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Abstract—
Extracting an electrical energy from various environmental

sources, called energy harvesting (or energy scavenging),has
been attracting researchers’ attention in energy replenishable
networks. In particular, a piezoelectric device based energy
harvesting from ambient vibrations is a promising technique
for easy of battery energy replenishment in vibration-motivated
wireless sensor networks (WSNs). In this paper, we address
two major issues of vibration-based energy harvesting: impact
spread and energy conversion. A simple analytical model of the
impact spread is proposed to estimate the impact over time and
distance, in which diffusion equation is used for easy of analysis.
Then we propose a modified inverse B́ezier curve method for
an explicit interpolation function to support a seamless energy
conversion. The overall analyses and numerical results indicate
that the proposed techniques are proven to be a viable approach
for analyzing vibration-motivated WSNs.

Index Terms—Energy harvesting, Piezoelectric transducer, Vi-
bration, Wireless sensor networks.

I. I NTRODUCTION

A wireless sensor network (WSN) consists of a large
number of small devices (later nodes) equipped with sensing,
computing, and communicating facilities [1]. Recent techno-
logical advances have fueled the development of a tiny, low-
cost, and low-power node which is applicable to a wide range
of applications for WSNs. For example, WSNs have been
integrated with structural health monitoring systems [2],[3]
that are designed to detect and locate the structural damages
occurred in such as bridges, buildings, dams, ships, aircrafts,
etc. Each node equipped with a vibration detecting card can
be installed in a structure. Then it continuously monitors a
structural state by measuring ambient vibrations caused by
passing vehicles [2] or trains [3]. We envision that WSN and
its technology will be penetrated into our daily life and become
a ubiquitous communication infrastructure in the near future.

However, due to a limited amount of battery energy, there
has been a great deal of research efforts on the developing
various energy aware techniques in the WSNs. Particularly in
routing, each node plays a role as either a sensed data sender
or a router. Thus, it is essential to judiciously reduce the energy
spent for communication activities (e.g. transmission, recep-
tion, and forwarding) without degrading the communication
performance such as a network lifetime. Also since nodes are

usually required to operate for a long period of time in an
unattended environment, it is inconvenient or hard (if it isnot
impossible) to either replace or replenish the battery.

In light on this, researchers in the academy and industry
have been focused on the extracting an electrical energy from
various environmental sources, calledenergy harvesting(or
energy scavenging), for easy of battery energy replenishment.
The environmental sources include vibrations, magnetic fields,
thermal gradients, lights, kinetic motions, shock waves, etc.
They motivate to generate an electrical energy through the
combination with available components including piezoelec-
tric, magnetoelectric, thermoelectric, and semiconductor, in
which all these components have inherent pros and cons. When
vibrations are a dominant source of energy and solar light is
not always available, it has been found that piezoelectric-based
energy harvesting is the most promising technique [4]. Here,
vibrations can be generated in various places such as rotating
machineries or engines, bridges due to passing vehicles or
trains, buildings or dams due to wind or flowing water, etc.

In this paper, we analyze a piezoelectric device based energy
harvesting from vibrations, and address two major issues for
vibration-motivated WSNs: impact spread and energy conver-
sion. Our contributions are two folds:

• First, we develop a simple analytical model for the impact
spread to facilitate the estimation of impact over time and
distance, in which diffusion equation is used for easy of
analysis. The impact spread is simulated and observed in
terms of either single or multiple impact sources.

• Second, we propose a modified inverse Béizer curve
technique for an explicit interpolation function to support
a seamless energy conversion. The proposed interpolation
function is easily implementable under low computational
complexity and overhead.

The rest of paper is organized as follows. The prior work
is carefully reviewed and analyzed in Section II. A simple
analytical model of impact spread and an energy interpolation
function are presented in Sections III and IV, respectively.
Section V presents our numerical results. Finally, we conclude
the paper with future directions in Section VI.



