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Recent decades have witnessed the booming development of stretchable electronics based on nano/

micro composite inks. Printing is a scalable, low-cost, and high-efficiency fabrication tool to realize

stretchable electronics through additive processes. However, compared with conventional flexible elec-

tronics, stretchable electronics need to experience more severe mechanical deformation which may

cause destructive damage. Most of the reported works in this field mainly focus on how to achieve a high

stretchability of nano/micro composite conductors or single working modules/devices, with limited

attention given to the reliability for practical applications. In this minireview, we summarized the failure

modes when printing stretchable electronics using nano/micro composite ink, including dysfunction of

the stretchable interconnects, the stress-concentrated rigid—soft interfaces for hybrid electronics, the vul-
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1. Introduction

Stretchable electronics of a soft nature and with the capability
to work under mechanical extension have been demonstrated
for potential applications in wearable technologies,"* medical
devices,” soft robotics,"” and smart agriculture.®” Recent
developments in soft sensors,®° soft energy devices,'*"*
turized IC chips,'® and fabrication technology have enabled
the promising possibilities of stretchable electronics which
can deform along soft subjects."”> Among various fabrication
techniques, the printing of stretchable electronics has been
attracting considerable attention owing to its relatively low
cost, scalable fabrication, lower material waste (additive manu-
facturing), and versatile material selection.'>'*'® The stretch-
ability of printed electronics can be realized using intrinsically
stretchable conductors or/and stretchable structures.
Intrinsically stretchable materials utilize deformable/elastic
materials or composites to endure the applied strain, while the
structural designs, such as serpentines, kirigami structures,
wrinkles, and arches, transfer the stretching strain to localized
bending, buckling, or twisting.">'® The inks formulated for
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nerable vias upon stretching, thermal accumulation, and environmental instability of stretchable materials.
Strategies for tackling these challenges to realize reliable performances are proposed and discussed. Our
review provides an overview on the importance of reliable, printable, and stretchable electronics, which
are the key enablers in propelling stretchable electronics from fancy demos to practical applications.

the printing of stretchable electronics can be stretchable con-
ductive polymers,'”'® ionic gel/polymer,'®*° or composites
with conductive fillers and elastomeric binders.”® Among
these, inks comprising nano/micro conductive fillers and elas-
tomeric binders are attracting considerable attention for the
fabrication of stretchable electronics because of their high
conductivity and stability, especially in metal-based
inks.'**272* The translation to practical applications will hinge
on the success in meeting the stability, durability, and
reliability requirements for productization. In 2020, the
market for stretchable electronics was about USD 16.5 million,
and is expected to reach USD 2.6 billion in 2027.>®> To address
potential market needs, the gap between lab prototype and
product is still the biggest challenge that impedes the adop-
tion of printed stretchable electronics.

Printed flexible electronics based on nano/micro composite
inks are already mature technologies and have experienced a
soaring gain in recent decades. The bending functionality has
been addressed and does not cause severe damage to the thin-
film electronics. The global market for flexible electronics in
2020 was USD 41.2 billion and is expected to increase to USD 74
billion in 2030.>° When it comes to stretching deformation, the
challenges are significantly elevated. There are already several
reviews about the progress of printed stretchable electronics;
they mainly focus on the realization of stretchability, including
printed stretchable sensors,”” energy devices,*®?° display®****
and data transmission,®® and lack the overall evaluation of
reliability from a system-level view. Even for the realization of
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stretchability, these reviews mainly focus on the simple
implementation of strain, and reliability aspects, such as the
strain rate-dependent performance, are rarely discussed.?*3*?*
Considering the stretchability of entire systems and the
impact of working environments, the challenges for producing
reliable printed stretchable electronics become more compli-
cated. Typically, stretchable devices are composed of stretch-
able sensors, displays, data transmitters and energy modules
to realize sensing, visual showing, communication and power
supply applications, respectively,’® as shown in Fig. 1. The
printable and stretchable nano/micro composite inks are core
components to enable durability to deformation. Under
stretching, the elastomeric binders bind the conductive fillers,
while conductive fillers slide with each other but maintain the
conductive networks. Current printed stretchable solid nano/
micro composites still suffer from distinctive resistance
increase upon stretching, especially for cycling and fast
stretching, leading to the malfunction of entire circuits. As
some components, such as data processors and standard resis-
tors, are still in the rigid form, soft-rigid junctions are inevita-
ble for hybrid stretchable electronics. The huge differences in
Young’s modulus cause the concentration of stress and lead to
breaks in soft-rigid junctions. Like traditional rigid circuits,
multilayer design can increase the areal density of com-
ponents, which is valuable when the surface area of targeted
subjects is limited. However, the filling materials in the vias
that connect cross-layer circuits are subject to insufficient
filling and component mismatch with the elastomeric sub-
strate that significantly induces the resistance increase with

1. Dysfunction on interconnects
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the implementation of strain. Beyond the challenges coming
from stretching, damage can also be incurred from thermal
accumulation and exposures in working environments. The
thermal accumulation mainly results from the operation of the
electronic components resulting in resistive heating, and is
even more detrimental for printed stretchable electronics
because elastomers that serve as the substrate and binder are
poor thermal conductors, and some target applications invol-
ving living tissues are sensitive to high temperatures. The
stability issue of the printed stretchable electronics not only
involves the oxidation/corrosion of conductive fillers and the
accelerated aging process of the elastomeric binders, but also
concerns the stretchable encapsulation with an unfavorable
transmittance for oxygen and water. The target to achieve
reliable printed stretchable electronics requires mature prac-
tices and guidance for the stretchable system design and
manufacturing.

In this review, we discuss the different failure modes of
printed stretchable electronics, including the challenges in
interconnects, soft-rigid connections, vias for multilayer elec-
tronics, heat dissipation, and stability of stretchable materials
in the working environment, together with a summary of
recent efforts and prospects on potential means to address
these challenges to realizing reliable printed stretchable elec-
tronics. Stretching deformation causes severe disturbance to
most electrically and thermally conductive matter. When inte-
grating different components to form an electronic system,
the interfaces and connectivity pose new challenges for main-
taining integrity. Beyond the electromechanical challenges,

2. Concentrated stress at
the soft-rigid interfaces
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Fig.1 The common failure modes, including dysfunction on interconnects, concentrated stress on the soft-rigid interfaces, vulnerable vias,

thermal accumulation and instability of stretchable materials (reproduced with permission,95 copyright 2021, IEEE; reproduced with permission,
copyright 2021, Springer), and main components in printed stretchable electronics.

copyright 2020, Springer; reproduced with permission,*t®
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stretchable materials, including elastomeric binders and
fillers, also face stability issues in working environments.
Material optimization, structure design, and systematic con-
siderations have been key factors in solving these problems in
previous works and should be considered in future works.
Lastly, our thoughts about the next steps for fostering the
development of printed stretchable electronics will be presented.

