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Abstract. In this study, a novel, facile, and cost-efficient manufacturing process for thermal-expansive reversible fuse (TRF)
was demonstrated by using a cracked conductive layer on a flexible polymer with three-dimensional (3D) groove patterns.
The current cut-off mechanism was demonstrated by the actuation of a thin membrane with a conductive layer of the TRF
fabricated by a 3D-patterned mold and flexible polymer. When external heat was induced, the membrane of the TRF swelled,
and the platinum-coated conductive layer was stretched, resulting in a current cut-off. In contrast, the membrane shrank,
and the TRF was reconnected when the heat source was removed. The major cracks parallel to the 3D-printed patterns and
minor cracks across the patterns were analyzed through the scanning electron microscope images. In addition, TRFs with
pattern intervals of 250 um (low resolution) and 100 um (high resolution) were characterized by observing the current signal
and expansion thickness of the membrane simultaneously to analyze the effect of actuation on the cut-off tendency. Finally,
by applying the repetitive temperature profile between 35 °C and the cut-off temperature, the reversible performance of the
TRFs was demonstrated by the cut-off and reconnection processes. These results can be applied to passive cooling systems
of electronic devices to prevent overheating, which can affect the performance and durability of the device.
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1. Introduction Previous studies have reported methods for fabricat-
The importance of thermal management systems has  ing various types of fuses, such as reversible switch-
been highlighted in various industries such as auto-  es composed of graphene [7, 8], electro-explosion
mobiles [1], buildings [2], medical fields [3], and elec-  methods using conductive links [9], and polymeric
trical/electronic devices [4]. Various studies have been  positive temperature coefficient (PPTC) materials
conducted to solve thermal issues, such as construct-  [10—14]. In particular, PPTC materials are reversible
ing real-time temperature monitoring systems [5], fuses composed of a non-conductive polymeric ma-
cooling systems of devices using heat sinks [6], and  trix and metal composite. Through the volume expan-
current cut-off devices such as electrical switches  sion of the polymeric matrix, the conductive links of
and fuses [7-9]. Above all, the use of the fuses is ef-  the metal can be broken, thereby protecting the over-
ficient in restricting the overheating of electrical/  heating of devices caused by abnormal overcurrent.
electronic devices by breaking the circuit, thereby  They have been considered a suitable method for
shutting down the supplied current. protecting electrical devices from overcharging and
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overheating for these reasons. However, the cut-off
mode (i.e., rapid increase in electrical resistance)
through bulk expansion only occurs when the device
temperature reaches the melting point of the poly-
meric matrix. In addition, as the devices block the in-
crease in current caused by Joule heating, it is diffi-
cult to inhibit the overheating of electrical devices in
a system where a constant current and voltage are
applied. Therefore, a novel and straightforward fab-
rication method is required to implement a current
cut-off mechanism that can react to the temperature
of the heat source even with constant electrical in-
puts to protect the operating devices and circuits
from overheating.

Recently, owing to various applications, such as
wearable sensors for health care monitoring [15, 16],
battery management systems [17, 18], and soft elec-
tronic devices [19, 20], flexible electronic technolo-
gy based on stretchable polymers has been investi-
gated. Several methods have been studied to produce
flexible conductive devices, including the use of con-
ductive polymers [21, 22], mixing polymers with lig-
uid metal, including Galinstan [23, 24], and conduc-
tive particles or nanowires such as Cu nanowires
[25]. In addition, metal deposition onto flexible poly-
mer surfaces by spraying [26], filling conductive
inks using doctor blades [27], and metal sputtering
methods [28, 29] have also been used. Among them,
the metal sputtering method can create a uniform elec-
trode on the surface of a polymer matrix or film. It
can propagate cracks that increase the electrical sen-
sitivity by the deformation of devices. However, it is

well known that most stretchable polymers have
poor thermal conductivity [30, 31] without mixing
particles or conductive material coatings. To over-
come this weakness, thermo-responsive polymer-
based devices have been designed to actuate thin
membranes depending on the temperature of the
inner fluid and can be applied to micropumps or
valves [32, 33].

