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Development  of  low-voltage  driven  multifunctional  thermal  igniters  for nanoscale  energetic  materials
(nEMs)  is  important  for extending  the application  of  nEMs  to various  thermal  engineering  fields.  In this
study,  highly  flexible  heater  chips  capable  of  generating  a sufficient  amount  of heat  to  ignite  nEMs  at  a
low  voltage  are  demonstrated  by  incorporating  a  patterned  aluminum-doped  paper  (AP)  with  polymeric
substrates.  A combination  of  automatic  paper  cutting  and  single-step  ultraviolet  polymer  curing  tech-
niques  helps  in  the  fabrication  of various  designs  of  flexible  AP  heater  chips  in  a simple  and  low-cost
manner.  Based  on  the  AP  heater  chips,  three  models  of flexible  thermal  igniters  are  designed  to develop
anoscale energetic materials
luminum-doped paper
ow-voltage ignition
lexible heater chips
ultifunctional thermal igniters

emote/selective ignition system

new  functions  such  as  selective  ignition  and  sequential  ignition  in  a single  chip  and  successfully  operated
at  low  voltages.  Two  types  of  compact  ignition  systems  are  fabricated  by fully integrating  the arrayed
AP  igniters,  circuit  modules,  and  portable  batteries  in a three-dimensional  printed  single  package  and
on  a flexible  circuit  board. The  systems  are  successfully  demonstrated  to  ignite  nEMs  wirelessly  and
selectively  with  a  smartphone.

© 2019  Elsevier  B.V.  All  rights  reserved.
. Introduction

Composite nanoscale energetic materials (nEMs) comprising
anoscale fuel and oxidizer materials can rapidly convert stored
hemical energy into thermal and mechanical energies (i.e., heat
nd pressure) upon ignition, exhibiting significantly higher reac-
ivities and energy densities than those of microscale counterparts.
herefore, nEMs have recently attracted significant attention in
umerous potential applications, including propellants, explosives,
nd pyrotechniques [1–8]. However, the current studies on nEMs
re focused mainly on engineering of material systems to optimize

he combustion and explosion characteristics.

Appropriate techniques for an efficient ignition of nEMs are
equired for device applications of nEMs in various thermal engi-
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epublic of Korea.

∗∗ Corresponding author.
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924-4247/© 2019 Elsevier B.V. All rights reserved.
neering fields. Among diverse ignition strategies, electrothermal
ignition has been the most widely used in various civilian and
military applications [9–16]. This is predominantly attributed to
considerable advances in micromachining technologies, which can
significantly miniaturize thermal igniters by enabling fabrication of
heating devices with patterned thin-film metal [9–13] and polysil-
icon wires [14–16] at the microscale.

The micromachined heaters (MHs) typically exhibit stable elec-
trothermal performances coupled with fast response capabilities. In
addition, it is feasible to integrate them in a compact system owing
to the small footprint. Furthermore, MHs  can be easily designed in
an arrayed form and thereby can ignite EMs  independently, yield-
ing multiple ignitions in a single chip [17–24]. However, there are
some critical challenges of MHs, which might hinder their use in
practical applications. The fabrication of MHs  is quite complex,
expensive, and time-consuming owing to the multi-step process
(e.g., lithography, heating material deposition, and patterning) and
requirement for high-vacuum deposition equipment (e.g., evapo-
ration, sputtering, and low-pressure chemical vapor deposition)

[9–24]. In addition, most MHs  might inevitably require a bulky
complex power supply module as they are usually operated at
high voltages, typically higher than a few tens of volts, to generate
sufficient amount of heat to ignite the nEMs.

https://doi.org/10.1016/j.sna.2019.01.016
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2019.01.016&domain=pdf
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Recently, our group reported a new class of metal-doped paper
eaters [25]. Unlike the conventional MHs, the paper-based heaters
ould be prepared by a wet  chemical deposition process in a sim-
le and cost-effective manner; furthermore they were capable of

gniting nEMs at very low input voltages of 1̃ V. Based on the excel-
ent electrothermal performance in conjunction with the simple
abrication, the paper heaters could be easily integrated with a

ireless switching circuit and portable batteries in a single package
o construct a compact remote ignition system. Nevertheless, the
emote system was limited to only a single ignition of nEMs, as the
aper heaters are not compatible with traditional microfabrication
echniques owing to the stand-alone architectures of conductive
apers; therefore, they are difficult to implement in an array on a
ingle chip.

