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ABSTRACT

Triboelectric nanogenerators (TENGs) are an emerging technology for harnessing green energy and
serving as essential power supply for self-charging mobile electronics. Achieving high electrical
output in a cost-effective, large-scale production is crucial for the widespread practical application
and commercialization of TENG, yet it remains significantly challenging. In this study, we present
an innovative, scalable, and cost-effective approach for surface patterning of dielectric elastomer
materials with the aim of advancing the commercial potential of TENG. Our method involves the
preparation of a durable plastic mold featuring microwell-patterned surface (mw-plate mold), using
plastic wastes such as disposal Petri dishes and CD discs, through a one-step dip-coating process.
Subsequently, the convex-microbead-patterned polydimethylsiloxane (mb-PDMS) replicas are cre-
ated using a micromolding technique. Our results indicate the superior structural integrity of the
honeycomb mold throughout multiple molding processes, attributed to the reinforcing ability of
the plastic plate. Furthermore, TENG device using mb-PDMS exhibit a remarkable average output
power density of 3.92 mWx m~2 with an open-circuit voltage (Voc) of 185V and a short-circuit cur-
rent (lsc) of 20 pA, representing a 5-fold increase over that of unstructured TENG, thereby demon-
strating significantly enhanced electrification effectiveness through surface patterning. We believe
that the convergence of cost-effective, scalable and efficient surface patterning of elastomer tribo-
materials might enable new prospects for the commercialization of future TENGs for blue energy
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harvesting that requires a network of huge numbers of TENG devices.
Key words: Honeycomb, surface patterning, molding, elastomer, triboelectric nanogenerator

 INTRODUCTION

2 The integration of healthcare sensors within the Inter-

net of Health Things (IoHTs) demand a distributed,
!, Microelec-
tromechanical systems (MEMS technology) plays a

crucial role as a driving force for reducing for shrink-

7 ing the size and reducing the power consumption of

s these sensors?. Harnessing ambient energy sources,
Kiet Street, District 10, Ho Chi Minh City, R

such as abundant mechanical energy readily avail-

able in the environment, present a promising solu-

tion for powering these sensors. Among the various
technologies, triboelectric nanogenerators (TENGs)

13 have emerged as exceptionally efficient in harvesting

1

>

kinetic mechanical energies, such as human move-

15 ments, engine vibrations, wind, flowing water, and

2

ocean waves, into electricity3‘9. TENGs offer numer-
ous advantages, including flexibility, compact design,
high energy-conversion efficiency, and a wide range
of biomaterial choices!®!!. While TENGs are well-

known as ideal power sources for portable electron-

ics and self-powered sensors, achieving high electrical

22 output cost-effectively and at a large scale is imper-

ative for their utilization in harvesting mega energy
from ocean waves or wind.

Surface patterning of dielectric elastomers has been
shown to significantly enhance the output perfor-
mance of TENG %, Elastomers such as PDMS and
polyurethane (PU), with specially designed surface
patterns, are important functional materials in var-
ious practical applications including photonic de-

13 sensors'?, solar cells'®, soft robotics!®!7,

vices
supercapacitorsls’lg, and TENG. However, conven-
tional fabrication methods such as lithography and
colloid template techniques often face significant ob-
stacles such as high cost, complexity, low through-
put, and time consumption, limiting their commer-
cialization for practical applications. Recently, the
Breath Figure method (BF) has been employed to
fabricate polymer films with regular concave surface
patterns, which are then utilized to prepare convex-
patterned elastomer replica through micromolding
(m -molding) methods?’. However, honeycomb
film prepared by BF often requires expensive am-
phiphilic polymers, very humid conditions, and inte-
rior strength for multiple molding processes.
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To address these challenges, we propose an innova-
tive strategy for creating ordered regular microwell-
pattern array on the surfaces of disposed plastic
plates such as Petri dishes made from polystyrene,
and CD discs made from polycarbonate, which are
then exploited as robust molds for preparing convex-
The mi-
crowell array, being part of the plate, enhances the

microbead-patterned elastomer replicas.

structural integrity of the mold for repeating the
molding process. The patterned PDMS is employed to
fabricate TENG device. The electrical output of pat-
terned TENG is characterized and compared to the
TENGsS using unstructured PDMS. The use of plastic
waste as starting materials and the employment of a
solution process, without any strict preparation con-
ditions required, enable this approach for massive and
cost-effective production.

