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26 SUMMARY:
27  In this study, we fabricated a flexible 3D mesh structure and applied it to the elastic layer of a
28 bimorph cantilever-type vibration energy harvester for the purpose of lowering resonance
29 frequency and increasing output power.
30
31  ABSTRACT:
32 In this study, we fabricated a flexible 3D mesh structure with periodic voids by using a 3D
33  lithography method and applying it to a vibration energy harvester to lower resonance frequency
34  and increase output power. The fabrication process is mainly divided into two parts: three-
35 dimensional photolithography for processing a 3D mesh structure, and a bonding process of
36 piezoelectric films and the mesh structure. With the fabricated flexible mesh structure, we
37 achieved the reduction of resonance frequency and improvement of output power,
38 simultaneously. From the results of the vibration tests, the meshed-core-type vibration energy
39  harvester (VEH) exhibited 42.6% higher output voltage than the solid-core-type VEH. In addition,
40 the meshed-core-type VEH yielded 18.7 Hz of resonance frequency, 15.8% lower than the solid-
41  core-type VEH, and 24.6 uW of output power, 68.5% higher than the solid-core-type VEH. The
42  advantage of the proposed method is that a complex and flexible structure with voids in three
43  dimensions can be relatively easily fabricated in a short time by the inclined exposure method.
44  Asitis possible to lower the resonance frequency of the VEH by the mesh structure, use in low-
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frequency applications, such as wearable devices and house appliances, can be expected in the
future.

INTRODUCTION:

In recent years, VEHs have drawn much attention as an electric power supply of sensor nodes for
implementing wireless sensor networks and Internet of Things (loT) applications®. Among
several types of energy conversion in VEHSs, piezoelectric-type conversion presents high output
voltage. This type of conversion is also suitable for miniaturization because of its high affinity
with micromachining technology. Because of these attractive features, many piezoelectric VEHs
have been developed using piezoelectric ceramic materials and organic polymer materials®13.

In ceramic VEHSs, cantilever-type VEHs using high-performance piezoelectric material PZT (lead
titanate zirconate) are widely reported**'8, and the VEHs often use resonance to obtain high-
efficiency power generation. In general, as the resonance frequency increases with the
miniaturization of the device size, it is difficult to achieve miniaturization and low-resonance
frequency simultaneously. Thus, although PZT has high-power-generation performance, it is
difficult to develop small-sized PZT-based devices that work in a low-frequency band without
special processing, such as nanoribbon assemblies'®?°, because PZT is a high-rigidity material.
Unfortunately, our surrounding vibrations such as household appliances, human motion,
buildings, and bridges are mainly at low frequencies, less than 30 Hz2123, Therefore, VEHs with
its high-power-generation efficiency at low frequencies and small size are ideal for the low-
frequency applications.

The easiest way to lower the resonance frequency is to increase the mass weight of the tip of the
cantilever. As attaching a high-density material to the tip is all that is required, the fabrication is
simple and easy. However, the heavier the mass is, the more fragile the device becomes. Another
way of lowering the frequency is to lengthen the cantilever?#%°, In the method, the distance from
the fixed end to the free end is extended by a two-dimensional meandered shape. The silicon
substrate is etched using a semiconductor manufacturing technique to fabricate a meandered
structure. Although the method is effective for lowering resonance frequency, the area of the
piezoelectric material decreases and, thus, the obtainable output power decreases. In addition,
there is a disadvantage that the vicinity of the fixed end is fragile. Regarding some polymer
devices, such as the low-frequency VEH, flexible piezoelectric polymer PVDF is often used. As
PVDF is usually coated by a spin-coating method and the film is thin, the resonance frequency
can be reduced because of the low rigidity?®?’. Although the film thickness is controllable in the
range of sub-micron to several microns, the attainable output power is small because of the thin
thickness. Therefore, even if the frequency can be reduced, we cannot obtain sufficient power
generation, and so, practical application is difficult.

