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Abstract 
 
It is critical to evaluate the quality of cementitious materials at its early age. Lead Zirconate Titanate (PZT) sensors, coupled 
with the electromechanical impedance (EMI) method, have proven to be a promising method for instantaneously monitoring 
the mechanical properties of cementitious materials. PZT is a piezoelectric ceramic with high piezoelectric properties and 
sensitivity, but its inherent brittleness limits its potential application in construction environments. To enhance the robust‐
ness of the sensor, this work has studied the use of two types of polymer coating as protective layers on the sensor, specifi‐
cally Polydimethylsiloxane (PDMS) and polyester. The effectiveness of piezoelectricity in polymer‐coated sensors is evaluated 
using a scanning laser Doppler vibrometer and an impedance analyzer. Finite element analysis has been conducted to simu‐
late the frequency response of sensors with different coating configurations. Moreover, this study has evaluated the feasi‐
bility of monitoring the growth of mortars’ mechanical properties over time using the proposed sensors with EMI technique. 
Based on the results, both polymer‐coated sensors have shown adequate sensitivity in capturing the change of mechanical 
properties in cementitious materials. The polyester coating performed better durability than PDMS coating as encapsulating 
materials.  It has been concluded that  the polymer‐coated, sensor‐based EMI method can be an effective nondestructive 
evaluation method for monitoring concrete properties in practical applications. 
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1. Introduction 
Cementitious materials gain strength rapidly during the hydra-
tion period, especially at its very early age (within the first 24 
hours). At this stage, early-age cracks in the structure are sus-
ceptible to occur if the material quality is poor or the curing 
process is insufficient. The cracks might further propagate into 
unserviceable damage due to shrinkage and loading.[1] Thus, it 
is crucial to monitor the real-time mechanical properties of ce-
mentitious materials within the first 24 hours to ensure quality. 
The hydration process, where the cementitious materials 
strength gaining comes from, is relatively complicated and dif-
ficult to be evaluated in the field because it involves complex 

chemical compositions and reactions.[2-5] The maturity testing, 
which monitors the heat release during the hydration process, 
requires extensive calibrations of the maturity meter and trial 
batch for each different mix design, which is not very efficient. 
Therefore, it is essential to develop a reliable method that can 
efficiently monitor the strength gained during the material’s 
very early age and predict its long term mechanical proper-
ties.[6] 

Recently, piezoelectric materials, such as Lead Zir-
conate Titanate (PZT), have shown excellent performance for 
structural health monitoring (SHM).[7,8] Due to their unique 
direct and inverse piezoelectric effects, piezoelectric materials 
can convert mechanical property into electrical signals and 
vice versa. As such, these materials are suitable to be fabri-
cated into actuator and transducer for sensing applications.[9,10] 
Among all the piezoelectric materials, PZT has superior pie-
zoelectric properties and high sensitivity; it can capture the 
mechanical impedance of a structure through the electrome-
chanical impedance (EMI) technique. Researchers have also 
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used the PZT sensor to monitor the hydration process of 
cementitious material.[11-16] The results indicated that the EMI 
signal responses could reflect the different hydration stages 
over time. The piezoelectric sensors are typically placed in 
two  configurations: mounted on the surface or embedded into 
its host structure. Surface mounting is a conventional method 
of bonding the PZT patch to the host structure by using high-
strength adhesive. In this case, the bonding layer is assumed 
to be a thin bar in order to transform vibration caused by 
alternative voltage.[17] Guo et al. soldered the coppery paper 
and the PZT patch to the top surface of the concrete to perform 
the EMI experiments.[18] The results showed that the EMI 
spectrums could serve as indicators for the concrete hardening 
process over time. Lee et al.[19] used conductive adhesive to 
bond the PZT patch to the sides of the concrete. They observed 
the shifting in EMI spectrums due to moisture loss and 
strength gain as the concrete aged. Su et al. used the surface 
bonding method to precisely correlate the cementitious 
materials’  very-early-aged compressive strength with 
statistics indices and the indices of phase angle from EMI 
signals.[13,16,20] It has been concluded that all of these surface 
bonding methods require choosing the particular adhesive 
with a suitable bonding strength and mechanical interaction 
between the sensor and the host structure.[21] Several attempts 
have also been made to fabricate reusable PZT transducers by 
means of indirectly bonding PZT with substrates. Yang et 
al.[22] developed a concrete hydration setup using an aluminum 
enclosure. The PZT was first bonded with the aluminum 
enclosure then inserted into the concrete. The proposed setup 
displayed a comparable sensing efficiency with the surface 
bonded PZT. Lu et al.[22] designed a smart probe by 
prefabricating a PZT transducer with an aluminum flat bar. 
The results showed that the compressive strength and the 
elastic modulus could be assessed based on information from 
the EMI spectrum. The need to protect brittle PZT and early 
age installation, however, has not been fully addressed. 