2. Dysfunction of the stretchable
interconnects

The inks formulated for the printing of stretchable electronics
can be stretchable conductive polymers, ionic gel/polymer, or
composites with conductive fillers and elastomeric binders."®
A comparison, including conductivity, stretchability and stabi-
lity, among the three different conductors is shown in Table 1.
The combination of polymer flexibility and metal conductivity
enables conductive polymers with great promise in flexible
electronics. The stretchability can also be endowed by invol-
ving additives, including plasticizers and polymers.”” The
recent progress in stretchable conductive polymer has been
reviewed in previous reviews.'””*® Similar to biosystems, the
conductivity of stretchable ionic gels/polymers comes from the
migration of the ions. As a result, ionic gels/polymers have
shown great potential in bioelectronic and biomedical appli-
cations. Recent decades have witnessed the booming develop-
ment of stretchable ionic gels/polymers in wearable and soft
electronics.’®?*”*® The inks composing the nano/micro con-
ductive fillers and elastomeric binders deliver a higher conduc-
tivity and stability, and thus have been considered as the pri-
ority for the printing of stretchable circuits that meet the
requirement for overall low resistance and a long operating
life.>*> Recently developed liquid metal nano/microparticles
that can deform along the tensile strain direction have shown
much less resistance increase upon stretching compared with
the rigid nano/micro conductive fillers, attracting intensive
efforts from researchers.*™** However, the leakage issue and
corrosive properties of liquid metal still affect its wide
applications.

Here, we focus on the ink composed of solid nano/micro
conductive fillers with elastomeric binders because of their
ease of handling, high conductivity and stability, especially for
metal-based inks. The conventional printed flexible conduc-
tors are accompanied by sintering treatment to reduce the elec-

View Article Online

Nanoscale

tron transfer barrier, which is associated with partial/full
removal of surfactant/binder and the connection of adjacent
conductive fillers.>*>* However, printed stretchable conductors
require a large proportion of elastomeric binder to resist crack-
ing and hold the conductive fillers together when they slide
with each other. This working mechanism determines that the
conductivity of the printed stretchable conductor at a relaxed
state is generally lower than that of conventional flexible con-
ductors. Meanwhile, the resistance increment is often exceed-
ingly high during stretching, as the overlapping and contact
areas among conductive fillers are reduced when they are
sliding along the stretching direction. The durability of cycling
stretching is even more challenging; the viscoelastic property
of elastomeric binder, the evolution of cracking, frictions
among neighboring conductive fillers, and frictions between
conductive fillers and binders make it hard to recover the con-
ductive percolations and conductivity. The strain rate-depen-
dent property of elastomeric binder makes the resistance incre-
ment sensitive to how fast the strain is implemented, which is
unfavorable as the stretching speed is variable in practical
applications.

Conductive nanomaterials, including metal nanoparticles,
nanowires,”®*® carbon nanotubes (CNTs),°*** graphene and
nanocomposites/hybrids'*** can be utilized to print stretch-
able interconnects; however, the cost of nanomaterials is still
relatively high, and the process of formulation and printing of
stretchable nano ink is often too complicated. Micro-sized
materials are lower in cost and have good dispersion in
various solvents, making them the right choice for scalable
printed stretchable electronics.”’ The mechanical property of
the binders, the shape of the conductive fillers, and inter-
actions between binders and conductive fillers determine the
stretchability and electrical performance of the conductor.
Micro-flakes, with their ease of forming conductive percola-
tion, have been intensively applied for the formulation of
printed stretchable ink.°*®* Some strategies to enhance the
electrical and mechanical performance include the self-assem-
bling of conductive materials on the surface to form a highly
conductive surface and the incorporation of a highly stretch-
able polymer matrix underneath.’>®®® However, the mobility of
flakes is limited, and the capability to form conductive perco-
lation is inferior compared with nanowires, which causes
unsatisfactory stretchability. In this part, we mainly focus on
using nanomaterials as additives to increase the performance
of micro-sized materials for stretchable interconnects.

55-57

Table 1 The comparison among printed stretchable conductive polymeric, ionic gel/polymer, or nano/micro composite conductors

Sheet
Conductivity ~ Stretchability — resistance

Stretchable conductor ~ (Scem™) (%) Qo™ Stability Printing Ref.
Conductive polymers 0.1-4000 50-800 10-84 Sensitive to humidity, Inkjet, transfer, 17 and

temperature nozzle 43-46
Ionic gel/polymer 0.001 1000 100-1000 The ionic liquid easily leaks out ~ Inkjet, transfer 47 and 48
Nano/micro 100-10 000 100-1000 0.01-0.1 Stable Screen, inkjet, nozzle 49-52
composite
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Nanoparticles can align and self-organize along the applied
strain direction, thus can enhance the electron transfer path-
ways during stretching.®® Directly adding the nanoparticles
inside the ink composite has been proved to be an effective
way to improve the conductivity at relaxed and stretched states,
as the nanoparticles can bridge the adjunct Ag flakes at both
states.®” Further intense pulsed light (IPL) irradiation has
been introduced to enhance the bonding among Ag nano-
particles and improve the conductivity in the relaxed state, but
the R/R, during stretching was much higher, due to the par-
tially weakened mobility of Ag nanoparticles caused by sinter-
ing. It is noteworthy that pure Ag micro flakes do not respond
to IPL irradiation, as their surface energy is less than that of
Ag nanoparticles and it is hard to realize the necking growth
among Ag micro flakes. Matsuhisa et al. invented an easier
way to incorporate Ag nanoparticles into the elastomer matrix
through an in situ reaction among Ag flakes, fluorine surfac-
tant, and fluorine rubber at a high temperature (120 °C), as
shown in Fig. 2A.*° The maximum initial conductivity and the
conductivity at 400% stretching reached 6168 S cm™" and 935
S em ™" with a speed of 10% min ™", respectively, demonstrating
that the in situ formed Ag nanoparticles can significantly
enhance both stretchability and conductivity. Guo et al
further expand this idea to remove dependence on the fluorine
elastomer by pre-iodizing the surfactant on Ag flakes and sub-
sequently exposing it to photoactivation after printing.®® This
method applies to various chemically and physically cross-
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linked elastomers, broadening its application on different
occasions. Recently, we utilized non-hazardous artificial/real
human sweat to in situ generate the Ag nanoparticles on the
surface of the Ag flakes, as shown in Fig. 2B.* The coexistence
of CI™ and low pH works synergistically to partially remove the
insulated surfactant and enhance the connection among
exposed Ag flakes, thus significantly improving the conduc-
tivity of the printed Ag/hydrophilic poly(urethane-acrylate)
(HPUA) electrode at both the relaxed and stretched states. The
mild sweat solution enables in situ sintering on soft substrates,
enriching the versatile methods of designing stretchable and
wearable electronics.

