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Abstract: Inspired by the fact that there is an immense amount of renewable energy sources available
on the roadways, such as mechanical pressure, this study presents the development and implemen-
tation of an innovative charging technique for electric vehicles (EVs) by fully utilizing the existing
roadways and state-of-the-art nanotechnology and power electronics. The developed Smart Illu-
minative Charging is a novel wireless charging system that uses LEDs powered by piezoelectric
materials as the energy transmitter source and thin film solar panels placed at the bottom of the EVs
as the receiver, which is then poised to deliver the harvested energy to the vehicle’s battery. The
piezoelectric materials were tested for their mechanical-to-electrical energy conversion capabilities
and the relatively large-area EH2N samples (2 cm × 2 cm) produced high output voltages of up to
52 mV upon mechanical pressure. Furthermore, a lab-scale prototype device was developed to testify
the proposed mechanism of illuminative charging (i.e., “light” coupled pavement and vehicle as a
wireless energy transfer medium).

Keywords: wireless charging; electric vehicles; piezoelectric effect; LEDs; solar panels

1. Introduction

Roadways are an important part of transportation infrastructure, serving as a backbone
to enable better mobility for people and goods. Because the roadways greatly impact
the economic growth and development of the communities, state-of-the-art research has
focused on planning, designing, and constructing roadways to reduce environmental
impact, increase sustainability, and improve the efficiency of transport flow [1,2]. However,
due to increasingly large demands for reduced driver stress, independent mobility for
non-drivers, and increased safety, further research is called for on the development of novel
roadways that can adapt for future vehicles (e.g., electric, or self-driving vehicles).

Electric vehicles (EVs) are promoted as a key contributor to building this sustainable
mobility system [3]. They are generally much more energy efficient than gas-powered
vehicles. Increasing the use of EVs can result in considerably lower emissions of carbon
dioxide and other air pollutants, including nitrogen oxides and particulate matter (PM),
and therefore decrease the air quality problems and preserve the environment [4]. However,
the adoption of EVs could lead to overloading the grid and degrading the power quality
of the distribution system. It also demands an increase in the number of EV charging
stations. To meet the EV charging needs of 15 million EVs by the year 2030, with limited
charging stations [5,6], prediction of charging needs and reallocating charging resources
are emerging needs, especially due to the coincidence between utility peak power loading
and EV charging [7]. Multiple studies proposed different optimization and stochastic
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planning models that utilize the limited network resources with the increase in uncertain
distribution generation, such as renewables and EVs [8,9]. In [10], the authors focused
on the impacts of EVs on the electricity generation, and in [11], the authors proposed
investment in operation models of Grid-to-Vehicle (G2V), Vehicle-to-Grid (V2G), and
Vehicle-to-Building (V2B) for the large-scale and long-term network expansion planning
problems under multi-dimensional uncertainty.