Although the PZT patch has exhibited its potential to 
capture the cementitious materials’ hydration and strength 
gain process as a sensor, the PZT’s intrinsic brittleness and 
vulnerability limit the application in realistic environments.[9] 
It has been observed that there are thin, brownish cuprous 
oxides on the copper-nickel (CuNi) contact of the nude PZT 
patch, which would affect the measurement results.[23] Besides, 
the sensor can only be surface bonded on the concrete sample 
after the initial setting, which limits the possibility of using 
sensors to obtain the information on the concrete before its 
initial setting. The properties of concrete might exhibit some 
differences between its surface and interior, especially for the 
thicker concrete pavement. Thus, the protective layer is 
needed to enable the PZT sensor to be embedded in the 
concrete structure. Mostly, the embeddable PZT sensor is 
fabricated by assembling interconnectors, mounting adhesive, 
and bonding layers to avoid the harsh construction 

environment. The wrapping methods include the use of rubber 
as a protective layer in order to fabricate a sandwich-like 
piezoelectric sensor,[24] a semi-spherical styrene embedded 
piezoelectric sensor,[25] an epoxy wrapped sensor,[26] and 
asphalt binder coated PZT sensors.[27] 

In addition to the aforementioned wrapping method, a 
couple of stiff coating methods have also been 
investigated.[12,28,29] For instance, Li et al. developed a cement-
based piezoelectric sensor to evaluate the responses of 
different loading conditions, and Kong et al. slipped a PZT 
patch between two marble blocks to manufacture smart 
aggregates (SA) to be a substitute for a coarse aggregate while 
acting as a sensor.[12] Saravanan et al.[28] used butter paper as 
a mold with a layer of ordinary Portland cement paste or 
adhesive on the soft PZT sensor to fabricate the smart clinker. 
It has concluded that the flexible adhesive-coated sensor 
revealed more information in the material’s early ages, yet the 
hardened cement paste-coated sensor is more suitable for 
long-term monitoring.  

Table 1 summarizes different methods of fabricating 
embeddable PZT sensors. Although these sensors can serve 
specific purposes in their studies, the effectiveness of 
piezoelectricity and the durability of these sensors were not 
evaluated. The coating or protecting layer might affect the 
sensing outcome due to attenuation. Soft coatings, such as 
asphalt, epoxy, and rubber, might absorb the vibration and 
weaken sensing ability accordingly. As for stiff protecting 
layers like cement paste, they are unstable due to the 
continuous hydration process. The cement pastes typically 
need more than 90 days to become fully hydrated; further, the 
water in the fresh concrete might react with a cement paste-
capsuled sensor.  Besides, the steel washer and marble block 
are not cost-effective for broad application. 

Unlike the previous work, this study has investigated two 
types of polymer coatings meant to encapsulate the PZT 
sensor in order to improve durability and the ability of 
implementation. The two types of polymers used as coating 
materials are flexible Polydimethylsiloxane (PDMS) and rigid 
polyester. The sensor properties of the proposed thin coating 
layer were investigated with a scanning laser Doppler 
vibrometer (LDV) and an impedance analyzer. The finite 
element simulation was also conducted using ABAQUS FEA 
to analyze the sensors with different coating configurations. 
The polymer-coated sensors were further used for monitoring 
strength gain and stiffness growth for cementitious materials 
from a very early age (6th hour to 12th hour) to an early age (1st, 
3rd, and 7th day). The EMI measurement and the compressive 
test (ASTM C109) are conducted simultaneously to evaluate 
the correlation between sensing results and mechanical 
properties. Finally, the effectiveness of the polymer coating is 
discussed in order to come up with a better polymer-coated 
sensor for monitoring the growth of the internal mechanical 
properties of cementitious materials with high accuracy. 
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Table 1. Literature for different methods aimed at protecting PZT sensors. 
Reference Application Coating/Protecting 