Ag nanowires and carbon nanotubes are liable to form the
network connecting the micro conductive fillers to improve
the performance of printed stretchable conductors.”®”" For
this method, it is preferred that the Ag nanowires/carbon
nanotubes are randomly distributed and allow free movement
during stretching, otherwise segregated bundles will appear
and are liable to cause cracks. As shown in Fig. 2C, nonionic
surfactant sorbitane monooleate (SPAN 80) was added to the
matrix to reduce the bonding between the carbon nanotubes
and Ag flakes.”" Recently, Ag nanopatrticles, Ag nanowires, and
Ag flakes were even combined in one stretchable conductor, as
shown in Fig. 2D.”* With the surface modification by 1-decan-
ethiol, three types of conductive fillers can readily rearrange
the original percolations that can be maintained upon the
strain. The conductivity is around 31 000 S cm ™" with less than

Organized flakes

v o

Organized NPs ——

4 § Ystrain

Fig. 2 The application of nanomaterials in enhancing the reliability of printed stretchable interconnects: (A) the in situ formation of Ag nanoparticle
in the printed stretchable Ag flakes conductors, reproduced with permission,*® copyright 2017, Springer Nature; (B) the sweat-induced sintering of
printed stretchable Ag-HPUA conductor, reproduced with permission,®® copyright 2021, American Association for the Advancement of Science; (C)
the incorporation CNT to increase the stretchability of the Ag flakes conductors, reproduced with permission,”* copyright 2019, American Chemical
Society; (D) the combination of Ag flakes, nanoparticles, and nanowires for the highly stretchable conductor, reproduced with permission,>? copy-
right 2022, Wiley-VCH; and (E) the porous PDMS elastomeric binder, reproduced with permission,”® copyright 2021, Springer Nature.
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1% change during the 50% uniaxial and biaxial stretching at a
speed of 10 mm min~". This is the best performance so far for
solid metal-based elastomeric conductors, but the printability
of this method was not demonstrated and the loading of nano-
materials is very high (90 wt%).

Most strategies for improving the performance rely on
selecting or tuning the composition of the conductive fillers
and modifying the interaction between conductive fillers and
elastomeric binders. The maximum stretchability and conduc-
tivity are always the focus, but the cycling stretchability is
unsatisfactory and the rate-dependent properties, which are
also highly related to the hysteresis nature of elastomeric
binders, are less studied. Even though chemically cross-linked
elastomers, such as Eco-flex and polydimethylsiloxane (PDMS),
have much smaller hysteresis loops than physically cross-
linked elastomers, such as styrene-ethylene-butylene-styrene
(SEBS) and thermoplastic polyurethane (TPU), they still suffer
from poor performance during fast cycling stretching,
especially with a high loading of conductive fillers.*>"7>774
Most of the reported printed stretchable interconnects only
delivered the stretching behavior at low strain rates, and the
stretching rate-dependent property of printed nano/micro com-
posite conductors has less been investigated. Elastomeric com-
posite conductors still suffer from much more prominent re-
sistance increases at a higher stretching speed, and this will
affect the practical applications that undergo fast stretching
speeds. These challenges may be solved by engineering elasto-
mer binders with a porous structure,”>’® as shown in Fig. 2E.
The porous binder can weaken the real strain by structural
deformation along the stretching direction and weaken the
propagation of cracks by blunting the tips of cracks.””””®

3. Stress-concentrated rigid—soft
interfaces

As rigid components, such as resistors and IC chips, are still
unavoidable for typical device functions, the stress concen-
tration in the junctions of soft and rigid components accounts
for the major dysfunctions of the hybrid stretchable devices.
Reliable conductive adhesive between the rigid components
and stretchable interconnections is needed to guarantee
effective electron transfer and strong bonding during the
tensile load. Isotropic conductive adhesives (ICAs), instead of
soldering, are the priority for connection because of the low-
temperature process and environmental friendliness.
Anisotropic conductive adhesives are required when the high-
resolution circuit is designed.”®®® However, most of the
present conductive adhesives face the challenge of having dual
good bonding with both printed stretchable interconnects and
rigid components. Fu et al. compared failure models of two
types of ICAs during the rolling mechanical test in their
work.®" The polyurethane-acrylic ICA has a strong bonding
with the pins of the surface-mounted devices but delivered low
adhesive force with printed Ag electrodes, whereas the poly-
urethane-based ICA showed the opposite behavior, making

438 | Nanoscale, 2023, 15, 434-449
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them liable to fail along the ICA/stretchable Ag traces and ICA/
rigid chips interface delamination, respectively. Traditional
rigid ICAs based on epoxy and metal nano/microparticles have
shown stable performance for rigid and printed flexible
printed circuit boards (PCBs),**** but they have a huge
mechanical property mismatch with the stretchable intercon-
nects. Recent research about stretchable ICA is like that in
printed stretchable interconnects; the conductivity and the
stretchability are the main considerations.?*®® Adhesive inks
composed of conductive fillers and elastomeric binders that
are similar to that of printed stretchable interconnects would
no doubt provide good adhesion with the printed stretchable
interconnects as they share a similar composite and Young’s
modulus. However, the binding between rigid surface-
mounted devices and stretchable ICAs has rarely been studied.
The development of printed stretchable electronics needs a
new conductive adhesive layer affording great bonding with
both rigid parts and soft printed traces.