In addition, these EVs need to be equipped with a large-capacity battery pack as
an energy storage unit to operate for a satisfactory distance [12,13]. Lithium-ion batter-
ies, the most commonly used battery in today’s EVs, have an energy density of only
90–100 Wh/kg [14,15], which is very low when compared with that of gasoline (about
12,000 Wh/kg). Therefore, lithium-ion battery operated EVs can only operate for about a
300-mile range, and then they need to be recharged [16,17]. In addition to the low energy
density, contemporary battery technologies have thee shortcomings of long charging time,
large size and weight, limited lifetime, and high cost. To overcome these challenges, alter-
native charging strategies that utilize renewable energy sources and roadways need to be
developed. Currently, the stationary charging systems of EVs fall under three categories:
Level 1, 2, and 3 charging stations. Level 1 charging stations use a 120 VAC plug supplying
3–5 miles per hour using a standard outlet. Level 2 EV charging stations are used for
both residential and commercial charging stations. They use a 240 V (for residential) or
208 V (for commercial) plug, charging at a rate of 10–20 miles per hour. Level 3 charg-
ing stations, also known as DC fast chargers, use a 208 V (for commercial) plug or are
connected to a 480 V 3-Phase AC source, and can charge 80 percent of an EVs battery in
20–30 min [18]. Alternatives to stationary charging stations have also been introduced,
for example, wireless power transfer (WPT) charging [19], and photovoltaic (solar) vehi-
cles [20]. Wireless power transfer (WPT) for EVs has been introduced by using magnetic
resonance to create a field between a ground charging coil and a copper coil embedded in a
vehicle. A research team from MIT first demonstrated in 2007 that 60 watts of power can
be transferred at a 2 m distance according to the coupled magnetic resonance theory [21].
Many researchers followed this groundbreaking work on wireless power transfer (WPT)
mechanisms, suggesting innovative circuits and performing system-level analysis with
improved control [22–27]. The WPT system uses ferrite as a magnetic flux guide and alu-
minum plate as a shield to generate a resonance frequency of a maximum of 100 kHz [28].
Multiple other works on WPT systems for EV charging include the online electric vehicle
(OLEV), designed by the Korea Advanced Institute of Science and Technology (KAIST),
with its three generations of a light golf cart, a bus (60 kW power transfer with efficiency
of 70%), and an SUV (20 kW with efficiency of 83%) [29,30], and the Oak Ridge National
Laboratory (ORNL)’s wireless charging system prototype for an EV with efficiency of
nearly 90% for 3 kW power delivery [31]. Recent work by the University of Michigan,
Dearborn, also attracted much attention due to a 200 mm distance, 8 kW WPT system,
which achieved efficiency as high as 95.7% [32]. Despite the popularity and maturity of the
WPT technology for EV charging, its relatively high cost and limited distance for power
transmission (maximum of 3 ft) still remains a great challenge. Solar power is another
method for charging EVs wirelessly without entirely relying on batteries, as energy can
be harnessed from the sun and converted into electricity by placing solar panels on a
vehicle’s roof. For example, a solar vehicle company, Lightyear, recently emerged with the
promise of delivering practical solar-powered vehicles by 2030 [33], and a Chinese solar
panel manufacturer, Hanergy Holding group, formed a Solar Vehicle Business Division
with four PV prototypes for solar-powered vehicles [33]. However, this type of charging
solution is only feasible when sunlight is available (e.g., during the daytime); the vehicle
batteries should still be charged using power from the grid during nighttime. Moreover,
solar-powered EVs are still not mature enough to be economically available to customers,
largely due to multiple technical and manufacturing challenges in the contemporary PV cell
technology, such as the engineering tradeoff between cost and energy conversion efficiency.
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There are many applications of harvesting energy using the roadway, due to multiple
renewable energy sources available through roadways: optical (light), thermal (heat), and
mechanical (deformation or friction) energies. One form of energy harvesting is solar
pavement, a form of pavement that generates electricity by collecting solar power with
photovoltaic cells [34], and is installed in various roadway infrastructures. The solar
pavement panels consist of three (3) layers: (1) The road surface has PV cells which collect
the sunlight; (2) The electronic layer contains a mini microprocessor board that helps
control the heating element of the panels (e.g., this heating capability can help melt the
snow that lands on the panels); and finally, (3) The base plate layer collects the energy from
the sun and distributes the power [35]. Another form of energy harvesting is Asphalt Solar
Collectors (ASCs); ASCs use asphalt and tarmac to absorb the sun’s rays and heat water
for domestic use [36]. ASCs consist of pipes embedded in the pavement with a circulating
fluid inside. Due to the temperature gradient between the fluid circulating through pipes
and the pavement [37], a heat transfer occurs from the pavement to the fluid, which leads
to a temperature drop in pavement and a temperature increase in fluid, creating energy.
Recent research studies have considered the potential of functional (e.g., piezoelectric or
thermoelectric) nanomaterials to generate electricity from mechanical pressure or frictional
heat. The reasoning behind this nanomaterials-based energy harvesting system is that the
nanomaterial can be embedded inside the roadway pavement or the vehicle tire [38,39] such
that the mechanical or thermal excitation is induced in the nanomaterial by tire loading of
the vehicles, producing separation of electrical charges. Although the voltage and power
level generated from this nano-generator system may be relatively low, this approach has
great potential to advance the energy harvesting technology by miniaturizing the system
and facilitating its integration with other existing infrastructures.

The primary objective of this study is to introduce an innovative Smart Illuminative
Charging (SIC) method for EVs by using renewable energy sources available on roadways,
such as mechanical pressure and frictional heat. This study introduces a novel wireless
power system where (a) nanomaterials-powered light-emitting diodes (LEDs), as the energy
transmitter, are embedded under a transparent polymer modified nanocomposite (TPMN)
overlay and (b) thin-film photovoltaic (PV) solar panels, as the energy receiver, are placed
under each vehicle (See Figure 1). The energy harvested during vehicle motion by using
cutting-edge low-dimensional nanomaterials are transferred to the vehicle’s main power
supply, i.e., the battery. The study will also discuss a lab-scale proof-of-concept prototype
for a smart charging system for vehicles. The prototype represents the integration of
existing roadways, state-of-the-art nanomaterials, and power electronics technologies to
create a smart, sustainable transportation infrastructure.
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2. Methods

The SIC system developed in this study features the following three sequential path-
ways of energy conversion: (1) the mechanical energy available on the roadway is converted
into electrical energy through the use of energy-harvestable 2D nanomaterials (EH2N) (See
Figure 2a), (2) the harvested energy is used (instead of the conventional power grid) to
power the LEDs embedded in the roadway, and (3) the PV panels attached to the vehicle
bottom finally convert the received light energy back to electricity. In the following sections,
the components of the system as shown in Figure 1 will be discussed in detail.
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Figure 2. EH2N testing (a) EH2N grown by CVD (b) Raman characterization data of EH2N grown
on a SiO2/Si substrate (c) PFM measurements of EH2N. The observed phase shift between the two
different voltage polarities indicate that the EH2N thin film expands and contracts with the electric
field direction (i.e., piezoelectric).

