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Since ancient times, humans have learned to use fire and other heating
methods to fight against dangerous pathogens, like cooking raw food,
sterilizing surgical tools, and disinfecting other pathogen transmission media.
However, it remains difficult for current heating methods to achieve extremely
fast and highly efficient sterilization simultaneously. Herein, an ultrafast and
uniform heating-based strategy with outstanding bactericidal performance is
proposed. Ultra-precise laser manufacturing is used to fabricate the Joule
heater which can be rapidly heated to 90 °C in 5 s with less than 1 °C
fluctuation in a large area by real-time temperature feedback control. An over
98% bactericidal efficiency on S. aureus for 30 s and on E. coli for merely 5 s is
shown. The heating strategy shows a 360 times faster acceleration compared
to the commonly used steam sterilization from the suggested guidelines by
the Centers for Disease Control and Prevention (CDC), indicating that high
temperatures with short duration can effectively disinfect microorganisms. As

the bacteria species among communi-
ties and continents. Several research
works have identified the risk of the
bacteria living on banknotes from
different countries in the world.'*
Therefore, proper and frequent dis-
infection of banknotes is necessary.

Traditional disinfection methods in-
clude chemical, biological, and physi-
cal approaches. Alcohol is a widely used
chemical to kill many kinds of bac-
teria on normal occasions. Antibiotics,
in another way, act inside living bod-
ies to kill some specific bacteria. How-
ever, chemical and biological disinfec-
tion suffer from the growing drug resis-
tance of the surviving pathogens. Since

a proof of concept, this heating strategy can be widely applied to sterilizing
cash and various objects to help protect the public from bacteria in daily life.

1. Introduction

Humans have been fighting against pandemics caused by bacte-
ria for thousands of years. The bacteria live almost everywhere
in the daily environment, among which cash is a perfect place to
grow and spread. Due to the close and frequent contact with hu-
man skin and the growing human and economic communication
between countries, banknotes play a significant role in spreading

the discovery and application of antibi-
otics, people have been relying increas-
ingly on increasing antibiotic doses and
struggling to develop new antibiotics be-
cause of the growing drug resistance
by generations of artificial selection.>”! The abuse of antibiotics
and chemicals has given birth to some extremely drug-resistive
bacteria like Methicillin-resistant Staphylococcus aureus (MRSA),
known as super-bacteria.l8-1°]

The physical methods, mainly relying on ultraviolet (UV) and
heating, prove to be efficient in sterilizing bacteria due to their
working scheme. UV radiation tears apart the chemical bonds of
DNA or RNA of bacteria and viruses and thus stops them from
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living and reproducing.['!) However, UV cannot penetrate deeply
into the inner parts of objects and can only kill the bacteria on
the surfaces. Heat will cause irreversible denature of the pro-
teins, which is one of the key substances in bacteria and some
viruses and thus deactivate the bacteria, even hiding deep in-
side, by thermal conduction.['?l However, it is difficult for cur-
rent disinfection methods to achieve rapid sterilization in a few
seconds efficiently without using unrealistic high temperatures
or long heating times.[**] Traditional heating-based sterilization,
including hot steaming and hot air, requires complicated oper-
ations and equipment and consumes much time, which is not
suitable for the frequent disinfection of banknotes. Some ul-
trafast sterilization methods like Pasteurization!'*'¢l and ultra-
high-temperature processing (UHT) cost less time, however, the
temperature is not precisely and uniformly controlled in the
bulky liquid sample, needless to mention the application range
is limited to liquid objects. A more efficient sterilization strategy
needs to be developed.

