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Abstract: The current study aims to utilize population
expansion by introducing a specially designed footsteps tiles
mechanism capable of converting kinetic energy from foot-
steps into electricity. A rack and pinion mechanism was
implemented due to its straightforward installation process
and relatively high-power generation. However, addressing
user comfort was crucial, as the mechanism caused signifi-
cant deflections. As a result, a footstep tile mechanism was
devised, manufactured, and thoroughly examined through
both experimental and simulation methods. The CAD design
of the mechanism was developed in SOLIDWORKS, dynamic
models were created, and the system characteristics were
analyzed using the simulation tool SIMULINK MATLAB®.
Based on the optimal design obtained through dynamic
simulations, the mechanism was fabricated, tested, and
analyzed. The testing phase demonstrated an average of 9V
generated per footstep, yielding an estimated mechanical
output power of 8.5W per footstep, with a mechanical-to-
electrical conversion efficiency of 15.6 %. The proposed setup
presents a promising roadmap for large-scale electricity
generation in densely populated areas such as institutes,
hospitals, railway stations, and similar locations.
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1 Introduction

In the era of globalization, the global population is steadily
increasing, leading to a significant rise in electricity demand.
However, relying solely on non-renewable energy sources is
no longer viable due to their unsustainable nature and
negative environmental impact (EnergySage). Human loco-
motion, often overlooked as an energy source, offers a
promising solution to the worldwide electricity shortage.
Each footstep holds untapped energy, ranging from 2 to
20 W, depending on the walking style (Dalabeih, Haws, and
Muhtaseb 2018; Hwang et al. 2015). By harnessing and uti-
lizing this energy, numerous benefits can be unlocked
(Jintanawan et al. 2020). Despite its seemingly small value, it
can effectively meet various power requirements, especially
with the advancement of low-power consumption electronic
devices. Densely populated areas have the potential to
generate substantial amounts of power. In perfect alignment
with our objective, this method of energy extraction pre-
sents an environmentally friendly solution to power gener-
ation (Li and Strezov 2014).

Extensive research has been conducted worldwide on
the extraction of energy from human footsteps. Sarala et al.
(2020) explored a solution utilizing piezoelectric technology
to harness energy from pedestrians’ footsteps. The gener-
ated electricity would be stored in a battery and automati-
cally used to power streetlights at night, employing Light
Dependent Resistors (LDRs). However, the power generated
from this method was found to be only a few milliwatts. In
another study by Nia, Zawawi, and Singh (2017), various
energy extraction methods from pedestrians were
compared, including on-body and on-pavement approaches.
The output power generated by piezoelectric transducers
was minimal. The study concluded that on-pavement har-
vesters were superior, with electromagnetic transduction
harvesters producing more power, despite being more
complex than piezoelectric ones. Furthermore, Kim et al.
(2018) presented a self-powered floor tile using an optimized
composite piezoelectric material system. Stepping on the tile
generated 42V peak output voltage and 11 yA current,
remaining stable for 30 days. Yet, it had limited respon-
siveness to the weight of an average person (50-80 kg). The
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harvested energy from stepping on the tile was utilized to
wirelessly transmit information to nearby electrical appli-
ances. Moreover, Li and Strezov (2014) proposed a model for
a potential application of piezoelectric energy harvesters,
covering 3.1% of the area with the highest pedestrian
mobility using piezoelectric tiles. The modeling results
indicate an approximate total energy harvest of 1.1 MWh/
year from the optimized tile pavement. With possible im-
provements, it could potentially be elevated to 9.9 MWh/
year. Implementing this model could meet nearly 0.5 % of
the building’s annual energy needs. Similarly, Panthongsy
et al. (2018) detailed the creation and assessment of an
energy-harvesting floor tile that utilized PZT piezoelectric
cantilevers. This system effectively con verted kinetic energy
from human footsteps into useful work. The results showed
that each footstep produced an average power of 1.24 mW
and a total output energy of 3.49 mJ with an optimal load
resistance of 74.44kQ. The achieved energy efficiency was
17.2 %. Additionally, Liu et al. (2018) developed an innovative
energy-harvesting paver designed to capture energy from
human footsteps. Through their experiments, they observed
an average electrical power output of 3.6 W, peaking at 12 W
during walking. Impressively, the paver harvested an
average of 1.8] of energy per step. Furthermore, the study
explored potential applications in diverse areas. In a study
by Bhatia et al. (2016) developed a paver utilizing rack and
pinions, which achieved an average power output of 0.36 W.
The top panel of this device demonstrated a displacement
range of 13-38 mm. On the other hand, a company named
“Waydip”, introduced their own energy-harvesting paver
called “Waynergy,” which can harvest 0.3-0.6 ] of energy per
step (Panthongsy et al. 2018). Moreover, Birari et al. (2022)
and Bhosale et al. (2017) explored mechanical approaches
using rack and pinion setups coupled with a permanent
magnet DC generator to harness the force of footsteps for
energy generation. Ismail, Al-Muhsen, and Linganathan
(2020) demonstrated a rack and pinion mechanism gener-
ating 34 W per footstep for a 75 kg person. Asad et al. (2019),
Ang et al. (2019), and Kumar et al. (2018) also presented their
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unique designs for footsteps energy harvesters, incorpo-
rating various setups such as chain drives, alternators, and
batteries. Additionally, Kharche et al. (2019) proposed power
generation through a rack and pinion mechanism integrated
into a speed breaker.