Here, we propose a bimorph-type piezoelectric cantilever (consisting of two layers of
piezoelectric layers and one layer of elastic layer) with two flexible piezoelectric polymer sheets,
which have already been subjected to stretching treatment for improvement of piezoelectric
characteristics. Furthermore, we adopt a flexible 3D mesh structure in the elastic layer of the
bimorph cantilever to reduce the resonance frequency and improve the power simultaneously.
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We fabricate the 3D mesh structure by utilizing the backside inclined exposure method?82°
because it is possible to fabricate fine patterns with high precision in a short time. Although 3D
printing is also a candidate to fabricate 3D mesh structure, the throughput is low, and the 3D
printer is inferior to photolithography in machining accuracy3%3l. Therefore, in this study, the
backside inclined exposure method is adopted as the method for micromachining the 3D mesh
structure.

PROTOCOL:

1. Fabrication of the 3D mesh structure

1.1. Cleaning of the glass substrate

1.1.1. Prepare 30 mm x 40 mm glass substrates.

1.1.2. Prepare the piranha solution by pouring 150 mL of sulfuric acid (concentration: 96%) into
the glass beaker. Then gently add 50 mL of hydrogen peroxide solution (concentration: 30%).
Ensure that the volume ratio of sulfuric acid:hydrogen peroxide water is 3:1.

NOTE: Wear protective glasses and clothing for safety while pouring the solutions.

1.1.3. Set a glass substrate in a Teflon jig for cleaning. Then immerse it in piranha solution for 1
min.

1.1.4. After a 1 min immersion in piranha solution, rinse the washed glass substrate 2-3 times
with pure water (overflow 2-3 times).

1.1.5. Remove the water drops on the glass substrate with air blow.

1.2. Patterning of the Cr mask pattern for backside exposure on a glass substrate

1.2.1. Set the glass substrate in a chamber of a RF (Radio-Frequency) magnetron sputtering
machine. Set the RF power to 250 W, the flow rate of Ar gas to 5.07 x 102 m3/s, the chamber
pressure to 0.5 Pa, and the sputtering time to 11 min. Then form 100-200 nm of chromium film

on the glass substrate by RF magnetron sputtering.

NOTE: The thickness is controlled by the sputtering time, taking into account the sputtering rate
condition.

1.2.2. Set the substrate on a fixing stage in a spin-coater chamber. Drop a positive photoresist
$1813 on the chromium film and coat the 1-2 um thin film by spin coating at 4,000 rpm for 30 s.

1.2.3. Bake the photoresist-coated substrate at 115 °C for 1 min on a hot plate to dry the resist.
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1.2.4. Contact a photomask and a photoresist-coated substrate. Expose UV light vertically to the
photomask. Ensure that the exposure dose is 80 mJ/cm?, and the wavelength is 405 nm. Use the
photomask shown in Figure 1.

1.2.5. Prepare two 500 mL beakers. Then pour 150 mL of TMAH (Tetramethylammonium
hydroxide: 2.38%, solvent: water) solution into one beaker and pour 150 mL of chromium etchant
(Ammonium Cerium(IV) Nitrate: 16%, nitric acid: 8%) into the other beaker.

1.2.6. Immerse the substrate in 150 mL of TMAH solution and develop the photoresist for 30 s to
1 min.

1.2.7. Rinse the substrate with pure water.

1.2.8. Immerse the substrate in the 150 mL of chromium etching solution and etch chromium for
about 1 to 2 min.

1.2.9. Rinse the substrate with pure water and remove water droplets with air blow.
1.2.10. Prepare piranha solution by pouring 150 mL of sulfuric acid (concentration: 96%) into the
glass beaker. Then gently add 50 mL of hydrogen peroxide solution (concentration: 30%). Ensure

that the volume ratio of sulfuric acid:hydrogen peroxide water is 3:1.

NOTE: Wear protective glasses and clothing for safety while pouring the solutions. Piranha
solution will lose activity after a while, so prepare each time.

1.2.11. Place a glass substrate on a Teflon jig for cleaning. Then, immerse it in the piranha solution
for 15-30 s to remove the photoresist.

1.3. Preparation for SU-8 coating

1.3.1. Set the substrate on the fixing stage in the spin-coater chamber. Drop approximately 1 mL
of acrylic resin solution (concentration: 10%, solvent: toluene) on the chromium pattern side of
the substrate to release a fabricated structure as a sacrificial layer. Then, form a thin film by spin
coating at 2,000 rpm for 30 s.

