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Abstract: There is an interest in harvesting energy from people’s footsteps in crowded areas to power
smart electronic devices with low consumption. The average power consumption of these devices
is approximately 10 µW. The energy from our footsteps is green and free, because walking is a
routine activity in everyday life. The energy floor is one of the most efficient pieces of equipment in
vibration-based energy harvesting. The paper aims to improve the previous design of the energy
floor—called Genpath—which uses a rotational electromagnetic (EM) technique to generate electricity
from human footsteps. The design consists of two main parts of (1) the EM generator, including the
lead-screw mechanism for translation-to-rotation conversion, and (2) the Power Management and
Storage (PMS) circuit. The improvement was focused on the part of the EM generator. A thorough
investigation of the design components reveals that the EM generator shaft in the previous Genpath
design cannot continuously rotate when the floor-tile reaches the bottom end, resulting in no energy
gain. Therefore, a one-way clutch is implemented to the system to disengage the generator shaft
from the lead-screw motion when the floor-tile reaches the allowable displacement. During the
disengagement, the EM generator shaft still proceeds with a free rotation and could generate more
power. In our analysis, the dynamic model of the electro-mechanical systems with the one-way clutch
was successfully developed and used to predict the energy performances of the VEH floors and
fine-tune the design parameters. The analytical result is shown that the spring stiffness mainly affects
the force transmitted to the EM generator, and then the induced voltage and power of the generator,
thus, the value of the stiffness is one of the critical design parameters to optimize. Finally, the new
prototype consisting of 12-V-DC generator, mechanisms of lead-screw and clutch, as well as coil
springs with the optimal stiffness of 1700 N/m was built and tested. The average energy produced by
the new prototype is 3637 mJ (or average power of 3219 mW), per footstep which is 2935 mJ greater
than that of the previous design. Moreover, to raise the social awareness about energy usage, the sets
of Genpath have been used to organize an exhibition, “Genpath Empower our Journey”. The people
who stroll forward on the paths can realize how much energy they gain from their footsteps.

Keywords: energy harvesting; electromagnetic generator; energy floor tile; power management
system; footstep energy harvesting; piezoelectric; energy harvesting paver; clutch

1. Introduction

In recent decades, the Internet of things (IoT) has caused technological evolution not
only in industries or factories, but also in household life. The IoT technology found in
the present products such as smart phones, smart watch, IoT sensors, Global Positioning
System (GPS) tracking, data acquisition system (DAQ) system, and wireless devices has
been involved in most residential, educational, medical and industrial sectors [1,2]. Conse-
quently, more electrical power sources are needed to operate such increasing industrial and
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household products. The power needs of mobile devices such as smart watches, RFID, or
MEMS sensors varies from few microwatts to hundreds of milliwatts for mobile phone or
GPS applications, but most devices are usually in a sleep mode for 99.9% of their operation
time. They wake up for a few milliseconds only to communicate data. Despite this, the
advanced technology makes each product requires only a low power supply because the
average power consumption of these devices is approximately 10 µW [3]. There are more
than 14.4 billion IoT devices requiring power in 2022 and there will be 27.0 billion devices
more in 2025 [4,5]. The world’s demand of electrical power has been rapidly growing!

With the wireless fourth/fifth-generation (4G/5G) of cellular network technology, the
current IoT products are convenient for mobile use and are capable of working 7 days and
24 h. The continuity requirement makes the battery technology one of the key features of
the products [6]. However, battery lifespan and charging seem to be issues of the power
source. Therefore, energy harvesting is attracting attention as “enabling technology” to
expand the IoT utilization and enhance life and social resilience [7–9]. Energy harvesting
utilizes the ambient energy present in the environment by converting them into electrical
energy and using them as a remote power source for the autonomous electronic devices or
circuits. The ambient energy may come from heat, electromagnetic, wind, solar power, and
vibration [10–15]. Moreover, vibration-based energy from human movement is currently
one of the most interesting sources for harvesting and being used as a remote power
source [16,17].