Based on the literature review conducted on the gen-
eration of electricity through footstep tiles, most of the
research has focused on utilizing piezoelectric or hybrid
combinations involving electromagnetic induction. Howev-
er, most of these systems exhibit an overall efficiency of less
than 20 % (Liu et al. 2018; Sharma et al. 2022), indicating a
need for further improvement and a focus on critical factors
to enhance system performance. Moreover, there is a scar-
city of studies in the existing literature that offer a
comprehensive analysis, both theoretical and experimental,
of mechanical energy harvesting based on the rack and
pinion mechanism (Gholikhani et al. 2020). Therefore, this
present study introduces an innovative design for the rack
and pinion mechanism, aiming to effectively harness energy
from footstep tiles. The design underwent thorough theo-
retical and experimental examination. System performance
was evaluated by varying the weight of individuals and the
stiffness of the spring, measuring both the voltage generated
under no-load conditions and the system efficiency.

2 Model description
2.1 Rack and pinion mechanism

The main objective of the footstep tile is to capture and
convert the kinetic energy generated by footsteps into elec-
trical energy using an electromagnetic generator. Figure 1
illustrates the fundamental working principle of the footstep
tile. When an external force is applied to the tile, a mecha-
nism is employed to transform its linear motion into the
rotational motion of the electromagnetic generator, result-
ing in voltage generation. Figure 2 shows the final assembly
of the fabricated model.

Spring
Compressed

Force on top
plate

Rack displaced
downwards

Rotation of gears

and shaft

Spring returns to
its equilibrium
position

Step released Voltage induced

Rotation of EM
generator

Figure 1: Working principle of footstep tiles.
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Compression Spring |

Our design incorporates a rack and pinion mecha-
nism to accomplish this conversion. The rack and pinion
system effectively translates the vertical displacement
into the rotational motion of the shaft, subsequently
driving the electromagnetic generator and inducing a
voltage. Additionally, four springs connected to the cor-
ners of the footstep tile help restore the top plate to its
equilibrium position as the force on the footstep di-
minishes gradually.

2.2 Governing equations

The modeling for an energy-harvesting footstep tile system
using a single rack and pinion mechanism is as follows:

Newton’s Second Law is applied on the system based on
the free body diagram as depicted in Figure 3:

YF = mi

F(t)

] F

Figure 3: Free body diagram of optimized design.
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Stepper Motor

Base Plate Figure 2: Exploded view of the assembly’s CAD

model.