1.3.2. Bake at 100 °C for 10 min.

1.4. SU-8 spray coating

1.4.1. Launch the spray coater and pour acetone solution into the syringe for cleaning.

1.4.2. Clean and remove residues inside the spray nozzle by spraying acetone solution.

NOTE: If the cleaning is insufficient, it leads to clogging at the time of spraying. Repeat this step
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twice to carefully clean.

1.4.3. Set the substrate on an attached plate in a spray coater.

1.4.4. Cover the substrate with an edge cover to prevent edge bead.

1.4.5. Pour the negative photoresist SU-8 3005 into the syringe.

1.4.6. Set the nozzle diameter to 5 mm, the nozzle movement speed to 120 mm/s, the
atomization pressure to 150 kPa, the fluid pressure to 60 kPa, the distance between the nozzle
and substrate to 40 mm, the pitch distance to 3 mm, and the interval time for each layer to 45 s.
Spray SU-8 multilayers on the substrate. Repeat the coating 10 times in the same way.

1.4.7. Leave the substrate to stand for 5 min after coating 10 times.

NOTE: During the standing time, the SU-8 film is uniformly flattened, and the air bubbles mixed
during spray coating are released.

1.4.8. Bake on a hot plate at 95 °C for 60 min.

1.4.9. Measure the thickness of 10 layers by micrometer. Then, calculate the thickness per layer.
1.4.10. Determine the remaining number of repetitions for spray coating from the calculated film
thickness per layer. Then spray the multilayer to form a thick film to achieve the target film
thickness. In this research, 40 layers are applied for a 200 um thickness.

1.4.11. Let the substrate stand for 5 min after the multilayer spray coating.

1.4.12. Bake on a hot plate at 95 °C for 240 min.

1.4.13. Leave the SU-8 coated substrate on a hot plate for 60 min and then cool it slowly to room
temperature.

1.5. 3D mesh structure forming

1.5.1. Place the substrate on an angle adjustment table by flipping the substrate over (i.e., the
SU-8 film is facing down) as shown in Figure 2.

1.5.2. Fix the edge of the substrate with tape.
1.5.3. Tilt the angle of the adjustment table to 45°.

NOTE: 0° means the substrate is in the horizontal state. The angle at this time is determined by
Snell's law, calculated from the refractive index of the photoresist, the refractive index of air. By
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irradiating at an incident angle of 45°, a mesh structure with a structure angle of 64° is fabricated.
1.5.4. Place the angle adjustment table under the UV light source.

1.5.5. Apply UV light vertically to the substrate at an exposure dose of 150 mJ/cm? and a
wavelength of 365 nm. After the exposure, return the angle of adjustment table to 0° and tilt it
to 45° in the opposite direction. Apply UV light vertically in the same way.

NOTE: Illustrations are shown in Figure 3a,b.

1.5.6. Place the substrate on a hot plate and set the temperature to 95 °C for PEB (post-exposure
bake). Bake the substrate for 8 min after the temperature becomes 95 °C.

1.5.7. Turn off the power of the hot plate. Wait until the temperature of the hot plate drops to
approximately 40 °C.

1.5.8. Pour 150 mL of SU-8 developer into a 500 mL glass beaker. Set the substrate in a Teflon jig
for developing.

1.5.9. Pour 150 mL of isopropanol (IPA) into another 500 mL glass beaker.

1.5.10. Develop for approximately 20 to 30 min. Ensure that if the developing time is not enough,
it leads to insufficient opening of the mesh voids.

1.5.11. Immerse the substrate with jig in IPA and rinse for 2 min.

NOTE: If the surface of SU-8 is apparently white and muddy, it indicates that development is
insufficient. In that case, repeat development and rinsing again. After complete development, a
mesh structure is formed, as shown in Figure 3c.

1.6. Structure release from the glass substrate

1.6.1. Pour 150 mL of toluene solution into a 500-mL glass beaker. Cover the beaker with
aluminum foil because toluene is easy to evaporate at room temperature.

