
Received December 15, 2020, accepted January 6, 2021, date of publication January 18, 2021, date of current version January 22, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3051953

Smart Cathodic Protection System for Real-Time
Quantitative Assessment of Corrosion of
Sacrificial Anode Based on Electro-Mechanical
Impedance (EMI)
DURGESH TAMHANE1, JESLIN THALAPIL1, SAUVIK BANERJEE2, AND SIDDHARTH TALLUR 1
1Department of Electrical Engineering, IIT Bombay, Mumbai 400076, India
2Department of Civil Engineering, IIT Bombay, Mumbai 400076, India

Corresponding author: Siddharth Tallur (stallur@ee.iitb.ac.in)

This work was supported in part by the Department of Science and Technology, Government of India, through the IMPRINT-2A, under
Grant IMP/2018/001442, and in part by the Sanrachana Structural Strengthening Pvt., Ltd., under Grant RD/0119-SSIMPQ2-001.

ABSTRACT Corrosion of metal structures is often prevented using cathodic protection systems, that employ
sacrificial anodes that corrode more preferentially relative to the metal to be protected. In-situ monitoring of
these sacrificial anodes during early stages of their useful life could offer several insights into deterioration
of the material surrounding the infrastructure as well as serve as early warning indicator for preventive
maintenance of critical infrastructure. In this article, we present an Electro-Mechanical Impedance (EMI)
measurement-based technique to quantify extent of corrosion of a zinc sacrificial anode without manual
intervention. The detection apparatus consists of a lead zirconate titanate (PZT) transducer affixed onto
a circular zinc disc, with waterproofing epoxy protecting the transducer element when the assembly is
submerged in liquid electrolyte (salt solution) for accelerated corrosion by means of impressed current.
We develop an analytical model for discerning the extent of corrosion by monitoring shift in resonance
frequency for in-plane radial expansion mode of the disc. The model presented here accurately captures the
nonlinearity introduced by partial delamination of the corrosion product (zinc oxide) from the disc, and shows
excellent agreement with experimental results. Our work establishes the efficacy of the proposed technique
for monitoring the state of health of sacrificial anodes in their early stage of deterioration and could thus be
widely adopted for structural health monitoring applications within the internet of things.

INDEX TERMS Cathodic protection system, corrosion monitoring, electro-mechanical impedance (EMI),
sacrificial anode, smart infrastructure, structural health monitoring.

I. INTRODUCTION
Longevity of civil infrastructure relies on strength of metals
such as steel for construction of buildings, pipelines, storage
tanks etc. These metals are typically embedded in insulated
casings or treated with anti-corrosion coatings to protect them
from damage due to corrosion. Nevertheless, these metals
are susceptible to corrosion as soon as the material in which
they are embedded deteriorates and allows permeation and
diffusion of corrosive agents. The initiation and rate of corro-
sion depends on several factors e.g. quality of raw materials
used in preparation of concrete for reinforced steel structures,
air quality of the environment where the structure is to be
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built, water quality and salinity for marine infrastructure etc.
A simple and commonly used method to protect met-
als from corrosion is by installing a cathodic protection
system [1]–[3]. The cathodic protection system uses a sac-
rificial metal that is more electrochemically active (i.e.
more negative electrode potential) relative to the vulnerable
metal that requires protection. In passive cathodic protec-
tion systems, the sacrificial metal (anode) is attached to the
vulnerable metal surface prone to corrosion. Being more
electrochemically active, the sacrificial anode is consumed
due to corrosion in place of the metal that it protects, thus
prolonging the service life of the infrastructure. It is neces-
sary to monitor the efficacy of a passive cathodic protection
system to ensure adequate protection against corrosion. This
is often measured indirectly by monitoring the corrosion of
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the metal structure that the cathodic system is protecting
[4], [5]. Other direct monitoring methods include half-cell
potential measurement [6], open-circuit potential test [7],
DC current density measurement [8] etc. These tests require
three-electrode apparatus and disconnection of the sacrificial
anodes from the cathodic protection system for several hours
thus interfering with their functionality.

The advent of the internet of things has lead to tremendous
surge in smart infrastructure applications within structural
health monitoring. Lead zirconate Titanate (PZT) transducers
find a variety of applications in structural health monitor-
ing such as assessing performance and state of pre-stressed
concrete [9], [10], damage localization and monitoring
[11]–[14], monitoring debonding in composite structures
[15]–[17], monitoring of fatigue damage and curing of adhe-
sives [18], [19] etc. More recently, PZT transducers embed-
ded within infrastructure are employed as smart sensors
for real-time monitoring [20], [21] for applications such as
impact monitoring [22] and detection of internal damage in
concrete and embedded reinforcements [23], [24].While PZT
transducers have also been employed for corrosion monitor-
ing [25], [26], an analytical and quantitative correlation of
change in impedance of the PZT transducer due to the corro-
sion of the system under inspection requires further develop-
ment. More recently, Electro-Mechanical Impedance (EMI)
measurements of PZT transducers have been explored for
monitoring the performance of concrete includingmonitoring
of chlorine ingress and carbonation [27]–[30] of concrete.
EMI measurements conducted with PZT transducers embed-
ded into stainless steel coupons [31] have also been reported
for studying the effect of corrosion on their conductance spec-
tra, albeit with cleaning and drying of samples after corrosion.
The cleaning and drying method reported by Li et al. [31]
may not be feasible for in-field testing, since it does not
consider the impact of corrosion products that accumulate on
the sample.

In this article, we report a novel EMI-based sensor topol-
ogy for monitoring the corrosion of a sacrificial zinc anode
with an adhesively bonded PZT transducer. Experimen-
tal measurements are conducted with an impressed-current
based accelerated corrosion system for in-situ evaluation of
the susceptance spectra of the PZT transducer attached to the
sacrificial anode. Corrosion-induced change in frequency for
a bulk acoustic resonance mode of the disc-shaped sacrificial
anode is employed as a signature to assess the extent of
corrosion as shown in Figure 1.We observe that the series res-
onance frequency of the PZT transducer gradually increases
with increasing corrosion time. Detailed Finite Element (FE)
simulations and analytical models are presented in an effort
to examine this shift in frequency, which is attributed to the
formation and partial delamination of the oxide film formed
on the surface of the sacrificial anode. The following sec-
tions present details of the analytical model (with supporting
information in appendices), and experimental results and
discussions.

FIGURE 1. (a) 3D illustration, and (b) photograph of the PZT transducer
bonded to zinc sacrificial anode. (c) Finite element method simulation of
susceptance spectrum of the sensor showing electro-mechanical
resonance corresponding to radial expansion mode of the assembly
(inset: mode-shape showing displacement profile for radial expansion
mode). The extent of corrosion of the sacrificial anode is ascertained by
monitoring the shift in series resonance frequency.

