C [23]) and a high coefficient of
thermal expansion (220–473 ppm K−1 [24]). Also,
TPU is a soft material. Low-temperature solders
were likely to work for flipchip bonding on Cu-
plated TPU substrates, whereas conductive adhesives
may be employed for high-pitch flipchip bonding
on Ag-printed TPU. The options for fine-pitch flip-
chip bonding on TPU are non-conductive adhesives
(NCA) and anisotropic conductive adhesive (ACA)
bonding, which typically necessitate a higher pro-
cessing temperature (>150 ◦C) [25]. In earlier work,
Forester et al used TPU with copper-plated pads
and bonded ultra-thin chips (UTC) by using NCA
[24]. Bonding at 170 ◦C resulted in the melting
and viscous flow of TPU, which served as an NCA
covering the chip’s Au bumps. The common issues
with NCA bonding, such as open circuits caused
by the warpage of the substrate and height devi-
ations on the chip, make ACA the preferred mater-
ial. In a recent study, Behfar et al examined several
ACA materials for bonding on TPU substrates and
found that the ACA with a higher Young’s modu-
lus could resist higher cycles of stretching [26]. They
managed to ACA-bond TPU by heating the sub-
strate and chip to 60 ◦C and 210 ◦C, respectively.
Overall, the main obstacle to flipchip bonding on
TPU is the low processing temperatures, which either
limits the choice of ACA or hinders the ACA from
curing properly at the desired temperatures. Con-
sequently, the SHS success rate on TPU is relat-
ively low. In this work, a recently-developed stretch-
able substrate with exceptional thermal stability is
employed for ACA bonding. Based on our previous
work on UTC directly integrated on printed flexible

substrates (paper and PET) using ACA [27, 28], we
deploy an analogous ACA bonding strategy to real-
ize SHS. As thinner dies could stand higher bending
cycles on the other substrates and due to the sub-
strate’s thermal stability, the robustness of the SHS
gets improved.

2. Method

Figure 1(a) shows a demonstration of the test vehicle.
The complementary daisy chain layouts on the
stretchable substrate and the UTC are depicted in
figures 1(b) and (c), respectively. UTCs with a thick-
ness of 30 µm and a die size of 9 × 8 mm were
utilized in this study. The thin chips were fabricated
from an 8-inch silicon wafer using the Stealth Dicing
Before Grinding process [27]. According to our previ-
ous studies, 30 µm UTC had a trade-off between die
flexibility and handling yield during microassembly
in the thickness range of 10–50 µm [27]. The chips
were structured with eight parallel lines with a length
of 4 mm and a varying width of 150–300 µm.
These structures were fabricated via Cr (10 nm)/
Au (100 nm) sputtering. In this study, a recently-
developed, thermoset and non-silicone polymer film
(Beyolex TM, Panasonic, Japan) was employed as the
stretchable substrate. The Beylox film had a thick-
ness of 100 µm and was provided with a 75 µm
PEN carrier film as reinforcement during printing
and bonding. Compared to TPU, Beyolex is more
temperature resistant and compatible with the reflow
assembly process. It can be stretched up to 200%
and its thermal decomposition temperature is around
300 ◦C. The complementary daisy chain structures
were screen printed on Beyolex using a stretchable
Ag paste (LS453-6B, Asahi Kagaku, Japan) and then
cured at 80 ◦C for 30 min.

The flipchip bonding process was conducted
using a semi-automatic die bonder (Fineplacer
lambda, Finetech GmbH). The UTC was picked up
from the dicing tape and optically aligned with the
substrate structure. Subsequently, an ACA (AC268,
Delo, Germany) was dispensed in the designated
area. The thermo-compression flipchip bonding was
executed at 30 N bonding force for 10 sec, while the
heating stage (substrate) and the tool (chip) were
heated to ≥100 ◦C and ≥150 ◦C, respectively. An
example of the ACA bonded UTC to the Beylolex is
presented in figure 1(d).