II. RELATED WORK

Harvesting energy from ambient vibrations using a piezo-
electric transducer has been investigated and applied to the
wide range of applications [5], [6], [7], [8]. Hausleret al [5]
proposed the implantation of piezoelectric polymer patches
into a living body to harvest energy from breathing. Body
heat, blood pressure, and breath pressure have a potential for
generating electric energy. In [6], piezoelectric materials are
used in the soles of shoes, where an electrical power is gener-
ated through walking. Researchers also have demonstrated the
possibility of embedding a piezoelectric component in a textile
[7]. In addition, mechanical flow energy in oceans and rivers
is utilized to convert electrical energy by using piezoelectric
polymer actuators [8]. They can provide a large amount of
electrical power levels because of the vast size of the flowing
water resource.

WSNs have been integrated with various energy harvesting
systems, especially in structural health monitoring systems [9],
[2], [3]. The monitoring system is designed to detect and locate
the structural damages occurred in various places. Traditional
hardwired nodes can be deployed instead, but they incur the
high cost of wiring and long setup delay. Thus, they limits
the location where the nodes can be installed [9]. In addition,
the maintenance cost including both locating and replacingthe
batteries becomes non-negligible. It is because of the frequent
measurements of ambient vibrations and non-homogeneous
energy consumption.

A number of recent studies have been conducted with a
set of re-chargeable nodes in WSNs [10], [11], [12], [13],
[14], [15]. Here, each node’s battery is replenished by energy
harvesting from various environmental sources [16], [11],[10],
[17], [18], [4]. In [11], [14], a solar-based energy harvesting
model is presented and it is applied to scheduling and routing
methodologies. They shown that the proposed energy harvest-
ing aware routing can increase a network lifetime compared
to that of traditional battery aware routing schemes. Karet al.
[12] proposed several threshold policies to maximize the com-
munication performance by activating the node dynamically.
Each node’s battery is assumed to be randomly recharged and
it changes its state into one of three states such as active,
passive, or ready. Voigtet al. [10] proposed a solar aware
routing, in which a packet is forwarded to the node powered
by the solar energy.

Although there may exist many energy harvesting tech-
niques in WSNs, little effort has been devoted in exploring the
analytical models of impact spread and energy interpolation
function in vibration-motivated WSNs.

III. A S IMPLE MODEL OF IMPACT SPREAD

In this section, we first present a simple analytical model of
impact spread based on diffusion equation1. Then we analyze
the impact spread depending on either single or multiple
impact sources.

1The detail description about the mathematical properties and physical
meaning of the diffusion equation can be found in [19], [20].

A. The Impact Spread

To build a simple analytical model of impact spread over
time and distance, we consider an exponential normal distribu-
tion function. The impact spread function,S(D, T ), measures
an amount of impact at timeT and distanceD, and it is
expressed as,

S(D, T ) =
1

(4πκT )n/2
e−|D|2/4κT , (1)

wheren is the dimension of spatial domain. AlsoD andT are
the distance and the impact spread time from the location of
vibration source to the location where the impact is measured,
respectively. In addition,κ is a proportionality factor which
measures the rate of transferred energy from one location to
another. To measure the impact from the node located inl at
t, Eq. 1 can be rewritten as,

S(l − ξ, t − τ) =
1

(4πκ(t − τ))n/2
e−|l−ξ|2/4κ(t−τ), (2)

whereξ andτ are the impact location and its generation time,
respectively. Here,|l − ξ| is a distance2. Thus, we haveD =
l − ξ and T = t − τ , whereT is always assumed positive
(> 0).

Eq. 2 is known as the fundamental solution of the diffusion
equation expressed as,

ut + κ∆u = δ(l − ξ)δ(t − τ), (3)

whereδ is the Dirac delta function [20]. Eq. 3 is interpreted by
the partial differential equation, which describes the behavior
of flow with the concentrated unit source located inl = ξ

at time t = τ . More precisely, it explains the movement of
spread when the source turns on only the specific positionξ

and instantτ without involving any other energy sources for
entire (l, t), except(ξ, τ). Due to thisdiscretenature of the
fundamental solution, Eq. 2 can be used to model an impact
spread for a single impact source.

