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Abstract—Recent developments in wireless underground com-
munication have enabled the realization of underground sensor
network applications. To this end, it is desirable to provide a
sustainable operation for wireless underground sensor networks
(WUSNSs) with extended lifetimes as maintenance is significantly
costly. One promising method towards sustainable operation is to
harvest energy underground based on the vibration sources in the
environment. However, to the best of our knowledge, underground
vibration energy harvesting has not been investigated before.
In this paper, the feasibility of vibration energy harvesting for
WUSN:s is investigated. First, an analytical framework is developed
to model the maximum harvestable power by a piezoelectric
energy harvester at a certain depth underground, due to an above-
ground vibration source. Then, field experiments are conducted to
measure the vibration in an agricultural testbed and evaluated the
harvestable output power. The results from this study illustrate the
feasibility of vibration energy harvesting as a promising approach
to be considered for the future underground sensor networks.

I. INTRODUCTION

Wireless underground sensor networks (WUSNS) is a promis-
ing and evolving area within wireless sensor networks (WSN)
[1]. Applications of WUSNs are valuable in a wide range
including sports fields, agriculture, precision irrigation, en-
vironmental monitoring, border patrol, and structural health
monitoring [1], [3], [5], [22], [28].

In practice, however, there are a number of challenges to
address for the proliferation of WUSN applications [1]. In a
WUSN, the communication is established through the soil in
which electromagnetic waves encounter much higher attenua-
tion than in air [18], [19]. In addition, the communication is
dynamically affected by the changes in the characteristics of
the soil such as its moisture, and temperature [25]. Therefore,
recently, there have been a number of studies to model the
characterization of the communication channel, and perform
empirical analysis of the WUSNSs [5], [6], [12], [18], [25].

Another challenge in WUSNs is to provide sustainable
energy for the deployed sensors. Depending on the application,
WUSN devices should have a lifetime of at least several years to
make their deployment cost-efficient [23]. Despite the ongoing
improvements and conservations made by utilizing energy-
efficient hardware and communication protocols, the power
consumption due to communicating through the soil is still
significant. In addition, within a WUSN infrastructure, the
power source of the sensors may not be easily accessible for
maintenance or replacement when they are buried in the ground.
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In general, there are two solutions to supply power for
underground sensor networks:

1) Wireless Power Transfer: A number of methods may be
used to transfer the energy wirelessly such as electromag-
netic induction, radiation, or electromagnetic resonance
[4], [8]-[10].

2) Energy Harvesting: Energy harvesting components can
be integrated to underground sensor nodes to harvest
energy from the natural sources of energy in the envi-
ronment. There are a couple options to choose from such
as underground living plants and bacteria to be used in a
fuel cell [21] or vibration energy harvesting [15], [16].

The wireless power transfer methods have mainly been in-
vestigated for mobile and above ground applications. However,
there are several restrictions for these methods in WUSN ap-
plications, mainly because an adequate energy resource should
be available aboveground. This requires a facility to be built
up for the aboveground power source which otherwise should
be carried to the network area on a regular basis, such as using
a flying object. In addition, the efficiency of wireless power
transfer techniques in soil is not well understood. On the other
hand, energy harvesting is promising since the energy harvester
can be deployed underground to exploit existing vibration
sources. Therefore, no dedicated aboveground interaction is
needed. Examples of vibration sources include agricultural
machinery in agricultural applications and vehicles in road
monitoring applications.

Among the energy scavenging methods, vibration energy
harvesting has recently been considered in traditional WSN
applications [15], [16]. In this method, power is generated
based on a piezoelectric element that converts the vibration
into electricity. Piezoelectric energy harvesters can be seen
as an equivalent mechanical model using spring, mass, and
damper [27], or modelled based on their equivalent circuit
model [26]. In general, the main concern with vibration energy
harvesting is whether this method is able to provide sufficient
energy for the desired application. In addition, piezoelectric
has a frequency response, and it should be tuned to the right
frequency to generate its expected power. Then, the challenge
with using piezoelectric in an environment, where a wide range
of vibration frequencies is observed, is to obtain the right
frequency which generates the highest output. A number of
studies have addressed these issues by analyzing and testing
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the output power of piezoelectric energy harvesters [7], [14],
[17], [20]. However, none of these methods has focused on
underground applications and the vibration energy harvesting
in soil has not been analyzed to the best of our knowledge.