layer 
Indicators 

2006 Chen et al.[24] Stress indicator Silicon rubber Piezoelectric dissipation factor 

2006 Li et al. [30] Monitoring traffic 
flow 

Cement paste Output of sensors 

2006 Annamdas et al.[31] Health monitoring Steel washer Admittance signatures 

2009 Li et al. [32]  Concrete Diagnosis Epoxy Longitudinal and transverse 
velocities 

2010 Annamdas et al. [26] Damage analysis Epoxy & Cement Statistical indicators 

2014 Kim et al.[25] Strength estimation Styrene Resonant frequency 

2014 Wang et al.[11] Early age strength Asphalt Statistical indicators 

2014 Kong et al.[12] Hydration monitoring Marble block Amplitude level and frequency 
domain 

2015 Wang et al.[27] Health monitoring Asphalt Statistical indicators 

2016 Ai et al.[7] Damage detection Cement encapsulation Statistical indicators 

2017 Narayanan et al.[15]  Hydration monitoring Hydrophobic coating& 
Epoxy layer 

Effective mechanical impedance 

2017 Saravanan et al. [28]  Damage detection Cement paste & 
Adhesive 

Statistical indicators 

 
2. Experimental program  
2.1 Fabrication of polymer-coated sensor 
In this study, two types of polymer were used as the coating 
materials for the sensors: polyester resin and 
Polydimethylsiloxane (PDMS). Polyester is a thermoset resin 
with a high elastic modulus of around 33 GPa. Its great 
chemical resistance and mechanical properties make it 
preferable to be applied in the marine industry. Also, it 
exhibits relatively low shrinkage (4%-8%) during curing.[33] 
Unsaturated polyester (UPR) was mixed with a 1.5% volume 
ratio of styrene (ethenylbenzene) monomer for 15 minutes. 
The prepared PZT sensors were dipped into the liquid 
polyester resin twice to ensure the coating’s performance. The 
coated sensors were cured at 23±2 °C for 18 hours and later 
placed in a 60 °C chamber for another 6 hours. In comparison, 
PDMS (CH3[Si(CH3)2O]nSi(CH3)3), a flexible thermosetting 
polymer, was also employed as a sensor coating. The elastic 
modulus of PDMS ranges from 1.3 to 3 MPa. It also has good 
chemical resistance and is hydrophobic. The shrinkage of 
PDMS is around 0.3% -1.8%, depending on curing 
temperature.[34] Two-parts silicone encapsulant (pre-polymer 
base and a cross-linking curing agent) was mixed for 
polymerization and cross-linking. The sensors were coated 
with PDMS twice and cured at 23 ±2 for 24 hours. The 
schematic of the sensor’s structure is shown in Fig. S1.  
 
2.2 Characterization of sensor 
2.2.1 LDV measurement 
The laser Doppler vibrometer (LDV) system was employed to 
measure the amplitude of vibration (displacement) of the 
piezoelectric sensors under different electric potentials. As Fig. 
S2 (a) shows, the LDV system (Polytech MSA 400) consists 

of an LDV sensor head with laser, junction box, controller, 
data acquisition, and Polytech laser vibrometer (PLV) 
software. The schematic detailing LDV measurement is 
shown in Fig. S2 (b). Based on the Doppler effect, the 
vibrometer uses a two-beam laser to measure the interference 
between the test beam and the internal reference beam. The 
piezoelectric sensor was set on the optical table below the 
objective microscope lens and connected to the system to 
receive the exciting voltage for vibration. A helium-neon laser 
was focused on the sample to retrieve the scattered laser light 
back. The measurement of velocity or displacement can be 
obtained through monitoring a grid of points where the laser 
spot pointed on the sample. The resolution of this LDV system 
is 2 nm for deflection measurement. 

 
2.2.2 EMI analysis 
The EMI measuring system, as Fig. S3 (a) shows, consists of 
an impedance analyzer and a laptop equipped with data 
collection/analysis software. The piezoelectric material-based 
EMI technique is based on the piezoelectric effect (direct and 
inverse effect). The impedance analyzer generates an 
alternating current to excite the piezoelectric sensor at a 
frequency range from 5 kHz to 1000 kHz, with the sampling 
rate of 10 MHz. Then, the sensor receives the 
electromechanical dynamic response through the sensor, as 
Fig. S3 (b) presents. Based on Ohm’s law, the impedance (Z) 
can be obtained by calculating the sinusoidal voltage (VAC) and 
alternative current (I) from the EMI measurement as equation 
(1) expresses: 
 
                                   Z=ZR+ZL= VAC/I                               (1) 
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where, for inductor: Z 𝑗𝜔𝐿, j is √ 1, 𝜔 is the angular fre-
quency, and L is inductance.; for a resistor: 𝑍 𝑅 and R is 
resistance.  
 For AC circuit analysis, VAC and I can be expressed as 
a complex number through Euler’s formula as equation (2) be-
low: 
 

                                    I =
V0ej(wt-θ)

R2+(ωL)2 1 2⁄                                        (2) 

 
where 𝑉  is the amplitude of the sinusoidal voltage, 𝜃 is the 
phase angle, and t is the time.  
 