As a simple analytical model, we assume that the impact
spread is like a conduction of fluid in a stationary medium.
The spread of fluid model is based on Fick’s law of diffusion3

[20]. This model is formulated by diffusion equation expressed
as,

ut = κ∇ · ∇u = ∆u, (4)

where∆u = ∂2u
∂l2

1

+ · · ·+ ∂2u
∂l2n

. ∆ is known as Laplace operator
and expresses the physical law that does not depend on special
location [19]. This operator also can be decomposed into∆ =
∇· (∇). Here,∇· and∇ are divergence operator and gradient
operator, respectively.

2This is a physical distance between two locations and is calculated by
p

Pn
i=1

(li − ξi)2.
3Fick’s law states that the flux goes from the high concentration regions

to the low concentration regions, and the rate of movement isproportional to
the concentration gradient.



B. Single Source of Impact

We first consider a series of impacts generated at different
times, in which each individual impact does not affect others.
In this paper, we consider a two-dimensional spatial domain
(n = 2), and thus Eq. 2 is reduced to,

S(l − ξ, t − τ) =
1

4πκ(t − τ)
e−|l−ξ|2/4κ(t−τ). (5)

Then let us define an initial amount of impact in Eq. 5.
Although functionS(l, t) is defined as the Dirac delta function
(showing a very tall spike) for smallt, the total energy of
impact is calculated as below for the fixedt.

∫ ∞

−∞

S(l, t) dl = 1. (6)

Let us define Eq. 6 as a unit of total impact. Then we can
define the impact spread function with theΓ (> 0) amount of
initial impact expressed as,

SΓ(l − ξ, t − τ) =
Γ

4πκ(t − τ)
e−|l−ξ|2/4κ(t−τ). (7)

Note thatSΓ(D, T ) with D = l − ξ andT = t− τ has a fast
decaying property with smallT for any D > 0. Thus, in this
paper, we use a scale correction parameter to gain a realistic
value.

C. Multiple Sources of Impact

We now extend the impact spread function of Eq. 7 to
consider a series of impacts generated at different times. Each
individual impact is affected by prior impacts. Suppose we
havem impacts generated at different locations (ξ1, · · · , ξm)
and times (τ1, · · · , τm). We also assume different proportion-
ality constants (κ1, · · · , κm) and impacts (Γ1, · · · , Γm). Then
we can define the impact spread function forith impact by,

SΓi
(l − ξi, t − τi) =

Γi

4πκi(t − τi)
e−|l−ξi|

2/4κ(t−τi). (8)

For the purpose of combination of impacts, we assume0 =
τ1 ≤ τ2 ≤ · · · ≤ τm without loss of generality. Then the total
amount of impacts forith event is formulated as,

S(l, t) =
i

∑

j=1

SΓj
. (9)

In summary, we analyze the impact spread in terms of single
and multiple impact sources based on diffusion equation. Since
diffusion equation is one of the basic equations, we expect
that our approach can be extended to meet more realistic
physical phenomena. The extension can be formulated by
adding more sophisticated differential equations and terms.
Due to computational complexity and overhead, however, we
do not consider the extended equation in this paper.

IV. ENERGY CONVERSION

In this section, we first briefly introduce a piezoelectric
transducer for vibration-based energy harvesting. Then we
present a Béizer curve based interpolation function to support
a seamless energy conversion.

TABLE I
PROPERTIES OFPFCB-W14

Property Value

Dimensions (mm) 132× 14 × 1.3
Resonance frequency (Hz) 30±1
Bending stiffness (N/m) 56

Maximum bending displacement (mm) 50
Maximum voltage (V ) 200
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Fig. 1. The power generation against the impact force in PFCB-W14.

A. Piezoelectric Transducer

A piezoelectric transducer is a vibration-based energy har-
vester and primarily consists of a piezoelectric generatorand
a storage circuit. The conversion from mechanical energy to
electrical energy is obtained through the direct piezoelectric
effect in the generator, and the generated energy is stored in
the storage circuit. The energy generation is directly related
to the extent to which a ceramic element is deformed in the
generator at the presence of impact, resulting in a vibration
of the element. Thus, the configuration of the element and its
manner of being mounted is an important factor to contribute
the performance of the energy generation.