In this paper, we investigate the scenario where piezoelectric
energy harvesters are used as power sources for WUSNs
applications. Depending on the location, there may be several
vibration sources for WUSNSs. For example, in an agricultural
field, mobile irrigation systems, seeders, harvesters, combines,
and other agricultural machines could be sources of vibration.
Then, the vibration generated above ground should propagate
into the soil and reach out to a buried piezoelectric energy
harvester. The total power generated by a piezoelectric energy
harvester depends on the amount of vibration at the depth
of deployment. Therefore, it is necessary to consider the
propagation of vibrations into the soil. Through a three-step
analysis, we model the output power of an underground energy
harvester as a function of the source vibration, piezoelectric
parameters, and soil characteristics. In addition, we evaluate
underground vibration energy harvesting through field experi-
ments to measure the underground vibration and evaluate the
expected harvestable energy in an agricultural field subject to
different vibration sources.

The rest of the paper is organized as follows: In Section II, a
theoretical analysis is presented for the harvestable underground
power as a result of aboveground vibrations. This analysis
is evaluated through a case study in an agricultural field as
described in Section III, where the procedure for sensor cali-
bration is also described. The results of underground vibration
measurements are provided in Section IV. Finally, the paper is
concluded in Section V.

II. THEORETICAL ANALYSIS

Vibration can be defined as mechanical oscillations around
an equilibrium point. These oscillations may be expressed by
displacement and frequency of the vibrating object. This section
provides a mathematical model to calculate the output power of
an underground piezoelectric energy harvester at a depth of dj,
with an aboveground vibration source as illustrated in Fig. 1.

The analysis consists of three steps. In the first step, the
amount of vibration made on the ground surface is formulated.
Then, the amount of vibration that is propagated into the soil
is modeled. Finally, the amount of electric power generated
from this underground vibration at an underground piezoelectric
energy harvester is captured.

A. Vibration on Ground Surface

The aboveground vibration-generating foundation applies the
force F', which faces a reaction from the soil. As a result, a
vertical displacement is created on the soil surface, i.e., footing.
By Newton’s law of motion, this can be expressed as:

d*z
F—-pA=M a2 (1)
where M is the mass of the foundation, A is the area of the
footing, the pressure between the foundation mass and the soil

Vibration Source

E Energy Harvester
i
i
vz

Fig. 1: A vibration source on the surface and a vibration energy harvester in
the soil.

is denoted by p, and z denotes the vertical displacement of the
footing.

Assuming that the applied force, the soil reaction, and the
displacement are all periodic, with an angular frequency of w,
(1) can be written as

Fy =poA —w?Mz , 2)

where the index of zero is used for phasor representation of the
parameters and by [24]

poA = (K + iwC)z , 3)

where K and C are dynamic stiffness and dynamic damping of
the soil, respectively. These parameters depend on the angular
frequency w, and soil parameters such as shear modulus and soil
density as discussed in Appendix A. The dependency of K and
C on the frequency can be ignored if w is relatively smaller than
the system characteristic frequency w. [24]. By substituting
poA in (3) into (2), the magnitude of the displacement can
be written as

_ | Fo
20| = .
VK =P + (wO)?
B. Vibration Propagation through Soil

“

Vibration can be modelled as waves that propagate through
the soil. These waves attenuate in soil due to two main factors:

o Expansion of waves, i.e., geometrical attenuation
« Dissipation of energy within the soil, i.e., material damp-
ing
Based on these two effects, the attenuation of the vibration
from point a to point b is expressed by [2]:

da 7 Bw _
Izbl—za<db> ez (damds) (5)

where d, and dy, are the depths of point a and b, respectively, v
is the propagation coefficient, and (3 is the damping coefficient
of the material. Assumption of Rayleigh wave propagation
implies that v = 0.5. Otherwise, this parameter should be de-
termined by experiment. The range of the damping coefficient,
B, for different types of soil is shown in Table I for distances
expressed in meters [2].
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TABLE I: Typical 3 values for different types of soil [2]