EXPERIMENTAL METHODS

Materials

Petri dishes and CD discs were sourced from waste
disposal sites, thoroughly washed with water to re-
move dirt, debris, and oil residues, and then air-dried
in ambient conditions before storage. Polydimethyl-
siloxane (PDMS) and curing agent (Sylgard 184) were
obtained from Dow Corning (USA). Anhydrous chlo-
roform (99.8%) with amylenes as stabilizers and anhy-
drous methanol (99.8%) were acquired from Sigma-
Aldrich (USA) and used as supplied.

Fabrication of the mw-molds and mb-PDMS
replicas

The mw-plate molds were prepared by the Improved
Phase Separation (IPS) method?!. The chloroform-
methanol mixture, with a ratio of 90:10 (v/v), was pre-
pared by thorough agitation of the two liquids. Fol-
lowing this, polymer plates (Petri dish or CD disc)
were immersed in the solvent mixture using a dip-
coater, and subsequently withdrawn from the solvent.
The samples were then air-dried under normal condi-
tions (~30°C and 65% RH). Dip-coating parameters
were fixed to a dipping speed of 30 cm.min"!, with-
drawal speed of 50 cm.min™!, and a retention time of
15s. Upon complete drying, mw-plate molds were ob-
tained, and the features of the microwell array could
be adjusted by varying the chloroform-methanol ra-
tio. These mw-plate molds were then utilized to fab-
ricate the mb-PDMS replicas through a micromold-
ing method. The base PDMS and its cross-linker were
mixed at a ratio of 10:1 (w/w), poured onto the mw-
plate molds, and thoroughly degassed before curing at
70 °C for 4 hours. Subsequently, the mb-PDMS repli-
cas were obtained by peeling them off from the mold.

Fabrication of microbead-patterned TENG
(mb-TENG)

The contact-separation mode TENG was assembled
using mb-PDMS and aluminum as two tribosurfaces,
each with dimensions of 2x2 cm?, and maintaining
a fixed distance of 5 mm between them. Two poly-
lactic acid (PLA) plates, coated with aluminum ad-
hesive on their inner surfaces, were employed as the
top and bottom mechanical support substrates for the
TENG. The smooth surface of the mb-PDMS was ad-
hered to the aluminum, while its patterned side served
as the friction surface. Aluminum on the bottom sub-
strate functioned both as the friction surface and the
electrode. Electrical wires were connected to the elec-
trodes for electrical output characterization.

Fabrication of gapless triboelectric nano-
generator (gI-TENG)

The gl-TENG was assembled utilizing the mb-PDMS
hybrid and copper mesh (Cu-mesh) as negatively and
positively charged surfaces, respectively. Both the

2 were placed

electrets with the same size of 3x5 cm
in close to one another and sealed along the edges
with adhesive tape. Electrical wires were connected
to the copper mesh electrode, establishing a single-

electrode, gapless TENG.

Characterization methods

The surface morphology of the samples was charac-
terized by using scanning electron microscopy (SEM,
JSM-IT2000 InTouchScope, JEOL Ltd.), and opti-
cal microscope (XYX-M3230 upright metallurgical
microscope, China). The simulation results were
achieved using COMSOL Multiphysics software with
the assumed surface charge density across electrodes
of 0.3425 mC m~2. A freely available software (Im-
age]) was utilized to analyze the features of pattern
array. The static water contact angle (WCA) was mea-
sured utilizing a drop shape analyzer (Phonenix 300,
S.E.O, Korea). A pushing tester was applied to gener-
ate vertical impulse vibrations to the TENG. Electri-
cal output measurements were conducted using a dig-
ital oscilloscope (Model No. SDS1102CML, Siglent,
China) and a low-noise current preamplifier (Model
No. SR570, Stanford Research Systems, Inc., USA).
Additionally, the thickness of the samples was mea-
sured by a Elcometer A456CFBS with the T456CF1S
probe.