The conductive adhesive layer only can connect the rigid
pins and printed stretchable interconnects. More steps are
required to further stabilize the rigid parts on stretchable sub-
strates. The strain localization method is commonly utilized
by pre-stiffening the area and anchoring the rigid chips with a
rigid supporting layer or rigid top encapsulation layer. Then
the deformation upon stretching only happens on the printed
stretchable interconnects. Yuan et al. utilized stiff PDMS with
a high proportion of curing agent (16.7%) to encapsulate the
rigid parts, and soft PDMS with a low loading of curing agent
(6.3%) to protect printed stretchable interconnects, as shown
in Fig. 3A.%° The substrate, stiff encapsulation and soft encap-
sulation are the same type of polymer with Young’s modulus
variance, and thus enable great bonding between the different
materials. The fabricated stretchable LED circuit containing a
rigid resistor, a capacitor and a MCU chip can be stretched at
100%. This rigid island and soft bridge strategy was also
applied in printing high-performance stretchable electro-
chemical devices, including biofuel cells and batteries.’®*

The concentrated stress and failures easily occur at the
joint located between the rigid area and soft interconnects
because of the huge mechanical mismatch. Behfar et al
printed a fully stretchable integrated ECG sensor for monitor-
ing the body’s physiological information, and used the stiff
encapsulation on rigid components for achieving stable
mounting.”® Finite element modeling (FEM), which can
predict the potential cracking points, is an effective tool in
modeling the soft-rigid hybrid system with the presence of
strain. As shown in Fig. 3B, the FEM result agrees well with
experimental results; the crack density on the edges of the stiff
encapsulant is much higher than that in printed stretchable
interconnects. The cracking failures on the rigid-soft junctions
made the wireless wearable ECG sensor lose function at 10%
of tensile strain, though the printed interconnects can endure
more stretching. This effect can be suppressed by widening
the geometrical parameter of the printed stretchable intercon-
nections at the soft-rigid transition area. Also, the shape
optimization of rigid islands can change the distribution of

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Reliable rigid—soft junctions: (A) the utilization of rigid PDMS to stiffen the rigid LED chip in printed stretchable hybrid electronics, repro-
duced with permission,® copyright 2018, IOP science; (B) FEM simulation and real failures of printed stretchable hybrid electronics. Reproduced
with permission,®® copyright 2021, IEEE; (C) the complicated Ferris wheel-shaped rigid islands that can prevent the propagation of cracks at the
rigid—soft interfaces. Reproduced with permission,®® copyright 2022, American Association for the Advancement of Science; (D) the solvent vapor-
induced soldering that connect the rigid chips and the soft interconnects for printed stretchable hybrid electronics, reproduced with permission,®”

copyright 2021, Springer Nature.

stress and improve the reliability of hybrid electronics. Yang
et al. proposed one type of rigid island with a Ferris wheel
shape which can significantly weaken the propagation of
cracks at the rigid-soft junctions upon mechanical defor-
mations,”® as shown in Fig. 3C. The stretchability of the hybrid
electronics was enhanced from 75% to 180% when the shape
of the rigid bridge was changed from a circle to a Ferris wheel.
The complex Ferris wheel changes the cracking path and
improves the energy required for crack growth.

The property of the binder for printed stretchable elec-
tronics may offer a new method to connect the rigid parts and
stretchable interconnects. Physically cross-linked elastomers
are easily processed with the presence of dissolving solvents,
which enables solvent-induced room-temperature soldering
for printed stretchable hybrid electronics.”” As shown in
Fig. 3D, the entire circuit was put into the solvent vapor after
printing the interconnects and mounting the rigid chip. Then
the solvent vapor started to transfer the printed interconnects
into a gel state, and rigid chips were surrounded by the gel
interconnects. This method extended the maximum stretch-
ability of printed hybrid stretchable electronics to >500%,
which is more than enough for most application scenarios.
However, solvent vapor-induced soldering is only applicable to
physically cross-linked polymers, and the involvement of

This journal is © The Royal Society of Chemistry 2023

liquid metal may erode the metal pins of rigid parts. EGaln
liquid metals have demonstrated great potential in realizing
reliable soft-rigid connection upon stretching,”®® but the
encapsulation for preventing the oxidation of the liquid metal
and inert interlayer for avoiding the corrosion on metal pins
are required for long-time stability.'°***

4. Vulnerable vias for multilayer
electronics

Stretchable electronics with multi-layer configurations can
realize the high-level integration of all components. This is
valuable in applications with limited surface area for soft
device mounting. For wearable epidermal sensing electronics,
the multilayer design only requires contact between skin and
sensing electrodes, and other components do not directly
come into contact with the skin, increasing the safety of wear-
able electronics. However, the vias that realize the communi-
cations among different layers are vulnerable upon stretching
due to component mismatch with the elastomeric substrate.
Previous research on printed stretchable electronics has
mainly focused on single-layer device fabrication, and the
mature technologies for achieving reliable stretchable vias
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await the right strategies. The process of forming the vias
includes the generation of holes and the filling of the conduc-
tive materials. The hole size and shape significantly affect the
reliability of the vias that electrically connect the circuits on
the opposite sides of elastomeric substrates. The formation of
the holes can be performed by either die cutting or laser abla-
tion. Die cutting can only achieve cylindrical holes with a dia-
meter of more than 100 pm. Conical via-holes, reproduced
using laser-cutting, can keep the filling layer more reliably
inside the via-holes rather than letting it flow through the
hole, as compared with the punched or drilled cylindrical via-
holes. Compared with die cutting, laser ablation has the
advantage of achieving a high resolution. Meanwhile, laser
ablation can be used to fabricate conical holes, making the
filling ink stay inside the holes instead of flowing through.'**%*
The ablation process relies on electron excitation in the sub-
strate under laser irradiation to generate heat for the melt and
evaporation of the polymer. In our previous work, the laser also
could reduce graphene oxide and realize highly conductive and
well-patterned electrodes for a stretchable supercapacitor.'®
Thorough information about polymer ablation can be found in
an earlier review.'°® Here, we mainly focus on filling the conduc-
tive materials for highly conductive and reliable vias.