TABLE II: Parameters used for the numerical example

Class | Type of Material B8 m(g) c(N x s/m) B
1 Weak or soft soil | 6.6 x 10=7 - 20 x 10~7 20 0.1 2 x 1077
1l Competent soil | 20 x 107° - 6.6 x 107 dn(cm) 74 C
il Hard soil 20X 10~%-20x10~° 168.7wx 10° 3
v Competent rock <20 x 10~° 50 tan(w/390) 68.7x 10
In WUSNS, the sensors are generally deployed close to the 0.16 — ‘
surface, e.g., in 10cm - 1m depth [5]. Hence, the geometrical 044l | —— M=300kg / \ ]
attenuation can be safely ignored due to relatively short dis- — M=500kg
. - p 0.121 M=700kg / ]
tance between the vibration source and the location of energy _ M=900kg
harvesters. Accordingly, using (4) and (5), the magnitude of g o1 M=1100kg / S
displacement, |z, |, at the depth of energy harvester, dj,, can be 53 0.08f ngggtg 1
represented as 3 o006l ~109 1
F Buw 0.04f ]
|2n] = o eT L (©) /
V(K —w?M)? + (wC)? 0.02f / 1
L ]
C. Generated Power % 50 100 150 200 250 300
Finally, the maximum amount of power that can be derived (™)
from an underground piezoelectric energy harvester is obtained. (a)
The mechanical model of a piezoelectric energy harvester
consists of mass, piezoelectric component, spring, and damper oter i
d_=0.5m
[71, [271. _ o8
The force magnitude, |F},|, applied to the piezoelectric as a % o1r d: 1.5m ]
result of the displacement can be expressed as: g d, =2m
o
S 0051 d_=2.5m 1
— 2 T
‘Fh| =w m\zh| , 7 d:=3m /
where m is the mass of piezoelectric. By combining (6) and % = pros s g pr 300

(7), the force magnitude can be represented as:
| Fol
V(K —w2M)? + (w0)2
The maximum harvested power of a piezoelectric energy
harvester can be estimated by [11] Py, = |Fp|?/(8¢), where ¢
is the damping coefficient of the energy harvester representing
mechanical loss and friction. Consequently, using (8), the
maximum harvestable power can be calculated by
wm)? |Fo?
8c (K —w2M)? + (wC)?
It can be seen from (9) that the maximum harvestable power
from an underground piezoelectric harvester is a function of

the magnitude and frequency of vibration force, depth of the
harvester, soil material, and energy harvester characteristics.

|Fp| = w?m eF(dn) | (8)

Pma:z::

ePw(=dn) )

D. Numerical Example

A numerical example is provided to illustrate how the value
of P,,.. changes as a function of w, M, and the depth of the
harvester. The values of parameters used in this example are
provided in Table II, where some typical values were selected
for the piezoelectric parameters, based on related studies [7],
[11].

According to (9) and the values in Table II, the maximum
estimated power is found to be

5-107% x wi|Fy|2 x 107w
(168.7 - 10° — Muw?)? + (168.7 - 10°w)?
(10)

Pmaz:

tan(5/390)

Fig. 2: Maximum harvested power as a function of angular frequency with (a)
different masses (d;, = 50c¢m) and (b) different depths (M = 1,500 kg).

In Fig. 2(a), Pp,q, is shown as a function of w with different
values of vibration source masses, where the external force is
assumed to be caused by the weight of the masses.

As depicted in Fig. 2(a), and according to the parameters of
the system, there is a specific frequency where the vibrations
can lead to the peak power generation. This indicates the
frequency at which the piezoelectric energy harvester should
be tuned.

The effect of burial depth is shown in Fig. 2(b) for a mass
of M = 1,500 kg. It is important to note that as the depth
increases, the effect of wave propagation cannot be ignored.
Therefore, we include the effect of depth based on (5) using the
vibration at the depth of 0.5 m as a reference. It can be observed
that the magnitude of harvestable power diminishes with depth
due to attenuation. However, the peak power frequency does
not change as it depends on the mass.

III. EXPERIMENT SETUP

The case study of this research is an agricultural field where
we measure the vibrations underground to evaluate the expected
harvestable energy for a WUSN. In this section, we describe
the calibration of the accelerometer sensor used for vibration
measurement, and introduce the setup used for the experiments.
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DLP-TILT-G accelerometer

Vibration exciter
Bruel&Kjaer 4809

Power amplifier

Function generator Carver pm-600

Fig. 3: Schematic of the devices used for the accelerometer calibration
experiments.

A. Sensor Calibration

The sensor used for the experiment is DLP-TILT-G, which is
a USB-based tilt sensor and 1.5g accelerometer with a range of
sampling rate from 100 to 6,000 samples per second. We use
MATLAB to read the stream of the acceleration measurements
and sketch the FFT graphs.