1.6.2. Immerse the substrate in toluene solution for approximately 3-4 h. Ensure that the
sacrificial layer of acrylic resin is etched, and the SU-8 structure with the mesh structure is

released from the substrate, as shown in Figure 3d.

1.6.3. Blow air to the substrate and remove moisture. Store it in a desiccator until it is used in
step 4.3.

2. Preparation of piezoelectric film
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2.1. Prepare a PVDF sheet. Also, prepare a cutter knife with a stainless steel blade and cutting
mat.

2.2. Cut out the PVDF sheet to the device shape with a 360 mm? sheet (10 mm x 30 mm for
cantilever and 6 mm x 10 mm for electrical connection), as shown in Figure 3a.

2.3. Place the cut PVDF films on a Petri dish with a cellulose wiper. Store them in a desiccator.
3. Preparation of substrate for bonding mesh structure and piezoelectric film

3.1. Pour 10 mL of the main agent of PDMS and 1 mL of curing agent into a centrifuge tube (i.e.,
the approximate volume ratio is 10:1).

3.2. Set the centrifuge tube in a planetary stirring and defoaming machine and mix both solutions
for 1 min.

3.3. Prepare two 30 mm x 40 mm glass substrates.

3.4. Set the glass substrate on a fixing stage in the spin-coater chamber. Drop PDMS solution onto
the glass substrate. Then, form the PDMS film by spin coating at 4,000 rpm, as shown in Figure
3e.

3.5. Bake on a hot plate at 100 °C for 60 min to dry the PDMS film.

3.6. Turn off the power of the hot plate. Wait until the temperature of the hot plate drops to
approximately 40 °C.

4. Fabrication of bimorph vibration energy harvester
4.1. Place the cut PVDF films one by one onto two different PDMS substrates, as shown in Figure
3f. Ensure that just by placing PVDF films on the surface of PDMS, they adhere to each other. If

wrinkles are seen on the PVDF films, extend them with a roller.

NOTE: These two PVDF films are called PVDF flm1 and PVDF flm2, and the two PDMS substrates
are PDMS sbs1 and PDMS sbs2, for the sake of clarity.

4.2. Drop SU-8 3005 onto the PVDF flm1 placed on PDMS shsl. Then, form the SU-8 thin film by
spin coating at 4,000 rpm as shown in Figure 3g.

NOTE: This SU-8 thin film becomes an adhesion layer between the mesh structure and the PVDF
flm1. The place where the SU-8 3005 was not dropped is used for wiring to acquire electric power.

4.3. Place the SU-8 mesh structure on the PVDF flm1 and bond them as shown in Figure 3h.
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4.4. Drop SU-8 3005 onto the PVDF flm2 placed on PDMS sbhs2. Then, form the SU-8 thin film by
spin coating at 4,000 rpm in the same way as step 4.2.

4.5. Peel off PVDF flm2 from PDMS sbs2 and then place on top of the SU-8 mesh structure placed
on PVDF flm1, adhering them as shown in Figure 3i,j. Store the device with the bonded state in
a container with low humidity such as desiccator. Leave it for about 12 h.

4.6. Put the tweezers into the bottom side of the lowest layer PVDF flm1 and peel off bonded 3
layers PVDF flm1, SU-8 mesh structure, and PVDF flm2 simultaneously from the substrate, as
shown in Figure 3k.

REPRESENTATIVE RESULTS:

We fabricated a bimorph-type VEH composed of two layers of PVDF films and an intermediate
layer composed of an SU-8 mesh structure, as shown in Figure 4. The electrodes of the upper and
lower PVDF are connected in series to obtain output voltage. The optical image and the two SEM
images are elastic layers with a mesh structure. According to the images, the elastic layer
processed by the backside inclined exposure appears to have fine 3D mesh patterns without
development failure.