For the vibration-based energy harvesting from people’s footsteps, walking is a normal
activity that everyone does every day. The heel strike of a person’s walk can generate
energy of 2–20 watts or power of 1–5 joules per step [18]. The energy from people walking
is green and free. If a simple calculation is performed based on the prediction of more
than 21 trillion walking steps per day [19,20], and all of energy from the walking steps
could be ideally harvested, one can imagine how much energy is obtained. There are
some commercial products which can harvest energy from human walking such as energy
storage shoes and the energy floor [21–24]. Pavegen and Energy Floors have produced
a commercial system that generates power from footsteps [22,23]. The electromagnetic
generator system of Pavegen can generate energy of 2 to 4 joules, or around 5 watts of
power of off-grid electrical energy per step, while Energy Floors focuses on converting
humans dancing and playing games to electrical energy. However, there are few technical
details of those products published thus far.

To harvest energy from human walking, a Vibration Energy Harvesting (VEH) system
called Genpath, the smart floor capable of conversing kinetic energy from thousands, has
been developed [24,25]. It can be installed in places where crowds of people walk to harvest
energy. Genpath in [24,25] utilized the lead screw or rack-pinion mechanism to convert the
translation of the floor-tile to the rotation of the electromagnetic (EM) generator to induce
voltage when the force from a footstep is applied. Then, the electrical voltage and power
generated by the EM generator are processed by the connected Power Management and
Storage (PMS) circuit. The harvested power is then stored in the rechargeable batteries.
The power from the battery can be supplied to the smart IoT-devices with low energy
consumption. Ref. [24] reports that the Genpath prototype-II or Genpath V1 produces an
average energy of up to 702 mJ (or average power of 520 mW) per footstep.

However, a thorough investigation of the design components as well as the dynamics
of the Genpath system reveals that it can be improved for a more efficient design. The
Genpath V1 design still has limitations described as follows. The major limitation of
Genpath V1 is that the EM generator shaft cannot continuously rotate when the floor-tile
moves to the bottom end. When the EM generator shaft is stopped, the EM generator cannot
generate energy. Moreover, the spring stiffness of Genpath affects the force transmitted to
the EM generator and also the induced voltage and power. To optimize the spring stiffness
is also necessary.

Therefore, the objective of the paper is to present a more efficient design of vibration-
based energy harvesting (VEH) floor. Based on the design of Genpath V1, the VEH floor



Energies 2022, 15, 6539 3 of 18

embedded with the rotational electromagnetic (EM) generator, the key concept of the new
design is to use the one-way clutch to disengage the rotation of the generator shaft from the
lead screw and bevel gear during the restoring period, allowing the generator to continue
its free rotation and thus gain more energy. In addition, with the clutch disengagement,
the frictional resistance on the mechanical side of the movement converter can be reduced,
allowing the implement of the softer spring in the design to increase the maximum speed
and also the induced voltage peak of the generator. Consequently, the new design of
the energy floor with the clutch and the softer springs is much more efficient than the
previous design. To achieve this purpose, the dynamic models of the electro-mechanical
systems with a one-way clutch were developed using MATLAB®/Simulink for predicting
the energy performance of the VEH floors, and the dynamic models were used to fine-
tune the design parameters. The entire system consists of two main parts: (1) the EM
generator, including the translation-to-rotation conversion mechanism, and (2) the Power
Management and Storage (PMS) circuit. For simplicity, a direct-current (DC) generator
was used in the design to produce electricity. The lead-screw mechanisms were adopted to
converse a linear motion from a human’s pedal to a rotation of the generator’s rotor. The
PMS circuit with extra low energy consumption was designed to simultaneously convert
and store electrical energy. The paper is organized into the following sections. In Section 2,
the conceptual design of the system is described in detail. Then the model and analysis
parameters are presented in Section 3. Next, the Genpath V2 prototype and its test results
are presented in Section 4. Further, the power management system of the Genpath is
presented in Section 5. The installation and demonstration of application are presented in
Section 6. Finally, the conclusion is stated in Section 7.