II. ANALYTICAL MODEL AND FINITE ELEMENT ANALYSIS
A. PRINCIPLE OF OPERATION
The coupling of the mechanical parameters (mechanical
strain: Sij, mechanical stress: Tkl) and electrical parameters
(electrical field: Ekl , electrical displacement: Dj) for a struc-
ture excited with piezoelectric transduction can be described
as [32]:

Sij = sEijklTkl + dkijEk

Dj = djklTkl + εTjkEk (1)
where sEijkl is the mechanical compliance of the structure
material measured at zero electric field (E = 0), εTjk is the
dielectric permittivity measured at zero mechanical stress
(T = 0), and dkij represents the piezoelectric coupling
coefficient. The direct piezoelectric effect describes con-
version of applied stress to electric charge. Similarly, the
converse piezoelectric effect results in generation of strain
under application of an electric field in the piezoelectric
material. At electric resonance, the PZT transducer presents
low impedance (i.e. large admittance) to the excitation source,
which results in large mechanical response when coupled
to a mechanical resonance of the structure. The electro-
mechanical resonance frequency and impedance of the piezo-
electrically transduced structure depends on its geometry,
mass and stiffness. Corrosion causes change in these param-
eters, thereby resulting in shift in the electro-mechanical
resonance frequency as seen in the EMI spectrum. Using
an impedance analyzer/LCR meter, the resonance frequency
of the structure can be measured and used to determine
the extent of corrosion. Here we consider a circular zinc
plate as the sacrificial anode, onto which a PZT transducer
is bonded using an adhesive. The resonance mode under
study is the radial expansion mode as shown in Figure 1(c).
Corrosion of zinc (Zn) results in formation of a zinc oxide
layer (ZnO) on the anode, which results in change in the
series resonance frequency, corresponding to the peak in the
admittance spectrum. We present below an analytical model
for the radial expansion mode of vibration for the multi-layer
(Zn, ZnO) disc.
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B. MATHEMATICAL FORMULATION FOR AXIAL IN-PLANE
VIBRATION OF CIRCULAR PLATES
The governing equation for in-plane axisymmetric radial
expansion mode of a circular plate in cylindrical coordinates
(r ,θ ) is expressed as [32]:

E
1− ν2

(
∂2ur
∂r2
+

1
r
∂ur
∂r
−
ur
r2

)
= ρ

∂2ur
∂t2

(2)

where E and ν are the Young’s modulus and Poisson’s ratio of
the material respectively, ρ is the density and ur is the radial
displacement in cylindrical coordinates (r ,θ ). The general
solution for the radial displacement ur is expressed as (details
provided in Appendix):

ur (r, t) =
(
C1J1

(
β
r
a

)
+ D1Y1

(
β
r
a

))
eiωt (3)

where ω denotes the fundamental resonance frequency of the

circular plate of radius a and β = ω

√
ρ(1−ν2)a2

E denotes
dimensionless frequency parameter, J1(β r

a ) is Bessel func-
tion of first kind of order one, and Y1(β r

a ) is Bessel function
of second kind of order one. The above solution does not
consider the effect of inertia of lateral motion. Thus, similar
to Rayleigh’s theory for the extensional vibration of bars,
the modified frequency parameter for a circular disc can be
expressed as:

β = ω

√√√√ ρa2

E
1−ν2
−

ρω2ν2Izz
A

(4)

where Izz denotes the area moment of inertia of the disc cross-
section along a direction normal to the circular cross-section,
and A denotes area of the cross-section. The detailed for-
mulation for dimensionless frequency parameter for a thick
circular disc is provided in Appendix.

C. EQUIVALENT CIRCULAR-SHAPED PZT MODEL
We have employed a square-shaped PZT transducer in our
experiments, as shown in Figure 1. To simplify the mathe-
matical formulation, we model the square PZT transducer as
an equivalent circular-shaped PZT transducer so that interface
boundary condition in cylindrical coordinates can be estab-
lished. For a square plate undergoing axial vibration with
‘free edge’ boundary condition, the fundamental frequency
is expressed as [32]:

ω =
π

L

√
ET

1− ν2T
(5)

where L denotes the edge length of the square PZT trans-
ducer, and ET and νT denote the Young’s modulus and
Poisson’s ratio of the transducer material (PZT). Similarly,
for a circular plate undergoing axial vibration with similar
boundary conditions, the fundamental frequency is expressed
as:

ω =
βT

aT

√
ET

1− ν2T
(6)

FIGURE 2. Dimensions of (left) square-shaped PZT transducer atop zinc
anode used in our experiment, and (right) equivalent circular-shaped PZT
transducer with dimensions computed using equation (9). All dimensions
are in units of mm.

where aT is the radius of circular PZT transducer and βT is
the dimensionless frequency parameter obtained by solving
the characteristic equation

βT J0(βT )− (1− νT )J1(βT ) = 0 (7)

where J0 and J1 are the Bessel functions of first kind of order
0 and 1, respectively [32].

Equating equations (5) and (6), we obtain

π

L
=
βT

aT
(8)

or,

aT = L
βT

π
(9)

The value of βT obtained by solving the characteris-
tic equation (equation (7)) for fundamental radial in-plane
axisymmetric vibration mode with free edge boundary con-
dition is equal to 2.0424. The PZT transducer used in our
experiment is square-shaped with edge length 20mm, that
therefore corresponds to an equivalent circular PZT trans-
ducer with radius 13mm, as shown in Figure 2.