Figure 5 shows the results of vibration tests. In the vibration tests, two VEHs—one with a meshed
core and the other with a solid-core structure—as the elastic layer are evaluated to verify the
validity of meshed-core-type VEH. The VEHs are set on a vibration shaker and excited with a
vibration acceleration of 1.96 m/s?(0.2 G). Both the meshed-core-type and solid-core-type VEHs
showed sinusoidal output synchronized with a sinusoidal input. The meshed-core-type VEH
exhibited a 42.6% higher output voltage than the solid-core type VEH. Figure 5b shows the
frequency response of the maximum output power. The meshed-core-type VEH exhibited a
resonance frequency of 18.7 Hz, which is 15.8% lower than the solid-core-type VEH, and an
output power of 24.6 uW, which is 68.5% higher than the solid-core-type VEH.

FIGURE AND TABLE LEGENDS:

Figure 1: Photomask layout for photolithography to fabricate elastic layer with a 3D meshed-
core structure. The photomask has two parts. One is the area for clamping, and the other
contains the line and space patterns for mesh-structure patterning.

Figure 2: Set-up for inclined exposure. UV light is exposed vertically to the inclined substrate
with a Cr pattern placed on angle adjustment table.

Figure 3: Schematic of a proposed piezoelectric vibration energy harvester with a 3D meshed-
core structure and the fabrication process of the harvester. The fabrication process can be
divided into 3 sections: (a)-(d) represent the fabrication process of the 3D mesh structure, (e)-(g)
represent the preparation of the PVDF film on a glass substrate, and (h)-(j) represent the bonding
process to form a bimorph cantilever. (These figures are published under gold Open Access,
Creative Commons license and have been modified from [21].)
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Figure 4: (a) Photograph of the fabricated bimorph meshed-core vibration energy harvester,
(b) cross-sectional optical image of the 3D meshed-core structure, (c) and (d) SEM images of
SU-8 meshed-core elastic layer. (These figures are published under gold Open Access, Creative
Commons license and have been modified from [21].)

Figure 5: (a) Sinusoidal output voltage of load resistance under each resonance condition
(meshed-core 18.7 Hz, solid-core 22.2 Hz) and (b) Maximum output power as a function of
vibration frequency under optimum load resistance (meshed-core 17 MQ, solid-core 13 MQ)
and 0.2 G acceleration. (These figures are published under gold Open Access, Creative Commons
license and have been modified from [21].)

DISCUSSION:
The successful fabrication of the 3D mesh structure and the proposed bimorph VEH described
above is based on four critical and distinctive steps.

The first critical step is processing using backside inclined exposure. In principle, it is possible to
fabricate a mesh structure by inclined exposure from the upper surface using the contact
lithography technique. However, backside exposure presents a more accurate processing
precision than contact lithography, and defects during development are less likely to occur?®%°,
This is because the gap between the photomask and the photoresist could arise due to the
waviness of the photoresist surface. Hence, light diffraction occurs and processing precision is
lowered because of the gap. Therefore, in this study, we fabricated a mesh structure using the
backside inclined exposure method. In addition, the measured value of the structural angle of
the fabricated mesh structure is about 65°, with just a 1% error as compared with the designed
value of 64°. From the result, we conclude that it is appropriate to apply the backside inclined
exposure method to fabricate the mesh structure.

The second critical step is the development process of SU-8. If a developing defect occurs, the
mesh structure loses inherent flexibility. To develop the thick SU-8 film, typically 10-15 min is
used. However, this developing time is insufficient for the development of a 3D mesh structure.
The 3D mesh structure differs from the 2D pattern fabricated by photolithography because it has
many internal voids inside the membrane. If the developing time is short, development does not
progress to the interior of the mesh structure, causing patterning failure. That is why, it is
necessary to apply a relatively long development time, 20-30 min32. If finer patterns are required,
even longer developing time may be necessary. However, at that time, we have to consider the
swelling caused by long development time33,