Before using the accelerometer, it should be calibrated by
mapping its output measurements to the corresponding vibra-
tion. In Fig. 3, the schematic of the devices used for this
experiment is shown. The function generator is used to generate
sinusoidal signals at different frequencies. These signals are
amplified by the power amplifier to be adjusted in the range
of input power for the vibration exciter (1-5 amps). The
accelerometer is pasted to the disk on top of the vibration
exciter. The sampling frequency of the sensor has been set to
1kHz, which is sufficient for the frequency range of our studies.

For calibration, the vibration frequency was altered between
2 Hz to 10 Hz with 2 Hz intervals and sensor outputs were
recorded. The output trend can be effectively expressed by
fitting the results to a second-degree polynomial function as

SO = 0.14f% + 0.6f + 0.79 (11)

where SO and f represent the sensor output and the vibration
frequency, respectively.

Accordingly, the relationship between the sensor output and
the vibration can be derived. We start by modeling the acceler-
ation. Denoting 2z, and aj, as the displacement and acceleration
due to the vibration, respectively, a; can be represented as

2

ap = —w?z, = —(21f)%2, (12)

In the calibration experiments, z;, = 4mm based on the
characteristics of the vibration exciter. By substituting f in (12)
into (11), the acceleration due to the vibration, ay, is calculated
as a function of the sensor output

a, = (1.150 —18/50 =014 + 0.57) /g

Accordingly, the acceleration with respect to the measured
output of the sensor is shown in Fig. 4. It can be observed that
the acceleration can be modeled based on the sensor output,
SO, for output values higher than 2. Theoretically, the results
are not valid for SO < 0.14 because of the square root term in
the numerator in (13). Moreover, in practice, the sensor output
values less than 5 are not considered because the sensor did

(13)

Acceleration (multiple of g)
T

0 L L L L
0 5 10 15 20 25

measured output of the sensor

Fig. 4: Acceleration as a function of the sensor output.

Fig. 5: Deployment in a center pivot-irrigated agricultural field.

not respond to low frequencies during the calibration tests. For
the experiments, Fig. 4 was used to calculate the acceleration
values from the measured output data of the sensors.

B. Case Study

To evaluate the underground vibration harvesting, several
experiments were performed in an agricultural field located in
South Central Agricultural Laboratory, one of the agricultural
research divisions (ARD) near Clay Center, Nebraska. The
experiments were conducted to measure the magnitude and
frequency of the vibrations of agricultural machines including
a center pivot irrigation system and a four-wheeler that is
frequently used on farms. The vibrations at different depths
were measured to evaluate the feasibility of underground energy
harvesting.

The experiments were run using 3 DLP-TILT-G accelerome-
ters, two of which were placed vertically at two depths of 20
cm and 40 cm underground, and the third one was placed at a
2 m horizontal distance from the first sensor and at the depth
of 20 cm as shown in Fig. 5. Center pivot moves using tires
placed at various distances from the center. The sensors in this
experiment are buried next to the closest tire to the center. A
4-wheeler is also used at a distance of 1m from the sensors.
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Sensor Output

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency (Hz)

(a) Depth, dj, = 40 cm

Sensor Output

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency (Hz)

(b) Depth, d, = 20 cm, Distance 2 m

Fig. 6: FFT plot of the center pivot vibrations measured (a) below the tire and
(b) 2 m from the tire.

IV. EXPERIMENT RESULTS

The vibration was measured simultaneously at all three sen-
sors while the irrigation center pivot was running. In Fig. 6(a),
the FFT of the vibration at a depth 20 cm close to the center
pivot tire is shown. The sensor at a 40 cm depth was also
observed to exhibit a similar response. In Fig. 6(b), the FFT of
vibrations for at a distance of 2 m from the tire at a depth of
20 cm is depicted. As expected, this sensor reports even lower
vibrations since the sensor is located farther from the vibration
source.

Although some vibrations are observed in Fig. 6(a) and
Fig. 6(b), the magnitude of vibrations is small, and no specific
frequency for the vibration is recognized. This result is mainly
due to the relatively smaller vibrations generated by the center
pivot and very slow movement of the tire. One complete
rotation of the arm of this center pivot takes about 8 hours.
Therefore, center pivot may not be a good source of vibration
for underground energy harvesting.

The experiment was repeated with a 4-wheeler, which is
typically used on agricultural fields for transportation, as the
vibration source. The car was parked within a 1 m horizontal
distance from the sensors. In Fig. 7, the vibrations measured
at depths of 20 and 40 cm are shown when the car engine
was on. The main frequency of vibration is 0.24 Hz at which
the vibration magnitude is 9.5. The results are similar to those
reported in [27], where vibrations from cars on a street were
measured.