In this work, we present a simple, yet efficient fabrication
oute to flexible heater chips based on an aluminum-doped
aper (AP). Three designs of AP heater chips (single, arrayed, and
equential models) are easily fabricated by combining computer-
ontrolled paper cutting and one-step ultraviolet (UV) polymer
uring processes. The proposed simple and cost-effective heater
hip fabrication approach enables to demonstrate low-voltage-
riven thermal igniters and develop new functions such as selective

gnition and sequential ignition of nEMs.
The arrayed AP igniters are integrated with electrical circuit and

ortable battery modules in a three-dimensional (3D) printed com-
act package and even on a flexible circuit board. Based on the

ully packaged ignition systems, nEMs can be ignited wirelessly and
electively with a smartphone.

. Experimental details

.1. Synthesis of aluminum-doped paper (AP)

Solution processable AP was prepared by a simple chemical
eposition process according to a previously reported procedure
25–27]. Briefly, a blank paper sheet comprising a cellulose fiber
etwork was catalytically treated by immersing it in a mixed
olution of 5 vol% titanium isopropoxide (Ti(O-i-Pr)4) and 95 vol%
ibutyl ether (O(C4H9)2). After drying under an inert atmosphere,
he catalyst-treated paper sheet was immersed in an aluminum (Al)
recursor composite solution of AlH3{O(C4H9)2}. During this pro-
ess, Al decomposed from AlH3{O(C4H9)2} is nucleated and grown
n all of the surfaces of the cellulose fibers in the paper sheet.

.2. Fabrication of flexible AP heater chips

In order to fabricate flexible AP heater chips, first, the synthe-
ized AP was attached to an adhesive supporting mat  and patterned
nto various heater designs using a computer-controlled cutting
lotter (Cameo, Silhouette). Next, unwanted portions of the AP
ere easily detached from the supporting mat  with weak adhesion

nough only to fix the AP during patterning. A liquid UV-curable
esin (NOA 68, Norland Products) was then spin-coated on the
repared AP patterns at 500 rpm for 30 s and selectively cured
y irradiating UV light only to the intended area with the aid
f a photomask. The UV-curing process was performed in a UV
hamber (MT-UV-A 17, Minuta Technology) under an intensity of
0 mW/cm2 for 10 min. The uncured NOA parts were then chemi-
ally etched in an acetone solution, and the sample was thoroughly
insed with deionized (DI) water and dried with nitrogen blow.

inally, the devices were prepared by carefully detaching them
rom the supporting mat. Three different models of the flexible AP
eater chips (single, arrayed, and sequential models) were designed
nd fabricated.
tors A 287 (2019) 121–130

2.3. Preparation of nEM solution

Commercially available Al nanoparticles (NPs) and copper oxide
(CuO) NPs (both 1̃00 nm in diameter) were purchased from NTbase
and used in this study as a fuel metal and oxidizer, respectively.
In order to prepare Al/CuO nEMs, the Al and CuO NPs were
added together in an ethanol solution at a fixed weight ratio of
Al:CuO = 3:7. The NPs in the solution were then homogeneously
mixed in an ultrasonic bath operating at a power of 200 W and
frequency of 40 kHz for 5 min. The ethanol was then entirely evap-
orated in a convection oven at 80 ◦C for 30 min, leaving well-mixed
Al/CuO nEMs. Finally, the nEM solution was  prepared by dispersing
the Al/CuO powders in DI water at a concentration of 50 mg/mL for
a drop-coating process.

2.4. Fabrication of remote and selective ignition (RSI) systems

The RSI system was  constructed by assembling the ignition,
electrical circuit, and battery parts in a single plastic package com-
prising two containers and lid. Each part of the plastic package was
fabricated using a 3D printing system (Bonbot3-H4, LEEJO) based
on a fused deposition modeling mechanism.

A single-board microcontroller (Arduino Nano), Bluetooth
module (HC-06), solid-state relays (AQW212, Panasonic), and
rechargeable lithium polymer batteries (MP503048-PCM, Max-
power) were integrated and interfaced to each other inside the
plastic containers. The AP igniter was fixed onto the top of the plas-
tic lid using custom-made connectors, and electrically connected to
the circuit and battery parts. The control board was  programmed
using the open-source Arduino Software (IDE).