2. Conceptual Design

Recently, energy harvesting from human motion has become a common interest. The
energy floor which harvests energy from human footsteps is applicable to crowded areas.
The design of the energy floor using an electromagnetic generator is quite simple and
efficient [22–25]. In the design, there exists a mechanism to convert a linear motion to a
rotational motion to drive the generator. From the design of Genpath V1 [24], the lead
screw and bevel gear were used to convert the motion. The bevel gear was then connected
to the generator shaft to transmit the power. When the floor tile reaches the allowable
displacement at the bottom end, the springs installed at the corners help restore the system
back to its equilibrium. This electro-mechanical harvester [24] can generate an averaged
energy of 702 mJ per footstep. However, there was a major flaw in the mechanism yet to be
improved. Based on the profile of force [26] applied from a footstep and the corresponding
harvested power/energy typically obtained from the previous design [24], respectively. For
0.7 s of footstep force applying, there is an interval which the harvester has no energy gain
~0.2 s, i.e., during 0.4–0.6 s, as observed in the results of [24]. It occurs when the floor-tile
motion is limited by the allowable displacement of 15 mm, causing both the lead screw
and the generator shaft ceased. Therefore, no electrical power is generated during 0.4–0.6 s.
All the parts stay at rest until the combined restoring spring force and applied force can
overcome the friction in the system, and then they are restored back to the initial position.
There was also a limitation of spring tuning in the restoring period of the previous design.
Theoretically, to harvest more energy, the softer spring with smaller value of coefficient
is desirable [24]. However, the spring coefficient in the previous design [24] needs to be
at least 20,000 N/m to overcome the system friction and be capable to restore the floor
tile back.

A one-way clutch mechanism is proposed to solve the existing problems. A one-way
clutch is a coupling machine element where its inner ring is only coupled and rotated with
the outer ring in one direction but rotated freely in the opposite direction. The clutch is
used to disengage the rotation of the generator shaft from the lead screw and bevel gear
during the restoring period, allowing the generator to continue its free rotation and thus
gain more energy. The schematic diagram in Figure 1a illustrates the design of the energy
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floor with the one-way clutch mechanism. The clutch is assembled to the system through
the customized housing as shown in Figure 1b. Additionally, the function of the one-way
clutch mechanism is shown in Figure 1c.
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Figure 1. The design of kinetic-energy harvesting floor with the one-way clutch mechanism: (a) schematic
diagram of Genpath V2 design; (b) clutch housing; (c) function of the one-way clutch mechanism.

In operation, the floor-tile first moves down due to the applied force from a footstep,
causing the nut which is fixed to the tile center to move down and drive the lead screw
to rotate about its axis. The lead screw’s rotation is then transmitted to the DC generator
through the bevel gear. The rotation of the generator shaft causes the induced voltage and
hence the power to be harvested. When the floor tile reaches its allowable displacement
of 15 mm and tends to restore back to the equilibrium position with spring forces, the
lead-screw rotation starts to rotate in the opposite direction. Meanwhile, the clutch is
disengaged, and the generator continues to rotate, but now freely, with its inertia.

3. Modeling and Analysis

In this section, the equations governing the electro-mechanical system with clutch
design are presented. The equations governing both stages of the clutch engagement and
disengagement were developed. Then, the harvested power/energy can be predicted using
Matlab®/Simulink [27]. The developed analytical model is used for the parametric study
where the parameter set could be optimized.

3.1. Governing Equations

For the clutch engagement stage, the equations governing the electro-mechanical
system with the lead screw and clutch design are not different from those governing the
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system without clutch. The interested reader can follow the detailed derivation from [24].
The equations are 
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where the state variables: i is the current, θ is the angular position of the lead screw and the
bevel gear and x = lθ

2π is the displacement of the floor tile. Note that l is the pitch of the
lead screw. Additionally, F(t) is the footstep applied force and FS is the restoring spring
force. In (1) and (2), Jeq = ml

2π + (J1+JG)
∆ is the equivalent moment of inertia corresponding

to the mass of the plate and nut m, and the mass moments of inertia of the lead screw and
bevel gear J1 and JG, respectively. In addition, ∆ is the adjusted coefficient according to the
frictions in the power transmission, where ∆ = l

2πη1η2
, with η1 and η2 are the efficiencies of

the screw thread and the thrust bearing, respectively. The damping coefficient dm in (1) and
(2) is simply represented the viscous damping due to the friction in the bevel gear and the
clutch. For the electrical side, Kt is the back emf (torque) constant, L is the inductance of the
generator, RG is the resistance of the generator and RL is the resistance of the load and F(t)
is input force.