There are three steps of energy transformation in the
piezoelectric generator. In the first step, the environmental
energy source is trapped and transformed into the mechanical
vibration energy of the piezoelectric transducer. As we afore-
mentioned in Section III, the environmental energy can be gen-
erated in the form of either single or multiple events depending
on whether each event is affected by prior event(s). In the
second step, the mechanical vibration energy is transformed
into the electrical energy, in which the direct piezoelectric
effect is used. Finally, the generated electrical energy isstored
and transferred to the output load for the application. In these
transformations, there is a mechanical loss because of the
mismatch in mechanical impedance represented by damping
factor and reflection ratio. Also there is electro-mechanical loss
depending upon the magnitude of electro-mechanical coupling
factor [21]. Depending on the frequency and amplitude of
the mechanical stress, one can design the required transducer,
its dimensions, vibration mode, and desired piezoelectric
material. Usually a piezoelectric ceramic element generates
an electrical energy from a mechanical energy input. Under
an ideally designed piezoelectric generator, electrical energy
increases almost linearly with increasing mechanical energy.

In this paper, we use a piezoelectric fiber composite bi-



morph (PFCB) W14 as a piezoelectric component to trap
an environmental energy and transform into a mechanical
vibration energy. We summarize its properties in Tab. I. Base
on the PFCB-W14, we can obtain a set of data points from
an experimentation shown in Fig. 1.

B. Mapping Mechanical-to-Electrical Energy

To build a conversion function of mechanical-to-electrical
energy, it is essential to approximate a new data point between
known data points because of a limited number of data
points obtained. In light on this, we consider an interpolation
technique to generate a function that can estimate intermediate
data points. Various alternatives [22] are existed depending on
the constraints such as accuracy, complexity, and smoothness.

In order to develop an interpolation function based on
a given original data set, we primarily focus on whether
the function can generate a curve that is smooth and close
enough to the original data set. Also the function should
be simple enough so that it can easily control the shape
of curve. However, interpolation techniques may generate a
polynomial function, which can make a smooth curve but its
overall shape can be deteriorated. In case of a lower order
polynomial, it not only requires additional conditions butalso
incurs complicated formulas to make a smooth curve. Thus,
although it is a conflict requirement, we should carefully select
an interpolation technique that can generate a smooth curve
and a simple formula with the less computational complexity
and overhead.

In this paper, we consider a Bézier curve [22] based interpo-
lation function to fulfill the aforementioned requirements. The
Bézier curve is defined within interval[0, 1] and formulated
with the basic Bernstein polynomialsB(i,n), 0 ≤ i ≤ n. The
polynomialB(i,n) is defined by,

B(i,n)(t) =

(

n

i

)

ti(1 − t)n−i,

(

n

i

)

=
n!

i!(n − i)!
,

(10)
wheret ∈ [0, 1]. For a continuous functionf on [0, 1], we can
define the sequence of polynomialsPn, n ≥ 0. The polynomial
Pn(t) is defined by,

Pn(t) =

n
∑

i=0

f(
i

n
)B(i,n)(t), t ∈ [0, 1].

ThenPn converges uniformly tof which implies,

lim
n→∞

sup
0≤t≤1

|f(t) − Pn(t)| = 0,

wheresup means least upper bound of the given values. Thus,
Pn(t) converges tof(t) with uniform rate of convergence on
[0, 1].

Also the set of polynomials{B(0,n), B(1,n), · · · , B(n,n)}
forms the basis for the vector space of all polynomial of degree
not exceedingn. It means that any polynomialP (t) in this
vector space can be represented as,

P (t) =

n
∑

i=0

B(i,n)(t)Ai,

whereAi (i = 0, · · · , n) are coefficients. The shape of curve
can be changed by adjusting the coefficients, which are in
fact the given data set. Thus, once the set of basis functions
(B(i,n)) for given n number of data set is defined, the Bézier
curve is defined by using the data set as the coefficients. Then
we can define the Bézier curve for 2-dimensional data set,
{(xi, yi)|0 ≤ i ≤ n}, expressed as,

x(t) =
n

∑

i=0

B(i,n)(t)xi, y(t) =
n

∑

0

B(i,n)(t)yi. (11)

There are two major issues in the Bézier curve. First, the
curve is defined as an implicit curve(x(t), y(t)) based on
t instead of an explicit function such asy = f(x). Thus, we
cannot directly estimate the energy value (function ofy(t)) for
any intermediate force value (function ofx(t)). Because the
difference betweenxi points obtained from experiment is not
uniform, x(t) is not the first order polynomial. Subfigs. 2(a)
and (b) show the Bézier curve forx(t) andy(t), respectively.
Second, the curve is only guaranteed to pass the initial and
terminal points att = 0 and 1, respectively. Thus, the other
points may not be included in the curve even though they are
closely located.