D. MATHEMATICAL FORMULATION OF BI-LAYER
CIRCULAR PLATE WITH EQUIVALENT CIRCULAR PZT
TRANSDUCER
To derive analytical expression for the resonance frequency
of fundamental axisymmetric radial expansion mode of the
corroded zinc plate with the PZT transducer, we model the
structure as a composite of two portions shown in Figure 3.
The layers are considered perfectly ‘bonded’ with each other
i.e. the layers have equal radial displacements and there is no
inter-layer slip. This assumption implies there is no delamina-
tion between the layers, and is consistent with experimental
observations during initial corrosion [33]. Thus, the circular
zinc anode with thin corroded layer (zinc oxide) can be
divided into two portions namely: Portion I (two layers: zinc
+ zinc oxide), and Portion II (three layers: zinc+ zinc oxide
+ equivalent circular PZT). The following assumptions are
considered for the analysis:
• All materials are assumed to be isotropic
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• Corrosion occurs uniformly across the bottom surface of
the zinc anode

Therefore, the general solutions for axisymmetric in-plane
radial expansion of the circular disc in the two portions are
expressed as:

U (r) =

{
U1(r) = C1J1

(
β1

r
a

)
+ C2Y1

(
β1

r
a

)
Portion I

U2(r) = C3J1
(
β2

r
a

)
Portion II

(10)

where the dimensionless frequency parameters are given as
(subscripts 1, 2 and 3 denote zinc oxide layer, zinc layer and
PZT transducer, respectively):

β1 =

√√√√ (ρ1h1 + ρ2h2) a2
E1h1
1−ν21
+

E2h2
1−ν22

× ω (11)

β2 =

√√√√ (ρ1h1 + ρ2h2 + ρ3h3) a2
E1h1
1−ν21
+

E2h2
1−ν22
+

E3h3
1−ν23

× ω (12)

where h is the thickness, E is the Young’s modulus, ρ is the
density and ν is the Poisson’s ratio of the respective layer.
TheYoung’smodulus for the PZT transducer is obtained from
the compliance coefficients as E3 = 1/S11 and the Poisson’s
ratio as ν3 = −S12/S11, wherein the compliance coefficients
S11 and S12 are obtained from the compliance matrix of the
PZT transducer. The radial force expression for Portion I and
Portion II can be expressed as:

Nr =

Nr1 = D1

(
∂U1
∂r + ν1eq

U1
r

)
Portion I

Nr2 = D2

(
∂U2
∂r + ν2eq

U2
r

)
Portion II

(13)

where the stiffness coefficientsD1 andD2, and the equivalent
Poisson’s ratio ν1eq amd ν1eq for Portions I and II respectively
are expressed as follows:

D1 =
E1h1
1− ν21

+
E2h2
1− ν22

(14)

D2 =
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1− ν21

+
E2h2
1− ν22

+
E3h3
1− ν23

(15)
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+
ν2E2h2
1−ν22

E1h1
1−ν21
+

E2h2
1−ν22

(16)
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+
ν3E3h3
1−ν23

E1h1
1−ν21
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E2h2
1−ν22
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(17)

E. DETERMINATION OF RESONANCE FREQUENCY OF
FUNDAMENTAL RADIAL EXPANSION MODE
For the two layer (zinc and zinc oxide) circular plate with
equivalent circular PZT patch undergoing axisymmetric in-
plane radial vibration, the free edge boundary condition at
r = a is Nr1 = 0 (zero radial force) i.e. ∂U1

∂r

∣∣∣
r=a
+

ν1eq
U1
r

∣∣∣
r=a
= 0. At the interface between Portion I and Por-

tion II at r = b, there exists continuity of radial displacement

FIGURE 3. (top) Top view and (bottom) cross-section of the circular zinc
anode with equivalent circular PZT transducer on top surface and
uniformly formed zinc oxide layer on bottom surface.

and radial forces, i.e. U1(r = b) = U2(r = b) and Nr1
∣∣∣
r=b
=

Nr2
∣∣∣
r=b

. Substituting the expressions for displacements in the
above equations, a 3×3 characteristic determinant is obtained
as below:

1 =

∣∣∣∣∣∣
K11 K12 K13
K21 K22 K23
K31 K32 K33

∣∣∣∣∣∣ (18)

where the elements of the determinant are:

K11 = β1J0 (β1)− J1 (β1)
(
1− ν1eq

)
(19)

K12 = β1Y0 (β1)− Y1 (β1)
(
1− ν1eq

)
(20)

K13 = 0 (21)
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a
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bβ1
a

)
(23)

K23 = −J1
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bβ1
a
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K32 =
β1Y0
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bβ1
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(26)

K33 =

D2

(
−
β2J0

(
bβ2
a

)
a +

(1−ν2eq)J1
(
bβ2
a

)
b

)
D1

(27)

Since the material properties (E , ν and ρ) are known for
the three layers, the characteristic determinant 1 can be
expressed as a function of the natural frequency ω, and thick-
ness of the corroded zinc oxide layer h1 and the uncorroded
zinc layer h2, i.e. 1 = 1(ω, h1, h2). The natural frequencies
of the system undergoing corrosion can be obtained by setting
the characteristic determinant to zero. The thicknesses h1 and
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TABLE 1. Comparison of impact of mesh settings in COMSOL
Multiphysics on eigenfrequency solution.

h2 are obtained using Faraday’s law of electrolysis. Thus with
the values of h1 and h2 determined, the characteristic equation
can be expressed as 1(ω) = 0, solving which gives the
natural frequency of the system. The characteristic equation
is a transcendental equation that is solved using MATLAB.

F. COMPARISON OF SOLUTIONS OF ANALYTICAL MODEL
AND FEA
The solution for resonance frequency of fundamental axisym-
metric radial expansion mode obtained from the analytical
model described above are baselined against FEM model of
the structure solved using COMSOL Multiphysics. We solve
for a commercially available cylindrical zinc sacrificial anode
(Canode, Krishna Conchem Products Pvt. Ltd.) of diame-
ter 3.6 cm and thickness 0.73 cm, and PZT-5H transducer
of dimensions 20×20×0.4mm3 (SP-5H, Sparkler Ceramics
Pvt. Ltd.). A photograph of the assembly, and the FEMmodel
is shown in Figure 1. The equivalence of the two structures
shown in Figure 2 is validated through Finite Element (FE)
simulations performed using COMSOL Multiphysics, which
yields resonance frequencies for the fundamental axisym-
metric radial expansion mode as 69.42 kHz and 69.44 kHz
(amounting to <0.03% error) for the circular zinc plate with
square-shaped PZT and equivalent circular PZT, respectively.
The FE simulations are performed using ‘‘Fine’’ mesh setting
in COMSOLMultiphysics, considering the trade-off between
computation time and convergence of the eigenfrequency
solution (as shown in Table 1. The computation time is
obtained on a computer with 64-bit Intel R© Xeon R© E5-1650
v4 3.60GHz CPU and 32GB RAM. The computation time is
significantly higher upon introduction of zinc oxide layer as
described below.

When corrosive agents attack the sacrificial anode, a thin
layer of corrosion products forms on its surface due to the
multitude of corrosive reactions taking place. Thus for sim-
plicity we have assumed that soon after corrosion initiates
the anode is part metal and part metal oxide [33], [34]. The
surface of the anode on which the PZT is attached is assumed
to not corrode (this is ensured using water-proofing sealant
in the experiment, as described in the following section). In
the initial stages of accelerated corrosion due to externally
applied impressed current, zinc reacts with oxygen and forms
zinc oxide. By calculating the amount of mass (thickness)
loss in the zinc layer and added mass (thickness) due to

TABLE 2. Material properties used for calculating mass conversion of
zinc to zinc oxide.