The instantaneous power from the generator when the load resistance is connected
is then

P = i2RL. (3)

The averaged energy and averaged power harvested in one footstep can be determined,
respectively, from

E =
∫ T

0
Pdt, (4)

Pav =
E
T

. (5)

If the inductance L is negligible, (1) can be decoupled and simplified as

Jeq
..
θ + (cm + ce)

.
θ + Fs = F(t), (6)

and

i =
(

Kt

RG + RL

)
.
θ, (7)

where cm and ce are mechanical damping and electrical damping, respectively, given by

cm =
dm

∆
, ce =

K2
t

∆(RG + RL)
, (8)

From [28], the optimized load resistance for the maximum power is then

RL = RG +
K2

t
cm

, (9)



Energies 2022, 15, 6539 6 of 18

For the stage of clutch disengagement, the generator is rotated free with the initial con-
ditions obtained from the final time of the engagement period. The governing Equations (1)
is then simplified for the disengagement period as

..
i
.
θ
..
θ

 =
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(

RG+RL
L

)
0 Kt

L

0 0 1
− Kt
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0 −dm0

JG


 i

θ
.
θ

+

0
0
0

, (10)

Note that when the clutch is disengaged, the terms of inertia and friction according to
the lead screw and the bevel gear are omitted from (10). Additionally, the term dm0 in (10)
is represented only the damping according to the friction in the clutch; hence dm0 � dm.

3.2. Simulink Model of the Harvesting System with Clutch Design

Figure 2 shows the Matlab®/Simulink model of the electro-mechanical system with
clutch design for energy harvesting, according to (1)–(6) and (10). First, the parameter set
as shown in Table 1, mostly based on the previous design, Genpath V1 [24], was used for
the simulation. Both the footstep force obtained from [26] and the half-sine force function,
shown in Figure 3, were alternatively used as the applied force and input to the Simulink
model. The half-sine force function is used to evaluate the simulation and experiment
because during the experiment in the laboratory, the Genpath V2 is pushed by foot. Thus,
the footstep force is similar to a half-sine wave. For verification, the induced voltage
and current and the corresponding power and energy from the prediction and from the
experiment were compared in Figure 4. The magnitudes and profiles of the analytical results
agree well with those from the experiment. In Figure 4, the predicted voltage/current and
power/energy according to the half-sine force input is however more accurate, because the
footstep force applied in the test is probably different from the normal walk. In addition,
close agreement of the analytical and experimental results of the harvested power/energy
summarized in Table 2 gives us confidence on the further use of the analytical model for
the parametric design in Section 3.3.

Table 1. Genpath V2 parameters.

Parameters Value

Pitch of Lead Screw (l) 8 mm
Mass of Nut and Plate (m) 2.16 kg

Moment of Inertia of lead screw (Jl) 2.5536 × 10−6 kg·m2

Moment of inertia of bevel gear (JG) 8.6750 × 10−7 kg·m2

Lead angle 30 degrees
Spring Coefficient (k) 18,000 N/m

Damping Coefficient (d) 11,000 N·s/m
Resistance of Generator (RG) 37 Ohm

Inductance (L) 3.6 × 10−3 H
Generator constant (Kt) 0.2903 Vs/rad
Resistance of Load (RL) 30 Ohm
Friction coefficient (µ) 0.21

Efficient of thrust bearing ηthrust 0.8101
Efficient of thread ηthread 0.6444
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Table 2. Performances of the Genpath V2 when K = 18,000 N/m.