Herein, a facile and rapid method of manufacturing
reversible fuse is demonstrated using the actuation
of an electrically conductive membrane and three-
dimensional (3D) printing technology. Figure 1 de-
picts a schematic of the device concept of thermal-
expansive reversible fuse (TRF). When an arbitrary
heat source heats the TRF, the 3D-patterned thin poly-
mer membrane swells, and the current drops, owing
to its broken conductive link. In contrast, as the heat
source is removed and the temperature decreases, the
membrane contracts, and the current flows by recon-
necting the electrode layer. TRFs are fabricated using
a fused filament fabrication (FFF)-type 3D printer.
The FFF-type 3D printer has a drawback: it leaves a
specific pattern on the printed object due to contin-
uously stacked filaments, which degrades its quality.
Nevertheless, several studies have been conducted
utilizing this disadvantage, such as hydrophobic sur-
faces [34], micro-drilling devices [35], and soft ther-
mal actuators [36]. In this study, 3D patterns were
used to increase the electrical sensitivity by imple-
menting the patterns on a thin polymer membrane
with conductive layer of TRF and aligning the cracks
along with the 3D patterns.
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Figure 1. Schematic and operation principle of thermal-expansive reversible fuse (TRF) based on 3D-printed patterns. The
polymer membrane of TRF actuates in response to external heat source reversibly.
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Each TRF comprises three main parts: a square-
shaped body with a cylindrical empty inner space
(filled with air), a Pt electrode layer deposited on a
thin polymer membrane with the 3D-printed pat-
terns, and a silicon chip to facilitate heat transfer into
the empty space of the body. The body was cast using
a 3D-printed mold. In addition, the membrane mold
was double-cast to apply the 3D patterns to the thin
membrane. After integrating the body and membrane,
a Pt conductive layer was deposited as an electrode
onto the 3D-patterned membrane. Finally, each sur-
face of the silicon chip and the bottom of the body
were treated with oxygen plasma to bond together.
The fabricated TRFs were preheated at high temper-
atures up to 150 °C to improve their sensitivity by gen-
erating cracks on the sputtered conductive layer. Sub-
sequently, the current cut-off function of the TRFs
was characterized by analyzing the current changes
under discontinuous temperature conditions. In ad-
dition, the tendency of expansion thickness was char-
acterized to demonstrate the effect of the actuation
of the membrane at the same time. By repeated heat-
ing and cooling processes, the reversibility of the
TRFs showed reliable performance with uniform
current profiles at each temperature cycle. These re-
sults support the possibility of creating electro-ther-
mal coupled systems with time-delay fuse [37] and
passive cooling systems using a reversible cut-off
process in response to external heat sources.

2. Manufacturing process

Figure 2 shows the overall fabrication procedure of
the TRFs based on the 3D printing technology. The
process was divided into four steps from Figure 2a
to Figure 2d with sub-titles of each step: body, mem-
brane mold, integrating, and preheating, respective-
ly. As shown in Figure 2a, a body of the TRF was
cast from the 3D-printed mold, which was printed
using an FFF-type 3D printer (Guider IIs, Flashforge
3D Technology Ltd., Zhejiang, China) using poly-
lactic acid (PLA) filament (diameter = 1.75 mm). The
main body was designed to have a square shape of
15 mm with an empty cylindrical space with a diam-
eter of 8 mm for the actuation of a thin membrane in
response to external temperature. A polydimethyl-
siloxane (PDMS) mixture (prepolymer: curing agent =
10:1, Sylgard 184 Silicone Elastomer Kit, Dow
Corning, Midland, Michigan, USA) was poured into
the printed mold and baked in an oven (JSVO-60T,
JS Research Inc., Gongju, South Korea) at 50 °C for