TABLE 3. Calculated thickness loss of zinc layer and thickness added in
zinc oxide layer for 0.35A impressed current applied for various time
duration values. The resonance frequencies obtained using FEM
simulation and analytical calculations show good agreement with each
other.

formation of zinc oxide using Faraday’s law of electrolysis,
we obtain the resonance frequency for the radial expan-
sion mode through FE simulations performed in COMSOL
Multiphysics and using the analytical method described in
section II-E. Table 2 lists the material properties for zinc and
zinc oxide used for these calculations.

The conversion of zinc to zinc oxide is governed by the
chemical reaction:

Zn+ 0.5O2 −→ ZnO (28)

Thus, 1 g of zinc produces 1.24 g of zinc oxide i.e. 1 cm3

volume of zinc is converted to 1.57 cm3 of zinc oxide. Since
we consider a cylindrical geometry whose radius does not
change due to corrosion (i.e. zinc oxide only forms on the
bottom circular face of the anode due to waterproofing of
top and side walls of the disc in the experiment), reduction
of thickness of the zinc layer by 1 cm results in formation of
1.57 cm of zinc oxide. The corresponding thickness reduction
of zinc due to 0.35A impressed current applied for various
time duration values shown in Table 3 are obtained using
Faraday’s law of electrolysis. Figure 4 shows a comparison of
the FEM and analytical model results accounting for Faradaic
mass loss of zinc (1mZn), and added mass of the zinc oxide
layer formed due to corrosion (1mZnO).

III. EXPERIMENTAL SETUP
Two samples (A and B) of the sacrificial anode with PZT
transducer as described in section II-F are fabricated. One of
the circular surfaces of the zinc anode is gently polished with
fine grit sandpaper and the PZT transducer is affixed on the
center of the polished side with Fevikwik R© instant adhesive.
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FIGURE 4. Frequency shift of the radial mode of a zinc anode of diameter
3.6 cm and thickness 0.73 cm, and PZT-5H transducer of dimensions
20×20×0.4mm3, due to 0.35A impressed current applied to induce
accelerated corrosion. The shift in resonance frequency relative to the
value at t = 0 h (commencement of impressed current application) is
shown at intervals of 30min up to t = 6 h. The results show good
agreement of the analytical model with Finite Element Method (FEM).

Further, a coating of waterproofing epoxy (M-Seal R© Clear
RTV Silicone Sealant) is applied over the PZT transducer to
protect it from the liquid electrolyte used in the experiment.
This waterproofing sealant also protects the polished surface
of the anode from corroding. The assembly is left undisturbed
for 12 h to allow the epoxy to cure. The experimental setup for
accelerated corrosion by means of applied impressed current
(shown in Figure 5) consists of an electrolytic cell with a set of
two electrodes submerged in an electrolyte. We use a copper
tube as cathode and a 3.5% NaCl solution as electrolyte.
The copper electrode is connected to negative terminal of
a constant current source (Aplab LQ6324T) while positive
terminal of the current source is connected to the zinc anode
assembly. The impedance of the PZT transducer is measured
using a precision LCR meter (Agilent E4980A). The LCR
meter is connected to a computer via USB, and is controlled
using a custom-made software designed with LabVIEW for
data acquisition. The constant current source supplies current
of magnitude 0.35A. After every 30min interval, the current
source is turned off and impedance of the PZT transducer is
recorded, without disturbing the mechanical arrangement of
the apparatus.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
Figure 6 shows experimentally measured change in series
resonance frequency of the susceptance spectra over duration
of the experiment. Both samples show a change in slope
and nonlinearity in the measurements (as indicated by the
blue and red hollow squares in Figure 6(c)) instead of the
linear trend as predicted by Faraday’s law (Figure 4). The
assumption made in Figure 4 is that corrosion products stay
on the anode throughout the duration of the experiment.
While performing the experiments, we observe that residue
of the corrosion product separates from the anode into the
electrolyte. The mathematical model of the process of delam-
ination is explained below. The ideal mass-loss equation as
depicted by Faraday’s law is given by:

1m =
IMt
Fz

(29)

FIGURE 5. (a) Illustration and (b) photograph of the experimental setup
used for accelerated corrosion of sacrificial anode.

where 1m is the mass loss, I is current passing through
the cell, M is molecular weight of the reactive species, t
is total time duration for which current flows in the cell,
F is Faraday’s constant, and z is valency of the reactive
species. As per Faraday’s law, the mass of the sacrificial
anode assembly (i.e. circular zinc anode with affixed PZT
transducer and waterproofing epoxy layer) should increase
as time progresses, due to formation of the zinc oxide layer.
However, we observe a reduction in overall mass of the sac-
rificial anode assembly in the experiment (2.51 g and 2.14 g
for samples A and B respectively, measured with a precision
weighing scale). The reduction in overall mass is attributed
to partial delamination of zinc oxide from the anode surface.
The change in delamination front of a polymeric coating from
zinc surface in the presence of electrolyte shows a power law
dependence with time [35]:

adel = k × tA (30)

where adel is the distance of the delamination front from the
edge of the plate, k is the rate constant, t is the exposure
time for delamination to occur, and A is the exponent in the
power law. Thus, the volume of the non-delaminated zinc
oxide layer can be expressed as:

Vnon-delaminated = π (a− adel)2 h1 (31)

To simplify modeling of the disc, we assume that reduction
in volume of the zinc oxide layer happens only due to the
reduction of thickness and that the area remains the same.
This assumption is consistent with the experimental obser-
vation that corrosion occurs uniformly over the surface and
no delamination is observed between the formed zinc oxide
layer and the zinc layer in the initial 30min phase of the
experiment [33]. Thus, the reduction of overall mass of the
sacrificial anode assembly happens from the dissolution or
the delamination of the Zinc oxide layer. Therefore we define
a parameter termed as the non-delaminated factor 0d , which
is the ratio of the non-delaminated thickness of zinc oxide
layer h1d to the total thickness of the zinc oxide layer in
absence of delamination h1:

0d =
h1d
h1
=
Vnon-delaminated

V
=
π (a− adel)2

πa2

= 1−
2adel
a
+
a2del
a2

(32)
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FIGURE 6. Evolution of susceptance spectra of the PZT transducer on sacrificial anode system for (a) sample A, and
(b) sample B. The series resonance frequency (corresponding to peak in the susecptance spectra) changes with increasing
corrosion of the anode and is used as a signature for estimating extent of corrosion. (c) Experimentally measured shift in
resonance frequency of radial expansion mode for samples A and B compared with results obtained from analytical model
(equation (34)). (d) Susceptance spectra for the sacrificial anode + PZT assembly (measurement performed only on sample
B) showing measurements obtained up to t = 90min. The resonance frequency changes drastically in the first few minutes
of the experiment, and at t = 20min the resonance frequency attains a value close to the case where the uncorroded anode
is not submerged in electrolyte (labeled as ‘0 min (no water)’). Additionally we also see abrupt change in the loading of the
resonance (i.e. reduction of peak height and broadening of peak width) upon submerging the assembly in electrolyte
(labeled ‘0 min’). The loading reduces with progressing time. The origins of this observation are under investigation.

