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ABSTRACT

The increasing demand for electrical energy has driven the exploration of alternative energy sources.
The mechanical energy generated by vehicles passing over speed bumps can be harvested on a small
scale using piezoelectric sensors. This study investigates the performance enhancement of piezoelectric
elements coated with Zn-doped Carbon Dots (CDs) and their application in a series-configured energy-
harvesting speedbump. Zn-doped CDs were synthesized using the sol-gel method, and the materials
were characterized by XRD, SEM, EDX, and mechanical testing of the piezoelectric sensors under
varying loads. XRD characterization indicates that the commercial piezoelectric material contains
BaTiO3 as the primary phase and BaO as the secondary phase. SEM EDX analysis confirms that the
particle size distribution of Zn-doped CDs ranges from 0 to 2400 nm. Single-element testing of the
PLRCZ layer shows that the piezoelectric sensor with a resin/Zn-doped CDs coating generates a higher
voltage compared to the uncoated sensor under a load of 122.8 g. In the series configuration, the output
voltage decreases at each load point, reaching a maximum of 1 V, while across all PLRCZ elements,
the voltage reaches a maximum of 0.4 V, with no detectable current.
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Introduction

Global energy demand continues to rise
significantly due to population growth and
increasing industrial activity.! The extensive
reliance on fossil-fuels, such as coal and
petroleum, must be reduced to mitigate
environmental degradation and climate
change.? Consequently, the development of
alternative energy sources, including solar,
wind?®, and mechanical energy,* has become a
strategic approach to addressing the global
energy crisis. While renewable energy
implementation is often associated with large-
scale systems such as solar and wind power
plants, small-scale energy-harvesting
technologies also offer considerable potential.
One such approach involves utilizing the
increasing number of motor vehicles on
highways as a source of mechanical energy.
The mechanical energy dissipated by vehicles
during motion and deceleration can be
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harvested and converted into electrical energy
using energy-harvesting speed bumps.® The
development of small-scale power generation
technologies based on piezoelectric sensors
integrated into speed bumps can contribute to
achieving the seventh Sustainable
Development Goals (SDGs) on clean and
affordable energy, as well as the eighth SDGs
through technological innovation that adds
economic value and promotes sustainable
economic productivity. In Indonesia, the
widespread deployment of speed bumps
presents  significant  opportunities  for
mechanical energy harvesting. Each vehicle
passing over a speed bump generates
mechanical pressure from rapid deceleration,
which can be converted into electrical energy
using piezoelectric sensors. In high-traffic
locations, a single speed bump may be
traversed by thousands of vehicles daily,
offering substantial potential for electricity
generation.
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Piezoelectric sensors have emerged as a
promising alternative for electrical energy
generation. In general, piezoelectric materials
act as transducers capable of converting
mechanical deformation into electrical
energy, and vice versa, in accordance with the
principle of piezoelectric duality.® Owing to
their affordability, ease of fabrication, and
high efficiency in converting mechanical
signals into electrical signals,” Piezoelectric
materials have been widely adopted in
structural health monitoring applications.
Piezoelectric energy harvesting technology
enables the capture and utilization of ambient
vibrational energy commonly present in
human environments, including mechanical
equipment, buildings, highways, and railway
systems. In transportation applications,
piezoelectric sensors can be engineered to
harvest mechanical energy dissipated by
vehicle loads, which can then be stored in
rechargeable energy storage devices. The
harvested energy may be utilized to power
traffic lights, electronic signage, lighting
systems, and roadside safety infrastructure.®
The electrical voltage generated by a
piezoelectric sensor can reach several volts,
depending on the material properties, sensor
dimensions, and applied mechanical pressure.
Furthermore, the harvested electrical energy
can be stored in various energy storage
systems, such as rechargeable batteries,
enabling practical and sustainable energy
utilization.