The total mass of the system as well as all the forces
acting on it are included in the model:

F(t)-F;—F = (m, + m;)X

There are four springs within the system, resulting in
the cumulative force exerted by the springs is as follows:

F, = 4kx

By implementing the substitutions, the following results
are obtained:

4kx + (mp + m.)X = F(t) - F, ()]

An approach was implemented to modify and optimize
the power output while staying within the set constraints. A
model using two rack and pinion mechanisms as shown in
Figure 2, with an additional gear in the gear train was
adopted instead of only single gear to increase output shaft
power while using the same parameters. The modelling of
the modified system is as follows:

SF = mx
akx + (m, +2m,)% = F(t) - 2F,

Making similar substitutions as earlier, to convert
translational parameters to linear ones, the following model
is achieved:

(mp+2mr+2]—zp+2]—zG)X+4kx:F(t) )
s TG

The total output power from both shafts in the modified
model is given by:
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The design equations used for the analysis of the gear
train are adopted from the reference (Budynas and Nisbett
2014). The gearing ratio used in the gear train mg is set to be 2.

e _4_,
M= N, " d»

The smallest spur pinion that will operate with a rack
without interference is:

2k

Np=—— 4
P~ (sin @) @

The smallest number of teeth on the pinion without
interference is given by:
2k
Np=rir— 77—
(1+2m)(sin Q&)

(m+ \/m2+ (1+2m) (sin @)2> 5)

The following equation is used to evaluate the design
parameters for the spring:
d'G
k=—m— 6
8D°N ©
We can calculate the RPM of pinion by converting the
pitch line velocity of the pinion in revolutions per minutes as
follows:

60
Np = % xV (7)
with the help of gear ratio and torque applied on gear, we
can calculate torque applied on pinion with the help of

following relation:

Tp=—xTg ®)

The power transmitted by the pinion can be calculated
as follows:

_TpXZ]Tan

H
? 60

©)

Using the transmitted torque Tg, we can find the trans-
mitted load as follows:
_ TG X 2
"

Wt (10)
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Now the tangential and radial loads on gear can be
calculated using the following equations:

Fg = Fg x cos D (@)

Fg = F; X sin @ (12)

Using the following equation, we find the bending stress
on the pinion:

_ Ky WS

bmY 13)

Op

Similarly, using the same equation to find the bending
stress on the gear as follows:
K v W
~ bmy

O¢ (14)

Using the following equation to calculate pitting stress

for the gear:
KWS (1 1)\
=—Cp| L6 4+ 2
o¢ P[bcos®<rl+rz>]

Where the radii of curvature of the tooth profiles at the pitch
point are calculated to be as follows:

(15

dpsin &
r1 = 2

(16)

To calculate the value of Elastic Coefficient (Cp) we have
used the following equation:

X

1

12 12
__ P, G
n< o )

The catalogue load rating of bearing can be calculated as
follows:

Cp=- a7n

1

Cio = arF, D[ a 1] (18)
Xo+ (0-Xo)(1-Rp)
Xp = L (19)

The effectiveness of the model can be determined by
evaluating the system’s efficiency. This can be done by
evaluating the total power input to the system and the total
power output of the system.

The total power exerted by a footstep force can be
evaluated as follows:

Fexertea % Displacment of tile
Time of application of the footstep force

(20)

P exerted =
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The total power output of the system can be evaluated
by calculating the electrical power output.

The maximum power transferred from the source can
be obtained by applying the maximum power transfer the-
orem (Sezer and Kog 2021):

2
Vpeak, source

@D
2Rsource

P elec, output =
The obtained power output values can be used to eval-
uate the mechanical, electrical and overall efficiency of the
system.
The efficiency of the mechanical system can be
approximated as follows:

P mech, output

x 100 (22)

Nmecn =
exerted

The total system efficiency can be evaluated as follows:

(23)

rlsystem Netec X Mmecn X 100

2.3 Geometric modeling and design

The CAD model of the footstep energy harvester was pre-
pared in SOLIDWORKS 2021. Figure 4 shows the exploded
views of the final assembly of the mechanical components in
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Figure 4: Exploded view of the assembly’s CAD model.
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the system. The major individual components include the
top and bottom plates, guide rods, shafts, springs, bearings,
gear train, and generator.