Using equations (30) and (32), we can generalize the non-
delamination factor for a circular disc undergoing corrosion
as:

0d = 1− C1tA + C2t2A (33)

whereC1 andC2 are reaction dependent constants. According
to the theory of rate-determining step, the value of the expo-
nent Amay vary between 0.5 and 1.0 [35]. The constants C1,
C2 andA are estimated for both SampleA and Sample B using
MATLAB Curve Fitting Toolbox, and the non-delamination
factors for Sample A and Sample B thus obtained are:

0d =

{
1− 0.4676t0.695 + 0.06953t2×0.695 Sample A
1− 0.4925t0.65 + 0.08753t2×0.65 Sample B

(34)

The overall mass change of the sacrificial anode can be
attributed to the mass loss of zinc (−1mZn) due to electroly-
sis, and mass gain due to the non-delaminated portion of zinc
oxide (+0d ×1mZnO):

Overall mass loss = −1mZn + 0d ×1mZnO (35)

The estimated overall mass loss calculated using the constants
obtained from the curve fitting are 1.87 g and 1.54 g for
sample A and sample B, respectively. We observe a large
frequency shift from t = 0 h to t = 0.5 h for both samples,

that is not captured by 0d . In order to account for this large
initial shift in resonance frequency, we have to introduce an
increment of 0.714% in the resonance frequency at t = 0 h
for Sample A and 1.41% for Sample B for best least squares
fit. The dramatic variation in the frequency shift in the first
30min of the experiment is shown in the susceptance spec-
tra of sample B in Figures 6(d). The resonance frequency
changes drastically in the first few minutes of the experi-
ment. At t = 20min, the resonance frequency for the anode
assembly submerged in the electrolyte attains a value close
to the case where the uncorroded anode is not submerged in
the electrolyte. In addition to the sharp increase in resonance
frequency, we also notice significant loading of the resonance
(reduction of peak height and broadening of peak width) at
t = 0min upon submerging the anode in electrolyte. With
progressing time, the impedance spectra show reduction in
loading and the subsequent frequency shift is explained by
the delamination model described above. The origin for the
drastic change in loading and initial frequency shift of the
radial expansion mode of the circular zinc disc anode is under
investigation.

V. CONCLUSION
In summary, we have demonstrated an electromechanical
impedance based method to detect early corrosion of zinc
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sacrificial anodes (used in cathodic protection systems).
The experiments are conducted by connecting the sacrifi-
cial anode assembly in an electrochemical half-cell compris-
ing of copper cathode and 3.5% NaCl electrolyte solution.
A constant current source is used to generate impressed
current for accelerated corrosion of the anode, and a preci-
sion LCR meter is used to measure the electro-mechanical
impedance of the PZT transducer. The electro-mechanical
resonance frequency is obtained from the susceptance spectra
recorded using a LabVIEW program running on a com-
puter connected to the LCR meter. We have chosen a
commercially available circular zinc plate for our exper-
iments, with PZT-5H transducer affixed in the center of
one of the circular faces of the plate. We present an ana-
lytical model to calculate change in resonance frequency
of the radial expansion vibration mode of the assembly
due to corrosion of zinc and resultant formation of zinc
oxide.

To the best of our knowledge, this is the first reported
realization of a smart-cathodic protection system with built-
in sensing of extent of degradation of the sacrificial anode.
The analytical model presented in our work accounts for
nonlinearity due to partial delamination of the zinc oxide film,
as was observed in our experiments conducted with two such
sacrificial anode samples. The analytical model and FEA
framework presented in this work can be adapted to study
the variation of any desired bulk acoustic vibration modes
of sacrificial anodes of any arbitrary geometry. Future work
will focus on understanding the origins of the sharp change
observed in resonance frequency in first 30min of the exper-
iment as well as drastic change in loading of the resonance.
The technique proposed in this article can be used for in-situ
monitoring of sacrificial anodes and detecting early signs of
cover deterioration due to corrosive agents in marine infras-
tructure prone to corrosion. This technique is cost-effective
and can be equipped with portable impedance analyzers (e.g.
Analog Devices AD5933) and remotemonitoring capabilities
and thus has a wide application potential in structural health
monitoring. This technique could also be adapted for real-
time monitoring of degradation of electrodes in batteries and
fuel cells.

APPENDIX
GENERAL SOLUTION FOR AXISYMMETRIC IN-PLANE
RADIAL VIBRATION OF A CIRCULAR PLATE
In case of axisymmetric radial vibration of a circular plate, the
displacement ur is independent of the angular position θ i.e.
∂ur
∂θ
= 0. Additionally, tangential displacement uθ = 0, since

motion is only along the radial direction. The mode shape of
the radial expansion mode is shown as an inset in Figure 1(c).
Thus, strain-displacement relations for axisymmetric motion
can be expressed as:

εr =
∂ur
∂r

(36)

εθ =
ur
r

(37)

FIGURE 7. Infinitesimal plate element for analysis of in-plane plate
vibration in polar coordinates for a circular plate undergoing
axisymmetric radial vibrations).

