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Elastomer-based stretchable conductive composites of high electrical conductivity, mechanical stability
and excellent adhesion to the substrates are essential as interconnects for stretchable electronics. Most
previous composites require high percolation threshold concentration of metallic fillers to achieve high
electrical conductivity, which in turn lowers their mechanical stability and adhesion to the targets.
Herein, we propose a rationally designed stretchable conductive composite of low percolation threshold
concentration with the aid of boron nitride (BN) as a non-conductive auxiliary filler. The BN introduction
significantly increases the electrical conductivity of the composites by up to 9 orders of magnitude at
66 wt% Ag concentration. The percolation threshold Ag concentration of the composite without BNs is
63.3 wt% (14.8 vol%), whereas the introduction of 3 pm h-BNs lowers the threshold concentration to
52.0 wt% (9.53 vol%), which is due to the effective attractive interaction between auxiliary BN and Ag
particles. Furthermore, the exfoliated 3 um BNs lower the BN concentration to achieve similar electrical
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Accepted 16th February 2023 stretched. The composites have been successfully applied as stretchable electrical interconnects and
maintain their performance even after repeated washings. These model studies provide an insight in that
the inter-particle interaction between an auxiliary filler and a conductive filler is a key design parameter to

reduce the percolation threshold concentration for high-performance stretchable conductive composites.
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against mechanical deformations, complicated process, and lim-
ited adhesion to flexible/or stretchable substrates. Furthermore,

Introduction

Stretchable electronics have attracted attention as promising
technologies for the next generation of smart wearable devices,'™
personal healthcare,*® and soft robotics.”® A key component of
stretchable electronics is a stretchable interconnect that requires
high conductivity, electrical reliability upon stretching, and adhe-
sion to flexible and/or stretchable substrates. Stretchable inter-
connects have been fabricated by employing inherently soft
materials including liquid metals'®** and conductive polymers"?
or by designing stretchable structures such as wavy,"? re-entrant,"*
chiral,’ and serpentine structures.'® Despite their high electrical
performance, these interconnects suffer from insufficient stability
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these methods require additional conductive adhesives to connect
the interconnects and electronic units. Epoxy-based silver
adhesives with conductivities of 10°~10° S em™" have risen as a
compelling alternative.'”>° However, due to their limited flexibil-
ity, cracks are easily formed at the electrical interconnects and
electrical components are detached from the substrates during
bending or stretching, thus significantly reducing their electrical
conductivity.”* Therefore, the development of polymer-based
stretchable conductive composites offering high mechanical con-
formability and excellent adhesion is essential for accommodat-
ing electronic islands in stretchable electronic devices.
Stretchable conductive composites have been widely explored as
electrical interconnects using elastomers as a matrix and metallic
materials as a conductive filler, due to their intrinsic stretchability,
low sheet resistance and simple fabrication process. A variety of
elastomers including polybutadiene,®* polyurethane,>*?** fluori-
nated rubber,” and polysilicon (ie., poly(dimethylsiloxane)
(PDMS))***” have been used as stretchable matrices. The electrical
paths in these elastomeric matrices can be obtained by using 1, 2 or
3-dimensional shaped-metals, carbon nanotubes, MXenes, or their

This journal is © The Royal Society of Chemistry 2023
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mixtures.?5!

Depending on the size, shape and type of metallic
fillers, stretchable conductive composites exhibit electrical conduc-
tivity in a wide range of 10'~10° S cm . In general, a large amount
of metallic filler is required to achieve the high electrical conduc-
tivity, which increases the viscosity of the composites and in turn
lowers their mechanical stability and adhesion to the targets.>*?*>3?
Thus, a rational design that lowers the amount of metallic filler in
an elastomeric matrix while maintaining the high electrical con-
ductivity and good adhesion is indispensable for stretchable elec-
tronics. It should also be mentioned that, despite their importance,
there have been only a few previous studies to report the adhesion
of conductive interconnects to stretchable substrates.**~°

