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Abstract. Impedance-based damage detection method has been known as an innovative tool with various
successful implementations for structural health monitoring of civil structures. To monitor the local critical area of a
structure, the impedance-based method utilizes the high-frequency impedance responses sensed by piezoelectric
sensors as the local dynamic features.  In this paper, current advances and future challenges of the impedance-based
structural health monitoring are presented. Firstly, theoretical background of the impedance-based method is
outlined. Next, an overview is given to recent advances in the wireless impedance sensor nodes, the interfacial
impedance sensing devices, and the temperature-effect compensation algorithms. Various research works on these
topics are reviewed to share up-to-date information on research activities and implementations of the impedance-
based technique. Finally, future research challenges of the technique are discussed including the applicability of
wireless sensing technology, the predetermination of effective frequency bands, the sensing region of impedance
responses, the robust compensation of noise and temperature effects, the quantification of damage severity, and long-
term durability of sensors.

Keywords: impedance responses; wireless impedance sensor; PZT interface; temperature effect; damage
detection,; structural health monitoring

1. Introduction

The process of implementing a damage detection and characterization strategy for engineering
structures is referred to structural health monitoring (SHM) (Balageas et al. 2006). Depending
upon the inspected regions of the target structure, the SHM could be classified into global SHM,
local SHM and hybrid SHM. The global SHM usually deals with using low-frequency dynamic
features (e.g., modal parameters) or structural deformation (e.g., deflection or inclination) to
characterize the integrity of a whole structure. In a typical way, the global SHM employs
acceleration responses obtained from several distributed sensors on the structure to monitor the
changes in structural characteristics caused by damage. However, this method utilizes low-
frequency vibration responses that are not very sensitive to localized small-size damage. On the
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other hand, the local SHM utilizes high-frequency features (such as electromechanical impedance,
acoustics, ultrasonic guided waves, and infrared microwaves) to assess the integrity of local
regions close to the sensor. By employing the high-frequency responses, the local SHM techniques
have been very effective to assess the structural condition of local critical members in civil
structures. The hybrid SHM refers to a combination of local and global responses to achieve more
efficient SHM systems for complex civil structures (Kim et al. 2010, Hou et al. 2014). By
employing multi-metric data, the hybrid SHM systems could provide better damage monitoring
results than single-metric information (Studer and Peters 2004, Ho et al. 2012).

Lessons accumulated from the recent tragic disasters indicate that the failure of critical
structural connections in civil structures carries the potentials that could lead to the catastrophic
collapse of whole structures (Lee 1996, National Transportation Safety Board 2008, Burgoyne and
Scantlebury 2008). In civil structures, critical structural connections are referred as local members
where the ‘hot spots’ of the concerned structure are expected. These local critical connections are
often guessed by the calculation or experience with other similar structures. Among various local
SHM techniques, the electromechanical (EM) impedance-based SHM has been found as an
innovative and powerful approach to detect the local damage for various types of structures. To
detect structural changes induced by damage at critical areas, the impedance-based method utilizes
the EM impedance sensed by piezoceramic patches such as PZT (i.e., lead zirconate titanate) as
the local dynamic features (Liang et al. 1994). Since the EM impedance response contains the
information about the structural status, any damage occurred in the structural systems can be
diagnosed by quantifying the variation of the measured impedance signals.

The impedance-based method utilizes the high-frequency excitation that is commonly in
ultrasonic frequency bands. The short wavelengths associated with the high frequencies allow this
technique to sensitively capture the incipient damage occurred in the critical member of civil
structures. Stokes and Clouds (1993) discussed the wavelength of excitation should be smaller
than the characteristic length of the damage to be detected. Also, Sun et al. (1995) suggested a
guideline for the selection of frequency ranges to monitor damage by using impedance responses.
Esteban (1996) investigated the sensing region of the impedance-based method by extensive
numerical modeling based on the wave propagation theory. The primary advantages of the
impedance-based approach can be summarized as (1) the technique is not model-based, and thus
can be easily applied to complex structures; (2) the technique uses small, cheap, lightweight, fast
response, and non-intrusive sensors to monitor inaccessible locations; (3) the technique itself,
using high-frequency responses, is very sensitive to minor structural damage; (4) the measured
data can be easily interpreted; and (5) the technique can be integrated with the wireless sensing
technology to achieve a smart SHM system.