3 Results and discussion

The SIMULINK model presented in Figure 5 was utilized to
assess the differential equations of the model. By utilizing
the developed SIMULINK model, the mechanical power
output was evaluated concerning displacement, pinion, and
gear masses. The subsystem input function incorporates
piecewise equations that generate the splines used to
represent the input force. Due to the absence of damping in
this model and its assumed highly underdamped nature with
a damping coefficient of zero, the model’s graphs exhibit
oscillatory responses.

3.1 Kinematic of footstep tile

In Figure 6, it can be observed that the velocity attains its
highest peak at 0.7m/s, followed by slight oscillations
throughout the duration of the footstep. Figure 7 presents the
vertical displacement of the tile upon the footstep being placed
and subsequently removed. The greatest displacement occurs

2
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Footstep Force
Acceleration Velocity
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Displacement
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x
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Total Power on Both Shafts J
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Final Gear
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Rack & Pinion

Figure 5: Block diagram of the developed mathematical model for footstep tiles setup in MATLAB Simulink.
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when the tile is subjected to the maximum force exerted by the
footstep. As depicted in Figure 7, a maximum displacement of
approximately 0.042m (42cm) is achieved, which falls
comfortably within the designated design limits.

3.2 Kinetics of footstep tile

Spline functions, as depicted in Figure 8, were utilized to
model the input force. In the beginning, the force applied to

individual with a spring constant of 5000 N/m.

the footstep experiences a swift escalation upon the place-
ment of the heel, gradually decreasing to align with the in-
dividual’s body weight. As the footstep is lifted, the force
exerted by the toe gradually diminishes until it eventually
dwindles down to zero.

Figure 9 displays the overall power output per footstep
of the entire system when considering both output shafts
together. It is worth noting that the power does not diminish
since damping is not taken into account in this particular
model, as previously mentioned. According to the design
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Figure 7: Time-dependent vertical displacement of tile simulated using MATLAB
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model, the combined maximum power output from both
shafts is approximately 10 W, which translates to an esti-
mated 4.5-5W per shaft. Figures 10 and 11 illustrate the
transmitted force between the pinion and final gear, and
between the rack and pinion, respectively. The maximum
transmitted force onto the final gear is approximately 10.5 N,
while from the rack to the pinion, it is approximately 12.5 N.
These values serve as essential components in all subse-
quent analyses and calculations. It is important to note that
the transmitted force is significantly lower in comparison to

the input footstep.

3.3 Impact of spring stiffness

The crucial factor to consider is the power generated by a
single footstep. We have examined how the power is

using MATLAB Simulink with individual mass of
70 kg and spring constant of 5000 N/m.

influenced by variations in the spring stiffness constant and

the maximum allowable extension. Our analysis revolves

around the assumption that the average mass of a person is

70 kg, and they take a step on this particular tile. Figure 12
demonstrates that altering the spring stiffness from 1000 N/
m to 20,000 N/m results in a decrease in the total power
generated by the footstep tile, from 100 W to 1.2 W. Similarly,
as the stiffness value increases, the maximum allowable
extension decreases from 21.5 cm to 1.07 cm. As shown, the
power output has a direct relation with the displacement,
however, very large displacements cannot be used as users’
stability will be a concern.

Figure 13 illustrates the direct relationship between the
power generated and the maximum allowable extension. The
choice of the spring stiffness constant was made based on
optimizing power generation, stability, and user comfort
when stepping on this tile. The selected value for the spring
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constant was 5000 N/m, which provided a maximum allow-
able extension of 4.3 cm and a total theoretical power of 10 W.

3.4 Impact of gear masses

Different equivalent masses <{—2> of gears and pinions were

tested to make an optimal selection. In Figure 14, it can be
observed that the power output declines with an increase in
the mass of the pinion. However, the power increases when
gears with larger masses are utilized. These findings indicate
that in order to attain maximum power, a lighter pinion and

spring constant of 5000 N/m.

a heavier gear are necessary. The equivalent mass can be
enhanced by either increasing the mass itself, reducing the
radius, or implementing both approaches. Therefore, the
pinion is chosen to be the smaller and lighter of the two
gears, responsible for driving the final gear connected to the
power shaft.