Empty Fruit Bunches (EFB) from oil palm
possess material characteristics that enable
their conversion into carbon-based materials,
with  cellulose content of  36.81%,
hemicellulose content of 27.01%, and lignin
content of 15.07%. Lignin isolated from EFB
shows significant potential as a precursor for
the synthesis of carbon-based nanomaterials,
particularly carbon dots (CDs).” CDs
synthesized from EFB have been reported to
enhance electrical conductivity and energy
storage capacity.'® Naturally derived CDs
exhibit excellent fluorescence properties,
nanoscale dimensions, and high
biocompatibility, which can be further
improved through heteroatom doping, such as

nitrogen, sulfur, or phosphorus, or via surface
passivation.!! The dual capability of CDs to
serve as both electron donors and acceptors
enables chemiluminescence and
electrochemiluminescence, making them
highly attractive for applications in catalysis,
optoelectronics, and sensing systems.!?
Recently, metal-doped CDs, particularly Zn-
doped CDs, have garnered increasing
attention due to their enhanced functional
properties. Metal doping significantly alters
the physicochemical properties of CDs,
leading to improved fluorescence intensity,
tunable energy band gaps, increased electrical
conductivity, and enhanced photocatalytic
performance. Moreover, doped CDs exhibit
superior electron-transfer and electron-
accepting properties, making them suitable for
advanced electronics and energy-storage
applications. '

Numerous  previous  studies  have
demonstrated the potential of piezoelectric
sensors for energy harvesting applications.
Sidiq,'* designed a speedbump prototype
incorporating 38 piezoelectric sensors that
utilized vehicle-induced pressure to generate
electrical energy, achieving a maximum
output voltage of 17.88 V and an average
power of 29 W. In a more specific
application, Apriyanto,'®> reported that a 35
mm diameter piezoelectric sensor installed on
a staircase was capable of harvesting energy
for a wireless sensor network, producing a
maximum energy output of 297.4 pJ using
eight sensor elements. However, increasing
the number of elements did not necessarily
result in a proportional increase in harvested
energy due to non-uniform pressure
distribution.  Pradistia,'®  evaluated a
piezoelectric staircase floor prototype with
three electrical configurations and found that
the configuration consisting of five parallel
and four series connections yielded the
highest voltage and current output during
downhill motion. In the context of Carbon
Dots (CDs), Dona,!” synthesized CDs from
natural precursors, specifically oil palm
Empty Fruit Bunches (EFB). Nevertheless,
existing studies have not yet investigated the
application of Zn-doped CDs as a surface
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coating to enhance the electrical output
performance of a piezoelectric sensor.

Therefore, this research aims to develop a
piezoelectric  sensor for speed bump
applications by employing Zn-doped CDs
derived from oil palm EFB as a surface
coating to enhance the electrical output
performance of the piezoelectric sensor. In
this study, the piezoelectric sensors were
arranged in series for implementation in a
speed bump system. The characterization
procedures included X-Ray Diffraction
(XRD) analysis of the piezoelectric material
to identify its crystal phase, Scanning Electron
Microscopy-Energy Dispersive X-ray
Spectroscopy (SEM EDX) analysis of the Zn-
doped CDs to evaluate particle size
distribution, and mechanical testing under
varying loads to assess the electrical output of
the Zn-doped CDs-coated piezoelectric
sensors in terms of voltage, current, and
power.

Methods

This research commenced with the
preparation of the required materials and
equipment. The materials used for the
piezoelectric sensor assembly included a
wooden board, ten piezoelectric disk sensors
with a diameter of 35 mm, KBJ308 bridge
rectifier diodes, and the MT3608 step-up
module. For the synthesis of Zn-doped CDs,
the materials consisted of 0.8 g of carbonized
oil palm EFB, prepared following the method
reported by Dona!’, ZnO SAP (99% purity),
HCl SAP 37%, and epoxy resin. The
piezoelectric sensor employed in this study
were commercially available device with a
golden yellow appearance, a nominal
capacitance of 30.0 pF + 30%, and a
maximum input voltage range of 1.5~30 Vp-
p. The equipment utilized during the
experimental procedures included a soldering
iron, calibrated test weights (122.8 g, 1 kg, 2
kg, and 2,8 kg), a digital multimeter, and an
oven.

Subsequently, the synthesized CDs were
subjected to a doping process. Zn was
incorporated into the CDs structure using the
sol-gel method. In this procedure, a ZnClz

[57]

solution was prepared by reacting 0.3 M ZnO
with 0.6 M HCI (10 mL), followed by the
addition of 10 mL of CDs solution. The
mixture was continuously stirred using a
magnetic stirrer at 200°C for 1 h to facilitate
the sol-gel reaction. Upon completion of the
process, a precipitate was formed. The
resulting homogeneous precipitate was then
dried in an oven at 125°C for 25 minutes to
obtain Zn-doped CDs powder. To evaluate the
success of the doping process, the Zn-doped
CDs powder was characterized using SEM-
EDX (Zeiss, 5.00 kV, 6.3 mm x 20.0 K) to
analyze the morphology and particle size of
the Zn-doped CDs samples.