The average power density (P,,) was calculated using
the following equations.

1
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RESULTS AND DISCUSSION

Fabrication of convex and concave pat-
terned PDMS

Figure 1 illustrates the overall fabrication process of
convex-patterned elastomers and presents the pro-
posed mechanism for forming a microwell array onto
polymer plates by using the IPS method. In Figure la,
the fabrication begins with the large-scale preparation
of a microwell-patterned plate through a one-step dip-
coating process. Subsequently, this microwell plate
serves as a reusable mold (mw-plate mold) for prepar-
ing the convex-microbead-patterned elastomer (1mb-
PDMS) via the m-molding method, with experimen-
tal details provided in the Experimental Section. Re-
garding the proposed mechanism for forming a mi-
crowell structure on polymeric plates such as Petri
dish, it is essential to highlight the crucial roles of
the rational mixture solvent composed of chloroform
and methanol. Firstly, the solvent dissolves the poly-
mer, leading to formation of a polymer solution ad-
hering to the plate surface (Figure 1b). Secondly,
it induces phase separation through solvent evapo-
ration, causing the formation of nonsovent phase,
which acts as templating droplets for creating cav-
ities on the plate surface. Thirdly, it promotes the
regularity and ordering of microwell array through
protecting templating droplets from coalescence (Fig-
ure 1c). Notably, the higher evaporation rate of chlo-
roform compared to methanol results in increased
methanol content causing phase separation to form
a nonsolvent-rich phase. In addition, solvent evapo-
ration significantly reduces the solution surface tem-
perature, potentially facilitating water absorption into
the nonsolvent phase, thereby accelerating the growth
of the nonsolvent droplets due to methanol’s strong
hydrophilicity. The influence of methanol content
on solubility of polymer in the mixture can be clar-
ified by determining the interaction parameter be-
tween polymer and the mixture solvent (See Tables 1
and 2 in Supporting Information.). At low methanol
content, the mixture can easily dissolve polymer, as
evidenced by small interaction parameters. However,
with increasing methanol content (>20%), the solubil-
ity of the polymer in the mixture decreases, evidenced
by enhanced interaction parameters, leading to the
transformation of polymer molecule shape from ex-
tended conformation to collapsed globules, resem-
bling nanoparticle-like polymer structures. The accu-
mulation of methanol into the nonsolvent phase fa-
cilitates the aggregation of polymer nanoparticles, in-
ducing a gel-like protective layer, which enhances the

regularity and ordering of the pattern array. In con-
trast, the absence of nonsolvent in the BFs solution
prevents the formation of the gel-like protective layer,
consequently reducing the regularity of patterns pre-
pared with nonpolar linear polymers.

The effect of the nonsolvent phase conformation on
the cavity structure is attributed to the spreading co-

efficient S P> defined as follows?2:

Sp="%%— (Yot Yn),

where ¥, ¥, are the surface tensions of the solution
and the nonsolvent, respectively, while 7, is the in-
terfacial tension between the solution and the non-
solvent phase. To obtain the microwell structure, the
nonsolvent phase must be in form of droplet, corre-
sponding to negative S,. If S, is positive, the non-
solvent phase is not able to remain droplet form or
dissolves into the polymer solution. Therefore, intro-
ducing methanol featuring low surface tension results
in reduction of §, and ¥s,,, consequently increasing S,
which is more favorable for forming microwell struc-
tures rather than spherical pore structure (See Table 3
in Supporting Information.). Figure 1d demonstrates
the method’s capability for industrial enlargement of
the mw-plate mold. As depicted, a Petri dish with uni-
form pattern arrays can be obtained via a simple dip-
coating process in normal air, without the require-
ment for high humidity conditions. Additionally, by
employing this microwell plate as a mold, large-scale
mb-PDMS replicas were produced, exhibiting excel-
lent flexibility and stretchability, as shown in Fig-
ure le.