2.3 Monitoring the mechanical properties of cementitious 
material 
One of the primary objectives of this study is to verify the fea-
sibility of polymer-coated sensors for monitoring the mechan-
ical properties of cementitious material. The EMI technique 
was conducted simultaneously with the mechanical test at 
each age of interest. The EMI signals obtained from the sensor 
were post-processed using the commonly-employed statistical 
method of the root-mean-square deviation index (RMSD) 
[13,14,35-43] to quantify the change of spectrum with time. Finally, 
the linear least squares regression analysis was conducted to 
evaluate the correlation performance of the sensor with differ-
ent configurations. 
 
2.3.1 Preparation of cementitious material 
As Table 2 shows, type I Ordinary Portland Cement (OPC), 
class C fly ash, and silica sand were used for casting the 2” 
cubic specimen with a water-to-binder ratio of 0.42. The sam-
ples were prepared for testing at a very early age, from 6 to 12 
hours, with the 2-hour increments after casting and during 
their early age (1st, 3rd, and 7th days).  
 

Table 2.  Mixture design (lbs/yd3). 

Cement Fly Ash-C Sand Water Water Reducing Agent 

524.3 78.6 1572.8 219.3 1048.5 ml/yd3 

 
2.3.2 EMI for monitoring the properties of cementitious ma-
terial 
The PZT sensors were embedded within or surface mounted 
on the mortar cube to measure the dynamic impedance (Z) of 
the PZT sensor and host structure. An electric potential of 
0.5V was applied to the PZT sensor through the impedance 
analyzer. The dynamic electromechanical response of the 
PZT-structure interaction can be described using the theoreti-
cal admittance equation, as seen in Equation (3).[20] 
   

𝑌 𝐺 𝐵𝑗 4𝜔 𝜀
¯ ¯ ¯

     (3) 

The measured electrical impedance (reciprocal of admit-
tance) of the PZT sensor is mainly induced by the mechanical 
impedance of the free PZT sensor (Za) and that of the host 
structure (Zs). The admittance is a function of the real part- 
conductance (G), and the imaginary part- susceptance (B) with 
its imaginary unit (j). Other than the mechanical impedance, 
the material properties are incorporated in the function, with 
the dimensions of the PZT sensor (w, l, and h - width, length, 
and height), piezoelectric coefficient (d31), electrical permit-
tivity ε33

T  ,(ε33
T =ε33

T 1-δj ), Poisson’s ratio (𝑣), wavenumber (κ), 

and dynamic Young’s modulus (YE, (YE=YE 1+ηj )). 
 

2.3.3 Compressive test 
Conventional cube compressive tests per ASTM C109 

and EMI testing were conducted simultaneously to assess the 
potential of polymer-coated PZT sensors in monitoring the 
strength of cementitious materials. The applied compressive 
loading was controlled within a range of 900 N/s to 1800 N/s 
on the 50 mm cubic specimens. The tests were executed at a 
very early age (6th hour to 12th hour) and during early age (1st, 
3rd, and 7th days). Three compressive specimens were tested 
and averaged at each age of interest.  

 
3. Simulation of polymer-coated PZT sensor 

The finite element model of the PZT sensor was built 
using ABAQUS/Standard (Dassault Systèmes Simulia Corp., 
US) to investigate the effect of coating materials on EMI sig-
nals. Two types of polymer, i.e., polyester and PMDS, were 
investigated through simulation. The density of polyester is 
1.09×10-9 ton/mm3, its elastic modulus is 3300 MPa, its Pois-
son ratio is 0.33, and the structural damping is 0.5. The density 
of PDMS is 1.06×10-9 ton/mm3, its elastic modulus is 3 MPa, 
its Poisson ratio is 0.48, and the structural damping is 0.2. The 
material properties of PZT are shown in Table 3. It should be 
noted that, in the piezoelectric area, the direction convention 
is as such: 1, 2, 3, 4, 5, 6 correspond to X, Y, Z, YZ, XZ, XY, 
respectively. The polarization direction of the PZT patch is 
along with the three directions (the normal direction of the 
PZT patch). The piezoelectric equation is of strain type, and 
the unit of the piezoelectric constant is C/N or m/V. The struc-
tural damping of PZT is set as 0.1. 