The subsequent step involved compositing
the Zn-doped CDs powder with epoxy resin.
The mixture was prepared by combining 15
mL of epoxy resin with 0.02 g of Zn-doped
CDs, then mechanically stirring to achieve a
homogeneous dispersion. The resulting epoxy
resin/Zn-doped CDs composite was applied as
a coating onto the surface of the piezoelectric
sensor. The coated piezoelectric sensor
elements were subsequently connected in
series, as illustrated in Figure 1, and output
measurements were taken at each element to
evaluate the electrical response.

R — "
“Load Point 6 LoadPoint7 Load Point8 Load Point9 Load Poin

Figure 1. Configuration of the Series Circﬁit
of Zn-Doped CDs Layered Piezoelectric

Sensors
Before the series connection, the
commercial piezoelectric material was
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characterized using XRD (Philips) (26 = 15-
65, Cu-Ko) to determine the phase
composition of the sample. As illustrated in
Figure 1, the speedbump prototype design
incorporates ten piezoelectric disk sensors
with a diameter of 35 mm, each integrated
with a KBJ308 bridge rectifier diode to
convert alternating current (AC) into direct
current (DC) and to regulate the electrical
output of individual piezoelectric elements,
thereby preventing mutual interface. The
MT3608 step-up module was employed to
stabilize and boost the fluctuating
piezoelectric output voltage to a level suitable
for charging applications. The sample
nomenclature is shown in Table 1.

Table 1. Nomenclature of Piezoelectric
Sensor Samples

Sample o
Name Description
PTL Uncoated Piezoelectric Sensor
Piezoelectric Sensor with Resin
PLRCZ Coating + Carbon Dots doped with

/n

Table 2. Results of Phase Composition of
Piezoelectric Sample

Phase Composition Phase Content (n%)
BaTiO3 88
BaO 12

During implementation, the PTL and
PLRCZ units were evaluated by applying
mechanical loads of varying magnitudes,
followed by measurements of the generated
voltage and current using a digital multimeter,
from which the electrical power output was
calculated. For comparison, the PLRCZ
elements were additionally configured in a
series arrangement and subjected to the same
mechanical loading conditions, with the
resulting output voltage measured using a
digital multimeter. This approach was
employed to assess and compare the electrical
output performance of the series-connected
PLRCZ configuration with that of the
individual piezoelectric sensor units.

Result and Discussion

a. X-Ray Diffraction Measurement
Spectrum
40004 * *-Ba0,Ti
3500 #-BaO
3000
2500 4
= 1500 -
1000 - * % *
MR
500 | | * |
[N \\,)L Wi ‘ A \‘,
0 R = e N
0 % s © e 70

20 (°)
Figure 2. XRD Measurement Spectrum of
Piezoelectric Sample

The XRD results of the piezoelectric
material, presented in Figure 2, display
characteristic diffraction peaks corresponding
to different crystalline phases. Peaks marked
with asterisks (*) are attributed to the BaTiO3
(Barium Titanate) phase, while those
indicated by hash symbols (#) correspond to
the BaO (Barium Oxide) phase, confirming
the presence of two distinct crystalline phases
in the material. The most intense diffraction
peak 1is observed at a 206 angle of
approximately 31°, which is characteristic of
the BaTiOs phase. Additional diffraction
peaks are distributed within the 20 range of
20° to 65°, reflecting the overall crystalline
structure of the material. Phase composition
analysis, as summarized in Table 2, reveals
that the piezoelectric material consists
predominantly of BaTiO; with a dominant
content of 88%, accompanied by a secondary
BaO phase with a content of 12%. The
dominance of the BaO3;Ti phase confirms the
piezoelectric nature of the material, in
agreement with COD No. 9016084. The
presence of the BaO secondary phase,
consistent with COD No. 5910030, indicates
the existence of additional phase constituents
within the piezoelectric sensor material.