Figure 2 presents the surface and cross-sectional mor-
phologies of microwell-patterned surfaces of both
Petri dish and CD disc, alongside the convex-
patterned PDMS replica. Optical microscopy images
(Figure 2a and Figure 2d) illustrate the formation of
uniform pore arrays across the large area of both the
Petri dish and CD disc. To gain further insight into
the structures, top-view and cross-sectional SEM im-
ages of the patterned plates were acquired, as depicted
in Figure 2b, 2c, 2e, and 2f. The pores on the Petri
dish and CD disc exhibit cylindrical shapes, with the
Petri dish having a pore size of 7.2 um and a pore
depth of 6.8 um, while the CD disc features a pore
size of 6.5 um and a pore depth of 6.0 um. Subse-
quently, convex-patterned PDMS electrets were fabri-
cated using the corresponding mw-mold through the
u-molding method, such as the mw-Petri mold, as
shown in Figure 2e, 2f, and 2k. Figure 2e illustrates a
large-area uniform convex-microbead array observed
on the surface of PDMS. The beads exhibit a diame-
ter of 6.0 um and a height of 4.6 ptm, which values
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Figure 1: Large-scale fabrication of convex-patterned elastomer electret. (a) Scheme representing the creation of
microbeads array onto PDMS elastomer, with the inset showing the practical dip-coating process. (b, ¢) Schematic
illustrating layered structure formation and microwell array formation mechanism on the polymeric plate via the
IPS method. (d) Picture of the mw-plate mold prepared from Petri dish. (e) Optical pictures of mb-PDMS replicas

showing flexibility and stretchability.

are smaller than that of the pore size of the mw-Petri
mold. This reduction in pattern size can be attributed
to the shrinkage of PDMS after cross-linking and in-
complete filling of the PDMS liquid into the mold cav-

ity.

Application of the patterned PDMS for a
TENG

The specific surface area of tribo-materials plays a piv-
otal role in influencing the contact area available for
inducing triboelectrification. COMSOL simulations
have demonstrated that the TENG device incorporat-

ing a PDMS microbead-pattern array yielded an elec-
trical potential distribution of approximately 400 V,
which is about four times higher than that achieved
using flat PDMS surfaces (Figure 3a). This notable
enhancement can be attributed to the larger spe-
cific surface area of the microbead-patterned PDMS.
Additionally, frictional interaction between the mi-
crobeads and planar surface induced by the deforma-
tion of microbeads substantially enhances electrifica-
tion effectiveness, aligning with findings from prior

studies (Figure 3b) 23,
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Figure 2: Surface morphologies of the honeycomb-concave molds prepared from disposed CD disc and Petri
culture dish, and the microbeads patterned PDMS electret. (a-c), (d-f), (g-h) Optical microscopy, surface SEM and
cross-sectional SEM images of honeycomb CD disc, Petri dish, and convex-PDMS, respectively.

The operational mechanism of the mb-TENG is elu-
cidated in detail in Figure 3c, illustrating a single
Initially, both the mb-
PDMS and Al surfaces remain uncharged. Upon

contact-separation cycle.

physical contact between the two surfaces, positive
charges accumulate on the Al surface, while corre-
sponding negative charges form on the mb-PDMS
surface due to contact electrification principle of tri-
boelectric series. With successive contact-separation
cycles, the triboelectric charge density on the dielec-
tric surface gradually increases until saturation, with
the negative charges effectively retained on the PDMS
surface owing to its insulating nature. As the sur-
faces separate, the electrostatic field arising from the
charges induces electron flow from the bottom elec-
trode through the external load to the top electrode
until electrostatic equilibrium is reached. Upon the
surfaces approaching each other again, the electro-
static field induces electron flow to return from the
top electrode to the bottom electrode, restoring the
system to the fully pressed equilibrium state before
starting new cycles. This process demonstrate single-
cycle operation with the voltage signals generated is
presented in the inset of Figure 3c.