The flexible RSI system was fabricated by directly mounting the
system parts in parallel on a flexible circuit board and electrically
interfacing them to each other.

2.5. Characterization

The morphologies of the AP and Al/CuO nEMs were investi-
gated in detail using a field-emission scanning electron microscope
(FESEM; Supra 40 V P, ZEISS). An energy-dispersive X-ray spectrom-
eter (EDS) equipped in the SEM was  used to analyze the chemical
composition of the synthesized AP. The initial resistance of the AP
heater chips was  measured using a digital multimeter (U1235B,
Keysight Technologies). The composition of the Al/CuO nEMs was
analyzed using X-ray diffraction (XRD; X’Pert3, Malvern Panalyti-
cal).

The sheet resistance (Rs) of the AP was  evaluated by a two-probe
method. Briefly, the resistance (R) of the AP was measured using a
digital multimeter; Rs was then calculated by Rs = R × (w/l), where
w and l are the width and length of the tested AP, respectively.

For a static bending test, a bending deformation was applied
to the flexible AP heater chip both outward and inward using a
custom-made mechanical jig while observing the corresponding
change in the R using a digital multimeter. The cyclic bending test
was carried out by repeatedly bending the AP heater chip 1000
times using a programmable motorized stage (JSV-H100, JISC). The
R of the device was intermittently measured during the test using
a digital multimeter.

A thermal imaging camera (T630sc, FLIR) capable of measuring
a temperature up to 6̃60 ◦C was used to investigate the electrother-
mal  performances of the AP heater chips. The input voltage for
heater operation was applied using a direct current power supply

(K1205, Vupower).

All of the digital images of the AP, AP heater chips, AP igniters,
and RSI systems were obtained using a camera module equipped
in a smartphone.
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ig. 1. Aluminum-doped paper (AP). (a) digital image of the AP synthesized by a w
f  the AP (scale bars: 50 �m), and (d) EDS spectra of the AP and corresponding Al el

. Results and discussion

Highly conductive APs were prepared by a wet chemical deposi-
ion process in a simple and cost-effective manner. Fig. 1(a) shows

 digital image of the AP synthesized from an 8̃0 × 80 mm2 pris-
ine paper sheet, which suggests that the simple process can be
otentially extended to a large-area synthesis of conductive papers
wing to the solution processability. The top-view SEM image in
ig. 1(b) shows a typical surface morphology of the synthesized AP,
hich cellulose fibers in the paper sheet are entirely covered by Al.

urthermore, Al features were well formed even inside the paper,
s shown in the cross-sectional SEM image in Fig. 1(c), probably
s the chemical solutions for Al synthesis (catalyst and Al precur-
or) can easily penetrate the porous paper during the deposition
rocess. This enables Al features to conformally grow on all of the
urfaces of the cellulose fibers in the paper, making the pristine
aper highly conductive. Owing to the unique morphology, the AP
xhibited an average sheet resistance as low as 0̃.17 �/sq, which
eveals the possibility for low-voltage operation of the resulting AP
eaters.

In order to quantitatively demonstrate the presence of Al fea-
ures in the paper sheet, a chemical composition analysis was
erformed on both top surface and cross-section regions of the AP
sing EDS, as shown in Fig. 1(d). A strong Al peak around 1.5 keV
as clearly observed at both top surface and cross-section regions.

n addition, the elemental maps for Al in Fig. 1(e) and (f) confirm
hat Al features were deposited quite uniformly inside as well as
n the top surface of the paper sheet.

The flexible AP heater chips were fabricated by patterning the
P into various heater designs and then incorporating them with

 polymer substrate through a one-step UV-curing process, as
chematically illustrated in Fig. 2(a). Fig. 2(b) shows a digital image

f the fabricated single AP heater, which represents the highly
exible nature of the AP heater chips. The single heater chip was
esigned to have a heating strip with two probing electrodes at
oth ends in a monolithic fashion. In particular, the substrate part
mical process (scale bar: 20 mm), (b) top-view and (c) cross-sectional SEM images
tal maps for (e) top and (f) cross-section regions of the AP (scale bars: 50 �m).

underneath the heating strip was  entirely removed, keeping the
two probing electrodes embedded in the polymer substrate. This
should significantly help to enhance the electrothermal perfor-
mance of the device by minimizing the heat conduction loss to the
substrate while ensuring the mechanical robustness. It is worth
noting that the holes underneath the heating strips can be pho-
tolithographically patterned without affecting the simplicity in the
overall device fabrication.