Table 1 shows the specifications of each of the me-
chanical components to be used in the design. The di-
mensions of each component were derived from the
SIMULINK results and the optimized system parameters.

The stepper motor being used as generator had its AC
output connected to a full wave bridge rectifier circuit as
shown in Figure 15 to produce a DC output voltage.
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Figure 12: Power output plotted against spring constant for a 70 kg
individual with a spring constant of 5000 N/m.

The full bridge rectifier circuits were assembled on a
breadboard to minimize the wiring in our final design. Two
such breadboards were used to connect the two output
phases for each of the two stepper motors. Once the two
phases of each of the stepper motors were connected to the
full wave bridge rectifier circuit, the DC output of these four
bridges was connected in series using a breadboard to
maximize the voltage output. This voltage output was
recorded using a multimeter. After the complete connec-
tion of generators output was established, voltage readings
were recorded for different weighing individuals using a
digital multimeter (DMM). The following protocol was

Figure 13: Power output plotted against extension for a 70 kg individual
with a spring constant of 5000 N/m.

implemented during the test to record accurate and

consistent readings:

— The generator was mounted on a fixed/stable surface, to
allow the generator shaft to rotate efficiently.

— The generator was tightly locked in place using a zip-tie
lock to minimize its vibration.

— Load was applied such that all four springs deflected
equally. This was done by ensuring that the foot was
placed exactly in the middle of the tile.

— Each test subject was weighed before recording their
readings.

— Each test subject started their walk at six footsteps from
the tile while maintaining a normal walking speed.
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Power against Pinion Mass for Different Gear
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Figure 14: Power versus pinion mass for various gear masses with a
spring constant of 5000 N/m.

— The output readings for each subject were taken for 10
different trails and averaged to remove outlier results
and increase precision.

After accounting for the necessary precautions, the tests
were conducted. The voltage was measured across the
output received from the rectifying circuits and the value
noted was the peak voltage which was steadily maintained
for a while due to the capacitors.

3.5 Peak no-load voltage

Figure 16 depicts the graphical representation of the ac-
quired patterns and trends, aiming to provide a visual

Table 1: Specifications of components and Simulink Results.

Parameter Symbol Value
Radius of gear re 3cm
Radius of pinion rp 1.5cm
Gear shaft diameter dg 15mm
Gear shaft length Lg 250 mm
Pinion shaft length Lp 200 mm
Pinion shaft diameter dp 10 mm
Outer diameter of pinion bearing oD 30mm
Bore diameter pinion bearing D 10 mm
Outer diameter of gear bearing oD 35mm
Bore diameter gear bearing D 15mm
Rotational inertia of gear Jo 3.348 x 10" kg m?
Rotational inertia of pinion I 2.092 x 10° kg m?
Radius of gear re 3cm
Radius of pinion rp 1.5cm
Mass of rack m, 0.5kg
Mass of top plate mp 2 kg
Spring constant k 5000 N/m
Damping constant of air 4 21.66 x 10 kg/s
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Figure 15: Two full wave bridge rectifiers connected in series for a
2-phase stepper motor.

understanding of the obtained results. As anticipated, in-
dividuals with a higher body weight generated a greater
peak output voltage. This outcome can be attributed to the
fact that heavier individuals induce a relatively higher
deflection of the tile and exert a greater force on the rotating
gears.

Consequently, a larger number of jerks occur, resulting
in the development of increased torque over a slightly
extended period. Additionally, the energy generated is
stored in the capacitors within the circuit, rather than being
instantly discharged. The measured electrical output, as
determined by a voltmeter, is directly reflected in these
experimental findings.

It is important to note that these results cannot be
directly compared to the previous findings, which focused
on the mechanical output of the system in terms of
shaft rotation speed and produced torque. The simula-
tions conducted did not account for the losses incurred
during the conversion of mechanical power to electrical
power.