Here, we report a rationally designed stretchable conductive
composite of high electrical conductivity and excellent adhe-
sion to various flexible and/or stretchable substrates, which has
been achieved by reducing the Ag concentration in an elasto-
meric matrix with the aid of boron nitride (BN) as an auxiliary
filler. Due to their insulating properties, the BN fillers affect the
electrical conductivity of the adhesives by tuning the effective
interaction between Ag particles rather than directly participating
in the electrical paths. Although only platelet-shaped #-BNs have
been used in this study, the #-BN is an interesting, non-conductive
auxiliary filler for model studies to investigate the shape (1, 2,
and 3D) and size effect of insulating #-BNs on the electrical
conductivity of the composites. As the diameter of 4-BN platelets
decreases from 12 to 3 pm, the electrical percolating networks
of the composites can be formed at lower Ag concentrations.
While the percolation threshold Ag concentration without BNs is
63.3 wt% (14.8 vol%), the introduction of 3 pm BNs lowers the
threshold concentration to 52.0 wt% (9.53 vol%), with the max-
imum electrical conductivity of 2217 S em ™. This is attributed to
the fact that the non-conductive 3 pm BN helps the agglomerated
Ag particles better disperse in the silicone matrix compared to the
larger BN particles. Furthermore, exfoliating 3 pm BNs with the aid
of sucrose lowers the BN concentration to achieve similar electrical
conductivity, thus resulting in improved electrical stability as well
as excellent adhesion during bending or stretching.

Experimental details

Materials and preparation of stretchable conductive
nanocomposites

Ag particles with an average size of 2-3.5 pm were purchased
from Sigma-Aldrich (>99.9% trace metal basis). Boron nitride
(h-BN) platelets of 3, 6, and 12 pm in diameter (Fig. S1, ESIf)
were purchased from 3M. Sucrose crystals were purchased from
Sigma-Aldrich (>99.5% (GC)). Introducing sucrose onto BN
(sucrose-BN) was carried out using ball milling with reference
to the previous study.®” The BNs (1 g), sucrose crystals (5 g) and
two ZrO, balls with a diameter of 10 mm were placed into a
ZrO, pot and ball-milled at a speed of 400 rpm for 4 h. After
milling, the mixture was washed with 200 mL deionized water
and vacuum-filtered through a polytetrafluoroethylene (PTFE)
membrane (pore size = 1.0 um). After filtration, the sucrose-
assisted BNs were dried at 80 °C for 8 h under vacuum. For
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composite preparation (Fig. 1(a)), the Ag particles and BNs were
mixed in chloroform, followed by solvent-evaporation at 120 °C.
Elastomeric silicone adhesive and 1 mL chloroform were then
added to the Ag/BN mixture and mixed using a high-speed
paste mixer at 2200 rpm for 3 min. The composite with a
thickness of 100 pum was coated on a 1 mm thick PDMS
substrate by doctor blading and cured at 180 °C for 2 h.

Characterization

The initial sheet resistance was measured by using a standard
four-point probe meter (Napson, CRESBOX) at room temperature
and then the electrical resistivity was calculated by considering
the initial geometry and sheet resistance of the composite films.
During stretching tests, the sheet resistance was measured by a
four-point probe meter (Mitsubishi Chemical Analytech, MCP-
T610). Subsequently, the bulk resistivity was calculated via the
geometrical dimension changes and sheet resistance. At a given
strain, the composite thickness was obtained by measuring the
width and length during stretching. It was assumed that the total
volume of the composite film does not change upon stretching.
The conductivity changes of the composites over 3000 stretching
or bending cycles were examined when stretched or bent at a
crosshead speed of 1 mm s~ . The composite morphology was
investigated using field-emission scanning electron microscopy
(FE-SEM, Catrl Zeiss, Sigma 300). Surface elemental analysis of the
Ag and BN particles was carried out with X-ray photoelectron
microscopy (XPS, PHI 5800, ESCA System) equipped with a
monochromatized Al Ko radiation source. A standard adhesion
test of the composites to various flexible/or stretchable substrates
was conducted by attaching and detaching commercial tapes
(adhesion tape, 3M).

Results and discussion
Effect of BN size on percolation threshold concentration

The Ag/silicone composites undergo an insulator-conductor
transition as the Ag concentration increases above a critical
concentration, which is called a percolation threshold concen-
tration. The percolation theory assumes that if a bond between
two Ag particles could be defined and there would be suffi-
ciently many bonds, the percolating network would exist in the
system.>*™*® For conductive composites, the bond might be
defined between two Ag particles when the distance between
them would be short enough for electrons to hop via a tunnel-
ing process.*’ The composites are non-conductive at Ag con-
centrations below the critical concentration, whereas the
electrical percolating networks form at Ag concentrations above
the critical concentration. When the Ag concentration increases
above the percolation threshold concentration, the electrical
conductivity of the composites increases following a scaling law
equation, as shown below:*?