The COMSOL simulation was conducted to inves-
tigate how the structural features of microbead ar-
rays influence the surface potential distribution across
TENG devices. The diameter of the microbeads was
consistently fixed at 6 um, while the separations be-
tween microbeads were set at 2 um, 1 ym, 0 um
for mb-PDMS1, mb-PDMS2, and mb-PDMS3, respec-
tively. As illustrated in Figure 4d, 4e, and 4f, a signif-
icant decrease in surface potential across the TENG
devices corresponds to the reduction in separation.
Notably, mb-PDMS], with the largest separation of
1 um, exhibits the highest surface potential, reach-
ing approximately 600 V. Conversely, for mb-PDMS2
and mb-PDMSS3, as the distance between microbeads
decreases to 0.5 pum and 0 um, respectively, the sur-
face potential variance diminishes to approximately
450V and 200 V. These simulation results suggest that
increasing the separation between microbeads facili-
tates greater deformation during the contact process
with the aluminum foil, thereby enhancing frictional
effectiveness.

TENG devices composed of mb-PDMS1, mb-PDMS2,
and mb-PDMS3 were fabricated and characterized,
and these electrical outputs were compared with a
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Figure 3: Structural design and working mechanism of the mw-TENG. (a) Schematic of triboelectric electric energy
generation for one contact—separation cycle of the mw-TENG. (b) Current signals obtained during 1 cycle contact-
separation of TENGs using flat and microbead-patterned PDMS. (c) The electrical potential distribution of flat and
microbead-patterned PDMS simulated via COMSOL Multiphysics software.
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Figure 4: The influence of pattern features on surface potential distribution of the mb-TENG. (a-c) Surface mor-
phologies of mb-PDMS electrets with various pattern features. (d) The COMSOL Multiphysics simulation results
for electrical potential distribution of the mb-PDMS with different pattern features.

TENG using normal flat PDMS (f~TENG) as a ref-
erence. The V¢ and Igc of the mb-TENGs and f-
TENG are as shown in Figure 5a and 5b. Both the
Voc and Igc of the mb-TENGs were significantly en-
hanced compared to the fTENG. Among these mb-
TENGsS, the TENG using the mb-PDMS1 exhibited
the highest electrical output performance, yielding a
Voc of 185V and a Ig¢ of 20.5 A. The enhancement
of electrical ouput can be attributed to enlarged fric-
tion area, optimal contact force and effective stress of
the patterned surface compared to the planar surface,
thereby enhancing the triboelectric effect**. The de-
pendence of V¢ and Igc corresponding to external
resistances was investigated to determine the power
generation effectiveness of the mb-TENG, as shown
in Figure 4c. Due to ohmic loss effect, Vo¢ increased
while Igc decreased with an increase of the external
loads. Additionally, the average power densities of
the mb-TENG and f~-TENG were characterized, as de-
picted in Figure 5. The output power of the mb-TENG
and f-TENG could reach maximum values of 3.92
W.m~2 at matched loads of 10 MQ and 0.75 W.m 2 at
matched loads of 20 MQ, respectively. The results in-
dicate that the power generation efficiency of the mb-
TENG is over 5 times higher than that of the - TENG.
Figure 6 demonstrates the high power output of the
mb-TENG devices. The mb-TENG device offers abil-
ity to instant activation of a text panel with over 200

green LEDs even with a small vibration force, as de-
picted in Figure 6a. Furthermore, the mb-TENG ef-
fectively charged commercial capacitors through a
rectifier bridge. Figure 6b displays the charging rate
curves of capacitors charged using the mb-TENG de-
vices with a size of 2x2 cm? at a frequency of 5 Hz.
The results indicated that small-capacity capacitors
(2.2 uF) could be rapidly charged to over 3 V, while
larger capacitors (10 uF) reached a voltage of nearly
3 V within a short duration of 50 s. Furthermore,
the stability of the electrical output generated by the
mb-TENG device was validated through the charg-
ing and discharging curves of a low-power microelec-
tronic device, as shown in Figure 6¢c. Additionally,
as depicted in Figure 6d, a 10 uF capacitor was uti-
lized as a storage component to power a wristwatch
after a charging process facilitated by the mb-TENG.
The charging curve of the capacitor (Figure 6e) indi-
cated that it was charged to over 4 V within 150 s,
enabling it to successfully power a wristwatch under
normal working conditions for at least 20 s. These re-
sults highlight the high potential of the mb-TENG de-
vices for powering low-power wearable electronic de-
vices.