BaTiO3 material is widely used as a
piezoelectric sensor material due to its
ferroelectric nature and perovskite-type
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crystal structure, which exhibits both
piezoelectric and pyroelectric properties
associated with nonlinear polarization
reversal phenomena.'® BaTiOs; material can
attain a dielectric constant of up to 7000,
rendering it highly sensitive to variations in
electric field and applied mechanical
pressure.'? The perovskite structure of BaTiO3
enables the relative displacement of Ti*" and
O” ions with respect to Ba®" ions, generating
an electric dipole moment and spontaneous
polarization.!®  This  intrinsic  dipole
displacement allows the material to rapidly
respond to changes in mechanical force
through the piezoelectric effect.”’ In the
present material system, a secondary BaO is
also observed. Unlike BaTiOs, BaO phase is
not ferroelectric and exhibits significantly
lower polarization. The polarization mismatch
between the BaTiO; and BaO phases can
induce internal electric fields and additional
electrostatic energy, potentially leading to the
formation of depolarization fields. However,
in the piezoelectric samples studied, the
BaTiO; phase is dominant, minimizing the
depolarization field and keeping the material
predominantly in a stable ferroelectric ground
state.

b. SEM EDX

The SEM EDX characterization results of
the Zn-doped CDs are presented in Figure 3.
As shown in Figure 3a, the Zn-doped CDs
exhibit nanoscale features with a coral-like
morphology. The SEM image reveals a
relatively uniform particle size distribution at
a magnification of 20K, illustrating the
surface morphology of the sample. Figure 3b
presents the particle size distribution analysis
performed using ImageJ software, where
backscattered features are identified, with
non-black regions representing individual
particles and white regions indicating
particles selected for analysis. Based on the
particle size analysis shown in Figure 3c,
processed using Origin software, the Zn-
doped CDs display a particle size distribution
within the nanometer scale. The most
dominant carbon aggregates size range is 0-
2400 nm, with the highest frequency reaching
approximately 95 particles.
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Figure 3. SEM EDX Test Results for Zn-
doped CDs, (a) SEM Image at 20K
Magnification, (b) Backscatter Image at 20K
Magnification Analyzed Using Imagel
Software, (c) Carbon Aggregates Size
Analysis of Sample from SEM Test Results
Using Origin Software

F ‘ ‘ F
e S 3 & 5o

m

(a) (b)
Figure 4. Piezoelectric Sensor, (a) With Zn-
doped CDs Layer, (b) Without Layer

To enhance the conversion efficiency of
mechanical energy into electrical energy in
piezoelectric sensors, composite materials are
required as  surface  coatings.  The
incorporation of composite layers aims to
improve mechanical stress absorption and
facilitate more effective transfer of applied
pressure to the piezoelectric material, thereby
enhancing energy conversion performance

Figure 4  schematically illustrates
piezoelectric sensors without and with a Zn-
doped CDs coating. As shown in Figure 4a,
the piezoelectric sensor is coated with a Zn-
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doped CDs layer. When mechanical pressure
(F) the piezoelectric sensor is subjected to
mechanical pressure (F) is applied, the Zn-
doped CDs layer, composed of nanoscale
particles, reinforces and stabilizes the
structural arrangement of the sensor.
Moreover, the uniformly distributed nano-
sized CDs on the sensor surface act as a
mediating layer that promotes more
homogeneous pressure distribution across the
piezoelectric material. In contrast, Figure 4b
depicts an uncoated piezoelectric sensor.
Under applied mechanical pressure (F), the
load is directly transferred to the piezoelectric
material, rendering the sensor more
susceptible to damage under high loads due to
the absence of a buffering layer capable of
evenly distributing the applied stress. The
contribution of CDs is also associated with
their photoluminescent properties, which are
significantly enhanced by Zn doping.
Furthermore, the conductive nature of Zn
facilitates more efficient charge transfer
generated by the piezoelectric effect. This
enhancement is closely related to the
performance of the BaTiOs phase, as uniform
pressure  distribution  enables  optimal
spontaneous polarization within the BaTiO3
perovskite structure, resulting in more stable
dipole moments.!®** Although the Zn-doped
CDs layer is not electrically connected to the
piezoelectric material, mechanical energy can
still be efficiently absorbed and transferred to
the piezoelectric sensor through interfacial
energy transfer mechanisms. These findings
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are consistent with the piezoelectric sensor
performance results summarized in Table 3,
which compare sensors with and without Zn-
doped CDs coatings.