o.=af(® — @)/(1 — (DC)]t

where o, is the electrical conductivity of the composites, o¢ is
the filler conductivity, @ is the filler volume fraction, and @, is
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Fig. 1 (a) Preparation of the stretchable conductive adhesives. (b) Electrical resistivity of the Ag/silicone adhesives as a function of the Ag concentration.
The inset is the log—-log plot of 6. — a7 vs. (@ — @) — (1 — @) for the Ag/silicone adhesives. (c) Electrical resistivity of the Ag/silicone adhesives with h-BN as
a function of the BN content. The Ag concentration in the composites was fixed at 66 wt%. (d) Electrical resistivity of the Ag/silicone adhesives with 7 phr
h-BNs as a function of the Ag content. (e-f) log—log plots of . — af vs. (@ — &) — (1 — @) for the Ag/silicone adhesives including 7 phr BNs with various
diameters (12, 6, and 3 um). (g) Percolation threshold concentration of Ag particles in the adhesives.

the critical volume fraction. ¢ is a scaling exponent that relies on
the dimensionality of the conductive network and has a theore-
tical value of ¢t = 2 for 3-dimensional networks.’® However,
considering a quantum mechanical tunneling of electrons
between two conductive particles in an insulating matrix, ¢
would be non-universal in three dimensions and varies from 1
to 3 depending on the systems.**™*®

Fig. 1(b) shows the electrical resistivity of Ag/silicone compo-
sites as a function of the Ag concentration. When the Ag content is
66 Wt% or less, the composites show the extremely high electrical
resistivity of ~10° Q cm. As the Ag concentration increases, the
electrical resistivity decreases and reaches as low as 4.8 X
10~* Q cm at 75 wt% Ag concentration. The percolation thresh-
old concentration of the Ag particles is 63.3 wt% (14.8 vol%)
and the scaling exponent (¢) is 1.92, which are determined by a
log-log plot of . — o¢vs. (¥ - ®.) — (1 — ) (Fig. 1(b) inset). The
stretchable conductive composites of Ag concentration higher
than 75 wt% could not be manufactured due to their high
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viscosities. The high Ag content increases the composite viscosity,
consequently lowering their mechanical stability and adhesion to
the targets. Since the elastomeric silicone adhesive was used as a
matrix, we refer to the composite as a stretchable conductive
adhesive (SCA) at a later point in the manuscript.

In order to reduce the percolation threshold concentration,
the platelet-shaped %-BNs were introduced as a non-conductive
auxiliary filler to the Ag/silicone adhesives. The electrical resis-
tivity of the SCAag.gewtor Without BN filler is 1.95 x 10° Q cm,
whereas the adhesive resistivity decreases with increasing the
BN content from 1 to 7 phr (parts per hundred rubber),
regardless of BN size (Fig. 1(c)). The electrical resistivity exhibits
1.19 x 1073, 1.26 x 1073, and 1.28 x 10> Q cm for the
SCApg.66wto containing the BNs with a diameter of 12, 6, and
3 um, respectively. However, when the BN content is higher
than 7 phr, the electrical resistivity rather increases, which
might be due to the unreliable film condition derived from the
high viscosity. As a result, the BN introduction significantly

This journal is © The Royal Society of Chemistry 2023
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reduces the electrical resistivity of the Ag/silicone adhesives by
up to 9 orders of magnitude at 66 wt% Ag concentration. The
BN diameter also influences the percolation threshold concen-
tration of the Ag particles in the adhesives (Fig. 1(d)-(g)).
The percolation threshold concentration of the SCA with
12 pm BN is 58.9 wt% (12.3 vol%), which is decreased by
4.4 wt% compared to the SCA without BN filler. Reducing the
BN diameter to 3 um further lowers the percolation threshold
concentration to 52.0 wt% (9.53 vol%), indicating that the
smaller BN particles can effectively reduce the percolation
threshold concentration.