PDMS is widely recognized as a biomaterial for vari-
ous biomedical applications owing to its biocompat-
ibility, flexibility, and inertness, making it suitable
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Figure 5: Characterization of electrical output of the mb-TENG. (a, b) Open-circuit voltages (V oc¢) and short-circuit
current (/sc) of TENGs using flat and various structured PDMS electrets. (c) Dependence of V¢ and current of
Isc TENG using the mb-PDMS1 on the resistance of external loads, respectively. (d) Change of the average power
density of TENGs made from f-PDMS and mb-PDMS1 on the resistance of loads, respectively.

for integration into wearable human health-related
devices. Figure 7a illustrates the three-dimensional
structural design of the single electrode gl-TENG,
composed of the mb-PDMS as a negative charged sur-
face and copper mesh as a counter electrode. The
convex microbead patterns on PDMS surface and the
concave structure of copper mesh naturally create a
gap in the gl-TENG without the need for an external
spacer. This device exhibits superior flexibility, bio-
compatibility, and ease of attachment to the human
body, as demonstrated in Figure 7b. The simulated
results via COMSOL of the corresponding bending
states validate working principle of the gl-TENG, as
shown in Figure 7c.

In the era of IoHT, healthcare sensors play a piv-
otal role and are increasingly popular for self-health
equipment. To broaden practical applications of self-
health monitoring, improvements in electrical output,
biocompatibility, and integrability are essential. The
gl-TENG operating in single-electrode mode is strate-
gically designed to function both as an body motion
energy harvester and a self-health monitoring sensor.
Figure 8 llustrates the utilization of the gl-TENG as

a self-powered sensor for monitoring body motion.
Positioned at various body parts such as the elbow,
knee, and foot, the gI-TENG sensors generate elec-
trical signals under different body movement condi-
tions, including walking, jogging, and running. Os-
cillatory motions induce periodic contact-separation
cycles, leading to the generation of periodic electrical
signals. Moreover, the amplitude of the output signals
increases with higher bending angles. As illustrated in
Figure 8a, with elbow flexion ranging from 30 to 90°,
the V¢ increases from approximately 25 V to 90 V.
Similarly, when attached to knee, under normal walk-
ing conditions, the V o¢ reaches approximately 100 V,
and during jogging or running, an increase in the knee
bending angle raises the V¢ from 150 to 200 V due
to the augmented contact area between the TENG and
joints, as shown in Figure 8b. When attached to the
sole, the device during walking or jogging establishes
extensive contact with the ground, resulting ina V¢
of approximately 300 V. Furthermore, running gen-
erates an even higher voltage output, peaking at 400
V, due to amplified force and enlarged contact area,
as shown in Figure 8c. This application demonstrates
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Figure 7: Fabrication and working principle of the breathable wearable g/-TENG. (a) Structural design of the gl-
TENG. (b) Demonstration of the g/-TENG ulilization for harvesting mechanical energy from arm shaking. (c, d)
COMSOL simulated results of the gI-TENG.
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Figure 8: Electrical signals from the gI-TENG sensor attached to the elbow, knee and foot during walking, jogging,

and running.

the superiority of the gI-TENG as a self-powered sen-
sor in IoHT applications.

CONCLUSION

In this study, we have successfully developed a ro-
bust microwell plate mold (mw-plate mold) using
recycled plastic materials such as Petri dishes and
CD discs through a scalable one-step dip-coating
process. 'This mold was then utilized to fabricate
microbead-patterned PDMS (mb-PDMS) replicas via
micromolding techniques. Our findings demonstrate
that the mw-plate mold exhibits exceptional struc-
tural integrity, enabling multiple molding processes
due to its reinforced design. The mb-TENG device,
constructed with the mb-PDMS and aluminum tri-
bosurfaces, exhibits a remarkable average power den-
sity of 3.92 mW xm™2, corresponding to an V¢ of
185V and a Igc of 20 uA. This represents a signifi-
cant 5-folds power enhancement compared to TENG
using flat PDMS. Additionally, it serves as a self-
powered multifunctional wearable sensor for physi-
ological monitoring based on triboelectric principles.
We believe that the cost-effectiveness, scalability, and
efficiency of surface patterning demonstrated in our
approach, utilizing recycled plastic wastes, could pave
the way for the commercialization of future TENG
technologies, particularly for blue energy harvest-
ing applications requiring large-scale deployment of
TENG devices.