Many researchers have been paying attention to photother-
mal and Joule heating methods for disinfection, especially since
the outbreak of COVID-19. Photothermal heaters convert the
energy absorbed from light (usually the sunlight) into heat ei-
ther by customized nano and microstructures!'’-* or by modu-
lated spectral absorbers that have different absorption and emis-
sion characteristics/?*2!l among the spectrum to enhance the
photothermal effect. Some photothermal absorbers further uti-
lize plasmonic enhancement, radio-frequency heating,[?22* and
nanoparticles to improve the photothermal performance.[2>-7]
One of the disadvantages of the photothermal heating meth-
ods is the limited heating speed. Joule heating, however, makes
use of Joule’s law of heating that electric current generates heat
when passing by a resistor, realizing very fast heating usually in
seconds.[?® However, common Joule heating devices can suffer
from a problem of the non-uniformly distributed temperature
among the heating areas, causing under-heating or over-heating
spots, and the lack of flexibility to suit soft and deformable objects
including fibers, paper, cloth, etc. Flexible printed circuits (FPC)
have become widely used in the electronic industry for flexible
applications, however, the traditional fabrication process involves
chemicals that generate liquid waste which needs extra pollution
processes. Researchers have proposed various novel methods to
fabricate flexible circuits while reducing pollution and cost, in-
cluding metal nano wires(?’! and nanoparticle ink printing,3%3!]
laser ablation,®”] and laser-seeded deposition.[**-3%] We utilize
the laser scribing method on the commercially available copper-
polyimide film to achieve a cost-efficient and environment-
friendly fabrication for rapid and adaptive patterning of flexible
devices.

Our research group has been studying laser manufacturing
and heat-based sterilization devices for years.3-] We have
reported photothermal laser-induced graphene surfaces doped
with plasmonic enhancement of absorption by nanoparticles
for mask sterilization.[**-*2] We also reported a laser-induced
graphene Joule heater for rapid heating. However, the previous
research has not touched on the strategy with a concrete temper-
ature and time profile that can efficiently sterilize the pathogens.

Here, we propose an ultrafast and uniformly-heated Joule-
heating sterilization strategy to disinfect banknotes and bacterial-
spreading objects. We fabricated the Joule heater from nanosec-
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Figure 1. The illustration of the laser ablation fabrication process. a) The
laser patterning on the original copper-polyimide film. b) The detailed view
ofthe laser scribing process. c) The illustration of the Joule heating scheme
killing bacteria with the fabricated pattern.

ond laser scribing on commercially available copper-polyimide
films. We control the temperature of the heater through real-time
feedback and dynamic controlling signals with our self-developed
printed circuit board (PCB) modulator. The device can be heated
up rapidly to the target temperature of 90 °C in less than 5 s and
stabilize within 15 s while keeping at the target temperature for a
long duration without drifting. By specially designed conducting
patterns, the device can achieve uniform heating with the fluctu-
ation of temperature smaller than 1 °C within the heating area.
The bacterial tests show that the prototype device can effectively
and efficiently sterilize Escherichia coli (E. coli) and Staphylococ-
cus aureus (S. aureus) with an ultrafast heating approach while
keeping the target sterilized dry and flat, proving its outstanding
efficiency and feasibility as a novel disinfection strategy.

2. Results and Discussion

2.1. Fabrication and Characterization

The fabrication process of the laser-patterned copper-polyimide
(Cu-PI) heater is shown in Figure 1a. The Cu-PI film consists of
a 35 um thick copper layer and a 17 pm thick PI layer cladded
tightly. The Cu-PI film is then patterned by a 1064 nm pulsed
laser through the laser direct scribing procedures, as elaborated
in the experimental section and Note S7 (Supporting Informa-
tion). After the laser scribing is completed, the exposed copper
surface is encapsulated by another layer of PI film for protec-
tion, as shown in Figure 1b. The encapsulation layer aims to pro-
vide electrical insulation against potential short-circuits and also
moist insulation against the oxidization of copper when exposed
to a warm and humid environment. The sample can be powered
by a power supply for Joule heating to kill bacteria, as shown in
Figure 1c. The fabricated sample with a laser-scribed pattern is
shown in Figure S1b (Supporting Information).

To study the microstructure of the fabricated Cu-PI pattern, we
used optical and electron microscopy for characterization. The
optical profile in Figure S1c (Supporting Information) shows the
steps in height created by laser scribing. The laser-scribed PI area
is ~30 um lower than the remaining copper part, which is con-
sistent with the original thickness of the copper layer. As shown
in Figure S1d (Supporting Information), the optical microscopic
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(OM) image shows the surface detail of the copper pattern and
the exposed polyimide after laser ablation. The shining line area
is the copper and the dark area with spots is the remaining PI
after copper is removed by laser.