To understand the BN effect on the percolation threshold
concentration, the morphology of the SCAs was characterized
by using SEM images and energy dispersive X-ray (EDX) Ag
mapping (Fig. 2). At 60 wt% Ag concentration, the relatively
hydrophilic Ag particles in the hydrophobic silicone matrix
agglomerate due to the strong attractive interactions between
Ag particles, thus deteriorating the electrical properties and
exhibiting the high resistivity of ~ 10° Q cm (Fig. 2(a) and (e)).
If the attractive interaction is sufficiently strong, the Ag agglom-
erates may be suspended dynamically in a non-equilibrium
state with a long relaxation time. Since the Ag particles form
agglomerates in the SCAs, additional Ag particles are required
to form the electrical percolating networks, which in turn
increases the percolation threshold concentration.***° In con-
trast, the presence of BNs in the SCAs allows the Ag particles to
be better dispersed in the matrix (Fig. 2(b)-(d) and (f)-(h)).
Because the BN and Ag particles have partial hydroxyl groups at
their edges, they may interact attractively in the silicone matrix
(Fig. S2, ESIt). Such an attractive interaction between auxiliary
BN and Ag particles could compensate for the attractive inter-
action between Ag particles, thereby resulting in the Ag disper-
sion. In addition, the morphology of the Ag particles in the
SCAs is subject significantly to the diameter of auxiliary BNs. As
the BN diameter decreases from 12 to 3 um, the Ag particles
become dispersed even better. At the same BN concentration,

W/ 12 pm BN ~£

ch1 MAG:2000x HV:10kV WD:6.7 mm Px:57.0nm

W/ 12 ym BN
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smaller BNs allow more surface-BNs to interact with the Ag
particles and thus prevent the agglomeration of the Ag parti-
cles, which can facilitate the Ag dispersion in the silicone
matrix and in turn reduce the percolation threshold concen-
tration of the Ag particles in the adhesives.

Effect of exfoliated BN on the percolation threshold
concentration

The optimal amount (7 phr) of BN auxiliary fillers added to the Ag/
silicone adhesives occupies the high volume fraction of 2.68 vol%
within the silicone matrix. Such a high content incurs a rise in the
composite viscosity, which lowers the mechanical stability and
adhesion to the targets. Thus, the 3 pm A-BN platelets were
exfoliated by sucrose during planetary ball milling to lower their
content in the SCAs (Fig. 3(a)).”” The pristine #-BN platelets have
an average thickness of 300 nm and form agglomerates (Fig. S3
and S4, ESIt). On the other hand, the sucrose-assisted /#-BNs (suc-
BNs) show an approximately 40 nm thickness and fractured
structures. The size distribution analysis of suc-BN platelets also
exhibits the fracture of the pristine #-BN platelets during the ball
milling process (Fig. S5, ESIT).

The electrical resistivity of the SCAxg gewto, Was characterized
as a function of the suc-BN content, exhibiting the lowest resi-
stivity of 3.3 x 107° Q cm at 3 phr suc-BN content (Fig. 3(b)).
These results indicate that the sucrose-assisted exfoliation of
the pristine BNs lowers the BN amount required to achieve the
percolating conductive network. However, the percolation
threshold concentration of the adhesives with 3 phr suc-BNs is
61.6 wt% (13.7 vol%), which is higher than that (52.0 wt%) of the
adhesives with the pristine 3 um BNs (Fig. 3(c) and (d)). This
could be due to the change in the functional groups of the
pristine BNs. Owing to the grafted sucrose, the suc-BNs have
more B-OR and N-R functional groups at their edges than the
pristine BNs, which makes the suc-BNs relatively less hydrophilic
(Fig. S6, ESIT).>” Thermogravimetric analysis (TGA) also supports
the grafting of sucrose to the BN surfaces (Fig. S7, ESI}).

10 pm
—

ch1 MAG :2000x HV:10kV WD:6.8mm Px:57.0nm ch1 MAG:2000x HV:10kV WD:7.6mm Px:57.0 nm

W/ 6 pm BN

10 pm 10 ym
[ | e —_—

ch1 MAG:2000x HV:10kV WD:6.8mm Px:57.0 nm ch1 MAG:2000x HV:10kV WD:7.6 mm Px:57.0 nm

Fig. 2 SEM images and EDX Ag mapping of the Ag/silicone adhesives with 60 wt% Ag content: (a and e) No BN platelets in the adhesive, (b and f) 12 um
BNs, (c and g) 6 pm BNs, and (d and h) 3 pm BNs. All scale bars indicate 10 pm.
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The weak attractive interaction between the relatively hydropho-
bic suc-BN and the hydrophilic Ag particle could not prevent
some agglomeration of the Ag particles, which is consistent with
the SEM images and EDX Ag mapping as shown in Fig. S8 (ESIf).
As a result, the poor dispersion of Ag particles in the adhesives with
3 phr suc-BNs leads to an increase in the percolation threshold
concentration compared to the adhesives with the pristine 3 pm
BNs of 7 phr. In order to reduce the BN amount without deterior-
ating the Ag dispersion, the studies of exfoliating the BN platelets
via a hydrophilic surfactant have been in progress.