So far, the impedance-based technique has been applied for health monitoring of truss
structures (Sun et al. 1995), reinforced concrete structures (Soh et al. 2000, Hu et al. 2014), steel
joints (Ayres et al. 1998, Park et al. 2003, Ho et al. 2014, Huynh and Kim 2014, Huynh et al.
2015a and 2015b, Ryu et al. 2017), steel pipeline systems (Park et al. 2003), thin plates and
aerospace structures (Giurgiutiu and Zagrai 2005, Lim et al. 2011, Bilgunde and Bond 2017,
Zahedi and Huang 2017), rocks (Yang et al. 2008), timber specimens (Wang et al. 2016), and wind
turbine structures (Nguyen et al. 2017). Despite the successful evaluations of the technique for
structural health monitoring of civil structures, there exist practical issues that have caused
inevitable uncertainties in impedance measurements as well as feature extractions. This is because
real structures exist in an environment of ambient induced noises, vibrations, external loads,
temperature effects, and so on. These effects should be dealt appropriately in practical applications
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of the impedance-based technique (Lim et al. 2011, Lim and Soh 2012, Park et al. 2015, Yang et al.
2015, Huynh et al. 2016a, Huynh and Kim 2017a).

In this paper, current advances and future challenges of the impedance-based structural health
monitoring are presented. Firstly, theoretical background of the impedance-based method is
outlined. Next, an overview is given to recent advances in the wireless impedance sensor nodes,
the interfacial impedance sensing devices, and the temperature-effect compensation algorithms.
Various research works on these topics are reviewed to share up-to-date information on research
activities and implementations of the impedance-based technique. Finally, future research
challenges of the technique are discussed including the applicability of wireless sensing
technology, the predetermination of effective frequency bands, the sensing region of impedance
responses, the robust compensation of noise and temperature effects, the quantification of damage
severity, and long-term durability of sensors.

2. Theoretical background
2.1 Piezoelectric sensors

Piezoelectric materials are the ones that possess the piezoelectric properties of converting
mechanical energy into electrical energy and vice versa. A mechanical strain applied to a
piezoelectric material generates charges on the surface (i.e., ‘direct piezoelectric effect’). Vice
versa, the piezoelectric material is deformed when an electrical voltage is applied (i.e., ‘inverse
piezoelectric effect’). Many materials, both natural and synthetic, exhibit piezoelectric properties
such as quartz (SiO2), berlinite (AIPO4), gallium orthophosphate (GaPO4), tourmaline, barium
titanate (BaTiO3), lead zirconate titanate (PZT), zinc oxide (ZnO), aluminum nitride (AiN), and
polyvinylidene fluoride (PVDF). Some of them are shown in Fig. 1. Such materials are
considerably important in SHM that offers the great opportunity for creating smart, effective and
efficient SHM systems. Among those piezoelectric materials, PZT is considered today one of the
most economical piezoelectric elements with a huge market of products. PZT patches are small
and unobtrusive. The cost is less than $10 for each, but they are applicable to high-frequency
applications at hundreds of kHz and beyond (Giurgiutiu 2014).

Quartz Barium Titanate PVDF PZT

Fig. 1 Natural and synthetic piezoelectric materials
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The piezoelectric principles can be characterized by the electromechanical constitutive
equations in a strain-charge relation can be expressed by tensor form as follows (Giurgiutiu 2014):

Direct piezoelectric effect: D, = gi} E,+di,T, 1)

Inverse piezoelectric effect: S, =d,E; +5,T, )

where D; is the electrical displacement; 8; is the dielectric permittivity constant; E; is the

j
applied electric field; and d. . and djk are the piezoelectric coefficients; T is the stress vector;

S, is the strain vector; and SkEm is the elastic compliance of the piezoelectric material at a zero

electric field. The superscript T and E denote that the quantity is measured at constant stress and
constant electric field, respectively. The subscripts denote the direction of the electric field and the
associated mechanical strain, respectively. Egs. (1) and (2) establish relationships between the
electrical and elastic properties of a piezoelectric material.