The scanning electron microscope (SEM) image shown in
Figure Sle (Supporting Information) further illustrates the sur-
face morphology of the laser-scribed polyimide area. The edge
of the copper wire is partially ablated as we can tell from the
SEM image, and shows pores distributed in the PI area. The over-
lapped laser spots with a Gaussian distributed beam profile re-
sult in the ablation of the copper layer as well as the rough edges
of the copper wires, as the overlapping increases the power den-
sity delivered to the copper substrate.[*] The overlapping is de-
termined by the laser scanning parameters, including scanning
speed, repetition frequency, and the scanning line gap, so that
a proper power density is chosen to remove most of the copper
layer while causing minimum damage to the bottom PI layer.
This laser ablation technique by overlapped laser spots has been
reported for metals on tough or thick substrates like glass, quartz,
and bulky metals, or thin metal layers, usually with a thickness of
a few hundred nanometers.[***] It remains a problem, however,
for thick metal layers coated on thin substrates like the PI layer
to be ablated directly by laser because the high-power laser can
easily break the fragile substrate. The SEM image indicates the
existence of many micropores on the scribed PI surface created
by the high-power laser spots. A nanosecond laser pulse hitting
the surface of the copper induces the so-called enhanced plasma
absorption effect*] during which the copper is vaporized and
ejected out. The heat absorbed by copper dissipates immediately
along with the copper plasma ejection, so the thermal conduction
downward to the PI substrate is suppressed.*>>*l The process
keeps repeating until the copper layer gets thinner and thinner
before the PI substrate is exposed. When the laser spot touches
the PIlayer, a different mechanism dominates where PI gets over-
heated due to the relatively slow absorption process that allows
heat accumulation. Therefore, the thinner PI layer is extremely
fragile under high-power laser pulses. We managed to solve this
obstacle by fine-tuning the delivered laser power density. A com-
parison of the Cu-PI sample under different laser ablation param-
eters with and without burned defects caused by the high-power
laser is shown in Figure S1a (Supporting Information).

To further confirm the removal of the copper layer on the PI
substrate, we use energy dispersive X-ray spectroscopy (EDS) to
characterize the element distribution of the laser-scribed sample.
As shown in Figure Sle (Supporting Information), copper signal
accumulates in the central part, which is the copper wire, while
little copper exists in the laser-scribed area. Therefore, we can de-
termine that the continuous part of copper wire has an effective
width of ~50 um and the whole copper wire pattern has a width
of ~170 um at a designed 200 pm width, considering the rough
edges. The UV-vis-NIR transmission spectrum (Figure S2a, Sup-
porting Information) supports the fact that PI absorbs energy
from the incident laser beam. The stylus profile (Figure S2b, Sup-
porting Information) also confirms the thickness of the cladded
copper layer is ~#30 pm. What is more, the two spikes of the sur-
face height in Figure S2b (Supporting Information) illustrate that
there exist higher barriers at the edges of the scribed copper pat-
tern, as reported previously,*?] indicating a copper material accu-
mulation on the scribing line edges due to the laser pulse.
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2.2. Heating Performance
2.2.1. Uniform Heating