Rigid conductive materials have shown reliable perform-
ance to connect multilayer stretchable rigid metal interconnec-

Through VIA

stretching ' deformed

Magnetized iron pillar

- Core-shell structure

Magnetic flux density
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tions enabled by the serpentine structural design. High elastic
modulus polymeric materials, such as epoxy and polyimide,
were utilized to stiffen the area for vias to form a “rigid island”
and avoid damage upon stretching. The island-bridge struc-
ture can redistribute strain on the interconnection area.
Huang et al. developed a stable via through selective ablation
on serpentine Cu foil-Ecoflex stretchable circuits and screen
printing of Sny,Bis;cAgo.4 solder paste, as shown in Fig. 4A.
After printing, 150 °C heating was used to transfer the paste to
rigid pillars and form good bonding with bottom Cu pads.
The Cu pads were strengthened by the polyimide and thus the
strain was mainly distributed elsewhere. By doing so, research-
ers realized strain-invariant vias cross-layers and highly stable
4-layer highly integrated and stretchable circuits that can
perform multi-channel sensing and data transmission.'”’
Another work utilized electrohydrodynamic (EHD) printing to
pattern a low-melting-point alloy in an in-plane serpentine
structure and vertical pillar as the stretchable interconnects and
vias, respectively, as shown in Fig. 4B. The syringe was heated to
175 °C to enable the flowing of the alloy for printing. After
printing, the molten alloy ink solidified on the substrate
because the substrate temperature was lower than the melting
point. This feature not only facilitated the printing of in-plane
serpentine stretchable metal interconnects on soft PDMS, but
also created the vertically printed alloy pillar for vias. A high-

Strong field

mesin shell PDMS
E, E,

(E;>E; > Ey)

Filling + Low ink No filling + Low ink
transfer (WT= 18 um) transfer (WT= 18 pm)

Fig. 4 Reliable vias for multilayer printed stretchable electronics: (A) the conventional solder paste as the via for connecting the multilayer stretch-

able Cu metallic electronics, reproduced with permission,*®”

point alloy in in-plane serpentine structure and vertical pillar as the stretchable interconnects and vias, respectively, reproduced with permission,

copyright 2018, Springer Nature; (B) electrohydrodynamic (EHD) printed low-melting-
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copyright 2021, Wiley-VCH; (C) the magnetically aligned Ni particles—silicone composite as the vias for printed stretchable electronics, reproduced

with permission,*°

copyright 2020, Springer.
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copyright 2017, Wiley-VCH; (D) the Ag stretchable inks as the via fabricated by printing and filling, reproduced with permission,
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modulus epoxy was used to reduce the strain on the rigid metal
via, increasing the tensile stretchability from 6% to 40%.'%°

When the rigid composite was applied to function as the
via, the resistance was much higher due to the coexistence of
massive insulating polymer binder.'*>'*° Oh et al. formulated
a nickel particle/rigid silicone ink in a weight ratio of 1:1 for
connecting the electronic circuit on the opposite side of the
PDMS substrate.'® The conductivity was around 3 S m™,
which was much lower than the traditional metal vias. To
reduce the resistance, magnetic alighment was applied to
induce the concentrated nickel particle aggregation under the
magnetic pillar, as shown in Fig. 4C. The vertical magnetic field
realized a particle-rich area in the center and a polymer-rich
area at the shell. Due to the compatible molecular structure of
rigid silicone resin and PDMS, the bonding between rigid shell
and substrate was robust. Not only was the resistance of vias sig-
nificantly reduced, but the stretchability was also enhanced
because the rigid polymer-rich shell could protect the particle-
rich core free from mechanical deformation. Even with this
design, the overall resistance of one via was still around 30 Q
and awaits further reduction by a new design.

Compared with rigid conductive materials, deformable vias
composed of conductive fillers and elastomeric binders offer
better compatibility in Young’s modulus with the stretchable
substrate and printed soft conductors, and thus have greater
potential in printed intrinsically stretchable electronics.
However, the soft vias are more likely to fail upon stretching
due to the presence of a high proportion of metal particles,
as shown in Fig. 4D."™ The formulation of some conductive
ink/pastes involves solvent to tune the viscosity and flowability,
which brings the challenge of achieving a high filling rate, as
volume shrinkage is inevitable during the curing process.
Thus, the filling process requires a higher volume of ink than
that of the via holes. As shown in Fig. 4E, with the increased
thickness of the screen for printing from 18 um to 120 pm, the
filling effect was enhanced."'* However, the increased thick-
ness of the screen stencil reduces the resolution of the print-
ing. Full coverage of the side wall instead of the whole area of
a hole with conductive inks is enough to realize the cross-layer
connection, as shown in Fig. 4F. This approach attains the sub-
strate support for vias material and avoids the cracking associ-
ated with the larger area created by materials that fill the
whole hole. However, the resistance of the via is still increased
upon stretching, resulting from the basic electromechanical
property of elastomer—-conductive filler composite.

For future work, elastomeric binder without the solvent is
preferable for filling the hole, as the volume will not shrink
during the curing process. Silicone, including PDMS and Eco-
flex, can be utilized to realize a high rate of filling. Meanwhile,
a strategy is required to minimize the component mismatch
between filling materials and substrates. The material property
mismatch may induce the detachment of filling materials
from the polymeric substrate upon stretching. It is noted that
the experience in achieving the highly stretchable printed com-
posite can be applied here to minimize the resistance incre-
ment when vias are stretched.

This journal is © The Royal Society of Chemistry 2023
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5. Thermal accumulation

Thermal management is one of the most critical issues for
high-performance electronic devices. Researchers discovered
that temperature is responsible for more than 55% of electrical
component failures, with a 1 °C rise in temperature reducing
dependability by 4% and a 10-20 °C increase doubling the
failure rate.''? As a result, electronic components needed an
effective cooling system to maintain a safe working tempera-
ture.""? Specifically, the thermal accumulation of stretchable
electronics is even more detrimental, as most soft polymer
substrates and targets for the application of stretchable elec-
tronics, such as the human body, are sensitive to high temp-
eratures. Meanwhile, the thermal expansion of the elastomeric
binder in printed composite conductors induces a significant
resistance variance, which is called the temperature coefficient
of resistance (TCR).'** The heat accumulations deteriorate the
bonding between the soft and rigid parts, as escalated heat
softens the elastomeric binders and thus weakens the
adhesion and cohesion of the ICAs. As conductive vias often
suffer from significant component mismatch with the elasto-
meric substrate, displacement between vias and substrates can
result from the discrepancies in the thermal expansion coeffi-
cient upon accumulated heat. In addition, the oxidation of
active conductive fillers can be accelerated by the increased
temperature. Heat dissipation of printed stretchable elec-
tronics introduces significant difficulty in maintaining steady
thermal conductivity under large deformation."** Even though
some stretchable electronics have utilized thermal manage-
ment modules to dissipate the accumulation of heat and
increase performance,''>''® high-performance printed stretch-
able electronics with superior heat management have not yet
been revealed.