Based on the data presented in Figure 5, the
reported values represent the average of ten
experimental trials, reflecting the direct
current (DC) performance of single-element
PTL and PLRCZ units. Under a load of 122.8
g, the PTL element generated a lower output
voltage than the PLRCZ element. This
behavior is attributed to the presence of the
Zn-doped CDs coating, which enables more
uniform distribution of mechanical stress
under relatively light loads  while
simultaneously protecting the piezoelectric
sensor surface (electrode) from mechanical
deformation. When the applied load was
increased to 1 kg, both sensors exhibited
comparable average output voltages across
ten measurements. At this load level, the PTL
element experienced physical damage,
including output cable breakage and surface
abrasion caused by mechanical deformation
under the relatively high load (Figure 6).
Since damaged PTL elements could not be
reused, they were replaced with new PTL
elements in  subsequent tests. This
replacement introduced output variability and
transient voltage spikes resulting from
deformation of the remaining PTL elements.
The presence of these transient spikes
contributed to the comparable average output
values observed for the PTL and PLRCZ
elements during the 1 kg load test.

Comparison of Qutput Power

® kg & 12 g 1kg

o

Power {1074 W)
Iy

(]

o
PLRCZ PTL PLRCT

Figure 5. Results of Piezoelectric Sensor Testing for Direct Current (DC) Element Units, (a)
Comparison of Output Voltage, (b)Comparison of Output Current, (¢) Comparison of Output
Power
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Figure 6. Damaged PTL Element

Table 3. Results of Testing the PLRCZ Series Circuit at Each Load Point

Weight of The Load
1 kg 2 kg
Series Circuit PLRCZ
Voltage (Volt) Voltage (Volt)
1 Hz (5§ seconds) 2 Hz (10 seconds) 1 Hz (5 seconds) 2 Hz (10 seconds)
Load Point 1 0,3 (1) 0,2 (5) 0,5 (5) 0,5 (4)
Load Point 2 0,2 (2) 0,4 (5) 0,3 (5) 0,2 (2)
Load Point 3 0,3 (2) 0,4 (4) 0,4 (2) 0,5(7)
Load Point 4 0,4 (4) 0,4 (9) 0,4 (7) 0,7 (6)
Load Point 5 0,2 (2) 0,5 (3) 0,2 (4) 0,3 (4)
Load Point 6 0,3 (1) 0,7 (2) 0,5 (7) 0,8 (3)
Load Point 7 0,3 (4) 0,6 (2) 0,4 (5) 0,6 (4)
Load Point 8 0,2 (6) 0,4 (3) 0,4 (5) 0,5 (5)
Load Point 9 0,4 (2) 0,5 (8) 0,5 (%) 0,8 (2)
Load Point 10 0,6 (6) 0,6 (2) 0,6 (8) 1(10)

The experimental results obtained from
ten load points of the series-connected
PLRCZ elements (Figure 1) reveal a
substantial reduction in output voltage
compared with the performance of individual
PLRCZ elements reported in Figure 5. As
summarized in Table 3, under a 1 kg load, the
maximum voltage of 0.7 V (standard
deviation of 0.2) was recorded at load point 6
at a tapping frequency of 2 Hz. For the 2 kg
load condition, the highest output voltage of 1
V (standard deviation of 1.0) was observed at
load point 10, also at a frequency of 2 Hz. The
values in parentheses in Table 4 represent the

standard deviation calculated from 10 test
repetitions. In both loading conditions, the
maximum voltages were observed at 2 Hz,
corresponding to two load applications every
10 seconds (Figure 7). These results indicate
that higher tapping frequencies yield higher
average output voltages than lower
frequencies (1 Hz). Overall, the series-
connected PLRCZ elements subjected to a 2
kg load generated higher average output
voltages than those tested under a 1 kg load,
demonstrating that the applied load magnitude
strongly influences the electrical output of the
piezoelectric sensor. Greater mechanical
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loads result in increased deformation of the
piezoelectric material, thereby producing
higher output voltages.