Joule heating has been a commonly used technique to achieve
high-temperature and fast heating with high efficiency due to
its energy conversion scheme. Unlike other heating methods, in-
cluding photothermal or radiative heating,>'~°! Joule heaters di-
rectly convert electrical power into heat without loss theoretically.
Therefore, Joule heating gained significant attention from re-
searchers who have reported various novel Joule heaters by novel
techniques including laser-induced fabrication, metal nanotubes
inkjet printing, and coating.[®] A Joule heater based on a laser-
induced graphene sheet can achieve a large area of fast heating!®”!
while another carbon precursor-based Joule heater delivers an ex-
tremely high temperature that boosts the chemical breakdown of
polymers.[® Some works can achieve ultrafast heating in a tran-
sient state, which takes less than 0.1 s to achieve an extremely
high temperature above 2000 K.**! Similar Joule heaters using
silver nanotubes created by inkjet printing obtained ultra-low
resistance.[°¢-3] Joule heaters fabricated with copper nanowires
can achieve filtering and Joule heating simultaneously.[**] How-
ever, among these Joule heaters, key issues related to heating
uniformity and speed still exist. On the one hand, most of the
Joule heaters are powered by a constant voltage which limits the
freedom of customization of the temperature profile, especially
at the beginning of the heating. The difference between the tem-
porary temperature and the final temperature undergoes a nearly
exponential decrease, which means that the time consumed has
a long tail and temperature drifts before reaching the target tem-
perature. For disinfection cases, the temperature stability and the
device durability of the working Joule heater are also necessary.
On the other hand, Joule heaters in large areas tend to suffer from
spatial non-uniformity more easily. The Joule heating, even on a
uniform planar heating device, will lead to non-uniform temper-
ature due to the natural preference for the electrical current to
select the conducting path with minimal resistance. Therefore,
the surface current density differs from point to point, result-
ing in a non-uniform temperature profile. We proposed to use
a proportional-integral-derivative (PID) controlled heating pro-
file, and an optimized heater pattern to solve the above issues.
To optimize the heating uniformity, we designed a novel ge-
ometric pattern of copper wires with electrodes for power sup-
ply, as shown in Figure 2a. As we mentioned above, a uniform
surface cannot guarantee a uniform temperature profile due to
unevenly distributed current density. Therefore, we separate the
copper conductors forcibly into small segments so that the cur-
rent has to go through more areas of the heater instead of the
smallest path and we can customize the area we want to heat
by changing the laser scribing pattern as shown in Figure S3a
(Supporting Information). Since each piece of the copper wire
plays the role of a tiny heat source while the surrounding PI sub-
strate is the heat conduction and dissipation medium, a tempera-
ture gradient builds up between the copper heating element and
the surrounding PI, both in-plane (parallel) and out-of-plane (per-
pendicular). The parallel temperature gradient worsens the uni-
formity, while the perpendicular temperature gradient improves
the uniformity at the bottom side of the PI layer to some degree.
Therefore, the heat tends to accumulate in the center of the heater
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Figure 2. a) The illustration of the heating test of the fabricated sample
and the COMSOL simulation of the temperature distribution in the cross-
section of one heating wire. IR images showing the temperature distribu-
tion on the surface of two samples b) without and c) with the heat uniform-
ing treatment. d) The temperature distribution along one cross-sectional
line on the surface of the samples in (b,c). Scale bar (a) is 100 um. Scale
bars (b,c) are Tcm.

and forms a hot area with a higher temperature, while the sur-
rounding part becomes a cold area. To overcome this challenge,
we build a model in COMSOL for simulating the spatial temper-
ature profile along the cross-section of one unit cell of copper-PI
structure placed in a periodic model, which is elaborated in Note
S8 (Supporting Information), and obtain the optimized copper
line width through simulation for an acceptable temperature gra-
dient, as shown in Figure 2a zoomed-in view. The heat generated
at the center of a planar heating device dissipates to the environ-
ment with more difficulty compared to the edge parts due to the
relatively lower temperature differences at the center than at the
edges. Therefore, we intentionally increase the width of the cop-
per wires at the center to let the center area generate slightly lower
heat than the edges do, to strike a balance between each area in
the whole heating device, as discussed in Figure S3b (Support-
ing Information). We can tell that the sample with the modu-
lated pattern can achieve better spatial uniformity compared to
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the sample without the modulated pattern, taking the length of
the sample of which the temperature falls within the target tem-
perature range of 90 + 0.5 °C as a quantitative criterion, illus-
trated by the two arrows in Figure S3b (Supporting Information).
Moreover, we can also evaluate the temperature uniformity by
the size of the colored area close to the target temperature of
90 °C in Figure 2b,c. In addition, we also added one extra cop-
per tape layer and the PI layer as the heat uniforming layer to
better distribute the heat evenly within the surface. The infrared
(IR) images shown in Figure 2b,c prove a uniform surface tem-
perature distribution with a difference smaller than 1 °C over an
area of 1 cm? after applying both heat uniforming techniques.
The temperature distribution along the cross-sectional line in
both samples also confirms the great improvement in tempera-
ture uniformity after adopting our proposed methods, as shown
in Figure 2d. Our designed pattern shows a great improvement
in temperature uniformity compared to the un-patterned whole-
piece metal or LIG heaters, which are not uniform, as shown in
Figure S3c—f (Supporting Information). We also used 5 thermo-
couples to measure the temperature by direct contact mode and
the temperature fluctuation is still smaller than 1 °C consider-
ing the error caused by the heat conduction due to thermocouple
wires, as shown in Figure S4 (Supporting Information).