Experiment
Simulation with

Half-Sine
Wave Force

Simulation with
Normal Walking

Force

Variables Values per Footstep Values per Footstep Values per Footstep

Maximum voltage 15.60 V 14.80 V 17.61 V
Average voltage 6.11 V 5.58 V 4.24 V

Maximum current 408.0 mA 493.1 mA 587.1 mA
Average current 154.4 mA 186.0 mA 141.2 mA

Maximum power 6.33 W 7.30 W 10.34 W
Average power 1572 mW 1853 mW 1377 mW
Wave duration 1.02 s 1.35 s 1.35 s
Average energy 1603 mJ 2501 mJ 1859 mJ

Furthermore, the predicted voltage and power/energy harvesting from both the
previous design of Genpath V1 [24] and the current design of Genpath V2 with clutch
were compared in Figure 5. The prediction of both designs is also compared in Table 3.
First, the accumulated energy summarized in Table 3 clearly reveals the improvement of
performance of the new design with clutch, which yields total energy of 2501 mJ, i.e., 39%
higher than that of the previous Genpath V1. In Figure 5, for the Genpath V1 without
clutch, there is the dead zone with no energy gain during 0.4–0.7 s, or when the floor
tile reaches the bottom end and stops. Nevertheless, for the design of Genpath V2, when
the floor tile reaches the bottom limit, the clutch functions as disengagement, causing the
generator rotation continued. Therefore, as seen from the red curves in Figure 5b, there
exists additional power to be generated at t > 0.4 s and also more accumulated energy. It is
proved that the design concept of the model with clutch significantly helps increase the
harvested energy. Another advantage of the design with clutch is to solve the limitation in
spring tunning as stated earlier, and it will be discussed in the following section.
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Figure 5. Voltage, current, power, and energy of the Genpath V1 and V2 from simulation when
K = 18,000 N/m: (a) voltage and current of the Genpath V1 and V2. (b) power, and energy of the
Genpath V1 and V2.

Table 3. Performances of the Genpath V1 and V2 when K = 18,000 N/m.

Genpath V1 Simulation with
Half-Sine Wave Force

Genpath V2 Simulation with
Half-Sine Wave Force

Variables Values per Footstep Values per Footstep

Maximum voltage 14.78 V 14.78 V
Average voltage 1.93 V 5.377 V

Maximum current 493.2 mA 493.1 mA
Average current 64.3 mA 179.2 mA

Maximum power 7.30 W 7.30 W
Average power 1289 mW 1786 mW
Wave duration 1.40 s 1.40 s
Average energy 1804 mJ 2501 mJ

3.3. Design of Parameters

The analytical model developed in Section 3.2 was used for the selection of optimized
parameters. The effect of various mechanical and electrical parameters on the harvested
power/energy was investigated. The mechanical parameters are the stiffness coefficient
of spring k, the mass of the plate and nut m, and the mass moments of inertia of the lead
screw and bevel gear J1 and JG. The electrical parameters are the back emf (torque) constant
Kt and the resistances of the generator and load RG and RL.

3.3.1. Stiffness Coefficient of Spring and Inertias

Figure 6 shows the averaged power when the stiffness coefficient of spring k and the
inertia terms, including the mass of the plate and nut m, and the mass moments of inertia
of the lead screw and bevel gear J1 and JG, are varied, respectively.
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Figure 6. Averaged power when the parameters are varied: (a) stiffness coefficient of spring is varied;
(b) moment of inertia of bevel gear is varied; (c) moment of inertia of lead screw is varied; (d) mass of
nut and plate is varied.

In Figure 6a, the averaged power generated from the energy floor is decreased when
the stiffness coefficient is increased. With lower stiffness coefficient k, the velocity of the
floor vibration transmitted to the generator shaft is rising, resulting in the increase in the
shaft’s rotational speed which yields the higher power to be generated. Figure 6a also
shows that the stiffness coefficient could be selected much lower than the nominal value of
18,000 N/m to increase the power. Although there is a limitation on using the softer spring
in Genpath V1 because of the insufficient restoring force to restore the floor tile back [24],
several functional tests with a wide range of softer springs proved no such problem found
on the new Genpath V2. When the clutch in the new design is disengaged, the friction
torque from the generator is cut-off. Therefore, the restoring force provided by the soft
spring still overcomes all the friction from mechanical parts, and is capable of restoring
the system back to equilibrium. Consequently, the value of the stiffness coefficient of the
springs should be designed as low as possible. However, for durability, the minimum value
of an equivalent stiffness coefficient of the coil springs should be ~1500 N/m based on the
experiment evaluation of Genpath V2 with the spring stiffness coefficient of 18,000, 3800,
1700, and 760 N/m.