The bonded area was later on protected using
either the dry film lamination or glob top dispens-
ing. In the case of lamination, a 25 µm polyimide
film with a NCA film as an intermediate layer was
laminated using hot lamination at 60 ◦C. In the case
of Glob-top, a single component UV curable epoxy
adhesive (OG116-31, Epotec, USA) was dispensed,
and cured by both UV exposure and heating to 70 ◦C.
The optical images of the test samples with both
encapsulations are shown in figures 1(e) and (f).
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Figure 1. A demonstration of the test sample for hybrid integration (a), the daisy chain design on the stretchable substrate (b), the
complementary Au pattern on ultra-thin chip (UTC) (c) and the full chain after bonding (d). The two UTC encapsulation
approaches via polyimide (PI) film lamination and globtop dispensing are illustrated in (e) and (f) respectively.

A uniaxial tensile tester (ZwickRoell, Germany)
was used to stretch five samples of each kind up
to 30%. The daisy chains were electrically measured
in situ using a two-point multimeter and external
wires during both single-pull and cyclic loading test-
ing. In order to understand the stress level and its dis-
tribution during the stretch test, finite element simu-
lations using ANSYS 21.2 was also performed. Here, a
model consisting of the Beyolex substrate with a size
of 40 × 55 mm, UTC, and PI lamination was built.
The simulation was done at 30% strain.

3. Results and discussion

3.1. Stretchability before chip mounting
Beyolex is a fully stretchable substrate that can endure
200% elongation. However, as was previously men-
tioned, the target strain for the entire system in this
study was set at 30%. The simulation results of the
Beyolex foil deformation at 30% strain revealed that
the width of the foil at its narrowest point (center-
line of the foil) is reduced to 35.96 mm, i.e. 4.04 mm
shorter than the original value and its length increases
up to 16.5 mm (figure 2(a)). The maximum stresses
evolved upon 30% elongation was around 3.7 MPa
at the corners of the foil as shown in figure 2(b).
These stresses were much lower than Beyolex’s tensile

strength of 16MPa.With the exception of the corners
and edges, the von-mises stresses were almost con-
stant at around 1.67 MPa.

Figure 3 depicts the strain-induced resistance
variations of the printed Ag tracks up to 50%. The
main objective of this analysis was to understand how
printed lines behaved throughout the stretch test and
prior to chip mounting. As seen in figures (1 and 3),
the screen-printed Ag tracks had a serpentine struc-
ture. Also, based on the profilometry analysis, the
Ag track possessed a thickness of 10.2 µm. The un-
strained, printed Ag tracks on Beyolex substrate had
a sheet resistance of 89 ± 7 mΩ/sq. According to
figure 3, the printed structures can sustain elonga-
tions of up to 50%. Figure 3 also implies that the
resistance change is proportional to the percentage
of strain. After strain release and a time-dependent
recovery, the electrical conductivity of the printed
tracks restores to near-original values The unstrained
results at larger strains, however, suggest that the con-
ductivity of the Ag tracks marginally declined.

3.2. Stretchability after chip mounting without
encapsulation
During the flipchip bonding process, no discernible
changes in the optical and mechanical characteristics
of the Beyolex were observed. The UTC integration

3
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Figure 2. Simulation results of the foil (substrate) deformation (a) and von-Mises stress distribution (b) at 30% strain.

Figure 3. Strain-induced resistance changes in printed Ag tracks under different elongation conditions.

on the Beyolex was conducted successfully without
any noticeable electrical or mechanical failure. The
DC resistance of the full daisy chain was around
80 ± 3 Ω for all the bonded samples. It is worth not-
ing that the identical flipchip bonding procedure on
TPU failed owing to warpage and plastic deformation
of TPU at the bonding temperature.

For the first stretchability assessments, the integ-
rated UTC on Beyolex was examined by a single-pull
test without any support or encapsulations. As shown
in figure 4(a), the samples could withstand up to
20% elongation at the single-pull test and beyond that
open circuits and loose contacts were detected. Addi-
tionally, UTC cracking was detected in some samples
as shown in figure 4(b). The simulation results for
these samples are presented in figure 5. Concerning

the foil deformation with the chip in the x and y dir-
ection, there were slight variations to the case without
the chip (figure 5(a)). The highest elongation in the
x direction (stretched direction) was +16.5, whilst a
wavy-like pattern was detected in the y direction. The
region along the chip contracted the least (3.8 mm),
whereas the regions on the top and bottom sides
of the foils (without the chip) contracted the most
(4.1 mm).