2.2.2. Ultrafast and Stable Heating

To improve the heating speed and stability, we developed a PID-
controlled time profile for heating. With the home-designed PCB
and programs, we managed to change the heating power deliv-
ered to the heating device with a thermistor to provide the feed-
back signal. At the very beginning of the heating, we enable a
very high power to let the heater temperature increase as soon as
possible to reach the target temperature in the shortest possible
time. We then cut the heating power when the temperature gets
close to the target value to avoid overshoot and protect the heater
from damage. Once the temperature reaches the target value, we
dynamically fine-tune the delivered power to keep it stabilized
within an acceptable range near the target, therefore realizing
rapid, precise, and stable heating. As illustrated in Figure 3a,
we tested the samples in different heating methods with a well-
controlled testing setup to compare our heating strategy and de-
vice to other heating methods including constant voltage (CV),
constant current (CC), air fryer, hot plate, and oven. We found
that all other heating methods cannot beat our heater in terms of
heating speed. As shown in Figure 3b, our heater with dynamic
feedback control shows a rapid increase in the temperature at the
beginning of heating, where the temperature jumps up to 90 °C
within 5 s and then stabilizes at the target temperature within
15 s. In contrast, all the other heating methods delivered quite
slow heating that takes more than 60 s or even longer time to
reach the target temperature. As shown in Figure 3c, the heating
speed of our heater is one order of magnitude higher than other
heating methods, proving its ultrafast heating ability. Moreover,
we found that the heating profile shows little temperature drift
under 15 min of heating, proving its stability in long operation
time, as shown in Figure 3c. The temperature of the constant
voltage, constant current, and oven batches keep increasing as
long as the power supply is not overloading, thus they cannot
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Figure 3. a) The illustration of the heating test using different heating methods with thermocouples for measuring the temperature. b) The temperature
profile with time of different heating methods. c) The heating speed extracted from the time profile proves the ultrafast heating speed of our heater. d)
The long-time heating profile of different heating methods. e) The heating stability extracted from the long-time profile shows the stability of our heater.

even control the heating near the target temperature, as shown
in Figure 3d, while other heating methods like air fryer and hot
plate suffer from the huge fluctuations or temperature drifting
over time. As shown in Figure 3e, our heater enjoys the highest
heating stability compared to other heating methods.

2.2.3. Heating on Multiple Layers

For the disinfection of cash, a common practice is to heat multi-
ple banknotes together to save time. Cash, usually made of cotton
paper and polymers,[®! has a loose structure and each banknote
contains a lot of wrinkles that can absorb air, which is a thermal
insulator, making it difficult for thermal conduction. Yet people
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place cash in wallets most of the time, and that inspires us to in-
tegrate our novel heater into a wallet for convenient disinfection
of cash, as illustrated in Figure 4a. Some research work showed
great heating performance while lacking the testing for thick and
layered objects. To confirm the influence of the heating perfor-
mance of layered objects, we tested the temperature with differ-
ent layers of filter papers and banknotes. We can tell that thicker
filter papers have a slower heating profile compared to thinner
filter papers, causing a longer time before reaching the stabilized
temperature, as shown in Figure 4b. However, the central temper-
ature decreases linearly with the layer number of filter papers, in
a slope of —2.1 °C per layer, as shown in Figure 4c. Therefore,
we can determine the temperature at the center of several layers
of banknotes (as shown in Figure 4a) and make sure the most
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Figure 4. a) The prototype of an ultrafast disinfection wallet with our heater and banknotes inside. The heat generated by double layers of Cu-PI heater
penetrates deep through layers of banknotes. b) Temperature profile with heating time for multiple layers of paper. c) Temperature drop for the increasing

layer number shows a linear dependence. Scale bars (a) are 2 cm.

centered one still gets sufficient heating, as the temperature drop
due to the increasing layers remains within 20 °C for 8 layers of
paper. The pressure applied to the objects shows little effect on
the final temperature and the heating process, as confirmed in
Figure S5 (Supporting Information). We tested the temperature
of the paper under different pressures by adding weights and
we got almost the same temperature-rising profile. This proves
that our PID-controlled Joule heating device is robust to the ap-
plied pressure thanks to its self-adaptive feedback ability, so it can
maintain high stability in different working environments. Dur-
ing the heating tests, we observed no obvious changes to the ban-
knotes, showing that our heating temperature and time would
cause little degradation to the banknotes, compared to the degra-
dation from water and mechanical wear in daily use.[%]