2.1. Photovoltaic Solar System

There are various solar panels based on semiconductor materials and manufacturing
methods. The types of solar panels that can be found on the market, based on the materials
and manufactured process, are: (1) monocrystalline panels, (2) polycrystalline panels,
(3) amorphous panels, and (4) tandem panels. Monocrystalline panels are called first
generation, and are made of sections of a silicon bar in one piece, crystallized perfectly.
The efficiency of these panels does not reach more than 24.7% in laboratory and 16%
for commercial ones. The polycrystalline panels are similar to the previous type, but,
in this case, the process of silicon crystallization is different. Polycrystalline panels are
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formed by pieces of a silicon bar that have been structured as disordered crystals. They are
visually very recognizable because they present a granulated surface. A lower efficiency
than mono crystalline (19.8% laboratory, and commercial modules, 14%) is provided by
these panel, and, consequently, the price is lower. Amorphous panels have a considerable
thickness. Using silicon with another structure or other semiconductor materials, thinner
and versatile panels can be obtained. Amorphous PV Solar Panels or thin-film PV modules,
the second-generation panels, are classified according to the material employed. Unlike the
previous generation, amorphous panels do not have a crystal structure. Panels of this type
are commonly used for small electronic devices (calculators, watches) and small portable
panels. Its peak performance in the laboratory is about 13%, and 8% in the commercial
modules. Other examples are cadmium telluride, with a performance in laboratory of
16% and 8% in commercial modules, and gallium arsenide, one of the most efficient
materials, with 20% efficiency on commercial panels [40,41]. These second-generation
cells are more flexible, cheaper, take up less physical space, and are less impacted by high
temperatures and shading, but they degrade faster and have lower efficiency than that of
the first generation. Finally, there are also tandem panels, which combine two different
types of semiconductor materials [42,43]. Each type of material absorbs only a part of the
electromagnetic spectrum of solar radiation, and, because of this, a combination of two
or three types of materials can be used to collect more than one of the electromagnetic
spectrums. This type of panel can be as efficient as 35%. There is also a third generation of
panels, that are “emerging photovoltaics”; most are still in the prototype phase and not
commercially available.

In Table 1, six solar panels from five companies were considered. The criteria used
to choose the solar panels were the power rating and the cost. The cost for the second
generation relative to the power generated made the first generation solar panels more
competitive. The big disadvantage of first generation in our application is the rigidness
of the solar panels. This was counteracted by the monocrystalline solar cells encased in
ethylene vinyl acetate, ethylene tetrafluoroethylene, and tedlar polyester tedlar, which is
the combination of using both the first generation solar cells and the second generation
solar cells flexibility. This results in the most efficient and flexible solar cell that facilitates
easier integration in our proposed charging system.

Table 1. Analysis of solar panels in the current market.

Manufactuerer Power Rating Vmp Iop Price Generation

EcoWorthy® 10 W 17.3 V 0.58 A $21.16 First

Renogy® 30 W 17.5 V 1.71 A $59.99 First

SunKingdom® 13 W 12.0 V 1.08 A $33.99 First + Second

Zerodis® 4.5 W 18.0 V 0.25 A $29.99 Second

EcoWorthy® 5.0 W 17.9 V 0.28 A $20.73 Second

Lensun® 20 W 18.0 V 1.11 A $79.00 First + Second

2.2. Light Emitting Diodes (LEDs)

A light emitting diode (LED) is a semiconductor light source that emits light when
current flows through it. LEDs have many advantages over incandescent light sources, in-
cluding lower energy consumption, longer lifetime, improved physical robustness, smaller
size, and faster switching. The major criterion for choosing LEDs is their conversion mea-
sured as Lumens per Watt (lm/W) and flexibility. LEDs emit more lumens per watt than
incandescent light bulbs [44]. LEDs can have a relatively long useful life [45,46]. Several
Department of Energy (DOE) demonstrations [47] have shown that the reduced mainte-
nance cost from this extended lifetime, rather than energy savings, is the primary factor
in determining the payback period for an LED product. There are four types of LEDs:
Miniature LEDs, Red–Green–Blue (RGB) LEDs, LED strips, and LED tubes. Based on the
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current market availability, approximately 200 lm/W is the maximum expected output, so
we implemented Samsung Semiconductor Inc. LM561C LEDs [48].

2.3. Energy-Harvestable 2D Nanomaterials

Two-dimensional (2D) nanomaterials [49] are an emerging class of materials, with
properties making them highly attractive for both fundamental exploration of physical
phenomena and practical engineering applications across a variety of disciplines, including
energy harvesting. These 2D nanomaterials exhibit a unique, unmatched portfolio of
functionalities and capabilities beyond the conventional materials at the fundamental
scaling limit (thicknesses of a few nanometers), and favorable electronic, mechanical, and
optical properties. For the purpose of this study, their promising piezoelectric (energy
harvesting) properties with excellent flexibility and transparency are of particular interest.
Unlike most of the previous studies [50,51], which used 2D nanomaterial flakes, this study
features the chemical vapor deposition (CVD)-based large-area material preparation. The
area of otherwise “exfoliated” 2D nanomaterial flakes is limited to hundreds of micrometers
squared, thus limiting their adoption in large-area integration such as in the proposed
SIC system for EVs. The CVD process is more scalable, in that growth is only limited
by the CVD system itself. In this study, the high-quality, large-area (up to 2 cm × 2 cm)
EH2N was prepared and characterized for the novel purpose of using them as a scalable,
mechanically robust energy harvesting source that can be integrated in the existing roadway
infrastructure. The next subsection discusses the sample preparation and highlights its
main structure and piezoelectric characteristics.

2.3.1. Sample Preparation

Two-dimensional nanomaterials were prepared utilizing the CVD technique [52] in
“2 cm × 2 cm” square samples. The EH2N was successfully synthesized and deposited on
the SiO2/Si substrate in the quartz tube CVD furnace at a large scale using the method
described in the literature [52]. The thickness of EH2N ranges from 1.5 to 2 nm, as con-
firmed in the cross-sectional transmission electron micrograph (TEM) image shown in
Figure 2a. It is highlighted that a commercially available substrate material (SiO2/Si) was
used for nanomaterial synthesis, and the nanomaterial can be readily transferred to any
other substrate.