The objective of FEA is to discuss the effects of polymer 
coating and coating thickness on EMI testing. The thickness 
of the PZT patch is 0.2 mm in all sensor models. The total 
thickness of the sensor is set to be 0.5 mm (with 0.15 mm 
coating), 1.0 mm (with 0.40 mm coating) and 1.5 mm (with 
0.65 mm coating), as shown in Fig. S4 (b), (c), and (d), respec-
tively. The element size along the thickness direction is 0.05 
mm and the element size orthogonal to the thickness direction 
is 0.5 mm for all models. An example is shown in Fig. S5. The 
PZT sensor is in the free boundary condition. The contact be-
tween PZT and coating is accomplished by hollowing out the 
coating material, then bonding the PZT and hollowed coating 
using a “tie” constraint. 
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Table 3. Material properties of PZT. 

Density (ton/mm3) 7.80×10-9 

Dielectric constant  

(10-14 farad/mm) 

D11 D22 D33 

1.0 1.0 0.5 

Elastic modulus (MPa) 

⎣
⎢
⎢
⎢
⎢
⎡
120000 77800 74300 0 0 0

0 120000 74300 0 0 0
0 0 110000 0 0 0
0 0 0 25600 0 0
0 0 0 0 25600 0
0 0 0 0 0 30580⎦

⎥
⎥
⎥
⎥
⎤

 

Piezoelectric constant 

 (10-10 C/N) 

0 0 0 0 5.5 0
0 0 0 5.5 0 0
2.1 2.1 5.0 0 0 0

 

 
The electrical potential on one side of the PZT patch is 

set to 0 and, on the other side, it is set to be a sinusoidal wave 
with an amplitude of 1.0 V (while the value input into 
ABAQUS is 1000 because of the s-mm-ton-A unit system) us-
ing a steady-state dynamic analysis. The output variable of in-
terest is the electrical admittance Y of the PZT sensor, and Y is 
determined with Y=iω∑Q, where ω is the angular frequency 
and ∑Q is the summation of nodal charge on one side of the 
surface of PZT.  

The analysis is performed by the “Steady-State Dynam-
ics, Direct” procedure of ABAQUS. The procedure can be 
used for coupled acoustic-structural medium, piezoelectric 
medium analysis, and viscoelastic material modeling. The for-
mulation is based on the dynamic virtual work equation:[44] 

 

ρδu∙u
¨
dV

V
+ ραcδu∙u

˙
dV

V
+ δε:σdV

V
- δu∙tdS

S
=0  (4) 

 
where the 𝜌 denotes the density, 𝑢 denotes the displacement 
field, 𝛼  denotes the mass proportional damping factor (part 
of the Rayleigh damping assumption), 𝛿𝜀: 𝜎 denotes the rate 
of internal work per volume, 𝑉 denotes the volume, 𝑆 denotes 
the surface, and t denotes the surface traction. 
4. Result and Discussion  
4.1 Behavior of Free PZT sensors 

The displacement results of three configurations of PZT 
sensors measured via LDV are exhibited in Fig. 1, including 
uncoated, PDMS-coated, and polyester-coated PZT sensors. 
The applied voltage changed from 0.1V to 4V to measure the 
displacement of the sensors. It is not surprising that the un-
coated PZT sensor has the highest slope of the curves from 
0.1V to 1V, in which the slope represents the piezoelectric 
constant d33. The PDMS-coated sensor shows a similar yet 
lower slope than the uncoated sensor due to the polymer coat-
ing restraining the vibration of piezoelectric materials. Fur-
thermore, owing to the high stiffness of polyester, the coated 
sensor exhibited the lowest slope.  

 
Fig. 1 The LDV displacement results of three type of sensor 
under different applied voltages. 
 

Fig. 2 (a) and (b) compare the conductance spectrum of 
two types of polymer-coated PZT sensors. It can be observed 
that there are four major humps in the conductance spectrum 
of the uncoated PZT sensor due to the resonance at the fre-
quency ranges of 0 to 200kHz, 300kHz to 500kHz, 500kHz to 
800kHz, and 800kHz to 1000kHz, respectively. At the ranges 
of 0 to 200kHz and 300kHz to 500kHz, the uncoated and pol-
yester-coated sensors performed multi-split peaks; the PDMS-
coated sensor, however, performed two-step peaks. Starting 
from 500kHz, the polyester sensor did not show a significant 
hump; in other words, the anti-resonance is ambiguous. At the 
high-frequency range from 800kHz to 1000kHz, the PDMS-
coated sensor turns to the single domelike eminence. 

 These observations of the polymer-coated sensors are 
owing to the characteristics of a different polymer. After con-
densation polymerization, the unsaturated polyester reacted 
with styrene at the elimination of water to form high stiffness 
polyester. Thus, the polyester-coated sensor confined the de-
gree of freedom of PZT, resulting in the lower conductance 
and multi-split peaks. Similarly, the susceptance and admit-
tance spectrum of the polyester-coated sensor, shown in Fig. 
2 (c) and (e), indicated that the coating suppressed the ampli-
tude of signals. 