12 h, followed by separation of the cured body using
a tweezer. As shown in Figure 2b, in order to acquire
a membrane mold with groove patterns caused by
stacked filament layers, the double casting method
was applied by using ultraviolet (UV) curable resin
(Sun Drop, hard type, PADICO, Tokyo, Japan) and
PLA mold. In addition, the membrane thickness was
fixed at 300 um using 3D modeling. UV resin was
poured into the PLA mold and cured using a UV lamp
(S-SUV3365, Skycares, Kimpo, Korea) for 30 min
to harden the resin perfectly. The resin mold was
then detached by softening the PLA mold in an ace-
tone bath for 1 h. Membrane molds were designed
with two printing thicknesses: low and high resolu-
tion (250 and 100 pm, respectively) to characterize
the effect of printing resolution on the cut-off per-
formance of TRFs. Furthermore, flat-type membrane
molds were also prepared with the same thickness
using a PLA mold and a petri dish for manufacturing
plain surfaces without 3D patterns. Figure 2¢ depicts
the major process of fabricating TRFs in three de-
tailed steps. Ecoflex 0050 (EcoFlex, Smooth-On Inc.,
Macungie, PA, USA) was selected as a suitable mem-
brane material because of its outstanding flexibility
[38]. Ecoflex was poured onto the resin membrane,
followed by simply putting a body on the mixture,
as shown in Figure 2c;. It was cured at 60°C for
30 min in an oven to integrate the membrane and
body. Figure 2¢, describes the method of depositing
an electrode layer onto the membrane. The integrated
body was placed in a Pt sputtering chamber (E-1045,
Hitachi Ltd., Tokyo, Japan). The Pt layer was de-
posited using a PLA mask with a width of 2 mm to
make the ‘I’-shaped electrode of the TRFs, which
can facilitate the current cut-off operation with a nar-
row electrode part when the membrane is actuated.
Sputtering was conducted twice at 30 mA for 120 s
to clarify the current cut-off with low electrical re-
sistance caused by the thick electrode layer. Finally,
the TRF body with a membrane was attached to a
10 mm x 10 mm silicon chip, which can assist the
heat transfer to the inner air of the TRF owing to its
high thermal conductivity. Oxygen plasma treatment
combined the TRF body and silicon chip by increas-
ing the adhesion between the two parts, thus, sealing
the air. As the last step of fabrication, a preheating
process was conducted to improve the sensitivity of
the TRFs by decreasing the cut-off temperature via
initially aligned cracks when the membrane actuated
in response to the exposed external heat, as shown
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Figure 2. Overall fabrications of TRFs: (a) a PDMS body of the TRF cast by 3D-printed mold; (b) making UV resin-based
3D patterned membrane mold through double-casting method; (c) integrating processes of TRF: (c;) integration
of the thin membrane and the body, (c;) deposition of Pt conductive layer onto the membrane, (c3) bonding between
the body and a 10 mm X 10 mm silicon chip by oxygen plasma treatment; (d) preheating process to initiate the

cracks along with the 3D patterns.

in Figure 2d. Thus, the TRFs can cut the current off
even with small actuation because of the created
cracks on the conductive layer [39, 40]. For the pre-
heating conditions, each TRF was overheated from
45 to 150 °C at intervals of 15 °C, showing an initial
cut-off temperature of 105, 90, and 75 °C for TRFs
with low-resolution, high-resolution, and flat mem-
branes, respectively.

3. Experimental setup

Figure 3 illustrates the experimental setup to demon-
strate the current cut-off performance of the TRFs.
The fabricated device was placed on a metal block

on the heating stage (HP-20D, DAIHAN Scientific,
Wonju, Korea) with thermal grease. To prevent short
circuits, electric wires were connected in series with
an electrical load of 41 Q. Additionally, PDMS sup-
ports were placed under the wires to reduce the ther-
mal noise caused by the heating stage when the tem-
perature was changed. The electrical output signal was
monitored using a source meter (SMU 2614B, Keith-
ley Instruments Ltd., Ohio, USA), connected to the
TRF as a voltage supply. To analyze the tendency of
the thermal expansion thickness of the TRF with cur-
rent change depending on the induced temperature
at the same time, an optical microscope (UM12,
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Figure 3. Schematic of the experimental setup for analyzing the characteristic of TRFs. Electrical signal and actuating be-
havior in response to the temperature change on the heating stage were monitored simultaneously.
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ViTiny USA, USA) was also installed next to the
heating stage.