Electrical stability of the adhesives under strain

The SCA films with a thickness of 100 um were printed on a
1 mm thick PDMS substrate by doctor blading. The SCAs contain-
ing only the 72 wt% (SCAag72 wio) and 73 wt% (SCAxg.75 wios) A
particles show the electrical conductivity of 1420 and 1755 S cm ™,
respectively. In contrast, the SCAs containing the 72 wt% Ag
particles and 7 phr BNs show the higher conductivity of 1959,
2048 and 2213 S cm ™' for BN diameters of 12, 6, and 3 um,
respectively, due to the good dispersion of Ag particles as
explained above. When stretched up to 90% under uniaxial tensile
stress, the SCAyg72 wioo and SCApg73 weop €xhibit similar conduc-
tivity changes (o/0,, where ¢ and g, are the changed and initial
conductivity, respectively) of 0.39 and 0.4, respectively (Fig. 4(a)).
However, the SCAs with 7 phr BNs exhibit a slightly higher
reduction in the conductivity upon stretching; the conductivity
changes (¢/0,) for 3, 6, and 12 pm BNs are 0.33, 0.27, and 0.33,
respectively, which might be attributed to the fact that the large

3800 | J Mater. Chem. C, 2023, 11, 3796-3804

(c) Electrical resistivity of the Ag/silicone adhesives with 3 phr suc-BNs as a
@) for the Ag/silicone adhesives without BNs and with 3 phr suc-BNs.

amount of 7 phr BNs significantly reduces the volume fraction of
the silicone matrix in the composites and thus increases the SCA
viscosity. Reducing the BN concentration required to lower the
percolation threshold Ag concentration is effective in controlling
the adhesive viscosity along with stretchable stability. As shown in
Fig. 4(b), the initial conductivity of the SCAsg7owte, With suc-BN is
1965 S em ' and its conductivity change is 0.46 at 90% strain,
which is an improved electrical stability compared to the SCAs
without BNs or with un-exfoliated BNs. Such an electrical stability
is also confirmed in the stretching at 50% strain and bending
tests with a bending radius of 10 mm over 3000 cycles (Fig. 4(c)
and (d)). For SCAug7awer, Without BNs, the g/o, are 0.13 and
0.67 after 3000 stretching and bending cycles, respectively. The
SCAag-72wto With 7 phr 3 um BNs shows the same instability as the
adhesive without BNs, whereas the SCAg.75wto, With 3 phr suc-BNs
exhibits significantly higher electrical stabilities of a/5, = 0.53 and
0.83 for stretching and bending cycles, respectively. These results
demonstrate that reducing the BN concentration is essential to
maintain the high volume fraction of the silicone matrix in the
composites for stretchable stability and good adhesion. In addi-
tion, this work was compared to recent works on conductive
elastomers and conductive adhesives (Fig. S9, ESIt). Since few
studies on elastomer-based conductive adhesives have been
reported, the electrical conductivities of the SCAs as a function
of uniaxial tensile strain are compared with the recent works on
elastomer-based conductive composites. Fig. S9 (ESIT) shows that
the electrical conductivity and stability under strain of the SCA are
among the high results of previous studies.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a, b) Electrical conductivity of the Ag/silicone adhesives as a
function of the strain. Change in conductivity (6/co, where ¢ and oq are
the changed and initial conductivity, respectively) of the Ag/silicone
adhesives as a function of (c) number of bending cycles at a bending
radius of 10 mm and (d) number of stretching cycles at 50% strain.

Adhesion of the adhesives to flexible and/or stretchable
substrates

While conventional epoxy-based Ag adhesives have higher
electrical conductivity than our SCA, they have some disadvan-
tages of rigidity and poor adhesion to various flexible and/or
stretchable substrates. Due to their limited flexibility, cracks
are easily formed at the electrical interconnects and electrical
components are detached from the substrates when bent or
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stretched, thereby significantly reducing their electrical con-
ductivity (Fig. S10, ESIt). Although the stretchable substrates
such as PDMS have been widely used for wearable devices, a few
studies have been reported to date.*’>° We conducted the
standard adhesion tests of the SCAs with 3 phr suc-BN on
various flexible and/or stretchable substrates such as PDMS, PI
(polyimide), PES (polyethersulfone), and PEN (polyethylene
naphthalate). While the epoxy-based conductive adhesives
(ECA) are removed from PDMS, PI and PES by the standard
adhesion tests, none of the SCAs with suc-BN are detached
from the substrates (Fig. 5(a)-(d)). Moreover, the SCAs are
strongly attached on the PDMS, PI, PES and PEN substrates
even after bending, indicating that the addition of suc-BNs as
an auxiliary filler does not affect the adhesion properties of
silicone adhesives used as a matrix (Fig. 5(e)-(h)).