On the other hand, elastomeric PDMS might absorb the 
vibrations; thus, the conductance spectrum of the PDMS-
coated sensor (Fig. 2 (b)) exhibits smoother (less sharp peaks). 
Also, the PDMS did not strictly restrict the vibration of the 
PZT sensor. Hence, the conductance of the coated sensor and 
the uncoated sensor has a similar amplitude. The suppression 
is also exhibited in the admittance spectrum of the PDMS 
coated sensors, as Fig. 2 (f) shows. In Fig. 2 (d), the suscep-
tance of PDMS at most frequency bands do not show signifi-
cant difference except at the frequency around 200 kHz. The 
interesting oscillation on the susceptance spectrum of both un-
coated and PDMS-coated sensors should be further discussed 
in future work. 
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Fig. 2 Spectrums of two types of polymer-coated sensors and uncoated sensors: (a) Conductance of polyester-coated sensor; 
(b) Conductance of PDMS-coated sensor; (c) Susceptance of polyester-coated sensor; (d) Susceptance of PDMS-coated sensor; 
(e) Admittance of polyester-coated sensor; (f) Admittance of PDMS-coated sensor. 
 
4.2 Simulation results of the polymer-coated sensors 

 The FEA was conducted to ascertain assumptions 
from the experimental observations. Fig. 3 compares the ex-
perimental results with the simulation results for the uncoated 
PZT sensor. It can be seen that the first resonance peak of the 
simulated admittance spectrum is perfectly in line with the ex-
perimental result. The amplitudes of other peaks are not totally 
matched together due to the uncertainty of dielectric loss and 
mechanical loss; the location of each simulation resonance 
peak, however, is aligned with the experiment. This model 
was further used to analyze the influence of the coating mate-
rials and the coating thickness. 

The finite element simulation results are present in Fig. 
4 (a) for uncoated sensors, and Fig. S6 (a)-(f) for different pol-
ymer-coated sensors. The tomographic colors reveal the dis-
tribution of electric charge results (RCHG) in coulomb (C) at 
the frequency frame of the first resonant peak (around 160 
kHz). As can be observed in Fig. 4 (a), the electric charge of 
the uncoated PZT sensor is mainly dispersed around in the 
middle as the circle on the x-y plane.  

Fig. S6 (a), (c), and (e) show the polyester-coated sensor 
with different coating thicknesses, including 0.5 mm, 1.0 mm, 
and 1.5 mm, respectively. It can be seen that the diameter of 
the red circle decreases with increases in coating thickness 
since the inherent rigidity of polymer constrains the degree of 
freedom for vibrating. In Fig. S6 (b), (d), and (f), however, 
with the increase of thickness for the PDMS coating, the sen-
sor did not show much difference in performance. For the 
same polymer coating thickness, PDMS presents less of a 
constraining effect than polyester coating because of its inher-
ent elastomeric property. To be more specific, the flexible 

PDMS provides less restriction to the sensor. To quantify the 
constraint effect, Table 4 provides the integrated electric 
charges of different configurations of sensors and the ratio 
with the uncoated sensor (RU). It is apparent from this table 
that the polymer coatings lead to the decrease of electric 
charge in the sensor. The integrated electric charges decrease 
as the coating increases in thickness. The RU of 0.5 mm poly-
ester coating is 0.63 and significantly reduces to 0.14 for a 
thickness of 1.0 mm. The PDMS-coated sensor with three dif-
ferent thicknesses, however, shows similar RU results around 
0.88-0.89. A possible explanation for this might be that the 
stiffness of coating material affects the constraining force. An-
other possible reason might attribute to the adhesion, which 
needs to be further investigated. 

 

 
Fig. 3 Comparing the simulation result with the experimental 
result of uncoated PZT sensor. 
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Fig. 4 FEM electric charge results of different configurations of PZT sensors, (a) Uncoated PZT sensor; (b) 1.0 mm polyester 
coated. 

 
Table 4. Electric charge of sensors. 

Configuration Integrated 
electric 

charge of 
sensor (C) 

 Ratio with 
uncoated 

Uncoated 2.93815E-008 1 

0.5 mm polyester coated 1.84396E-008 0.63 

1.0 mm polyester coated 5.15300E-009 0.18 

1.5 mm polyester coated 4.21349E-009 0.14 

0.5 mm PDMS coated 2.59839E-008 0.88 

1.0 mm PDMS coated 2.61823E-008 0.89 

1.5 mm PDMS coated 2.61986E-008 0.89 

 
Fig. 5 (a) and (b) display the simulation results of two 

types of polymer-coated PZT sensors with different coating 
thicknesses from 0.5 mm to 1.5 mm. It can be observed that 
the thickness of polyester coating has a more significant influ-
ence on the admittance spectrum than PDMS coating due to 
its inherent higher stiffness. The thicker the polyester coating, 
the lower the amplitude of the sensor’s admittance. Also, the 
spectrum tends to shift leftward with the thickness increase. 
On the other hand, the PDMS coating only slightly drops the 
admittance with increasing thickness. To sum up, the simula-
tion results agree with the experimental observation and our 
explanation.  