Owing to the fabrication simplicity, the electrical properties of
the AP heater chips can be easily controlled by modulating the
dimensions of the device. Fig. 2(c) shows the R of the single AP
heater chip as a function of the strip width. The device with the strip
width of 1 mm and length of 10 mm exhibited a low R of 0.97 ± 0.04
� owing to the high inherent conductivity of the AP. The R tended
to gradually decrease with the increase in the strip width at a fixed
length; a very low R of 0.21 ± 0.02 � was obtained at the width of
5 mm.

The AP heater chips should be fairly robust even under mechan-
ical deformations so that the devices can be employed as a flexible
igniter. In order to investigate this characteristic, the single AP
heater chip was  subjected to both outward and inward bend-
ing deformations. Fig. 2(d) shows the relative resistance change
(�R/R0) of the device bent at various bending radius (rb) values.
The electrical performance of the device was  found to be highly
reliable so that �R/R0 was  smaller than 1.3%, even at a small rb of
2 mm,  regardless of the bending direction. This can be attributed to
the stable architecture of the AP coated entirely with Al features,
even inside. The similar �R/R0 profiles of the device upon bending
outward and inward probably originate from the suspended struc-
ture of the heating strip, which is not supported by the substrate.
Fig. 2(e) shows the normalized resistance (R/R0) of the single AP
heater chip in response to 1000 bending cycles at rb = 5 mm.  The

R of the device was  maintained almost constant with insignificant
deviations, smaller than 0.8% with respect to the initial value, dur-
ing the cyclic bending test, reflecting the considerable long-term
electrical stability.
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Fig. 2. Flexible AP heater chip incorporated with a polymer substrate. (a) schematic illustration of the fabrication process, (b) digital image of the fabricated single AP heater
chip  (scale bar: 10 mm), (c) initial resistance of the single AP heater chip as a function of the conductor width with respect to a fixed length, (d) relative resistance change
(�R/R0) of the single heater chip under outward and inward bendings at various bending radii, and (e) normalized resistance (R/R0) of the single heater chip under repeated
bending tests for up to 1000 cycles at rb = 5 mm (inset: magnified plot for up to 10 cycles).
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ig. 3. Electrothermal performance of the single AP heater chip. (a) temperature of t
b)  without and (c) with the hole underneath the heating strip with an input voltage
ndicating the fast electrothermal response.

The electrothermal performance of the AP heater chips was
haracterized using a thermal imaging camera. Fig. 3(a) shows the
teady-state temperature (T) of the single heater chip in response
o the input voltage increased by 0.2 V every 5 s. The T of the device
radually increased proportionally to the applied voltage up to 1 V
wing to the Joule heating effect, followed by a sudden increase at
.2 V beyond the measurable temperature limit (TL 6̃60 ◦C) of the
quipment used in this study. In particular, the ignition temper-
ture of the Al/CuO nEMs was estimated to be lower than 600 ◦C

y differential scanning calorimetry analysis, as shown in Fig. S1 in
he Supporting Information (SI). This suggests that the AP heaters
an provide a sufficient energy to thermally ignite the nEMs even
t low voltages. The sudden increase in the T is attributed to the
ice as a function of the applied input voltage, thermal camera images of the devices
 V, and (d) time-dependent temperature of the device under a step voltage of 1.2 V,

sufficient amount of heat generated immediately after the paper
material was  ignited.

For comparison, the device without hole was also tested, as
shown in Fig. 3(a). The device without hole exhibited a similar ther-
mal  response to that of the device with a hole. However, the device
with the hole exhibited a higher T for a given voltage, reaching
above the TL at a lower voltage, compared to the device without
hole. This occurred as the heat conduction loss to the substrate was
significantly reduced by entirely etching the substrate part under

the heating strip. The effect of the hole on the reduction in the
heat loss was more precisely investigated using a thermal imaging
camera. Fig. 3(b) and (c) show thermal images of the devices with
and without hole under the same input voltage of 1.2 V. The device
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ig. 4. Arrayed AP heater chip. (a) digital image of the fabricated device (scale bar: 

owered independently by an input voltage of 1.2 V (A1 → A2 → A3 → A4 in turn) 

ithout hole exhibited a blurred spatial temperature distribution
Fig. 3(b)). This implies that a considerable amount of heat was
ransferred to the substrate part in contact with the heating strip
nd spread throughout the substrate through heat conduction. On
he other hand, the heat was highly concentrated on the suspended
eating strip in the device with the hole even at the same voltage
Fig. 3(c)), yielding a lower power consumption than that of the
evice without hole.