2.3.2. Structural Characterization

The prepared EH2N material was studied using the Raman Spectroscopy technique, a
well-established tool used to analyze a variety of low-dimensional nanomaterials, including
graphene, carbon nanotubes, and transition metal dichalcogenides [53]. Figure 2b shows the
measured Raman spectrum of as-grown EH2N layers on a SiO2/Si substrate, indicating two
distinct peaks corresponding to the in-plane (E1

2g) and out-of-plane (A1
g) lattice vibration

modes. Combined with the other microscopic characterization techniques applied, this
set of structural characterizations confirms that the EH2N thin film was prepared with no
significant amount of crystalline defects and imperfections, which is critical to ensure its
piezoelectric (energy harvesting) behavior.

2.3.3. Piezoelectric Characterization

The EH2N’s piezoelectricity was experimentally characterized by adopting the piezo
response force microcopy (PFM) technique. The PFM is a well-established approach
for probing piezoelectric properties at the nanoscale. Based on the coupling between
polarization and mechanical displacement, a highly localized electric field is applied to the
material and then the resultant surface displacement is measured. The following equations
provide an elementary theory of the PFM measurement.

Vtip = Vdc + Vac cos ωt (1)

A = A0 + A1ω cos(ωt + p) (2)
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where Vtip is the voltage applied to the conductive tip, Vdc is the DC voltage bias (switching
bias), Vac is the AC voltage bias (probing bias), and ω = the driving frequency of the
AC bias.

As the sample expands or contracts due to the inverse piezoelectric effect, the tip
deflection can be monitored using a lock-in amplifier because the tip oscillation (A) will have
the phase shift (p) between the driving voltage (Vac) and the voltage-induced mechanical
deformation (A1ω), as well as the static surface displacement (A0). When the polarization
and applied electric field were parallel (Figure 2c left subpanel, +10 V), the deformation
was positive (i.e., expansion) and the PFM signal was in phase with Vac. On the contrary,
when the opposite electric field (Figure 2c right subpanel, −10 V) was applied, this caused
the EH2N to contract with the consequent lowering of the PFM cantilever tip. This led
to the 180◦ phase shift, as seen in the right subpanel. Given that all materials that exhibit
this so-called inverse piezoelectric effect are essentially piezoelectric, this measurement
proves that the prepared nanomaterial (EH2N) is a strong piezoelectric material that can be
harnessed for the energy harvesting or mechanical-to-electrical energy conversion purpose.

2.4. Fabrication and Testing of Electrically Conductive Glass Fiber Reinforced Polymer

A new glass fiber reinforced polymer (GFRP) composite overlay incorporating nano-
materials was developed with improved mechanical properties and electrical conductivity.
The new multi-function GFRP composite can be connected to electrical power generating
materials and conduct electricity to illuminate the LEDs. The new composite also has
self-sensing ability, and can detect mechanical damage under loading by observing changes
in its electrical conductivity.

To fabricate electrically conductive GFRP, epoxy-carbon nanofiber (CNFs) composite
was first fabricated. The CNFs were supplied by Nanostructured and Amorphous Materials
Inc. Their diameters vary from 80 to 200 nm and their lengths from 0.5 to 20 µm, and thus
the aspect ratio ranges between 6.3 and 100. The epoxy used in fabrication was EPOTUF®

37-127, supplied by U.S. Composites, Inc. (Riviera Beach, FL, USA) [54]. The epoxy resin is a
low viscosity, 100% reactive, diluted liquid based on Bisphenol-A containing glycidyl ether.
The hardener was Aliphatic Amine EPOTUF® 37-614 [55]. The resin to hardener mixing
ratio was 2:1. The bidirectional S-Glass fiber fabric was supplied by ACP Composites, Inc.
The epoxy hardener was added to the resin-CNFs mixture to fabricate the GFRP using
the vacuum assisted hand lay-up technique, following ASTM standard D5687. A stage
for fabrication of GFRP was then built. This stage includes a metal plate fixed in place
on the lay-up table. A non-porous release film was attached to isolate the GFRP panels
from the metal plate. Peel ply was added over the non-porous release film to facilitate
peeling of GFRP panels after epoxy curing. Afterwards, the glass fiber fabrics layers were
placed on the peel ply. Each layer was impregnated in the epoxy using a roller, consuming
approximately 45 gm of epoxy per layer. Another peel ply was applied over the GFRP
layers, and then a porous release film was added. To provide an air bath to facilitate
absorbing the excess epoxy, a breather ply layer was added over the porous release film.
Finally, a nylon bag with an opening for the vacuum port was attached to a sealant tape
over the metal plate to seal the entire system. Six layers of bidirectional plain weave glass
fiber textile fabrics were laid in 0◦ direction, and then vacuum pressure was applied. A
vacuum pump was connected to apply a vacuum pressure for 24 h to remove air bubbles
and excess epoxy. After 24 h, the vacuum pump, nylon bag, and release films were removed.
The GFRP composite plates were then cured for 2.5 days at 110 ◦C to ensure complete
curing. The CNF content of 2.0 wt.%, used for producing the GFRP composites, was based
on the electrical percolation observations of epoxy-CNFs nanocomposites discussed below.
Figure 3 shows the vacuum hand lay-up technique used to fabricate the GFRP composites.
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Figure 3. GFRP fabrication using vacuum hand lay-up technique.

Fiber volume fraction of GFRP composites incorporating 2.0 wt.% CNFs was found
to be 55%, determined using ASTM D3171. A scanning Electron Microscope (SEM) using
Quanta 250 was used to examine the dispersion of CNFs in epoxy. SEM images of CNFs in
the epoxy matrix are shown in Figure 4. The images demonstrate the efficient dispersion of
CNFs in the epoxy matrix prior to fabrication of GFRP.
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2.0 wt.% CNFS shows the formation of conductive network inside epoxy.