Demonstration of the adhesives as washable electrical
interconnects

The SCAs in this study meet the requirements for stretchable/or
wearable interconnects such as high electrical conductivity,
stability against strain, and adhesion to various substrates.
Attached to a human finger-joint, the SCA printed on a PDMS
substrate successfully interconnects between a battery and an
electrical propeller without additional soldering or commercial
epoxy-based conductive adhesives (Fig. 6(a)-(c)). The spin speed of
the propeller connected to the SCA remains constant regardless of
the bending angle of a human finger-joint, which is also con-
firmed by the paper position. Furthermore, as shown in Fig. 6(d)-
(f), the SCA interconnecting between a battery and a red light-
emitting diode (LED) works reliably regardless of the bending
motion. It is worth mentioning that the SCA interconnects

Fig. 5 Adhesion of the SCAs containing the 72 wt% Ag particles and 3 phr suc-BNs to various substrates: (a and e) PDMS, (b and f) PI, (c and g) PES, and (d
and h) PEN. The insets show the adhesion of commercial epoxy-based conductive adhesives (electrically conductive adhesives (ECA)) to the indicated

substrates.
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Fig. 6 Demonstration of the stretchable conductive adhesives as electrical interconnects. Performance of the SCAs interconnecting a battery with an
electrical propeller (or a LED) on a human finger-joint under (a and d) initial state, (b and e) bending state, and (c and f) unbending state. Change in the
electrical conductivity of the SCA interconnects on PDMS (g) after being immersed in 1 wt% detergent solution for 24 h and (h) after 10 repeated washings

using a conventional washing machine in standard mode.

maintain their electrical conductivity after being immersed in 1
wt% detergent solution for 24 h (Fig. 6(g)). Even after 10 repeated
washings using a household washing machine with detergent
solution at 30 °C in standard mode, the SCA performance remains
about 80% (Fig. 6(h)), indicating their great potential as stretch-
able interconnects, especially washable textile interconnects.

Conclusions

A rationally designed stretchable conductive adhesive (SCA) of
high electrical conductivity and excellent adhesion has been

3802 | J Mater. Chem. C, 2023, 11, 3796-3804

achieved by reducing the Ag concentration with the aid of
boron nitride (BN) as a non-conductive auxiliary filler in the
composites. Due to their insulating properties, the BN fillers
influence the electrical conductivity of the composites by con-
trolling the effective attractive interaction between Ag particles
rather than directly participating in the electrical paths. The BN
introduction significantly increases the electrical conductivity
of the SCApg.ewt Dy up to 9 orders of magnitude. With
decreasing the diameter of 4-BN platelets from 12 to 3 um,
the electrical percolating networks of the adhesives are formed
at lower Ag concentrations. The percolation threshold Ag
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concentration of the SCA without BNs is 63.3 wt% (14.8 vol%),
whereas the introduction of 3 um BNs lowers the threshold
concentration to 52.0 wt% (9.53 vol%), with the maximum
electrical conductivity of 2217 S em ™', which is due to the
effective attractive interaction between auxiliary BN and Ag
particles. Such an interaction could compensate for the attrac-
tive interaction between Ag particles, thereby resulting in the
enhanced Ag dispersion. In contrast, the exfoliated 3 pm BNs
assisted by sucrose are less effective in reducing the percolation
threshold concentration than the pristine 3 pm BNs, owing to
their less hydrophilic surface. Nevertheless, the exfoliated 3 pm
BNs lower the BN concentration to achieve similar electrical
conductivity, thus resulting in improved electrical stability as
well as excellent adhesion when bent or stretched. These results
demonstrate that the inter-particle interaction between an aux-
iliary filler and a conductive filler is a key design parameter to
reduce the percolation threshold concentration for mechanical
and electrical stability of the stretchable conductive composites.
Attached to a human finger-joint, the SCAs have been success-
fully applied as electrical interconnects between a battery and a
propeller (or LED) without additional soldering or commercial
conductive adhesives. In addition, the SCAs maintain their
performance even after repeated washings using a conventional
washing machine in standard mode. We believe that the strategy
proposed in this study shows great potential for stretchable
electronics, especially washable textile electronics.
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