SUPPORTING INFORMATION
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the following expression:
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Table 1: The interaction parameter between polymer and the mixture solvent

dD dH M Density
22.8 4.3 5.8
ChL 17.8 5.7 3.1 80.5 1.49
MeOH 15.1 12.3 22.3 40.6 0.792
Table 2: The interaction parameter between polymer things and its applications in virtual reality. Nano Energy.
and the mixture solvent 2023;118:108984;.
2. Karimzadehkhouei M, Ali B, Jedari Ghourichaei M, Alaca BE.
MeOH content (%) Interaction parameter Silicon Nanowires Driving Miniaturization of Microelectrome-
chanical Systems Physical Sensors: A Review. Adv Eng Mater.
v BEgls 2023;25(12):2300007;.
5 0.76851 3. Qu Z et al. A Triboelectric Nanogenerator Based on
Pendulum-Rotation Transmission Mechanism for Har-
10 0.76176 vesting Continuous Low-Frequency Mechanical Energy. Adv
Mater Technol;.
15 0.83882 4. ChuH, XueJ,Luo D, Zheng H, Li Z. Advances in Wearable Multi-
functional Devices Based on Human-Body Energy Harvesting.
20 0.99969 Adv Mater Technol;.
5. Zhao Z, Hu Y. Textile Triboelectric Nanogenerator: Future
30 1.57284 Smart Wearable Energy-Integration Technology. Adv Mater
Technol;.
40 2.48122 6. Zou Y, et al. A Flexible, Adaptive, and Self-Powered Triboelec-
tric Vibration Sensor with Conductive Sponge-Silicone for Ma-
50 3.72482 chinery Condition Monitoring. Small;.
7. Huang J, et al. A Wind Bell Inspired Triboelectric Nanogener-
60 530365 ator for Extremely Low-Speed and Omnidirectional Wind En-
70 72177 ergy Harvesting. Small Methods;.
: 8. LiuD, et al. A Dual-Mode Triboelectric Nanogenerator for Effi-
80 9.46698 ciently Harvesting Droplet Energy. Small;.
9. Ying Q Wu J, Liu C. Multi-Track Triboelectric Nanogenerator
90 12.05149 Toward Omnidirectional Ocean Wave Energy Harvesting. Adv
Mater Technol. 2024;9(5):2301824;.
100 14.97121 10. LiY,etal. Advanced Dielectric Materials for Triboelectric Nano-
generators: Principles, Methods and Applications. Adv Mater;.
11. PangY,HeT,LiuS, Zhu X, Lee C. Triboelectric Nanogenerator-
where 8, 8, 6, values represent the HSPs of the dis- Eg:ﬁggg;igx\:iwa;t i:g'mee”ng Infrastructure 4.0: A
persion force, dipolar intermolecular force, and hy-  12. Lee G, et al. Anisotropic Fluorinated-Elastomer-Blended
drogen bond between two molecules, respectively. R Micro-Dominoes for Wearable Triboelectric Nanogenerators.
. 1 Adv Funct Mater;.
denotes the ideal gas constant (8.314 ] mol™"K) and 13, wang J, et al. Contact Electrification Induced Multicolor
T is the environment temperature (298 K*l), V,, is Self-Recoverable  Mechanoluminescent  Elastomer  for
. . Wearable Smart Light-Emitting Devices. Adv Opt Mater.
defined as the molar volume of the repeating unit of 2023:11(12)2203112:
the POIYmer- 14. Karagiorgis X, Khandelwal G, Beniwal A, Chirila R, Skabara PJ,
Dahiya R. Polydimethylsiloxane Foam-Based Fully 3D Printed
Vi = % Soft Pressure Sensors. Adv Intell Syst;.
P 15. Nam Y, et al. Ultra-Thin GaAs Single-Junction Solar Cells
for Self-Powered Skin-Compatible Electrocardiogram Sensors.
where M represents the molar mass of the structural Small Methods;.
unit and p denotes the density of polymer. For the 6. Kim S, Yoo D, Lim J, Kim J. Simple and Effective Patterning
. . . Method of Liquid-Metal-Infused Sponge Electrode for Fabri-
solvent mixtures, the solubility parameter d is related cating 3D Stretchable Electronics. Adv Mater Technol;.
to the volume fraction @i and the solubility parameter ~ 17. Silicone Elastomers-Based Miniature Soft Robots. In: Unteth-
@i of each component using the following expression: ;;e;l;Yhmature Soft Robots. John Wiley & Sons, Ltd; 2024. p.
18. He C, et al. Irreversible Bonding of Polydimethylsiloxane-
6 =X@id; Lithium Niobate using Oxygen Plasma Modification for Sur-
face Acoustic Wave based Microfluidic Application: Theory
and Experiment. Small Methods;.
19. An Y, et al. Efficient preparation of polydimethylsiloxane-
based phase change composites with sandwich structure.
REFERENCES Polym Compos;.
20. Gong J, Xu B, Tao X. Breath Figure Micromolding Approach