The inertia terms have less effect on the averaged power as seen in Figure 6b–d and
Table 4. There is a tiny change in the averaged power when either the mass of the plate and
nut m, or the mass moments of inertia of the lead screw and bevel gear J1 and JG is varied.
Therefore, there is no need for adjusting the inertia parameters to improve the performance
of the energy floor.
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Table 4. Comparison of power when the parameters are varied.

Decrease 20% Decrease 10% Normal Value Increase 10% Increase 20%

Spring Coefficient (k) N/m 14,400 16,200 18,000 19,800 21,600
Power (W) 1.751 1.69 1.6297 1.568 1.5113

% Power Increase/Decrease +7.44% +3.70% 0.00% −3.79% −7.27%

Moment of inertia of bevel
gear (JG) kg·m2 6.9400 × 10−7 7.8075 × 10−7 8.6750 × 10−7 9.5425 × 10−7 10.4100 × 10−7

Power (W) 1.6107 1.6202 1.6297 1.6392 1.6487
% Power Increase/Decrease −1.16% −0.58% 0.00% +0.58% +1.17%

Moment of Inertia of lead
screw (Jl) kg·m2 2.0428 × 10−6 2.2982 × 10−6 2.5536 × 10−6 2.8089 × 10−6 3.0640 × 10−6

Power (W) 1.5737 1.6018 1.6297 1.6577 1.6858
% Power Increase/Decrease −3.44% −1.71% 0.00% +1.72% +3.44%

Mass of Nut and Plate (m)
kg 1.728 1.944 2.16 2.376 2.592

Power (W) 1.5940 1.6119 1.6297 1.6476 1.6654
% Power Increase/Decrease −2.19% −1.09% 0.00% +1.10% +2.19%

3.3.2. RG and Kt

Figure 7 shows the contour plot of the averaged power obtained from the generator
when the back emf constant Kt and the internal resistance of the generator RG are varied. In
Figure 7, the generator with greater value of Kt, but smaller value of RG yields the higher
power. However, the value of the back emf constant Kt is naturally proportional to the
internal resistance RG. With the similar plot as Figure 7, one could select the proper type
and characteristics of the generator motor to improve the performance of the energy floor.
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3.3.3. Optimized Resistive Load RL

Figure 8 shows the averaged power when the load resistance RL is varied. It is found
that the optimized value of RL for the highest power is at 41 Ω which is slightly higher
than the internal resistance RG of the generator. The slight difference of RL and RG might
be because of the compensation of the equivalent mechanical resistance according to the
frictional damping as derived in (9). The load resistance RL of the system can be designed
approximately equal to the internal resistance RG of the generator.



Energies 2022, 15, 6539 12 of 18

Energies 2022, 15, x FOR PEER REVIEW 11 of 17 
 

 

3.3.2. 𝑅ீ and 𝐾௧ 
Figure 7 shows the contour plot of the averaged power obtained from the generator 

when the back emf constant 𝐾௧ and the internal resistance of the generator 𝑅ீ are varied. 
In Figure 7, the generator with greater value of 𝐾௧, but smaller value of 𝑅ீ  yields the 
higher power. However, the value of the back emf constant 𝐾௧ is naturally proportional 
to the internal resistance 𝑅ீ. With the similar plot as Figure 7, one could select the proper 
type and characteristics of the generator motor to improve the performance of the energy 
floor. 

 
Figure 7. Contour plot of the averaged power when generator constant and resistance of generator 
are varied. 

3.3.3. Optimized Resistive Load 𝑅௅ 
Figure 8 shows the averaged power when the load resistance 𝑅௅ is varied. It is found 

that the optimized value of 𝑅௅ for the highest power is at 41 Ω which is slightly higher 
than the internal resistance 𝑅ீ  of the generator. The slight difference of 𝑅௅  and 𝑅ீ 
might be because of the compensation of the equivalent mechanical resistance according 
to the frictional damping as derived in (9). The load resistance 𝑅௅ of the system can be 
designed approximately equal to the internal resistance 𝑅ீ of the generator. 