2.3. Flexibility Performance

Our Joule heater consists of several flexible layers in the following
order: a bottom layer of PI film as the substrate, a middle layer of
copper as the functional Joule heater, and a top layer of PI tape
as the encapsulation. Another layer of copper tape is attached to
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the bottom layer as the heat dissipation layer. To confirm the flex-
ibility of the pristine sample and the sample with PI encapsula-
tion, we conducted the bending test on a motorized positioning
with the parameters listed in the experimental section. The Cu-PI
samples without encapsulation and with encapsulation present a
similar bending angle and performance shown in Figure 5a,b,
which means that despite the elasticity brought by the PI encap-
sulation layer, the sample after encapsulation still maintains a
similar flexibility compared to the original one. Therefore the PI
encapsulation layer does not sacrifice the flexibility much but pro-
vides extra protection as noted above. We believe the mechanism
for all the interface bonding between each pair of layers is the van
der Waals interactions because of the glue between the layers, as
shown in Figure 5c¢,d. The difference in the bondings between
each layer should be the bonding strength, as the bottom PI film
is bonded with copper by hot lamination with large pressure (pre-
manufactured) while the top PI tape is bonded with copper by
hand pressing with limited pressure. To further evaluate the cycle
repeatability of the sample, we conducted the bending test on the
encapsulated sample 10 000 times with the same motorized po-
sitioning system. The SEM cross-section view of interfaces taken
from the bending area shown in the yellow frame in Figure 5b
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Figure 5. The top and side view of the Cu-PI sample a) without and b) with PI tape encapsulation under bent status. The SEM cross-section view of
the Cu-PI sample c) without and d) with Pl tape encapsulation. The SEM cross-section view of interfaces of samples with Pl tape encapsulation layer e)
without and d) with 10 000 times of bending test. Scale bars (a,b) are 5 mm. Scale bars (c,d) are 20 um. Scale bars (e,f) are 10 um.

of samples with PI tape encapsulation layer without and with re-
peated bending confirms that no explicit defects or cracks are in-
troduced to the interfacial layers, as shown in Figure 5e.f.

2.4. Anti-Bacterial Performance

Some works focus on the electrically induced and Joule heating-
induced anti-bacterial tests and showed great performances in
killing the bacteria on various surfaces including concrete.!®-70]
The Joule heating on cash, however, has remained an area that
needs investigation. We tested the sterilization performance with
the anti-bacterial test, as illustrated in Figure 6a. We chose two
common pathogenic bacteria: E. coli and S. aureus as the testing
species. We put the filter paper serving as a simulation of ban-
knotes containing the bacteria into our heating device for differ-
ent heating durations and then washed it out for cultivation. The
colony counting results after cultivation in Figure 6b show that

Adv. Mater. Interfaces 2024, 2400045 2400045 (7 0f11)

under 30 s of heating at 90 °C, the bacteria colony count of S.
aureus drops by 98%. For E. coli, the colony count drops by 99%
under 30 s of heating at merely 65 °C while drops by 100% un-
der 5 s of heating at 90 °C as shown in Figure 6¢ and Figure S6d
(Supporting Information), confirming the excellent and ultrafast
sterilization performance of our device. It shows a 360 times ac-
celeration compared to the guidelines of using steam-sterilizing
for 30 min at 121 °C recommended by the CDC. We also con-
firmed that E. coli can be effectively deactivated when the tem-
perature is higher than 70 °C at a heating duration of only 5 s,
which is shown in Figure S6d (Supporting Information), and the
colony counting agar plates are shown in Figure S6f (Supporting
Information). The integrated device used for bacteria tests and
the PCB details are shown in Figure S6a,b (Supporting Informa-
tion). The bacteria colonies after 18 h of incubation on agar plates
are shown in Figure 6d,e for S. aureus and E. coli, respectively.
However, there still exist some limitations in our study. Al-
though the anti-bacterial tests show good performance, the
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Figure 6. a) The illustration of the bacteria test workflow. Colony count after the sterilization by the device performed on b) S. aureus and c) E. coli. The
optical images of agar plates after incubation for d) S. aureus and e) E. coli after sterilization by the device. Scale bars in (d,e) are T cm.
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device still needs to contact the objects to be sterilized as close as
possible. It may cause potential doubts for different users shar-
ing the same device for disinfection of some intimate belongings,
like thin clothes. In addition, we can design the laser scanning
pattern to decrease the copper nanoparticles ejected during the
laser scribing process and even make good use of them by back
transfer technique.”!! Currently, we use thermal conduction for
sterilization, and we plan to improve its heating efficiency by ex-
ploiting more channels of thermal exchange, including radiation
heating and convection in the future.