 
4.3 PZT sensors for mortar properties monitoring 

Previous studies have revealed that the surface-bonded 
piezoelectric sensor can instantaneously monitor the strength 
development of cementitious materials at an early age via the 
EMI method.[13,14,16] However, the rough surface condition of 
the host structure would affect the bonding interface, which 

might influence the quality of measurement. Moreover, the 
sensor cannot be surface mounted on the cementitious 
materials with delayed setting time to monitor the properties 
at its very early age. The polymer-coated sensor can directly 
bury in the cementitious materials during casting, which 
enables the sensor to capture the property changes of materials 
from the beginning.  

Fig. S7 (a) to (f) demonstrate the EMI signal of mortar 
samples obtained from three types of sensors from a very early 
age (6 hours to 12 hours) and to an early age (1 to 7 days) of 
the cementitious sample. It can be observed that the PZT 
sensors captured the conductance and susceptance spectrum 
changes with time. During this hydration period, nucleation 
and growth begin to accelerate dramatically. Hydration of C3A 
(alite, the main phase of OPC) accelerates to form C-S-H 
(calcium silicate hydrate) and Ca(OH)2 (portlandite).[2] The 
hydration products lead to a solidification of mortar and a 
decrease of porosity, resulting in the stiffness growth of 
cementitious materials. The spectrum shifting rightward with 
time is attributed to the state of mortar consistency changing 
from plastic to rigid. After one day, the skeleton of 
microstructure forms in the mortar sample; thus, it exhibits 
more multi-split peaks on the spectrum.  

Fig. S7 shows the spectrum results of polyester-coasted 
sensors. As mentioned, the rigid property of polyester dropped 
the conductance of the sensor. Thus, there is no eminence in 
the spectrum after 200 kHz at the mortar’s very early age. The 
two-peak hump, however, appeared on the conductance 
signals collected after one day. The interesting observations 
might be attributed to the solidification and water evaporation 
of cementitious materials over time. To be more specific, the 
shifting trend of the spectrum is due to the hydration of 
cementitious materials, which led to the gradational growth of 
stiffness. If we inspect the smoothness of the spectrum, it can 
be found that the signal obtained from PDMS sensors —Fig. 
S7 (c) and (d)— is smoother than the others due to the energy 
absorption of elastomeric PDMS coating. The smoother 
signals are more distinctive for observing the progressive 
trend in cementitious materials during hydration.
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Fig. 5 Simulation results of polymer-coated PZT sensors with different coating thickness: (a) Polyester; (b) PDMS.
  

To validate the feasibility of the polymer-coated sensor, 
a linear least-squares regression analysis was employed to as-
sess the correlation between the statistical RMSD index and 
the compressive strength results using polymer-coated sensors. 
The EMI results of the uncoated sensor were also displayed 
for reference. Fig. 6(a) and (b) present the regression results 
between mechanical properties and the EMI-RMSD index of 
three configurations of the sensor. It can be seen that the re-
gression results (R2) for all sensors are above 0.95, which in-
dicates the EMI-RMSD obtained from all types of sensor per-
form accurately at monitoring the compressive strength gain. 
The elastic modulus results in Fig. 6(b) also present a high 
correlation of R2 greater than 0.9, with the EMI-RMSD index 
calculated from the sensors. The slope of each data set in Fig. 
6(a) and (b) represents the sensitivity of the sensor on moni-
toring mechanical properties. The results indicate that the un-
coated PZT sensor has a higher sensitivity than coated sensors. 
Nevertheless, the thin polymer coatings with relatively lower 
sensitivities did not affect the performances of the sensors at 
capturing the property changes of cementitious materials. 

Compared with other NDT methods, the sensing perfor-
mance of the proposed EMI method is equal to or even better 
than other concrete NDT methods, including the maturity 
method, and ultrasonic pulse velocity (UPV). The accuracy of 
the maturity method[45] typically ranges from 0.85 to 0.9, and 
the regression analysis results of UPV[46] are generally below 
0.9 for estimating the early age mechanical properties of ce-
mentitious materials. The outcome here ascertains that the pol-
ymer-coated sensor embedded in cementitious materials can 
effectively monitor changes to mechanical properties with 
high accuracy. 