 
Figure 8. Averaged power when the load resistance is varied. Figure 8. Averaged power when the load resistance is varied.

4. Prototype and Test Results

Figure 9 shows the Genpath V2 built with the key components as listed in Table 5. The
major changes of the design were (1) the clutch was installed to the system, and (2) the
much softer coil springs with stiffness coefficient of 1700 N/m were selected to replace
the springs in the previous model. To perform the performance test, Figure 10 shows the
measurement of the voltage across the load resistor RL and the current i when a normal
footstep is applied. Then, the corresponding electrical power and energy were determined
from the test results. The experimental results are shown in Figure 11 by the red plots,
comparing to the simulation results. It is noted that with the soft spring replacement,
the peaks of the induced voltage and current in Figure 11a are much higher than those
from the previous prototype, thus the Genpath V2 provides much higher power and
energy. Furthermore, Figure 11 also shows the new design with clutch helps extend the
interval of energy harvesting after ~0.4 s when the clutch is disengaged. The performance
of the Genpath V2 is also summarized in Table 6. The prototype produces an average
energy of 3637 mJ (or average power of 3219 mW), per footstep. The energy generated by
the new Genpath’s prototype was 2935 mJ greater than that of the previous design [24].
With the clutch included in the design, the capability of extending the period of energy
harvesting and of increasing the electrical peaks with the softer spring significantly improve
the performance.
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Table 5. Parameter of Genpath V2.

Genpath V2

Item Dimensions Number

Wood plate 400 × 400 × 5 mm 2

Linear guide Diameter 12 mm
Length 90 mm 4

Linear bearing Inner diameter 12 mm 4

Shaft coupling Inner diameter 12 mm 4

Coil spring * Length 60 mm
Diameter 2.2 mm 4

Shaft to generator Diameter 8 mm
Length 60 mm 1

Nut and lead screw Diameter 8 mm
Pitch 2 mm 1

Flexible coupling 8 mm 1

Bevel gear Inner diameter 8 mm 2

Ball bearing Inner diameter 8 mm 3

Clutch CSK8 PP 1

Housing 22 × 32 × 29 mm 1

Generator ZGA37RG 12V 300 rpm 1
* Coil springs are made of difference materials and Genpath V2 with the spring stiffness coefficient of 18,000, 3800,
1700, and 760 N/m have been experimented.
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Figure 11. Voltage, current, power, and energy of the Genpath V2 from experiment and simulation when
K = 1700 N/m: (a) voltage and current of the Genpath V2. (b) power, and energy of the Genpath V2.

Table 6. Performances of the Genpath V1 [24] and the Genpath V2 when K = 1700 N/m.

Variables

Genpath V1 Genpath V2 Genpath V2 Genpath V2

Experiment Experiment Simulation with
Half-Sine Wave Force

Simulation with
Normal Walking Force

Values per Footstep Values per Footstep Values per Footstep Values per Footstep

Maximum voltage 9.5 V 21.60 V 20.95 V 22.12 V
Average voltage 2.88 V 8.59 V 6.53 V 5.376 V

Maximum current 285 mA 590 mA 698.2 mA 737.2 mA
Average current 88 mA 231.1 mA 217.8 mA 179.2 mA

Maximum power 2.71 W 12.74 W 14.62 W 16.31 W
Average power 520 mW 3219 mW 2782 mW 2335 mW
Wave duration 1.35 s 1.13 s 1.40 s 1.40 s
Average energy 702 mJ 3637 mJ 3895 mJ 3269 mJ

5. Power Management System

The power management and storage (PMS) circuit was designed to convert and store
electrical energy at the same time. Figure 12 shows the power management and storage.
PMS is conducted by a power electronics converter which is comprised of 2 parts: active
bridge rectifier and buck-boost converter. Firstly, the AC voltage from generator is rectified
by the active-bridge rectifier, the efficiency of this type of rectifier is higher than that of the
typical diode-bridge rectifier. Secondly, the buck-boost converter helps to transfer the DC
power and charge into a 6V-4.5Ah battery. Lastly, in order to gain the maximum power
transfer, the buck-boost converter functions in accordance with the matching-impedance
control scheme embedded in the MCU PIC16F1776. The detail of the PMS presents in [24].