To address these issues, we consider aninverse B́ezier
method to estimate an intermediate power value (y(t)) for any
given force value (x(t)). We modify thex(t) as the first order
polynomial and calculate the proper value oft to obtain the
correspondingy(t). Then we can create a polynomial with
degree ofn,

x(t) =

n
∑

i=0

B(i,n)(t)ci, y(t) =

n
∑

i=0

B(i,n)(t)di, (12)

where the curve passesn + 1 control points for giventi (i =
0, · · ·n) from the 2-dimensional data set,{(xi, yi)}

n
i=0. The

rationale behind this is to define both coefficientscis anddis
to control the curve to pass the given data points. Thus, it can
help our approximation, which is different from the Bézier
method.

In this inverse Bézier method, we first make thex(t)
proportional tot. Because thex(t) is now a straight line, we
can construct an explicit inverse function as an inverse function
of x(t) for tp from givenxp. Since the inverse function of the
straight line, which has nonzero slope, is an another straight
line, we have the inverse functiont as a function ofx,

t(x) = mx + t(0),

wherem is a slope. Since the curve is forced to pass each
data point ((xi, yi)) on given time (ti), we can find a proper
y(tp) from any value fromtp. From the 2-dimensional data set,
{(xi, yi)}

n
i=0, each data point is to find the proper coefficient

set,{ci}
n
i=0 and{di}

n
i=0. Here, we definec0 = x0, cn = xn,

d0 = y0, anddn = yn because the curve should pass(x0, y0)
and (xn, yn) at t = 0 and t = 1, respectively, as defined in
Bézier method. Thus, we consider our explicit function for
remainingn − 1 data points to define (ci, di), where i =
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Fig. 2. The Bézier curve.
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(14)

1, · · · , n− 1. For this, we provide the formula in Eqs. 13 and
14 to expressx andy variables, respectively.

Based on the Eqs. 13 and 14, the formulas forx and y

variables can be reduced to a matrix problem,

[px, py] = A [c, d] , (15)

wherepx and py are the defined values from given data set.
Also A is induced from the Bézier method, andc andd are the
coefficient of designated polynomial coefficients ofx(t) and
y(t) variables. Note that since the formulas share the matrix
A, we can prove that thisn− 1 by n− 1 matrix is invertible,
if ti 6= tj , i 6= j, ti 6= 1, andti 6= 0. In this paper, we do not
include the proof for its invertibility due to the page limitation.
Thus, we can calculate the properci (i = 1, · · · , n − 1) by
inverting the Eq. 15,

[c, d] = A−1 [px, py] . (16)

Here, c0 and cn are already given. Then we can create a
new curve forx(t) by finding the propertp from x(t) to
estimatey(tp). For this, we makex(t) the straight line on
t and x variables. It is accomplished to defineti values
as the proportional toxi values. Similarly, we can finddi

(i = 1, · · · , n − 1). In Subfig. 3(a),x(t) function shows a
straight line and thus, the propertp value can be obtained by
the correspondingy(tp). However, whentp becomes small,
the y(tp) values are significantly fluctuated and deteriorated
due to its high order polynomial form.

In order to eliminate the fluctuation but keep the original
structure of Bézier method, in this paper, we modify this
inverse Bézier method by inserting a limited number of virtual
data set in smalltp. Then we manage the curve to generate

plausibley(tp) values. The rationale behind this is to generate
a simple interpolation function, where the curve must pass
the given data points. Thus, we can find the propertp for
designatedxp value to obtain the correspondingy(tp) shown
in Subfigs. 3(b) and (c).

In summary, we present a Bézier curve based interpolation
function for a seamless energy conversion. In order to build
an explicit interpolation function, we use an inverse Bézier
method, which is further refined by the modified inverse
Bézier method. The proposed interpolation function generates
a smooth and close enough curve to the original data set with
less computational complexity and overhead.