Achieving effective heat dissipation from a heat source
requires a thermal interface material (TIM), which is a vital
component in ensuring dependable and stable thermal dissi-
pation from high-power devices."'”"*° The primary objectives
are to create TIM materials with a low temperature expansion
coefficient (CTE), high thermal conductivity, lower dielectric
constant, excellent electrical resistivity, ease of processing, and
most critically high compatibility with printed stretchable elec-
tronic substrates. Ultimately, there is a trade-off between the
high heat conductivity of a material and the soft dynamics that
allow for its greater thermal coupling.’®® Typically, materials
with strong bonds, such as ceramics and metal-bearing
materials, have a high heat conductivity."*" Owing to their elec-
trical insulation and durability, some ceramic materials with
high thermal conductivity (1-300 W m™" K™*), such as silicon
nitride (SizN,), aluminum nitride (AIN), silicon carbide (SiC),
and boron nitride (BN), have been widely investigated as
fillers. Aluminum oxide (Al, O3, ~30 W m™" K ) is presently
one of the most often utilized thermally conductive fillers due
to its low cost and high electrical resistivity.'** Boron nitride is
a kind of TIM filler that has been the subject of much research
in recent years due to its high thermal conductivity (100-600
W m™' K™) and dielectric properties."’” Metallic fillers with

Nanoscale, 2023,15, 434-449 | 441


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr04464a

Open Access Article. Published on 15 November 2022. Downloaded on 3/21/2026 10:23:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Minireview

greater thermal conductivity (10-400 W m™" K™) include
aluminum (Al),*** copper (Cu),"** silver (Ag),'*®> and nickel
(Ni)."*® However, most filler materials are deemed unsuitable
because their stiff structures may result in performance
deterioration such as delamination, cracking, mechanical
failure, and space formation.'”” Although adhesives and gels
have strong mechanical responsiveness and have been used to
repair poor interfaces and weak van der Waals bonding, they
typically have limited heat conductivity.'***°

In contrast, polymer-based TIMs are the most common
choice because they can offer excellent interface contact and
are soft and malleable enough to overcome several mechanical
difficulties. The concept for the creation of soft elastomer-
based heat transfer controls corrosion and fouling resistance.
Commonly used polymer matrices include polyethylene,**!
polyamide,"**> polypropylene,'** polyvinylchloride,** epoxy
resins,”** polycarbonate,"*®> and silicone.”*® Among these
materials, polyethylene (PE) nanofibers exhibited a thermal
conductivity of 104 W m™" K", which is higher than the con-
ductivities of approximately half of the metallic materials. It is
anticipated that the nanoscale rearrangement of molecular
chains by straining and flaws that diminish heat conductance
may be minimized along the direction of stretching.'*” We pre-
viously investigated the influence of shear mixed EGaln
volume and anisotropy orientation. Thermal transport in
microparticles with COOH-terminated polydimethylsiloxane
(COOH-PDMS-COOH) composites was thoroughly investi-
gated. It was observed that the composite’s different an-
isotropy thermal transfer efficiency was created based on the
stretching direction."*® However, the fundamental problem in
heat dissipation is that most soft polymeric matrix materials
have inadequate natural thermal conductivity (0.1-0.5 W m™"
K—l)'1397141

To overcome this issue, composite materials packed with
highly thermally conductive metallic or ceramic fillers have
been constructed to suit the thermal conduction and dissipa-
tion requirements.'*>'** The concern originates from the fact
that the electrical properties of such nanocomposites are
similar to filler qualities, but still, the production techniques
and mechanical characteristics are closer to those of polymeric
materials. It has been experimentally revealed that the effect of
filler-polymer nanocomposite predominantly depends on
various factors such as electrical conductivity, particle size and
shape, volume fraction, and the spatial distribution of the
metal particles.'*® For example, recently Tan et al. reported the
fabrication of a graphene nanoribbon (GNR) with boron
nitride nanosheets (BNNSs)-containing TPU composites via a
vacuum filtration deposition method."*®> The resulting GNR/
BNNS/TPU is a breathable, biocompatible strain sensor with
exceptional temperature management capabilities. According
to reports, the thermal conductivity of a sample comprising
35 wt% BNNSs and 50 pug cm™> GNRs is 0.928 W m™" K™,
which is 2.42 times more than the heat conductivity of a
sample containing 0 BNNSs and 50 g cm™> GNRs (0.383 W
m~" K™"). Furthermore, they discovered a high interfacial heat
conductance of 2.9 104 W m™' K ' between both the
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TPU-BNNS layer and air, demonstrating their device’s out-
standing thermal dissipation. The stretchable strain sensor
showed long-term stability under 100% strain for more than
5000 cycles during the continuous straining cycles, which is
critical for human-to-human skin attachment applications,
making it a great choice for accurate human motion tracking
(Fig. 5A). However, when it comes to the metal fillers, the
higher loading amount of the metallic fillers in the polymeric
matrix material is limited to some extent because of the simul-
taneously increased conductivity and stiffness of the compo-
site."** Aside from all of these impressive qualities and pro-
spective uses, intelligent printed electronics also present sig-
nificant hurdles in how to increase the interface contact for
phonon transfer at both the relaxed and stretched state.