Figure 7. Testing the PLRCZ Series Circuit
at Each Load Point

Table 4. Results of Testing the Series Circuit
Configuration of Piezoelectric Sensors

Weight of The Load
Series 2,8 kg
Circuit Voltage (Volt)
PLRCZ 1Hz(5  2Hz(10
second) second)
All PLRCZ
elements 0.2(2) 0.4(4)

Table 4 presents the output-voltage
results from all PLRCZ elements connected in
series. The measurements were conducted
using a uniformly applied load of 2.8 kg
across the entire series-connected PLRCZ
assembly (Figure 8). A comparison between
the individual load-point testing of series
PLRCZ elements (Table 3) and the collective
testing of the entire series assembly PLRCZ
(Table 4) reveals notable differences in output
performance. In Table 3, individual PLRCZ
load points were evaluated under 1 kg and 2
kg loads, with the highest output voltage
reaching 1 V at load point 10 under the 2 kg
condition. In contrast, the entire series-
connected PLRCZ system was tested under a
higher load of 2.8 kg; the maximum output
voltage was only 0.4 V, which is lower than
the average voltage measured at individual
PLRCZ load points. The reduced voltage
output in the series-connected configuration is
attributed to the non-uniform distribution of
the externally applied 2.8 kg load across the
individual PLRCZ elements, resulting in

suboptimal mechanical excitation of each
Sensor.

Figure 8. Overall Testihg of the PLRCZ
Series Circuit

These findings deviate from the
fundamental theory of series circuits, which
predicts that the total voltage is equal to the
sum of the wvoltages across individual
elements.?! The results of this study are
consistent with the findings reported by
Abidin,”?> who demonstrated a significant
difference between the output of single
piezoelectric sensor elements and those
connected in a series configuration. Individual
piezoelectric  sensors  produced higher
electrical output, whereas the series-
connected configuration exhibited relatively
lower performance. This reduction is
attributed to the frequent occurrence of
discontinuous voltage and current drops in
series circuits. Furthermore, piezoelectric
sensors based on BaTiO3 material inherently
possess very high internal impedance. When
arranged in series, the system's total
impedance increases substantially, resulting
in a severe impedance mismatch with the
external load. This mismatch limits efficient
power transfer, suppresses current flow, and
reduces the effective output voltage at the
load.® In the present work, no measurable
current was detected in the series-connected
PLRCZ elements under either 1 kg, 2 kg, or
2.8 kg loading conditions, despite the single-
element PLRCZ configuration producing a
current of 0.2 mA (Figure 5). This behavior
can be attributed to discontinuous current flow
within the series circuit, high internal
impedance, impedance mismatch with the
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external load, as well as mechanical and
material-related factors.

As shown in Table 3, the average output
voltage per element under a 1 kg load ranged
from 0.2 to 0.7 V, while under a 2 kg load it
increased to 0.2-1 V. The discrepancies
observed in Table 5 arise because when all
elements are connected in series, each sensor
experiences non-uniform mechanical
deformation, preventing ideal voltage
accumulation. This effect may be further
influenced by the non-uniform distribution of
Zn-doped CDs across the sensor surfaces.
Elements with a more homogeneous Zn-
doped CDs coating exhibit stronger
polarization (Figure 9a), whereas elements
with sparse or localized coatings show
reduced polarization (Figure ob).
Consequently, variations in the distribution of
Zn-doped CDs affect dipole polarization and
electronic response, resulting in lower overall
voltage output in the series-connected PLRCZ
configuration.

I I
/\ . Y ™
(a) (b)
Figure 9. Distribution of Zn-doped CDs on

the Surface of PLRCZ Element, (a) Evenly
Distributed, (b) Distributed at a Single Point

Figure 10. Prototype of a CDs-doped Zn
layered piezoelectric sensor as a speed bump

Conclusion

This study shows that Zn-doped CDs
coatings enhance the mechanical protection
and electrical output of BaTiO3-based

piezoelectric sensors at the single-element
level by improving stress distribution and
charge transfer. However, when integrated in
a series configuration, the overall energy-
harvesting performance decreases due to non-
uniform deformation and discontinuous
electrical output, leading to low voltage and
undetectable current. These findings indicate
that, while Zn-doped CDs coatings are
effective for improving individual sensor
performance, series-connected piezoelectric
configurations are not suitable for efficient
speedbump energy generation. Future work
should focus on alternative circuit
configurations, improved coating uniformity,
and system-level optimization to enable
practical energy-harvesting applications.
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