The significant difference from the simulation
without the chip was the 0.5 mm deformation of the
film in the Z axis at the chip edges (figure 5(b)).
Concerning the evolved stresses at 30% strain, the
maximum stresses in the foil were at the corners of
the chip which was about 4.6 MPa as illustrated in
figure 5(c). The stresses in the chip itself were already

4
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Figure 4. Strain-induced resistance changes in UTC bonded samples (without encapsulation) under different elongation
conditions (a), An example of the failed sample at 30% strain manifesting a crack in the UTC.

Figure 5. Simulation results of the hybrid bonding of the UTC chip to Beyloex foil without encapsulation at 30% strain;
deformation in the Y-axis (stretching direction) (a), deformation in the Z-axis (b) and von-Mises stress distribution in the chip
(c) and Foil (d).

much higher, reaching 145MPa.UTC lacks stretchab-
ility despite being flexible. Being flexible makes UTC
a great choice when the sample is exposed to bend-
ing, folding or twisting. Nonetheless, UTC is suscept-
ible to cracking under tensile stress [29]. As a result,
the failure of these samples at 30% strain was attrib-
uted to the UTC cracking, which was also verified
experimentally (figure 4(b)). As a result, it became

evident that the transmission of tensile strain to the
chip should be decreased.

3.3. Stretchability of the encapsulated chips
Based on the previous section’s findings, it was
proposed to encapsulate the bonded UTC using PI
lamination or globtop dispensing and examine them
with the single pull test. It was reported that the

5
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Figure 6. Strain-induced resistance changes in UTC bonded samples with PI film (a) and globtop (b) passivation up to ten cycles
under different elongation conditions.

encapsulation of the chips increases the stiffness of
the surrounding region, directing strain concentra-
tion from the chip corner to the foil [22, 30]. This
time all the samples could pass the pull test at 30%.
Subsequently, the samples were subjected to ten cycles
of pull tests. Figure 6(a) shows the results of the
stretch tests of the PI encapsulated UTCs for ten
cycles at 10%, 20% and 30% strain. It was found
that at 10% strain and after the ten cycles, the resist-
ance increased from∼78 Ω to∼101 Ω and recovered
back to ∼83 Ω. As for the 20% strain, the resistance
increased from ∼80 Ω to ∼131 Ω after ten cycles
and restored to ∼88 Ω. For 30% strain, the resist-
ance increase was from ∼84 Ω to ∼218 Ω after ten
cycles with a final recovery at 100Ω. The same exper-
iment was carried out for globe top encapsulated
UTCs (figure 6(b)). Under 10% strain, the resist-
ance increased from ∼82 Ω to ∼87 Ω after ten cycles
with the final resistance being ∼83 Ω. For 20% and
30% strains, the change in resistance was ∼86 Ω till
∼103 Ω and ∼72 till 167 Ω respectively with ∼90 Ω
and 86 Ω being the final resistance after recovery.

Conclusively, it was proved demonstrated that both
types of encapsulated samples rendered enhanced
performances which could withstand 30% strain in
single-pull and cyclic tests. It is noteworthy to men-
tion that all the samples could survive the ten cycles
and no failures were recorded. The optical images of
the encapsulated samples during the stretch tests are
shown in figure 7.

Figure 8 depicts the simulation results of the
encapsulated UTC. The y-direction deformation of
the substrate revealed a more prominent wavy-
like shape. The region along the encapsulated chip
experienced the least y-axis deformation (3.52 mm),
whereas the portions on the top and bottom sides of
the foils (without the encapsulated chip) encountered
the most contraction (4.18 mm). Identical stretch
lines along the chip can be seen in both the simulation
results shown in figures 8(a) and (b) and the optical
image in figure 7. It was found that in an encapsu-
lated chip the imposed stresses are more than three
times lower than without passivation. Comparing
figures 5(c) and 8(c) clearly shows that encapsulation

6
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Figure 7. Optical images of the samples with PI encapsulation during the stretch test.