In [24], the efficiency of PMS is investigated; the efficiency of active rectifier is 95.78%,
the efficiency of buck-boost converter is 78% and the overall efficiency of the PMS is 74.72%.
In addition, the power consumption of PMS, from the experimental measurement, is about
94 mW.
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6. Installation and Exhibition

The purpose of the project is also to raise the social awareness about energy usage as
well as the thought of energy harvesting from the environment. To achieve the purpose,
there was the exhibition, “Genpath Empower our Journey”, arranged during the project.
Nine sets of Genpath prototypes with allowable displacement of 10 mm were built and
installed for the public exhibition under the slogan “Harness Energy in Every Footsteps”.
The exhibition is set at the faculty of engineering, Chulalongkorn university, and displays
during May to August 2022. Figure 13 illustrates the exhibition environment. Figure 13a
shows the Genpath exhibition design drawing. The exhibition was set up in a crowded area
and it was not blocking the traffic. The ramp, the Genpath exhibition walkway, was built
with the slope of 6 degree and the height of 30 cm for installing the nine sets of Genpath.
Thus, the pedestrian is able to comfortably walk on the ramp.

Figure 13d shows the Genpath Exhibition Walkway. The people who stroll forward
on the paths can realize how much energy they gain from their footsteps from the display
monitors. There are two monitors to display the Genpath Exhibition results. The upper
monitor is used to display the exhibition information and give the audient the knowledge
and the social awareness about energy usage. Then, the lower monitor is used to display
energy results, the energy converting from walking and the total energy collected in a day,
as shown in Figure 13b. Moreover, the harvested energy was utilized in the mobile phone
charge with the charging terminal shown in Figure 13d. In summary, the benefit of the
Genpath is also for a lot of applications, such as a wireless sensor and Internet of Thing
applications (IoTs).



Energies 2022, 15, 6539 16 of 18

Energies 2022, 15, x FOR PEER REVIEW 15 of 17 
 

 

Genpath is also for a lot of applications, such as a wireless sensor and Internet of Thing 
applications (IoTs). 

(a) 

 

 
(b) (c) 

  
(d) 

Figure 13. Genpath exhibition, “Genpath empower our journey”: (a) Genpath exhibition design 
drawing (b) energy result display (c) PMS for the exhibition walkway (d) Genpath exhibition walk-
way. 

  

Figure 13. Genpath exhibition, “Genpath empower our journey”: (a) Genpath exhibition design drawing
(b) energy result display (c) PMS for the exhibition walkway (d) Genpath exhibition walkway.

7. Conclusions

The design of the energy floor using the electromagnetic generator is proved to be
efficient. The thorough investigation of the design components as well as the dynamic
analysis of the system help improve its efficiency. The entire system consists of two main
parts of (1) the EM generator, including the lead-screw mechanism for translation-to-
rotation conversion, and (2) the Power Management and Storage (PMS) circuit. It was
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found that the EM generator shaft in the previous design [24] cannot continuously rotate
when the floor-tile reaches the bottom end, resulting in no energy gain. A one-way clutch
is implemented to the system to disengage the generator shaft from the lead-screw motion
when the floor-tile reaches the allowable displacement. During the disengagement, the
EM generator shaft still proceeds a free rotation and generates more power. Moreover, the
spring stiffness mainly affects the force transmitted to the EM generator and the induced
voltage of the generator, thus the stiffness value is needed to be optimized to increase the
harvested power. In our analysis, the dynamic model of the electro-mechanical systems
with the one-way clutch was successfully used to predict the energy performances of the
VEH floors and fine-tune the design parameters. The new prototype consisting of 12-V-DC
generator, mechanisms of lead-screw and clutch, and coil springs with optimal stiffness
of 1700 N/m was built and tested. The average energy produced by the new prototype is
3637 mJ (or average power of 3219 mW) per footstep, which is 2935 mJ greater than that
of the previous design [24]. Moreover, to raise the social awareness about energy usage,
the sets of Genpath have been used to organize an exhibition, “Genpath Empower our
Journey”. The people who stroll forward on the paths can realize how much energy they
gain from their footsteps.
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