4. Results and discussion

Figure 4 shows optical images of the membrane part
of the TRFs. When the temperature of the heating
stage increased, the thin polymer membrane with 3D
patterns expanded (see Figures 4a and 4b). In addi-
tion, the top-view images of TRFs with low-resolu-
tion patterns, high-resolution patterns, and flat mem-
branes were captured, as shown in Figures 4c, 4d,
and 4e, respectively. Compared to the TRF with a
flat membrane without 3D patterns (hereafter F-TRF),
the TRF with low resolution showed a pattern width
of 250 um, and the TRF with a high resolution of
100 uwm (hereafter, L-TRF and H-TREF, respectively).
The ‘I’-shaped electrode layer on the membrane was
realized using a PLA mask to make a thin and con-
ductive layer on the actuating part of the membrane,
rapidly shutting the current down. It can be con-
firmed that the narrow part of the electrode was well
aligned with the center of the inner empty space,
which swells in response to the temperature increase.
However, it should be noted that the F-TRF current

c)

was not restored to its initial value after the preheat-
ing process compared to the other types.

Scanning electron microscope (SEM) images of the
normal and expanded states of each TRF were ana-
lyzed to compare the structure of the created cracks
on the membrane through a preheating process. The
states of L-TRF, H-TRF, and F-TRF before preheat-
ing are shown in Figures 5a, 5b, and 5c, respectively,
whereas those of L-TRF, H-TRF, and F-TRF after
preheating are presented in Figures 5d, 5e, and 5f,
respectively. The pattern gap of L- and H-TRF were
247.23 and 102.61 mm, respectively, measured by the
image analysis program. The cracks of each TRF
propagated in all directions because of the axisym-
metric expansion of the membrane. However, in the
case of TRFs with 3D patterns on the membranes,
cracks were generated mainly in two directions, par-
allel and vertical, to the patterns (hereafter, major
cracks and minor cracks, respectively). In particular,
major cracks were discovered in the valley of the
groove patterns, which can significantly affect the
current cut-off by breaking the electrical paths, as
shown in Figures 5d and 5e. However, as seen in
Figure 5f, cracks of F-TRF appeared irregularly

Expansion thickness

saatil

la‘h‘

%

Figure 4. Optical images of the TRF during actuating process (a) before and (b) after expansion of membrane, and top view
of each patterned TRF: (c) L-TRF, (d) H-TRF, and (e) F-TRF.
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Figure 5. SEM images of preheated TRFs to observe crack propagation: (a) before and (d) after expansion of L-TRF, (b) be-
fore and (e) after expansion of H-TRF, (c) before and (f) after expansion of F-TRF.

because the membrane of F-TRF had no guideline
to align cracks, restricting the reconnection of the
electrode metal during repeated actuation.

To demonstrate the tendency of crack propagation
on the polymer membrane, the modulus of each pure
membrane was further measured using a tensile tester
(MCT-2150, AND Inc., Seoul, Korea), as shown in
Figure 6a. Each type of membrane of TRF was pre-
pared by using the square resin mold with a width of
15 mm and thickness of 300 pm. The measurement
was conducted in two directions (i.e., major and
minor, as shown in Figure 5d). As a result, both mem-
branes of L- and H-TRF showed the same tendency
that the modulus along major direction was less than
that along the minor direction (5.78 kPa difference
for L-TRF and 4.96 kPa difference for H-TRF, as

Current
direction

4 Minor
direction

a)

shown in Figure 6b), indicating the anisotropic cracks
propagation along the valley of 3D groove patterns.
In the case of F-TRF (i.e., isotropic membrane), how-
ever, there was no distinct difference in the modulus
with respect to the direction, demonstrating the ef-
fect of 3D groove patterns on anisotropic mechanical
properties or behaviors [36, 41].