Five GFRP composite coupons of 19 mm× 150 mm were tested under off-axis (i.e., load
was applied at 45◦ with respect to the fiber direction) static monotonically increasing tension
stress. The static tension tests were performed using MTS® servo hydraulic machine [56].
A displacement control protocol was used in the static tension tests according to the
ASTM standards methods D3039/D3039M, with a loading rate of 1.0 mm/min. The
electrical resistance of the glass fiber composite specimens was measured during the
tension test using a Keithley 2636B source meter. Conductive electrodes were applied to
the glass fiber composite coupon using silver paint at two points spaced by 50 mm to allow
electric resistance measurements. A schematic representation of the electrical resistance
measurement during the static monotonically increasing tension test is shown In Figure 5.
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Figure 5. Schematic of electrical resistance measurement of glass fiber composite coupons during
tension tests.

Damage in glass fiber composite coupons was estimated in terms of the change of the
electrical conductivity during loading. The electrical conductivity was measured, and a
metric of damage based on electrical conductivity change, denoted DE(t), was calculated
using Equation (3):

DE(t) = 1− σ(t)
σ(t0)

% (3)

where DE(t) = the electrical damage measured at time t, σ(t0) = the initial electrical con-
ductivity of the composite prior to load application at time t0 and σ(t) = the electrical
conductivity of the composite at time t.

Moreover, a metric of damage based on change of modulus of elasticity, representing
mechanical damage and denoted DM(t), was calculated using Equation (4):

DM(t) = 1− E(t)
E(t0)

% (4)

where E(t0) is the initial tangent modulus of elasticity of the glass fiber composite coupon
at t0 and E(t) is the tangent modulus of elasticity of the glass fiber composite coupon at
time t. A minimum tangent modulus of zero was assumed to account for the descending
stress–strain.

2.5. Power Delivery Circuit Design

A power conditioning circuit that converts the received light energy in the PV panels
back to electricity and charges a battery representing the vehicle battery was designed. A
synchronous, switch-mode battery charge control was used to implement maximum power
point tracking (MPPT). The MPPT is an algorithm utilized in charge controllers to extract
the maximum power from a photo-voltaic (PV) module [57]. The voltage of a PV module at
the maximum power is called the peak power voltage. To implement this, the bq24650EVM
evaluation module [58] was used. The module takes a solar panel as the input, and the
output as two loads. The first load is the system denoted by Vsys, which represents what
will be powered (i.e., actuators, sensors, etc.), and the second load is the charger output
denoted by Vout,, which will be a 12-volt lead–acid battery. For the lab prototype, a resistive
load is used to calculate the power output from Vsys. Utilizing the bq24650EVM evaluation
module increases the efficiency of the PV array output, which is necessary to reduce all
power losses within the system.

3. Lab-Scale Proof-of-Concept Design of the Proposed Smart Charging System

Figure 6 shows the lab-scale proof-of-concept prototype of the smart charging system
designed and implemented in this study. The prototype consists of two 150 cm pieces
of track with five 60 cm divisions (Figure 6 shows only half of the track); the divisions
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alternate from wood to plexiglass, starting and ending with wood representing the asphalt,
and the plexiglass divisions will represent compartments that will be embedded in the
wheel paths on the embedded roadway.
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Figure 6. Lab scale proof-of-concept design of the prototype.

The LEDs are located under the transparent plexiglass, which simulates the portion of
roadway pavements with EH2Ns embedded. The prototype used 16 LED strips under each
plexiglass division, with ratings of 21.9 V and 450 mA per strip. The strips were connected
in parallel to have a constant voltage. The LEDs strips are partially powered by a DC source
in the prototype. However, given that the voltage per area obtained from nanomaterials
is 130 V/m2, a continuous nanomaterial film of the full area of the LED compartment
(60 × 45 cm), will enable the lighting up of all LEDs using the 2D nanomaterial. Since the
proposed 2D nanomaterials are still under development and not commercially available,
fabricating a large continuous nanomaterial was beyond the scope of this study. On top
of the plexiglass, solar panels are placed in a frame with wheels riding along a track to
simulate the vehicle with the solar panel on its bottom. The prototype was used to test the
viability of the proposed smart illuminative charging system.

3.1. Solar Panel Configuration

For the smart charging system prototype, three solar panels frames are utilized with
power ratings ranging between 26 and 30 W, as shown in Figure 7. These three con-
figurations use three of the solar panels chosen in Table 1. Two configurations use the
standard first-generation mono-crystalline solar panels. The first solar configuration uses
three 10 W EcoWorthy® panels, with an efficiency greater than 17%, in parallel to obtain
30 W. The second configuration also uses the standard first-generation configuration, but
uses only one panel of the Renogy® 30 W monocrystalline solar panel, with a rated effi-
ciency of 21%. The third solar panel configuration tested combines characteristics of the
first and second-generation solar panels, thus being mono-crystalline and semi-flexible.
This hybrid solar panel configuration uses two panels rated at 13 W from SunKingdom®,
with a 23.5% efficiency.
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3.2. MPPT Circuit for Solar Panels and Communication and Sensing Circuit for LEDs

Data logging was a key component in collecting results while the solar panels were
stationary and in motion. There was a need for wireless data. To transfer data wirelessly,
Bluetooth communication was employed. A master Bluetooth module (HC-05) [59] gath-
ered and transmitted data from a voltage sensor connected to the solar panels, to a slave
Bluetooth module (HC-06) connected to a laptop through a serial port. Data was then
recorded in a terminal software program. Utilizing the data, the resulting waveforms are
plotted in MATLAB [60].