1. Mao J, et al. A health monitoring system based on flexi-
ble triboelectric sensors for intelligence medical internet of

for Regulating the Microstructures of Polymeric Films for

11

489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548



Science & Technology Development Journal - Engineering and Technology 2025, ():1-12

549
550
551
552
553
554
555
556
557
558
559
560
561

Table 3: Surface tensions of liquids at 25 °C.

Liquids Surface tension (mN.m )
Water 72.8
Chloroform 26.5
Tetrahydrofuran 26.4
Methanol 27.5

Interfacial  tension
(mN.m™!)
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Phuong phap tao hinh don gian cho vat liéu dién méi dan hoi iing
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TOM TAT

Thiét bi phat dién nano ma sat (TENG) la mét cdng nghé tién tién trong khai thac nang lugng xanh,
dong vai trd quan trong nhu mét nguédn cung cap dién cho cac thiét bi dién tir di dong tu cap
ngudn. Tuy nhién, viéc dat dugc hiéu suat dién cao vdi chi phi thap va kha nang san xuat quy moé
|6n van la mot thach thic 16n doi vai ting dung thuc tién va thuong mai hda TENG. Trong nghién
clu nay, chiing téi d@é xuat mot phuong phap tao hinh bé mat vat liéu dién maéi dan héi mang tinh
dot phd, co kha nang mé rong va chi phi thdp nhdm nang cao tiém nang thuong mai clia TENG.
Phuong phép nay strdung khudn nhua c6 bé mat vi cau tric té ong (mw-plate mold), dugc ché tao
tU nhua phé thai nhu dia Petri va dia CD thong qua quy trinh nhidng pht mot budce. Khudn nay sau
dé dugc sir dung dé tao ban sao polydimethylsiloxane vdi vi cdu tric hat 16i (mb-PDMS) bang k¥
thuat dtc khuon vi mo. Két qua cho thay khudn t6 ong duy til dé bén cau trdc vust trdi qua nhiéu
chu ky duc nho kha nang gia cudng clia nén nhya. Hon nira, thiét bi TENG st dung mb-PDMS dat
mat do cong sudt trung binh 3,92 mW-m2, véi dién dp ha mach (Voe) 185 V va dong ngén mach
(Isc) 20 uA, cao hon 5 1an so véi TENG khong co cau trdc bé mat, chiing minh hiéu qua dién hoéa
dugc cai thién dang ké théng qua ky thuat tao hinh bé mat. Chung téi tin rang phuong phap tao
hinh bé mét vat liéu dién moi dan hoi co chi phi thép, kha ndng san xudt quy mé Ién va hiéu suét
cao c6 thé md ra trién vong mdi trong thuong mai héa TENG, dic biét la trong khai thac nang
'Khoa Céng nghé Vit Liéu, Trudng Dai lugng dai ducng, nai yéu cau trién khai mang Iudi I6n cac thiét bi TENG.
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