To characterize the cut-off mechanism of TRFs in
response to the change in ambient temperature, two
experiments were conducted using L- and H-TRF
because F-TRF had no current flow after preheating
owing to the irregular crack structure (see Figure 5f).
Figure 7 shows the tendencies of the current changes
and expansion thickness of the two TRFs depending
on the temperature during the heating step. The tests
were repeated five times to obtain reliable data. The

200
™™ Major
[ Minor
160 | 5.78 kPa 4.96 kPa
T
& 120
2]
=
=5
g
s 80
40
0 1 1 1
L-TRF H-TRF F-TRF
b) Type of TRF

Figure 6. Measurement of membrane modulus. (a) tensile test setup and the measured directions and (b) modulus of pure
membrane along with both directions with respect to the type of TRFs.
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boundary of the sky blue and yellow areas indicates
the cut-off point. In addition, the temperature was
changed from 35 to 75°C at intervals of 5°C and
maintained for 5 min to measure the saturated cur-
rent and expansion thickness at each step. To accu-
rately compare each current signal, the normalized
current was calculated using the Equation (1):

. Is B I()
Normalized current = A

(1

where [ is the saturated current at each temperature
step, and /j is the current at room temperature without
heating. This indicates that if the normalized current
approaches —1, the current is shut down as /s con-
verges to zero when the temperature and actuated
thermal expansion thickness increase. The normalized
current decreased with an increase in the expansion
thickness as the temperature increased. As shown in
Figures 7a and 7b, both L- and H-TRF showed non-
linear profiles compared to the linear declination of
general Pt metal. This indicates that the current de-
crease was accelerated owing to the actuation effect
of the crack-based thin polymer membrane until the
cut-off occurred. As a result, the cut-off temperature
of L- and H-TRF was approximately 62.6 and
58.4°C, respectively. In addition, the corresponding
expansion thicknesses were evaluated as 0.533 and
0.616 mm for L-TRF and H-TREF, respectively. Al-
though the cut-off temperature of L-TRF was higher
than that of H-TREF, it could cut the current off by
smaller actuation than H-TRF, showing a 0.083 mm
lower expansion thickness due to more propagated
major cracks, as shown in Figures 5d and Se.
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Finally, to demonstrate the reversibility of the TRFs,
repetitive heating and cooling tests were performed.
Figure 8 shows the transient test for representing the
reversibility performance of the TRFs with the tem-
perature cycle. The L-TRF was tested at tempera-
tures between 35 and 65 °C, slightly higher than the
cut-off temperature of L-TRF (i.e., 62.6 °C), as shown
in Figure 8a. As shown in Figure 8b, the H-TRF was
tested at temperatures between 35 and 60 °C, which
was slightly higher than the cut-off temperature of
H-TREF (i.e., 58.4°C). The test conditions were start-
ed at room temperature, and six temperature cycles
were repeated, followed by returning to room tem-
perature. To measure the saturated current value, the
heating step was maintained for 180 s. In compari-
son, the cooling time was 210 s, considering a slower
recovery rate than the response rate. Both resolutions
of the TRFs showed uniform electrical signals at
each cycle.

Figure 9 shows the change of cracks during the re-
versibility test at a temperature of 35 °C (the temper-
ature at which cracks initiated evidently), cut-off tem-
perature (65 °C for L-TRF and 60 °C for H-TRF), and
25 °C (fully cooled temperature), as seen in Figure 8.
To characterize the structural change of cracks dur-
ing the reversibility cycle test, crack density at each
temperature was analyzed using detailed SEM im-
ages and an image analysis program. The crack den-
sity was calculated as a ratio of crack area to the
overall area of the acquired SEM image in this study.
As aresult, the crack density of approximately 6.98
and 7.90% was calculated at 35°C for L-TRF and
H-TREF, respectively. As the temperature increased
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Figure 7. The tendency of electrical current flow and thermal expansion thickness with respect to the temperature. Both
(a) L-TRF and (b) H-TRF show the current decreased as the thermal expansion thickness of the membrane in-

creased by actuating motion.
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Figure 8. Repeated heating and cooling test to demonstrate the reversibility of the TRFs. (a) L-TRF and (b) H-TRF showed
uniform electrical profiles at each temperature interval, from 35 °C to cut-off temperature.

to the cut-off temperature, the crack density in-
creased to 12.02 and 14.81% for L-TRF and H-TRF,
respectively. Thus, this increased crack density could
cut the current off as the temperature increased. It was
noteworthy that the propagated cracks became nar-
row (recovered) as the temperature returned to 25 °C,
allowing the reflow of the current by the reconnec-
tion of the conductive layer. This analysis demon-
strated the reliability and reversibility of TRF mech-
anisms.