Fig. 3(d) shows a typical time-dependent temperature profile of
he single AP heater chip in response to the applied voltage of 1.2 V,
epresenting a relatively fast thermal response. The T of the device
ncreased to 2̃44 ◦C, close to the ignition point of the paper material
typically smaller than 250 ◦C) within 1̃.3 s after the input voltage
as applied at 2 s. The T then rapidly increased above TL within

˜.1 s due to the heat generated upon ignition of the paper material.
hen the paper material was completely burned, the heating strip

asily broke and the T of the device instantly decreased due to the
lectrical disconnection.

Based on the proposed strategy for incorporation of AP con-
uctors with polymer substrates, the single heater design could be
asily extended to an arrayed heater chip, as shown in Fig. 4(a). The
evice consists of four identical heating strips (denoted as A1–A4
ereafter; R1 = R2 = R3 = R4), each with an individual electrode and
ommon ground, which can enable multiple ignitions in a single
hip by individually operating each heating strip with the same

nput voltage.

Fig. 4(b) shows the time-dependent temperature profiles of the
our heating strips powered independently by an input voltage of
.2 V in the arrayed AP heater chip. When the input voltage was
), and (b) time-dependent temperature profiles of the four heating strips (A1–A4)
 device and (c) corresponding thermal camera images.

applied to A1, the T of A1 increased with a similar trend to that
of the single AP heater chip in Fig. 3(d), while the others (A2–A4)
did not exhibit a significant temperature increase. This process was
repeated for A2, A3, and A4 operating them independently at the
same input voltage. Corresponding thermal camera images are pre-
sented in Fig. 4(c). The highest T above the TL was observed only in
the activated heating strip, which provides the potential for multi-
ple and selective ignitions of nEMs in a chip. It is worth noting that
a high-density array of heating strips can be implemented in a chip
by simply optimizing the device design.

In addition, a new class of AP heater chip was demonstrated,
which can be sequentially operated with a single input voltage, as
shown in Fig. 5(a). The sequential AP heater chip was designed so
that three heating strips with different R values (denoted as S1–S3
hereafter) were connected in parallel. The R of the heating strips
was simply controlled by differentiating the lengths (R1 < R2 < R3).
When a single input voltage is applied to the device, the result-
ing electrical current (i) is divided into the three heating strips in
inverse proportion to the R value of each strip (i.e., i1 > i2 > i3).
Consequently, the highest temperature can be obtained from the
heating strip capable of carrying the highest i (i.e., with the lowest
R) at the fixed input voltage according to the Joule’s law related to
the thermal power P = i2R. Therefore, the T of the shortest heat-
ing strip can most rapidly reach the TL; this strip can be broken first
after being burned up due to the ignition of the paper material. This

process occurs sequentially with time until the heating strip with
the highest R in the device is burned up.

Fig. 5(b) shows the time-dependent temperature profiles of the
three parallel heating strips in response to the applied voltage of
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ig. 5. Sequential AP heater chip. (a) digital image of the fabricated device (scale 

trips  (S1–S3) in response to the applied voltage of 2 V in the device and (c) corresp

 V in the sequential AP heater chip. In this case, the lengths of
1, S2, and S3 were designed to be 5, 15, and 20 mm,  respectively,
ith a fixed width of 1 mm.  At a fixed input voltage, the slopes of

he T–time profiles (i.e., heating rates) of the heating strips exhib-
ted clear differences from each other until the paper material was
gnited. The slope decreased in the order of S1, S2, and S3, which
ventually led to the sequential burning in that order. This occurs
s a higher efficiency of transducing the electrical energy into Joule
eat is achievable when a higher power is applied to a heater
28–30].