An ultrasonic sensor connected to an Arduino was used for sensing if the solar panel
configurations are passing over the plexiglass compartment. If the distance of the ping was
shorter than the threshold that was set, the relay on the batteries would activate. A relay is
an electrically operated switch, the JBtek 4 Channel DC 5 V Relay Module, consisting of
four single pole single throw switches. The module was used because there are four arrays
of eight LED strips within the prototype. This configuration allows for each LED array to
have a separate power supply.

4. Performance Analysis and Findings
4.1. Harvested Voltage from EH2N

To further emulate the practical situation where the nanomaterial (embedded in
roadways) is exposed to a significant amount of mechanical pressure, the EH2N sample’s
energy harvesting property was examined by bending it and directly measuring the induced
output voltage (i.e., piezoelectrically induced polarization charges). For this experiment,
the EH2N was transferred onto a flexible substrate (polyimide film) and the electrode
was deposited on the sides by the e-beam evaporation and shadow mask techniques. As
seen in Figure 8, the mechanically strained (by 0.5% to 1%) nanomaterial was able to
produce an output voltage of up to 52 mV, which is higher than the state-of-the-art reported
peak output of 15 mV and 20 pA [29]. Given that the voltage per area measured from
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nanomaterials is 130 V/m2, if we have a continuous nanomaterial film of the full area of
the LED compartment in the prototype (2 ft × 1.5 ft), we will then be able to light up all the
LEDs using the 2D nanomaterial, which shows promising results. This result proves the
EH2N’s potential to become an alternative energy source from the ground when embedded
in roadways.

Energies 2023, 16, x FOR PEER REVIEW 12 of 21 
 

 

Bluetooth module (HC-06) connected to a laptop through a serial port. Data was then rec-
orded in a terminal software program. Utilizing the data, the resulting waveforms are 
plotted in MATLAB [60].  

An ultrasonic sensor connected to an Arduino was used for sensing if the solar panel 
configurations are passing over the plexiglass compartment. If the distance of the ping 
was shorter than the threshold that was set, the relay on the batteries would activate. A 
relay is an electrically operated switch, the JBtek 4 Channel DC 5 V Relay Module, con-
sisting of four single pole single throw switches. The module was used because there are 
four arrays of eight LED strips within the prototype. This configuration allows for each 
LED array to have a separate power supply. 

4. Performance Analysis and Findings 
4.1. Harvested Voltage from EH2N 

To further emulate the practical situation where the nanomaterial (embedded in 
roadways) is exposed to a significant amount of mechanical pressure, the EH2N sample’s 
energy harvesting property was examined by bending it and directly measuring the in-
duced output voltage (i.e., piezoelectrically induced polarization charges). For this exper-
iment, the EH2N was transferred onto a flexible substrate (polyimide film) and the elec-
trode was deposited on the sides by the e-beam evaporation and shadow mask tech-
niques. As seen in Figure 8, the mechanically strained (by 0.5% to 1%) nanomaterial was 
able to produce an output voltage of up to 52 mV, which is higher than the state-of-the-
art reported peak output of 15 mV and 20 pA [29]. Given that the voltage per area meas-
ured from nanomaterials is 130 V/m2, if we have a continuous nanomaterial film of the 
full area of the LED compartment in the prototype (2 ft × 1.5 ft), we will then be able to 
light up all the LEDs using the 2D nanomaterial, which shows promising results. This 
result proves the EH2N’s potential to become an alternative energy source from the 
ground when embedded in roadways. 

 
Figure 8. Bending experiment and the produced output voltage. 

4.2. Mechanical and Electrical Measurements of GFRP 
The stress–strain curves of GFRP composite coupons with and without 2.0 wt.% 

CNFs under static tension showed nonlinear behavior. It can also be observed that incor-
porating CNFs had no effect on the initial elastic modulus. The composite tension behav-
ior is dominated by the matrix rather than the fibers due to the off-axis loading. Four dis-
tinct zones can be identified in the stress–strain curves, and are marked on the curves 
shown in Figure 9a.  

Figure 8. Bending experiment and the produced output voltage.

4.2. Mechanical and Electrical Measurements of GFRP

The stress–strain curves of GFRP composite coupons with and without 2.0 wt.% CNFs
under static tension showed nonlinear behavior. It can also be observed that incorporating
CNFs had no effect on the initial elastic modulus. The composite tension behavior is
dominated by the matrix rather than the fibers due to the off-axis loading. Four distinct
zones can be identified in the stress–strain curves, and are marked on the curves shown in
Figure 9a.

At low stress (Zone 1), the contribution of glass fiber shall not be neglected. The relative
high stiffness of glass fiber counteracts the effect of the CNFs. When the applied stress
increases (Zone 2), the effect of CNFs on the composite behavior appears as interlaminar
debonding, which occurs due to reduced fiber-matrix bond due to reduced crosslinking.
This is reflected in Zone 2 and in the decreased stiffness of CNFs/GFRP coupons compared
with GFRP composite with neat epoxy. At high applied stress levels (Zone 3), another effect
of CNFs becomes apparent. Such softening in the polymer matrix limits its ability to restrain
lateral fiber movement under tension loads, thus an apparent necking-like behavior takes
place. This behavior is very pronounced with CNFs/GFRP coupons compared with GFRP
coupons with neat epoxy. Such necking results in reduced cross-section and premature
failure (Zone 4) at relatively lower elongation in CNFs/GFRP, compared with neat GFRP.
Figure 9b shows damage propagation in GFRP composite coupons incorporating 2.0 wt.%
CNFs under static tension.