The stress-strain relationship for case of plane stress in
cylindrical coordinates can be expressed as:

σr =
E

1− ν2
(εr + νεθ ) (38)

σθ =
E

1− ν2
(νεr + εθ ) (39)

σrθ = 0 (40)

where E and ν denote Young’s modulus and Poisson’s
ratio for the material of the plate, respectively. Using equa-
tions (36)−(40), we can express stress-displacement relations
for case of axisymmetric plane stress as:

σr =
E

1− ν2

(
∂ur
∂r
+ ν

ur
r

)
(41)

σθ =
E

1− ν2

(
ν
∂ur
∂r
+
ur
r

)
(42)

Further, we can express radial and circumferential forces
in the plate as:

Nr =
Eh

1− ν2

(
∂ur
∂r
+ ν

ur
r

)
(43)

Nθ =
Eh

1− ν2

(
ν
∂ur
∂r
+
ur
r

)
(44)

Nrθ = 0 (45)

Considering force equilibrium condition along the radial
direction (r) in the infinitesimal plate element as shown in
Figure 7, we obtain:

∂Nr
∂r
+

1
r
∂Nrθ
r
+
Nr − Nθ

r
= ρh

∂2ur
∂t2

(46)

For axisymmetric case, the equilibrium equation can be
written as:

∂Nr
∂r
+
Nr − Nθ

r
= ρh

∂2ur
∂t2

(47)

From the expressions of radial and circumferential forces
obtained in equations (43) and (44) respectively, we obtain the
following expression for governing equation of axisymmetric
radial in-plane vibration:

E
1− ν2

(
∂2ur
∂r2
+

1
r
∂ur
∂r
−
ur
r2

)
= ρ

∂2ur
∂t2

(48)
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Considering harmonic motion, we can express ur (r, t) =
Ur (r)eiωt , and re-write the governing equation of motion
(upon dividing all terms in the equation by eiωt ):

E

ρ
(
1− ν2

) (d2Ur
dr2
+

1
r
dUr
dr
−
Ur
r2

)
+ ω2Ur = 0 (49)

The general solution for equation (49) is of the form:

Ur (r) = A1J1
(
β
r
a

)
+ A2Y1

(
β
r
a

)
(50)

where,

β =

√
ρa2

(
1− ν2

)
E

× ω (51)

and J1(
βr
a ) is Bessel function of first kind of order one and

Y1(
βr
a ) is Bessel function of second kind of order one. The

constants A1 and A2 are determined from appropriate bound-
ary conditions.

EFFECT OF INERTIA OF LATERAL MOTION ON
AXISYMMETRIC VIBRATION OF THICK PLATES
For modeling the effect of inertia of lateral motion on
axisymmetric vibration, a thick rectangular plate undergo-
ing axisymmetric extensional vibration is analyzed and the
solution is then extended to circular plates. The displacement
field along x, y and z for a rectangular plate undergoing
axisymmetric radial vibration with lateral displacement in the
z−direction are expressed as:

ux(t) = u(x, t) (52)

uy(t) = 0 (53)

uz(t) = −νz
∂u(x, t)
∂x

(54)

The kinetic energy of the plate can be expressed as:

T =
1
2

∫ L

0
ρA(

∂u
∂t

)2dx +
1
2

∫ L

0
ρν2

∫∫
z2dA

(
∂2u
∂x∂t

)2

dx

=
1
2

∫ L

0
ρA(

∂u
∂t

)2dx +
1
2

∫ L

0
ρν2Izz

(
∂2u
∂x∂t

)2

dx (55)

where ρ denotes the material density, A denotes area of cross-
section, and Izz is the area moment of inertia of the plate along
the z−direction (thickness). By extended Hamilton’s prin-
ciple, we obtain the governing equation for radial vibration
including the effect of lateral displacement as:

ρν2Izz
∂4u(x, t)
∂x2∂t2

+
EA

1− ν2
∂2u
∂x2
= ρA

∂2u(x, t)
∂t2

(56)

Assuming harmonic vibrations, with solution for displace-
ment of form u(x, t) = U (x) cos(ωt), we can re-write the
governing equation as:(

EA
1− ν2

− ρω2ν2Izz

)
U"(x)+ ρAω2U (x) = 0 (57)

Thus, we obtain the modified dimensionless frequency
parameter as:

β =

√√√√ ρL2

E
1−ν2
−

ρω2ν2Izz
A

× ω (58)

Extending this solution to circular thick plates, the modi-
fied dimensionless frequency parameter is expressed as:

β =

√√√√ ρa2

E
1−ν2
−

ρω2ν2Izz
A

× ω (59)

Re-arranging the above equation, we obtain the relation:

E
ρa2(1− ν2)

=

(
1
β2
+
ν2Izz
Aa2

)
ω2 (60)

E
ρa2(1− ν2)

=
ω2

β2m
(61)

where

1
β2m
=

1
β2
+
ν2Izz
Aa2

(62)

For a circular disc, the area moment of inertia along the
z-axis (Izz) is not constant. Therefore an optimal solution
was calculated by minimizing the error between analytically
obtained and FEM simulation result for resonance frequency
of a solid disc with increasing thickness to radius ratio. Using
the optimized moment of inertia factor, the modified dimen-
sionless frequency parameter incorporating lateral displace-
ment is expressed as:

1
β2m
=

1
β2
+
ν2 × 3.93568× h2

12× a2
(63)

This relation is used for the calculation of natural frequencies
for a thick circular disc with a square PZT transducer affixed
on one of the circular faces.

ACKNOWLEDGMENT
The authors thank Krishna Conchem Products Pvt., Ltd., for
providing the zinc sacrificial anodes used for performing the
experiments. The authors also thankMr. Hrishikesh Belatikar
at IIT Bombay for assistance with developing the LabVIEW-
based data acquisition software, Dr. Rajeshwara Chary Sri-
ramadasu at IIT Bombay for preliminary discussions, and
Wadhwani Electronics Laboratory (WEL) at IIT Bombay for
providing Agilent E4980A precision LCR meter.

REFERENCES
[1] L. Bertolini, M. Gastaldi, M. Pedeferri, and E. Redaelli, ‘‘Prevention of

steel corrosion in concrete exposed to seawater with submerged sacrificial
anodes,’’ Corrosion Sci., vol. 44, no. 7, pp. 1497–1513, Jul. 2002.

[2] S. Szabo and I. Bakos, ‘‘Cathodic protection with sacrificial anodes,’’
Corrosion Rev., vol. 24, nos. 3–4, pp. 231–280, Jan. 2006.

[3] V. Cicek, Cathodic Protection: Industrial Solutions for Protecting Against
Corrosion. Hoboken, NJ, USA: Wiley, 2013.

[4] R. Brousseau and B. Baldock, ‘‘Laboratory study of sacrificial anodes for
reinforced concrete,’’ Corrosion, vol. 54, no. 3, pp. 241–245, Mar. 1998.

12238 VOLUME 9, 2021



D. Tamhane et al.: Smart Cathodic Protection System for Real-Time Quantitative Assessment of Corrosion

[5] J.-A. Jeong,W.-S. Chung, andY.-H. Kim, ‘‘Electrochemical measurements
of cathodic protection for reinforced concrete piles in a marine environ-
ment using embedded corrosion monitoring sensors,’’ Met. Mater. Int.,
vol. 19, no. 3, pp. 445–452, May 2013.