The corresponding serial thermal camera images of the device
t the moments when each heating strip reached the highest T
re shown in Fig. 5(c), which clearly shows that S1 with the low-
st R was burned first due to the highest heating rate, while S2
nd S3 maintained significantly lower T than the ignition point of
he paper material at that time (rightmost in Fig. 5(c)). S2 and S3
ere then burned sequentially within 0̃.7 s and 2̃.1 s after S1 was

urned, respectively. This confirms that the sequential operation
f the device is possible by designing each heating strip in parallel
onnection to have different R and thereby to have different heating
ate with a fixed input voltage. Furthermore, this suggests that the
ime interval and order of the sequential operation can also be easily

odulated by controlling the device geometry. The unique work-
ng principle of the sequential heater chip can be used to develop a
ew class of thermal igniter capable of sequential ignition for nEMs.
The flexible AP igniters were prepared by simply depositing
EMs on the suspended heating strips using a simple drop-coating
rocess, as schematically illustrated in Fig. 6(a). It is important to
ote that the coating process was conducted immediately after dis-
0 mm), and (b) time-dependent temperature profiles of the three parallel heating
g thermal camera images.

persing the Al/CuO powders in DI water to avoid any unforeseen
oxidation process. In particular, the coating volume of the nEM
solution was  fixed (1 �L) to provide reproducible ignition char-
acteristics of the nEMs on the same devices. The SEM images in
Fig. 6(b) show the nEM thin film deposited on the heating strip,
indicating that the Al/CuO powders and AP are in good contact with
each other. In addition, the XRD spectrum in Fig. S2 in the SI shows
clear diffraction peaks for Al and CuO, indicating that the nEMs are
composed of relatively pure Al and CuO NPs.

The ignition and explosion properties of the AP igniters were
investigated by monitoring the devices in response to the applied
voltage in real time using a digital camera. Fig. 6(c) shows digital
images of the single AP igniter in the initial and ignited states. The
nEMs on the device exploded immediately after an input voltage of
1.2 V was  applied to the device. This occurred as the nEM powders
composed of Al and CuO NPs are highly reactive and the single AP
heater chip could generate a sufficient amount of heat (> 660 ◦C at
1.2 V) to thermally ignite the nEMs, as confirmed in Fig. 3. The inti-
mate contact between the nEMs and AP is also likely to contribute
to the stable and prompt explosion of the nEMs upon ignition by
promoting the efficient heat transfer. However, the ignition prop-
erties of the nEMs can be strongly dependent on temperature and
relative humidity conditions. It is believed that the aging effect of
the AP igniters can be reduced by coating the Al/CuO powders with
functional polymer binders [31].
Fig. 6(d) shows digital images of the arrayed AP igniter when
an input voltage of 1.2 V was applied independently to each single
igniter. Owing to the ability of the arrayed heater chip to inde-
pendently operate each heating strip in the device, the selective
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Fig. 6. AP heater chips as a flexible nEM igniter. (a) schematic illustration of the single AP igniter prepared by drop-coating of the nEM solution, (b) SEM images of the Al/CuO
n gnifie
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EMs  coated on the top surface of the single heater (scale bar: 100 �m)  (inset: ma
gniter  in response to the applied voltage of 1.2 V, (d) arrayed AP igniter at operatio

 A3 → A4 in turn), and (e) sequential AP igniter at the moment when each single 

gnition of the nEMs was facilitated with the arrayed igniter. In
articular, all of the single igniters in the device exhibited similar

gnition and explosion characteristics of the nEMs to each other.
his is of significance, particularly in the development of multi-
rrayed igniters toward practical applications.

Fig. 6(e) shows serial digital images of the sequential AP igniter
hen an input voltage of 2 V was applied to the probing electrodes

hared by three parallel single igniters. The explosion of the nEMs
ccurred in succession from the shortest single igniter in the device,
s the AP heating strip with the lowest R can most rapidly generate

 sufficient amount of heat to ignite the nEMs for a given input
oltage owing to the inverse relationship between the R and heating
ate, as confirmed in Fig. 5.

In order to demonstrate a compact system that can ignite nEMs
n a wireless and selective manner, three-layered system parts
ignition, circuit, and battery parts) were integrated in a 3D printed
lastic package, as schematically illustrated in Fig. 7(a). In the top

ayer, the AP igniter was fixed onto a plastic lid using the electri-
al connecters. The circuit part with a microcontroller, Bluetooth,
nd relay modules was located in the middle layer and connected
lectrically to the ignition part to send a command signal to ignite
he nEMs. In the bottom layer, two lithium polymer batteries were

laced, connected to the ignition and circuit parts to power them
p for their wireless operations. Fig. 7(b) shows digital images of
he fabricated RSI system and each system part. All of the system
d SEM image of the nEMs (scale bar: 10 �m)), and digital images of the (c) single
ch single igniter in the device individually with an input voltage of 1.2 V (A1 → A2
r in the device was  ignited with a fixed input voltage of 2 V (scale bars: 10 mm).

parts were fully integrated in a single package with dimensions of
9̃0 × 60 × 40 mm3.