A comparison between the damage metric observed using electrical conductivity
monitoring and that quantified from the mechanical test using Equation (4) was made. It
is apparent that incorporating CNFs at 2.0 wt.% loading enables a significant change in
the electrical conductivity of GFRP relative to the ability to observe damage initiation and
propagation with reasonable accuracy. Furthermore, both metrics increased gradually and
reached a relatively flat plateau, showing constant damage in GFRP at the peak stress. The
mechanical damage increase rate (damage propagation) is much faster compared with the
electrical damage (see Figure 9b). The difference between the mechanical and electrical
damage metrics can be explained by the difference in the significance of microcracks
initiation and propagation on elastic modulus and electrical conductivity. While the elastic
modulus is known to be significantly affected by cracking, the electrical conductivity might



Energies 2023, 16, 835 13 of 21

not be influenced at the same rate if alternative electrically conductive paths can be found
in the matrix. This means that using CNFs will improve GFRP conductivity, which makes
it useful for electrical charge applications.
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4.3. Test Results for the Lab-Scale Prototype
4.3.1. Stationary Tests Comparison of Indoors and Outdoors Settings

The output power from the three solar panels used in this study (as described in
Section 3.1) is compared in indoor settings and artificial lights and outdoors with direct
sunlight as shown in Figure 10. Due to the indoor settings and the plexiglass, the output of
the solar panels is decreased by 25% from the maximum output that the panel can capture
outdoors with direct sunlight.
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Figure 10. Testing the power output of the three solar panels used; outdoor with sunlight versus
artificial light indoors.

4.3.2. Stationary Tests with Indoor Setting and Artificial LEDs

For the purpose of verifying the proposed concept of smart charging system, the LEDs
were first powered using a DC power supply. The output power of the three solar panels in
stationary without the plexiglass (163.6 lux output) and with plexiglass (120.1 lux output)
were measured, and the results for the three solar panels under test are shown in Figure 11.
The results show that the effect of the plexiglass is very minimal, which means that the
transparent GFRP will not affect light output from the LEDs embedded in the roadway.
However, it can be seen that the power output was about 62% of the rated power of the
panels, and that is due to the LEDs. Further testing will compare the power output if the
solar panels are tested outside and fed directly from the sun.
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Figure 11. Testing the output power of the transparent plexiglass indoors with artificial light to
determine the effects for the three solar panels.

4.3.3. Test of the Lab-Scale Prototype under Motion with Indoor Settings and
Artificial LEDs

In this test, the three solar panel configurations depicted in Figure 7 were moved
along the track with different velocities of 1.12 m/s, 2.24 m/s, and 3 m/s to simulate the
vehicle with the solar panel on its bottom driven with different speeds, and with the load
corresponding to the maximum output. The MPPT was calculated by sweeping a variable
resistor and calculating the corresponding output power for each of the three solar panels
under test, as shown in Figure 12. During stationary testing, all solar panels need different
loads to achieve the MPPT point. The single 30 W panel, while being fully exposed to
artificial light, was optimally loaded at 40 Ω, while the two 13 W panels performed best at
15 Ω, and the three 10 W panels performed best at 35 Ω.
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Figures 13–15 depicts the output voltage, current, and power measured while the
simulated vehicle is in motion. The maximum output power from the EcoWorthy® solar
panel was 3.8 W from one panel, with a load of 40 Ω tracking the maximum power point.
The prototype has three panels to cover all the LED area, and, therefore, the maximum
output power for the prototype is 11.43 W. The three solar panels were replaced with one
large solar panel (30 W Renogy®) and the output power was measured. Figure 13 shows
a maximum power output of about 10.1 W. However, since the size of the panel is now
covering most of the LED compartment, the solar panel will not have enough time to
capture the energy from the LEDs. Therefore, it can be concluded that it is better to use
smaller solar panels in parallel than one large solar panel. During the speed tests, it was
concluded that at different speeds the output waveforms are approximately equivalent.
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Figure 15. Output voltage, current and power measured while simulated vehicle in motion using
the three 10 W EcoWorthy® solar panels and under different speeds (1.12 m/s (a), 2.24 m/s (b), and
3 m/s (c), from left to right, respectively).

For the EcoWorthy® configuration, the maximum power that can be delivered is
14.5 W (peak points), while, in motion, the average power delivered over time is approx-
imately 4.9 W, meaning that the in motion the efficiency is 43%. For the SunKingdom®

configuration, the maximum power delivered was 15 W, while, in motion, the average
power delivered over time was approximately 4.1 W, meaning that the in motion the
efficiency was 45%. For the Renogy® configuration the maximum power delivered was
14.8 W, while, in motion, the average power delivered over time was approximately one
watt, meaning that, in motion, the efficiency is 10%. The results of the average power over
time show that multiple smaller cells perform better than one single panel. This is due to
others effects, such as shading.

