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a b s t r a c t
Membrane filtration is a technology that removes contaminants or impurities from water by pass-
ing water through membranes; it has various applications such as in water and sewage treatment. 
However, a disadvantage of this method is that it has difficulties responding to cases of accidental 
water pollution or membrane damage. Therefore, membrane damage should be monitored to prevent 
the contamination of drinking water. In this study, the membrane integrity test was performed by 
measuring the high-frequency electromechanical impedance (EMI) using a piezoelectric sensor. 
An attached piezoelectric sensor can detect changes in the physical properties of the membrane due 
to inner pressure changes. During the pressure decay test, the pressure drop due to membrane dam-
age can be determined by measuring the EMI through an attached piezoelectric sensor. A real-scale 
test was performed to verify the proposed technology. During the experiment, 20 measurements 
were taken at each pressure step to increase reliability. According to the results, membrane damage 
can be monitored by detecting microscopic pressure drops using our proposed method.
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1. Introduction

Because water is the most essential element for human 
life, water and wastewater treatment technologies are 
continuously being developed for more effective and effi-
cient water treatment. In this context, studies on membrane 
filtration techniques that can compensate for the shortcom-
ings of the sand filtration technique, one of the most widely 
used methods for water purification, are being actively con-
ducted. Membrane filtration is a technology that removes 
contaminants or impurities in water bypassing the water 
through a membrane and is used in various water treat-
ment processes. Although it has the advantages of removing 

suspended substances and various pathogenic micro-
organisms to satisfy the target water quality even in a small 
area, it has difficulty coping with cases of accidental water 
pollution or membrane damage. Therefore, monitoring 
membrane damage to prevent the contamination of drink-
ing water is crucial. In general, the integrity of the mem-
brane is periodically checked to verify the reliability of the 
membrane module [1]. Techniques for evaluating membrane 
integrity are largely divided into direct and indirect meth-
ods. The direct method is applied to the membrane mod-
ule, such as sound wave or acoustic detection [2] and poros-
ity measurement [3]. Experiments conducted to prevent 
such situations are classified as membrane integrity tests.  
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The pressure decay test (PDT), which is performed by 
sequentially decreasing the pressure inside the membrane 
module, is the most commonly used direct method of detect-
ing membrane damage [4,5]. However, the disadvantages of 
this method include relying on the value displayed on the 
pressure gauge and the long time required to detect the 
change in pressure. Recently, a high-frequency dynamic 
response measurement method using piezoelectric sensors 
has been proposed for structural health monitoring [6–11]. 
High-frequency dynamic response measurement tech-
niques using piezoelectric sensors have attracted attention 
as potential tools for implementing embedded monitoring 
systems for the maintenance and management of infrastruc-
ture facilities. This technique uses high frequencies, usually 
higher than 20 kHz, from piezoelectric sensors attached to 
the surface to observe changes in the mechanical properties 
of the host structure. In this study, the PDT was performed 
through an electromechanical impedance (EMI) measure-
ment using a piezoelectric sensor to overcome the method’s 
limitations. To confirm the applicability, experiments were 
conducted on membrane modules in actual water sources. 
A piezoelectric sensor was attached to the steel pipe con-
nected to the membrane module to measure the change in 
EMI during the PDT to investigate the correlation between 
the pressure drop and the change in impedance.

2. EMI measurement using a piezoelectric sensor

2.1. Piezoelectric sensor

In this study, a piezoelectric sensor was used for the 
EMI measurement during the PDT. Piezoelectric sen-
sors have the ability to mutually convert electrical and 

mechanical energy, so that they can serve as both an actu-
ator and a sensor [12,13]. Until now, piezoelectric sensors 
have been mainly used for structural health monitoring to 
detect physical changes such as structural corrosion, buck-
ling, bolt loosening, and external cracks. For this reason, 
the piezoelectric sensor was adopted under the assumption 
that the physical characteristics of the steel pipe would be 
changed by the internal pressure change during the PDT. In 
this study, a lead zirconate titanate (PZT) patch was used 
as a piezoelectric sensor to generate vibrations and to mea-
sure the frequency response of the steel pipe, as shown in 
Fig. 1. The sensor used is Navy II type APC 850 PZT, and 
the size and main characteristics are shown in Table 1. The 
PZT patch itself has an anode and a cathode. When PZT is 
attached to a steel pipe, a wire connection with the cath-
ode is impossible, so the copper paste is used to connect 
the cathode of the PZT as shown in Fig. 2. The input sig-
nal is a linear chirp signal, and a 10 µF ceramic capacitor is 
used to construct the self-sensing circuit.