[6] P. Astuti, R. Rafdinal, H. Hamada, Y. Sagawa, D. Yamamoto, and
K. Kamarulzaman, ‘‘Effectiveness of rusted and non-rusted reinforcing
bar protected by sacrificial anode cathodic protection in repaired patch
concrete,’’ IOP Conf. Ser., Earth Environ. Sci., vol. 366, no. 1, 2019,
Art. no. 012013.

[7] U. M. Angst, ‘‘A critical review of the science and engineering of cathodic
protection of steel in soil and concrete,’’ Corrosion, vol. 75, no. 12,
pp. 1420–1433, Dec. 2019.

[8] A. Farooq, M. Hamza, Q. Ahmed, and K. M. Deen, ‘‘Evaluating the per-
formance of zinc and aluminum sacrificial anodes in artificial seawater,’’
Electrochimica Acta, vol. 314, pp. 135–141, Aug. 2019.

[9] D. Ai, H. Luo, and H. Zhu, ‘‘Numerical and experimental investigation of
flexural performance on pre-stressed concrete structures using electrome-
chanical admittance,’’Mech. Syst. Signal Process., vol. 128, pp. 244–265,
Aug. 2019.

[10] N. Kaur, S. Goyal, K. Anand, and G. K. Sahu, ‘‘A cost-effective approach
for assessment of pre-stressing force in bridges using piezoelectric trans-
ducers,’’Measurement, vol. 168, Jan. 2021, Art. no. 108324.

[11] W. Ostachowicz, P. Kudela, P. Malinowski, and T. Wandowski, ‘‘Damage
localisation in plate-like structures based on PZT sensors,’’ Mech. Syst.
Signal Process., vol. 23, no. 6, pp. 1805–1829, Aug. 2009.

[12] T.-C. Huynh, S.-Y. Lee, N.-L. Dang, and J.-T. Kim, ‘‘Sensing region
characteristics of smart piezoelectric interface for damage monitoring in
plate-like structures,’’ Sensors, vol. 19, no. 6, p. 1377, Mar. 2019.

[13] J. Zhu, X. Qing, X. Liu, and Y. Wang, ‘‘Electromechanical impedance-
based damage localization with novel signatures extraction methodology
and modified probability-weighted algorithm,’’ Mech. Syst. Signal Pro-
cess., vol. 146, Jan. 2021, Art. no. 107001.

[14] D. D. Mandal and S. Banerjee, ‘‘Identification of breathing type disbonds
in stiffened panels using non-linear Lamb waves and built-in circular PWT
array,’’Mech. Syst. Signal Process., vol. 117, pp. 33–51, Feb. 2019.

[15] H. Chen, B. Xu, T. Zhou, and Y.-L. Mo, ‘‘Debonding detection for rect-
angular CFST using surface wave measurement: Test and multi-physical
fields numerical simulation,’’ Mech. Syst. Signal Process., vol. 117,
pp. 238–254, Feb. 2019.

[16] B. Xu, H. Chen, Y.-L. Mo, and T. Zhou, ‘‘Dominance of debonding defect
of CFST on PZT sensor response considering the meso-scale structure
of concrete with multi-scale simulation,’’ Mech. Syst. Signal Process.,
vol. 107, pp. 515–528, Jul. 2018.

[17] M. Aslam, P. Nagarajan, and M. Remanan, ‘‘Dynamic response of piezo-
electric smart beam with adhesive debonding,’’Mater. Des. Process. Com-
mun., vol. 2, no. 4, p. e159, Aug. 2020.

[18] Z. S. Tang, Y. Y. Lim, S. T. Smith, and I. Izadgoshasb, ‘‘Development of
analytical and numerical models for predicting the mechanical properties
of structural adhesives under curing using the PZT-based wave propagation
technique,’’Mech. Syst. Signal Process., vol. 128, pp. 172–190, Aug. 2019.

[19] M. Haq, S. Bhalla, and T. Naqvi, ‘‘Fatigue damage and residual fatigue life
assessment in reinforced concrete frames using PZT-impedance transduc-
ers,’’ Cement Concrete Composites, vol. 114, Nov. 2020, Art. no. 103771.

[20] K. K. Maurya, A. Rawat, and G. Jha, ‘‘Smart materials and electro-
mechanical impedance technique: A review,’’Mater. Today, Proc., vol. 33,
pp. 4993–5000, Dec. 2020.

[21] P. Jiao, K.-J.-I. Egbe, Y. Xie, A. Matin Nazar, and A. H. Alavi, ‘‘Piezoelec-
tric sensing techniques in structural health monitoring: A state-of-the-art
review,’’ Sensors, vol. 20, no. 13, p. 3730, Jul. 2020.

[22] L. Qiu, X. Lin, Y. Wang, S. Yuan, and W. Shi, ‘‘A mechatronic smart skin
of flight vehicle structures for impact monitoring of light weight and low-
power consumption,’’ Mech. Syst. Signal Process., vol. 144, Oct. 2020,
Art. no. 106829.

[23] R. C. Sriramadasu, Y. Lu, and S. Banerjee, ‘‘Identification of incipient
pitting corrosion in reinforced concrete structures using guided waves and
piezoelectric wafer transducers,’’ Struct. Health Monitor., vol. 18, no. 1,
pp. 164–171, Jan. 2019.

[24] A. Kocherla and K. V. L. Subramaniam, ‘‘Embedded smart PZT-based sen-
sor for internal damage detection in concrete under applied compression,’’
Measurement, vol. 163, Oct. 2020, Art. no. 108018.

[25] J.Wang,W. Li, C. Lan, P.Wei, andW. Luo, ‘‘Electromechanical impedance
instrumented piezoelectric ring for pipe corrosion and bearing wear mon-
itoring: A proof-of-concept study,’’ Sens. Actuators A, Phys., vol. 315,
Nov. 2020, Art. no. 112276.

[26] W. Shi, Y. Chen, P. Liu, and D. Xu, ‘‘Corrosion investigation of reinforced
concrete based on piezoelectric smart materials,’’Materials, vol. 12, no. 3,
p. 519, Feb. 2019.

[27] V. Talakokula, S. Bhalla, and A. Gupta, ‘‘Monitoring early hydration of
reinforced concrete structures using structural parameters identified by
piezo sensors via electromechanical impedance technique,’’ Mech. Syst.
Signal Process., vol. 99, pp. 129–141, Jan. 2018.

[28] C. Zhang, G. P. Panda, Q. Yan, W. Zhang, C. Vipulanandan, and G. Song,
‘‘Monitoring early-age hydration and setting of portland cement paste
by piezoelectric transducers via electromechanical impedance method,’’
Construct. Building Mater., vol. 258, p. 120348, 2020.