V. NUMERICAL RESULTS

To examine the proposed techniques, we not only use the
Matlab for mathematical analysis but also develop a cus-
tomized discrete-event driven simulator using CSIM [23] for
performance evaluation. We use a 200× 200 (m2) rectangular
network area, where 441 nodes are located in a grid topology
(21 × 21 nodes). The impact arrival rate follows the Poisson
distribution with a rate ofλ, and the impact force is uniformly
selected between 0.5 and 2.5 (N) values based on the PFCB-
W14. To gain a realistic impact force, we scale the distance
(D) down to 0.001 times and set the proportionality factor (κ)
as 0.1.

First, we evaluate a single source of impact. We assume that
the impact is occurred in the center of area with the maximum
force. Then we observe the spread of impact based on the
diffusion equation addressed in section III. In Subfigs. 4(a),
(b), and (c), after the single source of impact, we show the
corresponding forces in each node after 1, 3, and 9 seconds,
respectively. According to the Eq. 7, the impact is spread to



0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

2.5

Time (t)

F
or

ce

(a)

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.5

1

1.5

2

2.5

Time (t)

F
or

ce
 (

N
)

(b) x(tp)

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

10

20

30

40

50

Time (t)

P
ow

er
 (

m
W

)

(c) y(tp)

Fig. 3. The inverse Bézier curve in terms of functionx(t) in (a), and its modified inverse Bézier curve in (b) and (c).
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Fig. 4. The spreads of impact after single source of impact over time in (a), (b), and (c), and their cumulative force values in (d).

the nodes located in far away from the impact source with a
very small force. Based on the impact spread after 1, 3, 5, and
9 seconds, Subfig. 4(d) shows the number of nodes that has
the corresponding force and its cumulative statistics. After the
impact, the force is rapidly reduced as the time increases and
thus, most of the nodes have small force that has little effect
to the piezoelectric device to generate an electrical energy.

Second, we examine the multiple sources of impact, in
which each node is affected by prior impacts and its cor-
responding force is accumulated. In Fig. 5, we assume that
three impacts are occurred consecutively with 2 seconds gap
and their impact forces are randomly chosen. We also setup
the impact locations at (50, 50), (100, 100), and (150, 150),
respectively, to clearly see the influence of impacts in each
node. As we have seen in the single impact, each impact force
is rapidly reduced and distributed to adjacent nodes. Basedon

the sum of previous impact forces, each node converts it into
an electrical energy.

Third, we evaluate the proposed interpolation function as
a function of impact force. In Figure 6, we compare our
approach with both curves derived from the original data set
with PFCB-W14 and the Bézier technique. In contrast to the
Bézier curve, which does not necessarily pass to the original
data points except begin and end points, our curve based on
the modified inverse Bézier technique passes the original data
points for entire impact forces. Thus, the proposed interpo-
lation function can find the reasonable intermediate data set
based on the limited number of original data set.

VI. CONCLUDING REMARKS AND FUTURE WORK

In this paper, we explored vibration-based energy harvesting
techniques in WSNs. In order to characterize the vibration-



0

100

2000

100

200
0

0.5

1

1.5

2

XY

F
or

ce

(a)

0

100

2000

100

200
0

0.5

1

1.5

2

XY

F
or

ce

(b)

0

100

2000

100

200
0

0.5

1

1.5

2

XY

F
or

ce

(c)

Fig. 5. The spreads of impact after multiple sources of impact over time.
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Fig. 6. Comparison between the Bézier curve and our approach in the
presence of a limited number of original data set obtained byPFCB-W14.

motivated WSNs, we developed a simple model of impact
spread and an interpolation function. We conducted a math-
ematical analysis and a simulation based performance study,
and showed that the proposed techniques are proven to be a
viable approach for analyzing vibration-motivated WSNs.

Although the low computational complexity and overhead
is our primary concern, we plan to consider more rigorous
mathematical approaches for explicit formulas as a future
work. Also we plan to develop a energy harvesting aware
routing protocol for vibration-motivated WSNs to exploit the
full potential of the proposed techniques.
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