5. Discussion: Recommended Strategy
5.1. System Embedded in Infrastructure

A standard lane is separated into five distinct pieces, the left edge, the left wheel path,
the center zone, the right wheel path and the right edge. For this study, the right and left
wheel paths are the focal points. In each respective wheel path, circuitry, materials, and
polymers will be placed. Sawtooth cuts will be made in the wheel path, with the minimum
width being 30 cm and the maximum being 107 cm. The minimum width is relative to
the width of common tire sizes, such as the 225/65r17 tire that is 24 cm wide and the
LT265/70R17 tire at 26 cm wide. The common tire widths and ample additions to both
sides are the minimum width at 30 cm; this will work only if the EV is on a predetermined
path and precisely controlled. Realistically, this will not be the case, and the cuts can be
anywhere between the aforementioned range. The cuts will be made for both wheel paths
(i.e., left and right).

An ideal cut would have the width of 45 cm and the length of 20 cm. The length of
20 cm is due to the approximate length of a vehicle. The length should be a minimum
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of 182 cm due to the placement of the PV cells, which gives the full range of solar cells a
chance to produce power at the same time. Moreover, only powering the lights that are
directly under the solar cells is a key factor in increasing efficiency. An optimal way of
lighting the LEDs should be researched. If the vehicles are automated and can travel the
path at a predetermined speed, a simple lighting sequence can be implemented.

The recommended circuitry that will be embedded in the cuts are broken up into four
parts, the nanomaterial and the output voltage, a full-bridge rectifier, a fly-back converter,
and LED strips. The nanomaterial output voltage is a sinusoidal wave generated from the
scaled up MoS2 that generates electricity from mechanical pressure or heat. That waveform
will then be rectified going through the full bridge rectifier. The waveform is rectified so
that there is no negative current to control in the circuitry going forward. The rectified
waveform is used as the input to a fly-back converter and controlled though a constant
voltage controller to control the output to approximately 22 V, the operating voltage of the
LEDs. The reason a fly-back converter is being used is due to the expected large magnitude
of the rectified signal. From piezoelectric materials, one can expect high voltages with
extremely low current. This is where the fly-back converter can regulate the voltage and
give a usable current to power the final stage, the LEDs. The LEDs are the output on the
embedded roadway circuitry, and the input to the EV circuitry system, described in the
next section.

For the cuts that will be made, approximately 32, 1220 mm × 18 mm Samsung
Semiconductor Inc. (San Jose, CA, USA) LT-Qxx2A series LED module strips will be
embedded into each wheel path cut. This will allow for adequate room for the LED strips
along with room for the illumination to be taken advantage of.

5.2. System for EVs

A PV array will be placed on the underside of an EV to capture the illumination from
the LEDs embedded in the roadway, as discussed in the above section. The PV array will
exist between the wheel wells of each respective side (i.e., left and right). This means that
the PV array will run along the rocker panels of the vehicles, which are approximately
six feet in length. For these dimensions we can fit 24 solar cells, as PV cells come in a
standard size of 6′ by 6′. The array will consist of 24 solar cells in parallel, placed in
2 × 12 cells. This means that the voltage will stay in the range of 0–24 V, and the current
will be cascaded. With the solar cells in this configuration, shading plays a less pivotal
role. These are approximate measures due to vehicles differing in dimensions. To capture
and deliver the power, the group is proposing the three stages: the PV cells in parallel as
discussed, a buck-boost converter, and then the battery of the proposed EV. The output of
the solar cells should be in parallel with a load capacitor to smooth the voltage that will
act as the input for a buck-boost converter. The proposed buck-boost converter is used to
regulate the voltage to 12 V to be fed into the final stage, the EVs battery. The power fed
into the battery will help add slow charging over time while the EV is in motion.

6. Conclusions and Future Work

This study presented an innovative smart illuminative charging system for EVs.
It is a novel (because it is induction coil-free) wireless charging mechanism that uses
nanomaterials-powered LEDs embedded within the road pavement and thin film solar
panels placed on the bottom of the EVs to charge the vehicle battery. Light mediates energy
transfer between LEDs and solar panels. To better protect the LEDs from the heavy vehicle
load whilst still harnessing their electric-to-optical energy conversion capability, certain
flexible polymer overlay materials were developed to be placed onto the pavement surface.
The study presented the initial, albeit promising, results on the great potential of the nano-
materials to harvest energy and provide electricity to light up the LEDs. However, one of
the challenges in implementation is to fabricate EH2N in a large scale to be used commer-
cially. For future work, the authors are also investigating other piezoelectric materials that
are commercially available to operate with the same concept. A GFRP was fabricated as an
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overlay for the nanomaterials for the roadway compartments and tested for mechanical
stress to ensure the performance of load testing of the vehicle and electrical conductivity.

A lab-scale proof-of-concept prototype was also demonstrated to verify the system-
level capability. Different solar panels were tested, and it was concluded that the solar
panel size should be smaller than the LED compartments embedded in the roadways for
best results. In addition, it was shown that the best results came from the solar panel that
combines the first- and second-generation panel characteristics, thus simultaneously mono-
crystalline and flexible. It was shown that the start-to-end energy efficiency was about
40%. A strategy for implementation was proposed for both the embedded roadway and the
circuits for the EV. Dimensions of the compartments and the contents of the compartments
were discussed, as well as the configuration of the solar panels and power stage to charge
the battery.

If this clean, wireless charging method for EVs is adapted, it will lead to a significant
decrease in CO2 emissions. Comparing with gas-powered vehicles, the CO2 emission is
decreased 50% in EVs, from 57 to 28 metric tons. This will help reduce the impact of climate
change on the reliability and capacity of transportation systems. In addition, with the
energy harvested from the pavement using these nanomaterials, the system can also be
used as a sensor for vehicle counts and traffic data collection. This sensing technology can
help improve safety and reduce congestion.
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