3. Conclusion

We designed an ultrafast Joule heater with a uniform tempera-
ture profile and efficient sterilization performance against bacte-
ria. We used laser ablation scribing to fabricate the flexible Joule
heater. The anti-viral and anti-bacterial tests show ultrafast and
highly efficient sterilization performance. Our heater generates
no chemical waste during use, causing no environmental bur-
den like chemical sterilizers do. The heat produced by our heater
can penetrate deep into the fibers and layers of paper, thus per-
forming better than UV sterilization which can only work for the
surfaces. Meanwhile, rapid heating with dynamic control enables
a highly efficient and effective sterilization performance. We be-
lieve this work will inspire more researchers on Joule heating-
related disinfection and shine light on innovative portable devices
for sterilization against pathogens by heating.

4. Experimental Section

Materials: The commercially available copper-cladded polyimide (Cu-
PI) film consists of 35 um thick copper and 17 um thick Pl fabricated by
hot lamination.

Preparation of Cu-PI Original Sample: A rectangle piece of Cu-PI film
was attached to a piece of flat glass and two opposite sides of the film were
fixed with scotch tape (810 HK, 3M). It was made sure the target area was
closely attached to the glass substrate by tight tape.

Fabrication of Laser Patterned Sample: The laser source was a 1064 nm
pulsed laser marking machine. The laser was applied at focal length
with the following parameters: scanning speed (300-450 mm s~'), power
(12.72 W), filling line gap (2 um), and repetition frequency (20 kHz). Af-
ter laser scribing, the Cu-PI film was cleared with absolute ethanol and
DI water and then dried by air-blowing and oven. After the laser-scribed
Cu-Pl sample was cleaned, the copper side was encapsulated with Pl tape
to prevent short-circuit from accidental electrical contact. Another layer of
copper tape was stuck on the back Pl layer side as the heat dissipation
layer for a more uniform temperature distribution.

Heating Tests: To simulate the disinfection of banknotes, normal pa-
per, filter paper, and surgical masks were selected as the candidates for
the heating test. A testing bench was established with two pieces of the
same samples as the Joule heating source. The testing objects were cut
into squares of 1 cm X 1.cm in size and put in between the two heating
elements. The sandwich-like complex was then surrounded by heat insu-
lation layers made of polystyrene (PS) foam and polytetrefluoroethylene
PTFE plates to reduce heat loss. An ultra-thin thermocouple (K-type, KAI-
PUSEN) was used as the temperature sensor to minimize the heat con-
duction caused by the measurement device. A constant voltage/current
and a PID-controlled voltage (from the homemade PCB controller) were
applied to the heating elements to obtain the temperature profile at differ-
ent powering conditions.

Bending Tests: A motorized positioning system (PDV PP110-30-5040
linear motor stage with KZ-100 controller) was used using the following
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moving profile: accelerate for 1s at 9 mm s™2, move constantly for 1s,

accelerate for 2 s at =9 mm s~2, move constantly for 1, accelerate for 1s
at 9 mm s~2. This profile was the single period of the repeated bending
cycle, and the cycle was conducted 10 000 times.

Prototyping: A portable device integrated with a 3D-printed case,
homemade PCB controller, and laser-scribed heating elements was built.
The electronic details of the PCB are introduced in Figure S6a (Supporting
Information). The bacteria tests against E. coli and S. aureus were con-
ducted.

Bacteria Tests: The filter paper was used as the testing medium and
we dropped 10 pL of bacteria suspension with optical density (OD) 1 on
the filter paper pieces. After waiting for 5 min in the ambient environment
to let the filter paper dry naturally and then it was put into the device for
heating of 0-30 s at an interval of 5 s. The processed filter paper was then
washed with 1000 pL (for S. aureus) and 500 pL (for E. coli) of Phosphate-
buffered saline (PBS) (0.03 mol L™, pH 7.2, HKM) for 1 min with a vortex
mixer and dilute the eluate at the ratio of 1:500 (for S. aureus) and 1:100 (for
E. coli). A 100 pL of the diluted suspension was dropped onto Petri dishes
and cultivated at 37 °C for 18 h for colony counting. The dilution ratio was
determined by previous cultivation tests with different dilution ratios for
the most suitable one, as shown in Figure S6c (Supporting Information),
while the corresponding agar plates are shown in Figure Sée (Supporting
Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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