 
4.4 Interfacial properties of polymer coating 

Besides the sensing performance, the durability and ro-
bustness of sensors are essential for practical application, es-
pecially in harsh concrete construction. Although the PDMS-
coated sensor exhibited an excellent sensing performance, the 
peeling off some of the PDMS coatings has been observed due 
to copper-nickel (CuNi) contact on the PZT surface. On the 
other hand, the polyester coating presents better robustness 
than PDMS. It is known that the adhesion of the polymer has 
a close relationship with surface energy.[47] Based on the 

Young-Dupré equation,[48] the relationship between adhesion 
and surface energy can be described as below: 
 

W12=γ1+γ2-γ12 
 
where𝑊  is the energy of adhesive, 𝛾 and 𝛾  represent the 
surface energies of two materials, and𝛾 is the interfacial en-
ergy between surfaces 1 and 2. The higher the surface energy, 
the stronger the adhesion.  The surface energy of polyester 20 
°C is around 40-50 mN/m;[49,50] it is only 15-20 mN/m[49,51] for 
PDMS. Thus, PDMS is more vulnerable to peeling off from 
the substrate. 
 

 
Fig. 6 Mechanical properties vs. EMI-RMSD index of three 
configurations of the sensor for mortar strength monitoring: (a) 
compressive strength vs. EMI index, (b) elastic modulus. 
5. Conclusion 
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In this study, two kinds of polymers have been investigated as 
coatings on PZT sensors, including a rigid polymer (polyester) 
and a soft polymer (PDMS). The performances of sensors 
were characterized using a scanning laser Doppler vibrometer 
and an electromechanical impedance analyzer. FEA was used 
to study the frequency response of the PZT sensor with differ-
ent polymer coatings. The coated PZT sensors were further 
used for monitoring the mechanical properties of cementitious 
materials. The EMI technique was applied with  statistical data 
processing methods to validate the feasibility of polymer-
coated sensors compared with the uncoated sensors used in 
previous studies. The summary of this study is presented as 
follows: 
1. For the sensor characterization, the LDV results indicate 
that the voltage-displacement curve of the polymer-coated 
sensors showed a lower slope at the voltage range from 0.1V 
to 1V. It might be due to the polymer coating restraining the 
vibration of piezoelectric materials. The polyester coating has 
a higher stiffness, which resulted in the lowest slope. The elec-
trical response of polymer-coated sensors was investigated 
through an impedance analyzer. The polymer coating affected 
the signals of the spectrum. The elastomeric property of 
PDMS might absorb some vibration, resulting in the smooth-
ing of the spectrum. Nonetheless, the stiffer polyester coating 
exhibits more multi-split peaks in the conductance spectrum, 
which is attributed to the polyester confined to the PZT’s de-
gree of freedom. The admittance and susceptance spectrums 
agreed with the phenomenon, as mentioned above.  
2. The finite element analysis was applied to simulate the in-
fluence of polymer coating and discuss the thickness effect of 
the sensor. The results suggest that stiffer polyester coating 
showed a more significant influence of admittance than PDMS 
coating. The thickness of the polymer coating would affect the 
amplitude of the sensor’s admittance. It has been shown that 
the thicker the coating, the lower the sensor’s amplitude of ad-
mittance. The experimental observations and assumptions 
concur with simulation results. 
3. This study also demonstrates the EMI signal of cementitious 
materials coupled with three types of sensors (uncoated, poly-
ester-coated, and PDMS-coated) from a very early age (6 
hours to 12 hours) to an early age (1 day to 7 days). The con-
ductance and susceptance spectrums tend to shift rightward 
due to the stiffness growth of cementitious materials during 
the hydration process. The samples with different types of sen-
sors all present a good correlation between EMI-RMSD and 
mechanical properties (compressive strength and elastic mod-
ulus). The regression result (R2) for all sensors is above 0.95 
in monitoring the compressive strength and R2 is greater than 
0.9 in the elastic modulus evaluation of mortar samples. Alt-
hough polymer coatings slightly affected the sensitivity of the 
sensor, the polymer-coated sensor still performed excellently 
at capturing the property changes of cementitious materials.  
4. The two types of polymer-coated sensors show the feasibil-
ity of monitoring the internal stiffness growth of cementitious 
materials with high accuracy. Among these two coatings, the 

polyester coating presents better robustness than PDMS be-
cause of the higher interfacial adhesion and surface energy. 
The properties mentioned above make polyester more favora-
ble as a PZT sensor coating for monitoring mechanical prop-
erties of cementitious materials. 
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