2.2. EMI measurement of the external pipe

Currently, EMI methods are primarily used to detect 
structural defects such as corrosion and cracks. When the 
PZT patch is attached to the surface of the steel pipe (host 
structure) and an alternating voltage is applied to the PZT, 
the vibration generated by the PZT is transmitted to the 
steel pipe. The mechanical impedance response caused by 
the vibrations transmitted to the surface is shown in Fig. 2. 
Through the mechanical coupling between the PZT and the 
steel pipe and the electromechanical transformation of the 
PZT itself, the structural impedance reflects the electri-
cal impedance. The EMI of the PZT, as coupled to the host 
structure, is given by Park et al. [14].
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where Z(ω) is the EMI, C is the zero-load capacitance of 
the PZT, κ31 is the electromechanical coupling factor of the 
PZT, kstr(ω) is the dynamic stiffness of the structure, and kPZT 
is the stiffness of the PZT. Therefore, because the pressure 
change in the pipe changes the dynamic stiffness of the 
pipe, the pressure change in the pipe can be observed by 
measuring the EMI of the pipe [15]. In this study, an EMI 
measurement system based on a self-sensing technique 
was used with a single PZT sensor. The EMI was measured 
using a self-sensing circuit board consisting of a single PZT 
patch and a voltage divider (capacitor) to obtain the output 
voltage as shown in Fig. 3 [16–19]. The self-sensing circuit Fig. 1. Navy II type APC 850 PZT.

Table 1
Properties of the attached PZT material

Size (mm) Electromechanical  
coupling factor

Piezoelectric charge 
constant (10–12 m/V)

Width Height Thickness κ31 κ33 d31 d33

10.00 10.00 0.508 0.36 0.72 –175 400
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using the PZT sensor shown in Fig. 4 is suitable for use in the 
external pipe, because it is less expensive than other imped-
ance measurement methods, even though the accuracy is 
slightly lower.

3. Experimental verification

3.1. Experimental setup and test procedure

To verify the proposed technique, field experiments 
were conducted on membrane modules in an actual water 
source. As shown in Fig. 5, one PZT patch was attached to 
the steel pipe connected to the membrane module for the 
EMI measurement. The EMI was measured using NI-DAQ 

equipment consisting of an arbitrary waveform generator 
(AWG) and a digitizer, as shown in Fig. 6. The experiment 
was carried out in a total of 11 steps. After setting the initial 
pressure inside the membrane module to 1.7 bar, the PDT 
was conducted by decreasing the pressure by 0.02 bar incre-
ments, and 20 EMI measurements were performed for each 
pressure step.

The sampling rate for digitizing the analog data (the 
number of data pointers measured per second) was set at 106. 
The capacity of the capacitor used was 10 nF.

3.2. Experimental results

Fig. 7 shows the results of the EMI change measurements 
during the PDT.

The major peak of the EMI was found between 250 and 
260 kHz, and the magnified portion shows that the ampli-
tude decreases as the pressure drops. The result of a lin-
ear regression analysis using the acquired data is shown 
in Fig. 8.

As shown in Fig. 8, the maximum amplitude of the EMI 
decreases as the pressure decreases from 1.6 bar. Through 
these experimental results, it was proven that a minute pres-
sure drop in the membrane module could be confirmed by 
measuring the EMI using a PZT sensor.

4. Conclusions and discussions

In this study, a PZT sensor was used to verify pressure 
sensitivity by measuring the EMI of an external pipe in a 
membrane integrity test. Through the EMI measurement, 
the mechanical characteristics of the host structure were 
converted into electrical characteristics, and the change in 
pressure was visually confirmed; therefore, the state of the 

Fig. 2. Configuration of the attached PZT sensor.

Fig. 3. Electromechanical coupling between the host structure 
and the PZT.

Fig. 4. Schematic diagram of the EMI measurement based on a self-sensing circuit.
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membrane module could be recognized using this tech-
nique. To verify the proposed technique, field experiments 
were conducted using membrane modules located in an 
actual water source. To increase reliability, 20 EMI mea-
surements were performed at each pressure stage. During 
the PDT, the amplitude of the impedance also decreased 
as the pressure dropped from a certain range. Through a 
linear regression analysis of the amplitude, it is possible to 
observe changes in the EMI due to even a small pressure 
alteration. Although it was not possible to obtain visible 
data in all pressure sections of the experiment, it was pos-
sible to improve the pressure sensitivity because successful 
measurements were obtained in some sections. This result 
proved that microscopic damage on a membrane module 

can be detected by the proposed method. Most of the exist-
ing membrane damage detection experiments were applied 
directly to the membrane module. In this study, however, 
the experimental procedure could be simplified by apply-
ing it to an external pipe. In this study, the experiment was 
conducted on an external pipe connected only to two mod-
ules. In the future, we will be conducting experiments on 
pipes with more modules in other sites, which will further 
increase the pressure detection sensitivity. In addition, it 
will be able to replace the pressure gauge and could be 
developed for the wireless constant monitoring system. 
Furthermore, based on data obtained from additional 
experiments, it is expected that this study will be a great 
addition to the membrane damage diagnosis technologies.

Fig. 5. Configuration of the test setup.

(a) (b)

Fig. 6. Equipment setup (a) NI-DAQ equipment and (b) EMI measurement algorithm.
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