Figure 8. Simulation results of the hybrid bonding of the UTC chip to Beyolex foil with PI film encapsulation at 30% strain;
deformation in the Y-axis (stretching direction) (a), deformation in the Z-axis (b) and von-Mises stress distribution in the chip
(c) and Foil (d).

reduces the maximum tensile stress on the UTC from
145 MPa to 36 MPa.

Moreover, the results implied that the encapsu-
lation further distributes the stresses in the trans-
ition between the chip and the substrate over a lar-
ger area. Notably, the employed ACA also featured
a high Young’s modulus (3.9 GPa) to secure the
chip-to-substrate connections. A previous study that

assessed the stretchability of various ACA types dis-
covered that those with higher Young’s moduli can
efficiently withstand the mechanical load exerted on
the chip/substrate contact during cyclic strain [26].
Robust interconnects for SHS are therefore achievable
with high modulus ACA. In a similar way, the encap-
sulation created a stiffer zone, resulting in reduced
strain at a sensitive area under the same load.

7



Flex. Print. Electron. 8 (2023) 015004 M HMalik et al

Figure 9. Extended cycle stretch test of the encapsulated samples at 30% strain.

Figure 10. Failure analysis of the encapsulated samples under cyclic stretch test; (a) the crack propagation at the interface of
encapsulation/ substrate film, (b) the failure surface of the three samples examined in figure 9.

3.4. Reliability analysis
After assessing the results in 3.3 and determining
the top-performing samples, the long-term reliabil-
ity of those samples was examined using an exten-
ded cycle stretch test at 30% strain. The goal was to
determine the failure cycle and its location. Although
both globtop and PI encapsulation produced sim-
ilar results in prior experiments, PI encapsulation
was favored for the reliability tests due to its super-
ior uniformity, reproducibility and ease of processing.
Figure 9 depicts the resistance-cycle curves of three
samples. As can be observed, the samples failed
in a range of 182–266 cycles. The failures, how-
ever, were not related to the electrical connections
or the daisy chain, but to the substrate foil itself.
Figures 10(a) and (b) shows optical images of the
fractured samples. Despite the fact that all of the
samples were still electrically functioning, the stretch
test had to be terminated because of a rupture at
the substrate/encapsulation interface. Figure 10(a)
also depicts the emergence of the cracking from the

PI corner and how it spread along the PI edge.
Figure 10(b) implies that all the samples failed at
the same interface. Looking at figure 8(d) again, it
is evident that the stress concentration points are
located in the corners of the encapsulation film. As
a result, it can be deduced that the system’s weak
spots were shifted from the brittle UTC corner for
non-encapsulated samples to a more ductile region
(PI corners) for encapsulated ones. The encapsulated
sample was able to tolerate 30% strain for around
200 cycles because of this stress mitigation and strain
engineering.

4. Conclusion

In this study, direct flipchip bonding of UTC on
a recently-developed stretchable substrate ‘Beyolex’
was explored to realize a SHS. Compared to TPU
and PDMS, Beyolex offers higher process temper-
atures, therefore thermocompression ACA bonding
succeeded without any deformation and degradation.

8
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The results of the single-pull and cyclic stretch
test revealed that the stretchability of UTC-bonded
samples without encapsulation is limited to 20% due
to early fracture at the UTC. On the other hand, the
application of a thin polyimide film or a globtop layer
on top of the chip significantly enhances the perform-
ance of the samples by reducing the imposed stresses
on the chip area. The encapsulated samples could
tolerate 30% strain for around 200 cycles. The fail-
ure analysis and simulation results indicate that the
weak points after encapsulation shifted from the sens-
itive UTC area to the edges of the encapsulation film,
which caused higher endurance during the stretch
test. Conclusively, it can be deduced that direct fine-
pitch flipchip bonding yield a reliable SHS incorpor-
ating UTC, high modulus ACA, stretchable substrate
with enhanced thermal and mechanical properties,
and chip encapsulation.
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