Table 1 shows the average response and recovery
times for both TRFs to characterize the sensitivity.
Response time was defined as the time between the
beginning of the cut-off temperature and the start of
the cut-off operation (from line A to A’ in Figures 8a
and 8b). In contrast, the recovery time was measured
from 35°C, which was the cooling temperature to
the start point of current saturation (from line B to
B’ in Figures 8a and 8b). According to the calculated
results, the L-TRF exhibited much shorter response

Table 1. Average response and recovery time of the TRFs
during reversibility test.

Response time Recovery time
[s] [s]
37.4+23.5 65.846.6
51.2421.8 74.0£19.0

L-TRF (250 um)
H-TRF (100 um)

and recovery times than the H-TRF. The L-TRF re-
sponded to an external heat source at 37.4s
(1.37 times faster than H-TRF) and recovered in
65.8 s (1.12 times faster than H-TRF). It is notewor-
thy that the response and recovery time can be re-
duced by adjusting the thickness of the membrane
or heating rate induced by the TRFs [42, 43]. This
demonstrates that the cracks of L-TRF along the val-
ley of 3D patterns were more aligned than those of
H-TREF, as seen in the SEM images in Figures 5d and
Se. This shows that the major cracks parallel to the 3D
patterns played an essential role in the cut-off process
by breaking the Pt electrode easily in response to
membrane actuation. These results demonstrate the

35°C —

L-TRF

(250 um) | SEMimage

Crack density

H-TRF

(100N | SEMimage

Crack density

Cut-off temperature

25°C

Figure 9. Crack propagation and corresponding crack density during reversibility cycle test.
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function of thermal-expansive reversible fuse assist-
ed by actuation of the membrane based on continu-
ous 3D groove patterns, which can serve as a guide-
line for crack formation.

5. Conclusions

We investigated a novel and straightforward fabri-
cation process for thermal-expansive reversible fuse
(TRF) based on 3D groove patterns caused by stacked
filaments of FFF-type 3D printing technology. Three
types of TRFs were fabricated to characterize the
performance of the TRFs depending on the width of
the printing patterns. The membrane of TRF with 3D
groove patterns was sputtered by Pt metal using an
‘I’-shaped PLA mask. The narrow part of the elec-
trode was stretched during the preheating process at
high temperatures up to 150°C, thereby creating
cracks mainly in two directions, parallel and vertical,
to 3D patterns. In particular, the parallel cracks gen-
erated along the valley of the patterns exhibited a
significant role in the current cut-off function by im-
proving the electrical sensitivity of the TRFs caused
by the temperature change. The flat type of TRF
(without 3D printing patterns) showed unsorted (ir-
regular) crack propagation due to the absence of the
3D patterns as a guideline for crack generation, re-
sulting in no reconnection of the electrode after the
preheating process. Based on the fabricated devices,
the performances of the TRFs were demonstrated by
measuring the change in current and thermal expan-
sion thickness with respect to the induced tempera-
ture. The L-TRF (printing resolution of 250 pm)
showed a more sensitive cut-off response with a
small actuation of 0.533 mm, despite a 5°C higher
cut-off temperature than H-TRF (printing resolution
of 100 um). Moreover, the reversibility of the TRFs
was demonstrated by cycle tests between 35 °C and
the cut-off temperature with uniform repeated cur-
rent signal output. Finally, the L-TRF exhibited a
higher electrical response to the temperature change
with 37.4 s of response time (1.36 times faster than
H-TRF) and 65.8 s of recovery time (1.12 times
faster than H-TRF). This study supports the additive
manufacturing-assisted method of constructing a
passive current cut-off system for thermal manage-
ment systems such as time-delay circuit breakers of
electro-thermal coupled systems.
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