Fig. 7(c) shows digital images of the RSI system with the arrayed
igniter under the wireless operation using a smartphone in real
time. In this case, the corresponding close-up digital images of
the arrayed igniter during the system operation were obtained
from a camera module installed in another smartphone (inset in
Fig. 7(c)). The RSI system could be successfully operated using a
smartphone. Briefly, the input signal generated by a smartphone is
transmitted wirelessly to the microcontroller through Bluetooth.
The microcontroller then sends a specific command signal to a
target relay to electrically connect the allocated heating strip and
battery, and thereby thermally ignite the nEMs on the strip. The
wireless ignition of the nEMs in the arrayed igniter could be selec-
tively controlled according to the smartphone operation, as shown
in Fig. 7(c).

As a proof-of-concept for flexible RSI systems, the three system
parts were integrated in parallel on a flexible circuit board with
dimensions of 1̃30 × 50 mm2, as shown in Fig. 8(a). The mechani-
cally flexible architecture of the fabricated system is also presented
in Fig. 8(b). In order to evaluate the practicality as a flexible ignition
system, the fabricated RSI system was remotely operated with a

smartphone after attaching it onto a curved surface while monitor-
ing the overall process in real time using a digital camera module, as
shown in Fig. 8(c). Similar to the results in Fig. 7(c), upon selection
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Fig. 7. Remote and selective ignition (RSI) system for nEMs. (a) schematic illustrations of the RSI system fully integrated in the 3D printed plastic package, (b) digital images
of  the fabricated RSI system and each system part (scale bars: 20 mm),  and (c) digital images of the RSI system during remote and selective ignition with a smartphone (A1
→  A3 → A4 in turn) (inset: corresponding top-view digital images of the arrayed AP igniter upon ignition).

Fig. 8. Flexible RSI system for nEMs. Digital images of the fabricated flexible RSI system fully integrated on a flexible circuit board in the (a) initial and (b) bent states (scale
bars:  20 mm),  and (c) digital images of the flexible RSI system attached on a curved surface during a remote and selective operation with a smartphone (A1 → A3 → A4 in
turn)  (inset: corresponding top-view digital images of the arrayed AP igniter upon ignition).
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f a certain button on a smartphone, the nEMs on the corresponding
eating strip were ignited remotely and selectively, demonstrating
he feasibility for use in flexible applications.

The observations confirm that the proposed AP heater-chip-
ased thermal nEM igniters are highly feasible for implementation

n compact ignition systems and can be used in many applications
n various civilian and military fields owing to the diverse advan-
ages including the simple and low-cost fabrication, low-voltage
gnition capability, mechanical flexibility, and multifunctionality.

. Conclusions

In summary, flexible AP heater-chip-based low-voltage nEM
gniters and their integration to compact systems with remote and
elective ignition capabilities were presented. The AP was synthe-
ized using a simple chemical deposition process in an entirely
olution processed manner. For the fabrication of the flexible AP
eater chips, the AP was patterned into three heater geometries
single, arrayed, and sequential models) using a cutting plotter. The
atterned AP was then embedded in a polymer substrate while
uspending the heating strips through the selective UV polymer
uring process. The overall device fabrication was  simple, fast, and
ost-effective.

By depositing the nEMs on the heating strips in the AP heater
hips using a simple drop-coating method, three designs of flexible
P igniters were fabricated: single, arrayed, and sequential devices.
he single AP igniter could induce nEM explosion at an input volt-
ge of only 1.2 V, significantly lower than those of the conventional
Hs. Through a design optimization of the device, the arrayed and

equential AP igniters could provide unique functions of selective
gnition and serial ignition of the nEMs at low voltages, respectively.

The integration of the arrayed AP igniter with the circuit and
attery modules in the 3D single package demonstrated the poten-
ial for development of a compact system with remote and selective
gnition capabilities for nEMs. In addition, the flexible RSI system

as fabricated by fully integrating the system components on the
exible circuit board. The systems were successfully demonstrated
o ignite the nEMs wirelessly and selectively using a smartphone.

e believe that the proposed approach is very promising for use in
arious civilian and military applications.
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