Next, the method to exploit a PDMS-formed substrate in the bonding process of PVDF film and
SU-8 mesh structure is unique. It makes spin coating possible and, as a result, PVDF and SU-8 can
be easily adhered using a spin-coated SU-8 thin adhesive layer. PVDF and SU-8 can be bonded,
even by using a commercially available instant glue. However, the adhesive material hardens
after the adhesive is solidified. Moreover, it is difficult to form a thin film with the instant glue. If
the thickness of the instant glue is larger, it will increase the rigidity of the entire device. An
increase in rigidity leads to an increase in the resonance frequency (i.e., it prevents lowering the
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resonance frequency, which is the main purpose of this study). On the other hand, using the SU-
8 thin film formed by spin coating as an adhesion layer does not greatly affect the increase in
rigidity because the formed SU-8 film is thin. In addition, as the mesh structure is made of SU-8,
it is possible to increase the adhesive strength by using the same material for the adhesion layer.
That is why the SU-8 adhesion has enough adhesive strength to bond an SU-8 mesh structure and
PVDF films. Furthermore, from the aspect of reproducibility of the device, it would be useful to
use the SU-8 thin film as an adhesion layer, as a constant film thickness can be realized by spin
coating film formation.

Fourth, the coating method of SU-8 is distinctive. We have selected a spray multilayer coating
method for the SU-8 thick film. Although it is possible to form a thick film by spin coating, large
surface waviness occurs, and it is difficult to coat the film uniformly34. On the other hand, using
the spray multi-coating method reduces the waviness and suppresses the error of film thickness
in the substrate34. Particularly, attention needs to be given to large waviness because when the
thickness of the 3D mesh structure becomes nonuniform, the vibration characteristics and
rigidity of the device is changed by the partially increased or decreased thickness.

In principle, as photolithography uses UV light, the fabricable shapes are limited. It is true that
we can fabricate complex structures such as a 3D mesh structure by using inclined exposure.
However, arbitrary shapes such as a three-dimensional structure with a curved shape in the film
thickness direction are difficult to form3>3¢. The 3D printing can produce arbitrary three-
dimensional shapes, and the design is flexible. However, the throughput of the fabrication is low,
and the processing precision and mass production are inferior to photolithography. Thus, it is not
suitable for fabricating structures with fine patterns in a short time. In addition, processing 3D
CAD data is necessary, and it takes time to create the 3D model. On the other hand, in the case
of photolithography, especially in the inclined exposure method, the CAD data necessary for the
photomask is two-dimensional, and the design is relatively easy. For example, the oriented design
for a 3D mesh structure is just the 2D line and space patterns, as shown in Figure 3. Considering
these facts, in this research, we exploited the 3D lithography technique to develop a flexible 3D
mesh structure.

In this study, we fabricated a flexible 3D mesh structure and applied it to the elastic layer of a
bimorph cantilever type VEH for the purpose of lowering resonance frequency and increasing
output power. Since the proposed method is useful in lowering resonance frequency, it will be
useful for vibration energy harvester targeted for low-frequency application such as wearable
devices, monitoring sensors for public buildings and bridge, house appliances, etc. Further
improvement of output power would be expected by combining the trapezoidal shape, triangle
shape, and thickness optimization which is previously proposed in other papers37-3°,
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as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authars collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
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as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12; Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13 Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US51,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
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We wish to express our appreciation to the reviewers for their insightful comments, which have helped

us significantly improve the paper. The followings are our point-by-point responses:

< Editorial comments >

Comment 1.

Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling
or grammar issues.

Response 1.

Thank you very much for the comment. We have reviewed to proofread the manuscript so that there

are no spelling or grammar issues.

Comment 2.

Figure 4: Please provide a title for the whole figure in Figure Legend.
Response 2.

We have added a title for the whole figures in Figure 4.

Comment 3.

Figure 5: Please provide a title for the whole figure in Figure Legend.
Response 3.

We have added a title for the whole figures in Figure 5.

Comment 4.

Please do not highlight notes for filming.

Response 4.

We have fixed the corresponding sentences not to be the highlight.

Comment 5.

Step 1.2.1: Please add more details to your protocol steps. Please ensure you answer the “how”
question, i.e., how is the step performed? Alternatively, add references to published material
specifying how to perform the protocol action.

Response 5.

We have added more details and answered the “how” questions in the Step 1.2.1. (Lines: 121-124)
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Comment 6.

1.2.5: What’s the concentration of NMD-3? What’s the solvent?
Response 6.

We have added the concentration and the solvent. (Line: 138)

Comment 7.

1.3.1: What’s the concentration of acrylic resin?

Response 7.

We have added the concentration of acrylic resin. (Line: 165)

We wish to thank the reviewers again for the valuable comments.