The printed filler structure is extremely attractive for achiev-
ing high heat transfer performance in composite materials
because it reduces the number of filler-polymer interfaces,
preventing future polymer-filler heat transfer, and most
importantly, energy is transmitted throughout filler
skeletons.*>'*® A complex network of filler skeletons offers
adequate phonon transfer channels with plentiful interface
points of contact, which might also efficiently play a vital role
in improving the thermal conductance of polymeric compo-
sites."”” These materials’ attractiveness stems mostly from
their large heat conductivities, significant specific surface
regions, low weights, and outstanding overall capability."*® In
a study by Hu and coworkers,'*® an individual heat compliance
textile based on thermal conductivity and highly aligned BN-
PVA composite was manufactured through a minimal, quick,
and expandable 3D printing method accompanied by a hot-
drawing treatment, as shown in Fig. 5B. The heat transfer of
the resulting BNNS/PVA fabric improved to 0.078 W m™ K,
which is 2.2 and 1.6 times substantially larger than the heat
transfer of cotton and PVA fabrics, respectively. The a-BN/PVA
composite fabric’s cooling impact is 55% more than that of
commercial cotton fabric, indicating a superior thermal man-
agement application. The main benefit of this procedure is the
material’s stretchability and wearability. Meanwhile, these 3D-
printed TIM can be stretchable without sacrificing the thermal
conductivity by the structure design, such as a no-protruding
kirigami structure, as shown in Fig. 5C."*° The T-joint-cut kiri-
gami made the non-extendable materials highly stretchable
without detaching from the substrate.

In current stretchable electronics, thermally conductive
elastomeric composites that combine outstanding stretchabil-
ity with high thermal conductivity have long been
sought."*®'>! Similar to the stretchable electrically conductive
composite, they suffer from insufficient initial low thermal
conductivity and significant thermal resistance increase upon
stretching (including the cycling stretching), due to the exist-
ence of massive elastomeric binders to maintain the stretch-
ability and separation among fillers induced by mechanical
deformation.’™* Researchers can borrow the strategies of
designing the printed stretchable conductors to enable both
high stretchability and thermal conductivity, for example, the
self-assembling of electrically/thermally conductive fillers and

This journal is © The Royal Society of Chemistry 2023
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under 100% strain for more than 5000 cycles, showing excellent stability and repeatability, reproduced with permission,

Nature; (B) the fabrication process of a-BN/PVA composite fiber and optical

copyright 2017, American Chemical Society; (C) the T-joint-cut kirigami structure with non-protruding stretchability, reproduced with permission,*

copyright 2020, Elsevier.

surface functionalization of the fillers. Beyond considering the
thermal conductivity and stretchability, the effect of the ther-
mally conductive layer on the performance of whole devices
should also be studied. The involvement of the thermal con-
ductive fillers increases the elastic modulus of elastomers and
thus may sacrifice the softness of the whole stretchable device.
When applying electrically conductive particles as thermally
conductive fillers, the amount of fillers should be well con-
trolled to avoid the short circuit in insulating layers.

6. Instability of stretchable materials

Compared with conventional printed flexible conductors, the
printed intrinsically stretchable conductor involves different
materials, which may introduce new challenges in realizing
similar stability. The challenge escalates when some stretch-
able electronic devices are applied in the biomedical area and
directly in contact with biofluids. Biofluids are composed of
water, ions, oxygen, biomolecules, and tissues, and thus cause
threats to the stability of the printed stretchable electronics
that contain moisture-sensitive materials, such as metal con-
ductive fillers. If the metal conductive fillers are eroded by bio-

This journal is © The Royal Society of Chemistry 2023

115 copyright 2020, Springer

images of the different fabric structures, reproduced with permission,*°
50

fluids then some released metal ions, for example Ag’, could
induce toxicity in the bio tissues. Elastomers are necessary for
binding the conductive particles during stretching, and thus
the stability of the elastomeric polymer should raise concerns.
Elastomeric polymers are sensitive to heat, limiting their appli-
cation in situations with a high surrounding temperature.
Some of them, such as TPU and block copolymer elastomers,
even suffer from the aging process in an environment with the
presence of UV light, oxygen, and moisture.">>'*>* Meanwhile,
most elastomers are permeable to moisture and oxygen,
causing damage to the inner, easily oxidized, metal
fillers.">*'>> Even though most works have demonstrated the
utilization of elastomers to encapsulate the printed stretchable
circuit, long-term resilience to the working environment has
not been demonstrated. Efforts to enhance the stability of the
elastomeric binder have attracted much less attention from
researchers. Surface modification, doping with inorganic par-
ticles, and molecular chain grafting are strategies that may sig-
nificantly increase the stability of elastomeric binders.
Conductive materials, such as room-temperature EGaln
liquid metal, have been investigated for the delivery of stable
electromechanical properties. Liquid metal is in the liquid
form, but with metal conductivity, making it superior in the
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printing of stretchable conductors. Printed liquid metal-based
traces have been applied in ultra-stretchable conductors,'>***”
vias,”®'%® and anisotropic conductive adhesives with minimal
resistance variation upon mechanical stretching.”” However,
liquid metal is sensitive to oxidation, destructive to IC chip
metal pins and liable to leak.*® Special measures should be
taken to solve the challenge of liquid metals-based printed
conductors. Inert carbon materials, including carbon nano-
tubes and graphene, have served as the interlayer to prevent
the penetration of liquid metal into other metals.’®®'®" The
success of liquid metal will change the way stretchable elec-
tronics are manufactured. When considering biomedical appli-
cations, conductive materials need a much higher resilience to
oxidation and corrosion. Gold and carbon nano/micro
materials are considered ideal chemically inert conductive
fillers in biofluids and electrochemical reaction systems.
However, gold-based nano/micro materials suffer from high
costs, while carbon materials deliver insufficient conductivity
for devices requiring a low overall circuit resistance. The
coating of inert materials on the surface of Ag nano/micro-
particles is still considered a potential method to realize both
high conductivity and long-term stability in biofluids or
electrochemical reactions. After electro-plating with Au, Ag
flakes-based printed stretchable electrodes have demonstrated
applications in sensing epicardial ECG’® and electroretino-
gram signals from human eyes."> Au-coated Ag nanowires
conductors also have shown good biocompatibility with a con-
ductivity of 41 850 S cm™*."° For electrochemical applications,
Ag nanowires have been coated with Pt, Au, Pd, Fe, Ni, and
PEDOT:PSS to realize stretchable sensing,'®’ energy
storage'®*'®® electro-chemiluminescence'®® and electrochro-
mic smart windows. ®>71¢”

Elastomers, as binders for printed stretchable electronics,
inevitably suffer from significant mechanical performance
changes, and some even form color change, with continuous
exposure to surrounding environments. Research in elasto-
mers has intensively studied weathering tests (humidity, temp-
erature, UV, ions) for various commonly used elastomers,
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including TPU,"**'"! silicone rubbers,"”*""* and block
copolymers.'””>'7® However, weathering tests for printed
stretchable composite conductors have rarely been reported.
The incorporation of conductive nano/microparticles may
increase the durability of elastomers to aging. For example,
carbon black and nanotubes can serve as a photostabilizer to
interact with irradiation-generated free radicals, filter and dis-
perse UV energy,">'”” thus enhancing the resistance to UV
irradiation. Weathering tests of printed stretchable electronics
that well consider the working environment are urgently
needed.