The magnitude of the vibrations measured at depth 40 cm is
5% less than the results at depth 20 cm with the same frequency.
Using the output value at 40 cm, the equivalent acceleration
for the main frequency is 0.6g according to Fig. 4. Then, using
the parameters of an energy harvester based on Table II, the
maximum harvestable power can be calculated using (9), as
follows

Praz = (0.02 X 0.6 x 9.8)2/(8 x 0.1) = 1TmW  (14)

The resulting harvestable power is suitable for the application
of WUSNs. It can be observed that the generated power
is on the order of communication power, which constitutes

15 T T T T

X:0.2441
Y:9.449 depth of 40cm

101 n = = =depth of 20cm

Sensor Output

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency (Hz)

Fig. 7: 4-wheeler vibrations measured at depths 20 cm and 40 cm.

the majority of the energy consumption for WUSNs [23].
Accordingly, for low data-rate applications, vibration energy
harvesting can provide sustainable underground operation.

V. CONCLUSIONS AND FUTURE WORK

In this paper, the vibration energy harvesting solution is
studied for underground sensor networks applications. Using an
analytical approach, the vibration penetration through the soil
and expected power achievable at the depth of a piezoelectric
energy harvester deployment are analyzed. As a case study,
the amount of vibrations from a center pivot irrigation system
and a 4-wheeler were measured in an agricultural field, and
the harvestable power were calculated. The results indicate
that vibration energy harvesting is a promising method for
sustainable operation in WUSNSs. This method is especially
suitable for deployments where aboveground vibration sources
exists, such as agriculture operations and road monitoring.

It is important to note that the measured vibration frequency
of 0.24 Hz is lower than the practical range of commercial vi-
bration energy harvesters. Moreover, the theoretical harvestable
power of 17mW may not be achieved in practice. For example,
in [7], an energy harvester is experimentally shown to achieve
up to 3.5mW and generate 1.5mW with an acceleration of 0.6g,
which is the value observed in our underground experiments.
Consequently, higher values of acceleration are required for
practical vibration energy harvesting, such as those from seed-
ers, sprayers, and harvesters. Moreover, the effects of various
vibration sources in addition to those considered in this work
as well as varying environmental conditions such as rain and
temperature changes should be studied, which is part of the
future work.

APPENDIX A
CALCULATION OF K AND C

The parameters K and C' in (3) are dynamic stiffness and
dynamic damping of the soil, respectively. For the response of
a confined elastic half-space due to a uniform load on a circular
area, these parameters can be approximately derived as [24]:

(A 2p)ma w/we
K= n x tan(w/we) ’ (1%
C = M7 (16)
nwe

where A and g are the elastic coefficients of the soil material
(Lam’e constants), a is the radius of the circular area, and n is
a material constant defined by:

n=\A+2u/u.

a7
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TABLE III: Modulus of elasticity for different types of soil [13]

Soil E (kPa)
very soft clay 500-5,000
soft clay 5,000-20,000

medium clay
stiff clay, silty clay

20,000-50,000
50,000-100,000

sandy clay 25,000-200,000
clay shale 100,000-200,000
loose sand 10,000-25,000
dense sand 25000-100000
dense sand and gravel 100,000-200,000
silty sand 25,000-200,000

In (15) and (16), w, is a characteristic frequency, which is
defined based on u, a, and the soil density p as:

we = v 4p/(pa?) .

Lam’e constants are related to the modulus of elasticity E
(Young’s modulus) and Poisson’s ratio v by:

vE FE

A AT 0= P AT

The values of modulus of elasticity, F, is provided in Table
III for different types of soil [13].

Values of soil density are approximately 1,600 kg/m® when
completely dry, and 2,000 kg/m® when completely saturated.
Common values for the Poisson’s ratio, v, are in the range
from 0.3 (for sand) to 0.5 (for clays, or saturated soils). For
our calculations, we select typical values for a medium clay soil
and the mass radius of 0.5m. Thus, K and C are calculated as:

(18)

19)

a=05m, p=1,80kg/m’, E=47,880kPa, (20)
v=04,A=684x10Pa, p=171x10Pa, (21)
n=245, w.=390s"! (22)
w
K = 168.7 x 103m , C=168.7x10° (23)
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