[29] V. Talakokula and S. Bhalla, ‘‘Reinforcement corrosion assessment capa-
bility of surface bonded and embedded piezo sensors for reinforced
concrete structures,’’ J. Intell. Mater. Syst. Struct., vol. 26, no. 17,
pp. 2304–2313, Nov. 2015.

[30] V. Talakokula, S. Bhalla, R. J. Ball, C. R. Bowen, G. L. Pesce,
R. Kurchania, B. Bhattacharjee, A. Gupta, and K. Paine, ‘‘Diagnosis of
carbonation induced corrosion initiation and progression in reinforced
concrete structures using piezo-impedance transducers,’’ Sens. Actuators
A, Phys., vol. 242, pp. 79–91, May 2016.

[31] W. Li, T. Liu, D. Zou, J. Wang, and T.-H. Yi, ‘‘PZT based smart corrosion
coupon using electromechanical impedance,’’Mech. Syst. Signal Process.,
vol. 129, pp. 455–469, Aug. 2019.

[32] V. Giurgiutiu, Structural Health Monitoring with Piezoelectric Wafer
Active Sensors, 2nd ed. New York, NY, USA: Academic, 2014.

[33] Y. Meng, L. Liu, D. Zhang, C. Dong, Y. Yan, A. A. Volinsky, and
L.-N. Wang, ‘‘Initial formation of corrosion products on pure zinc in saline
solution,’’ Bioactive Mater., vol. 4, pp. 87–96, Dec. 2019.

[34] J. Perkins, W. Luebke, K. Graham, and J. Todd, ‘‘Anodic corrosion of zinc
alloys in seawater,’’ J. Electrochem. Soc., vol. 124, no. 6, p. 819, 1977.

[35] W. Fürbeth and M. Stratmann, ‘‘The delamination of polymeric coatings
from electrogalvanized steel–amechanistic approach: Part 3: Delamination
kinetics and influence of CO2,’’Corrosion Sci., vol. 43, no. 2, pp. 243–254,
2001.

DURGESH TAMHANE received theM.Sc. degree
in physics from the University of Mumbai, Mum-
bai, India, in 2011. He is currently pursuing the
Ph.D. degree in electrical engineering with IIT
Bombay, Mumbai. His thesis research focuses on
the design and development of sensors for struc-
tural health monitoring.

From 2015 to 2017, he was a Project Research
Assistant with the Nano Fabrication Prototyping
facility for SMEs and Startups in the area of

MEMS and NEMS with the Department of Electrical Engineering, IIT
Bombay. He has won the IEEE International Sensors and Measurement
Student Contest at the 2018 and 2019 IEEE Sensors Conferences.

JESLIN THALAPIL received the B.Tech. degree
in mechanical engineering from the National Insti-
tute of Technology, Calicut, India, in 2007, and the
M.Tech. degree in mechanical engineering from
IIT Bombay, India, in 2013. From 2007 to 2010,
he was a Production Engineer with Larsen and
Toubro, Mumbai, India. From 2014 to 2019,
he was the Projects Control Manager with Naser
M. Al-Baddah & Partner General Trading and
Contracting Company W. L. L., Ahmadi, Kuwait.

Since 2020, he has been a Senior Project Technical Assistant with the Elec-
trical Engineering Department, IIT Bombay. His research interests include
vibration-based structural health monitoring, fracture mechanics, and finite
element methods.

VOLUME 9, 2021 12239



D. Tamhane et al.: Smart Cathodic Protection System for Real-Time Quantitative Assessment of Corrosion

SAUVIK BANERJEE is currently a Professor
of structural engineering with the Department
of Civil Engineering, IIT Bombay. Prior to
joining IIT Bombay, he had spent three years
as an Assistant Professor with the Parks Col-
lege of Engineering, Aviation and Technology,
Saint Louis University, USA. His research inter-
ests include structural health monitoring using
wave propagation and vibration-based approaches,
ultrasonic nondestructive evaluation of materials,

and elastodynamic modeling of advanced composite structures. He has
published more than 100 international journal articles and conference pro-
ceedings in these areas, including one book, two book chapters, and delivered
invited talks in several important meetings. He has developed the dedicated
Structural Health Monitoring and Retrofitting Laboratory and introduced
two new courses, namely, Nondestructive Testing of Materials and Elastic
Waves in Solids, in the postgraduate curriculum. He has been the PI of
several sponsored research and industrial consultancy projects worth over
USD 2 million.

Prof. Banerjee was a recipient of the 2019 Reviewer of the Year Award.
Two of his Ph.D. students have been awarded the Excellence in Ph.D. Thesis
Work by IIT Bombay in August 2017 and September 2020. He has received
the Excellence in Teaching Award at IIT Bombay in 2013 and 2019, the Best
Paper Award at the SPIE Conference on Smart NDE for Health Monitoring
of Structural and Biological Systems, USA, in 2003, the Outstanding Doctor
of Philosophy in mechanical engineering at UCLA, from 2003 to 2004, the
Outstanding M.Tech. in civil engineering at IIT Bombay in 2001, and the
IIT-DAAD German Scholarship from 2000 to 2001. He is also an Associate
Editor of ASME Journal of Nondestructive Evaluation, Diagnostics and
Prognostics of Engineering Systems.

SIDDHARTH TALLUR received the B.Tech.
degree in electrical engineering from IIT Bombay,
Mumbai, India, in 2008, and the joint M.S. and
Ph.D. degrees in electrical and computer engineer-
ing from Cornell University, Ithaca, NY, USA,
in 2013.

In November 2016, he joined IIT Bombay as
an Assistant Professor in electrical engineering.
He holds a visiting faculty appointment at the
International College of Semiconductor Technol-

ogy (ICST), National Chiao Tung University (NCTU), Hsinchu, Taiwan.
He is currently serving as the Faculty-in-Charge with the Wadhwani Elec-
tronics Laboratory (WEL), IIT Bombay. Previously, he has worked at Analog
Devices Inc., Wilmington, MA, USA, from 2013 to 2016, in roles spanning
MEMS products and applications engineering. His current research interests
include MEMS and photonics, high resolution and low cost physical and
biosensors, and high-speed instrumentation and embedded systems for sens-
ing applications.

Dr. Tallur’s awards include the ECE Director’s Best Ph.D. Thesis
Award from Cornell University, in March 2013, and Best Paper Awards
at 2018 IEEE Sensors Conference and 2012 IEEE Photonics Conference.
His students have also won the IEEE International Sensors andMeasurement
Student Contest at 2018 and 2019 IEEE Sensors Conferences.

12240 VOLUME 9, 2021