Stretchable encapsulation is required for printed stretch-
able electronics to prevent the short-circuit, oxidation and
leaking of metal ions. The commonly utilized elastomeric
binders face challenges in serving as hermetic seals, though
most of the reported works have applied them as encapsula-
tions."”® An ideal encapsulation can simultaneously maintain
stretchability and protect the inner materials from the attack
of ions and oxygen, thus enabling the wide selection of stretch-
able conductive materials in harsh working environments, for
example, human biofluids. Unfortunately, the stretchability
and permeability of small molecules are highly linked.
Elastomers contain cross-linked or entangled 3D chain net-
works, and each chain continuously experiences thermal
motion, and thus small molecules such as water and oxygen
can easily diffuse through them. The permeability to oxygen
and water of different materials can be found in Fig. 6.
Inorganics, metals, graphene, and plastics have better resis-
tance to oxygen and water transfer. Le Floch et al. laminated a
layer of stretchable SiO, enabled buckling structure on the
surface of PDMS film to decrease the transmissibility of water
and air."”® Yin et al. deposited Au on elastomeric SEBS film to
prevent the leaching of the water from electrolyte, thus elonga-
ting the life of their printed stretchable AgO-Zn batteries."®°
Among elastomers, butyl rubbers show the best performance
in resisting the transfer of oxygen and water, because the
thermal motion of the network chains was impeded by methyl
groups.'®! As a result, less free space is available for small
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Fig. 6 The water and oxygen permeability of different materials.*’® Copyright 2018, American Chemical Society.
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Table 2 The types of failures, causes, overcoming strategies and future trends of printed stretchable electronics

Type of failures Causes

Overcoming strategies

Future trend

Dysfunction on
interconnects
Concentrated stress at the
soft-rigid interfaces
Vulnerable vias

Conductive network change and
viscoelasticity of elastomers
Steep jump of Young’s modulus

Low filling efficiency and material
mismatch

Thermal accumulation Running of electronic circuit
Materials instability Active fillers; aging and high oxygen/
water transmittance of elastomers

molecules to transfer through the film. Butyl rubbers have

been applied to protect stretchable organic electronic
materials,"®*'® triboelectric nanogenerators,'®* alternating
current electroluminescence devices'®> and iongels.'®®

However, few of the aforementioned strategies have been
applied to printed stretchable electronics. Researchers in
printed stretchable electronics need to pay more attention to
the stability issue of their materials’ selection, including con-
ductive fillers, elastomeric binders and stretchable encapsula-
tion based on the specific application scenarios of their soft
devices.

7. Conclusion and perspective

Compared with printed flexible electronics, printed stretchable
electronics are still in the infant stage of readiness for com-
mercialization. The physical softness and capability of working
under mechanical deformation make this technology a prom-
ising platform for solving the challenges in curved-surface and
soft subjects. Apart from the stretchability of materials, sys-
tematic materials’ properties consideration is required to
realize stable performance in practical applications. Thus, the
combination of new mechanisms, materials, and structure
design is inevitable in increasing the reliability of the stretch-
able system under deformation. In this review, we have sum-
marized the common failure modes in printed stretchable
electronics and discussed the strategies for addressing these
challenges. Future research should pay more attention to all
factors that affect the reliability of the whole system upon
stretching.

Stretchability is an attractive property for biomedical
devices, soft robotics, smart agriculture, and human-machine
interfaces. However, the stretching causes a huge challenge to
the whole system of the electronics, including dysfunction of
the conductors, separation of the rigid and soft parts, unstable
communication among layers and thermal accumulation.
These failures are even aggravated with fast-cycling stretching
because the elastomers involved in the fabrication of printed
stretchable electronics deliver a viscoelastic behavior, signifi-
cantly affecting the restoration of the conductive networks
after stretching. In addition to these physical dysfunctions, the
selection of the material that enables the stretchability and

This journal is © The Royal Society of Chemistry 2023

Conductive additives and
fillers/elastomer interaction
Stretchable conductive
adhesives and geometric design
Rigid via, component gradient
and side wall coating

Thermal dissipation substrate

The surface modification,
doping, and chain grafting

Less strain rate-dependent and
highly durable in cycling stretching
Robust bonding with both rigid and
soft components

Solvent-free and soft filling and
scalable fabrication

Soft and highly conductive thermal
interface materials

Incorporating printability to present
strategies

their application environments also cause concerns for their
long-term stability. Some conductive fillers deliver attractive
electromechanical properties, but their stability is still unsatis-
factory, especially in the presence of biofluids. Elastomeric
binders enable the elongation of printed electronics, but their
durability to aging still cannot be ignored. Meanwhile, the
stretchable encapsulations that require both stretchability and
a low transmissivity to oxygen and water still lack systematic
study. The types of failures, causes, the overcoming strategies
and future trends are summarized in Table 2.

Beyond the points we have discussed, more breakthroughs
are required for the right solutions, including international
standards to evaluate the reliability of printed stretchable elec-
tronics. Even though research into stretchable electronics is
flourishing around the world, the ways of evaluating perform-
ance has varied with different papers. It is a challenge to
produce a fair and standard comparison among different
research works. Meanwhile, the IC chips for the present
stretchable electronics are still based on the conventional
printed circuit boards which have a narrow tolerance for resis-
tance variance. The IPC-9701 defined the failure of conductors
as the reading of resistance change of more than 20% for
more than 6 times,'®” which means most present printed
stretchable conductors cannot meet this criterion. Thus it is
highly desirable that IC chips or circuit designs that can work
under a high resistance change to have a good match with the
printed stretchable conductors. We believe that the success of
printed stretchable electronics is revolutionary and will give us
a new capability to sense, engage and connect with the world
that we have not experienced before.
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