The output power generated in the circuit with the LED
showed a potential drop of 2.5V and a current of 28 mA
leading to a power drop of 0.07 W for this circuit. Further-
more, it was noted that by repeated footsteps on the tile,
simulating a busy public place, the voltages were constantly
generated and stored in the capacitor. This generated power
does not need to be instantly used by applying an appliance
to it but can also be stored in a battery or higher rated
capacitor for later use. The results of our conducted exper-
iment show that a high output voltage value is obtained
which changes moderately with the weight of different in-
dividuals. Therefore, these results prove that the footstep tile
model is reliable to be used on a large scale.
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Figure 16: Peak no-load output voltage plotted
against an individual’s mass for a 70 kg indi-
vidual with a spring constant of 5000 N/m.
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3.6 Performance of the footstep module

In Figure 17, it can be observed that mechanical efficiency
gradually diminishes as the mass of an individual increases.
This phenomenon occurs due to the concurrent rise in
resistive forces, such as friction and contact forces between
the components, as the applied force intensifies. As the
resistive forces augment with weight, the restoring force of
the springs also escalates. Consequently, when the foot is
released and removed, the springs ascend with a greater
force. As a result, higher torques are generated in the shafts,
leading to amplified electrical outputs and thereby
enhancing electrical efficiencies.

Moreover, the increase in electrical efficiency outweighs
the decrease in mechanical efficiency, leading to a slight
overall improvement in the system’s efficiency. To address

— - - Total Eff

-

Figure 17: Footstep module’s effectiveness at
varying individual masses with a spring
constant of 5000 N/m.

100 110

this issue and enhance electrical efficiency further, it is
advisable to substitute the stepper motor with a suitable DC
generator. This substitution not only reduces losses within
the stepper motor but also eliminates the necessity for a full
wave bridge rectifier circuit, thereby minimizing voltage
drops across the diodes. Additionally, to enhance the preci-
sion of the results obtained, it is essential to employ an
oscilloscope instead of a digital multimeter (DMM) for more
accurate capture of the peak output value.

4 Conclusions

The objective of this study was to develop, construct, and
analyse a method for harnessing renewable energy from
tiles using human foot traffic. The vertical displacement
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resulting from applied weights on the tiles was transformed
into rotational motion through a rack and pinion mecha-
nism. This rotational energy was then employed to drive a
generator and produce electricity. The main goal was to
refine the model for economic feasibility while ensuring
utmost stability.

The initial phase involved the design of the model using
DS SOLIDWORKS 2021. Subsequently, the system’s equations
of motion were formulated and simulated using MATLAB
SIMULINK. A sensitivity analysis was performed to optimize
the design and determine the most suitable parameters. To
assess the model, the generator’s output was rectified
through an integrated circuit with capacitors and measured
using a voltmeter. The results demonstrated an average
voltage output of around 8-9 V per footstep, with the po-
tential for direct utilization or storage for future needs.

Increased foot traffic on the tiles would result in a
greater number of footsteps, leading to higher and more
practical voltage outputs over extended periods. Regarding
future research and design improvements, several recom-
mendations are proposed. Firstly, exploring alternative
materials that are lightweight yet sturdy or scaling down the
design’s specifications and dimensions could significantly
reduce the model’s overall weight. Additionally, adjusting
gearing ratios and implementing a more intricate system of
gear trains could further optimize the rotational motion of
the output shaft. The introduction of an actual DC generator
connected to the output shaft as the primary driver would
enhance efficiency and generate a more consistent power
output.
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Nomenclature
F(t) force applied on system (by footstep)
Fs spring force

F force exerted by rack

DE GRUYTER

fo force exerted by pinion
mp mass of top plate

m, mass of rack

X acceleration of the system

velocity of the system
vertical displacement of the system

k spring constant

Xp linear velocity of pinion

X6 linear velocity of gear

rp radius of gear

re radius of gear

Js rotational inertia of gear

Jp rotational inertia of pinion

P power produced by the system
dp circular pitch diameter of pinion
dg circular pitch diameter of gear
Pexerted total power exerted by a footstep force

electrical or total power output of the system
mechanical power output of the system
footstep force exerted

peak output voltage value of the source

Pelec,output
Pmech,output
F exerted

Vpea k,source

Rsource resistance of source

Reoil resistance of coil

Nmech efficiency of the mechanical system
Nelec efficiency of the electrical system
Nsystem total system efficiency
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