Due to the dual piezoelectric effects, a piezoelectric material can be used for sensing structural
deformation via the direct piezoelectric effect and actuating the structure via the inverse effect.
Figure 2 illustrates a single-layer piezoelectric material used for sensing and actuating according to
the direction of deformation (dsx effect). The piezoelectric material can be generalized for two
modes which are particularly important when defining the electromechanical coupling coefficient
(Sodano et al. 2004). The first operates in the longitudinal mode (ds; effect see Fig. 2(a)) and the
second operates in the transverse mode (ds; effect see Fig. 2(b)). As a piezoelectric actuator, in the
longitudinal mode (ds; effect), the electric field is applied in the ‘3’ direction and the material is
strained in the polling or ‘3’ direction. In the transverse mode (ds; effect), the electric field is
applied in the ‘3’ direction and the material is strained in the ‘1’ direction or perpendicular to the
poling direction. As a piezoelectric sensor, when the strain field is applied to the material in the
‘3” direction (the longitudinal mode) or the ‘1’ direction (the transverse mode), the electric field is
generated that tried to return the material to its original shape.

3a
l €in
Vy N T Y,
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2
Direct Effect - Sensor Inverse Effect - Actuator
Deformation = Charge and Voltage Charge and Voltage - Deformation

(a) Longitudinal (ds3) sensor and actuator

Direct Effect - Sensor Inverse Effect - Actuator
Deformation - Charge and Voltage Charge and Voltage - Deformation

(b) Transverse (ds;) sensor and actuator

Fig. 2 Single-layer piezoelectric sensors and actuators (Piezo Systems 2016)
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Fig. 3 Electromechanical interaction between PZT and host structure

2.2 Impedance-based damage detection

By using a piezoelectric material as an actuator, Liang et al. (1994) theoretically proposed the
concept of the EM impedance for a piezoelectric actuator-driven mechanical system, which is
based on the coupling of mechanical and electrical characteristics. Liang’s pioneering studies have
laid the groundwork for SHM of civil structures using the EM impedance.

As shown in Fig. 3, a piezoelectric patch (e.g., PZT) is surface-bonded to the structure at
examined region. The interaction between the PZT and the structure can be simply explained by 1-
DOF free-body diagram of a PZT-structure system (Liang et al. 1996). Due to inverse piezoelectric
effect, an input harmonic voltage V() induces a deformation of PZT. At the same time, a force
F(w) against that deformation is induced into the structure and the PZT. The coupling between the
electrical impedance of the PZT sensor Z,(w) and the structural mechanical (SM) impedance of the
host structure Zs(w) can be simplified as follows (Liang et al. 1996):

Voo wl 1 2GE N
Z(a’):T:{'wt_[g” Z (@) Z. (@)1 }} ®

a

where YAlE =1+ iT])YlE is the complex Young’s modulus of the PZT patch at a zero electric field;

£y, =(1—i0)ey, is the complex dielectric constant at zero stress; da, is the piezoelectric coupling

constant in 1-direction at zero stress; and w,, l,, and t, are the width, length, and thickness of the
piezoelectric patch, respectively. The parameters 7 and ¢ are structural damping loss factor and
dielectric loss factor of piezoelectric material, respectively.

For the 1-DOF system shown in Fig. 3, the SM impedance of the host structure Zs(w) is
obtained by the ratio of force F(w) to velocity uU(w), as follows:

F -
Z (w)=—->=c+m On 4
U(w
where ¢ and m are the damping coefficient and the mass of the structure, respectively; @, is the

angular natural frequency of the structure; and « is the angular frequency of the excitation
voltage.
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From Egs. (3) and (4), it is obvious that the EM impedance is a function of dynamic parameters
of the host structure. Therefore, the change in these parameters induced by damage can be
represented by the change in the EM impedance. In damage monitoring, the sensitivity of the
impedance-based method is closely related to the frequency band selected. The frequency band of
impedance signatures should be selected appropriately in order to realize the structural changes in
the host structure. The frequency band that is sensitive to the structural damage is known as the
‘effective frequency band’.

Generally, if the excitation frequency is not identical to the natural frequency of the structure

(i.e., w # @, ), the SM impedance takes the full term of Eq. (4). In this case, the SM impedance of
the structure is very significant compared with the mechanical impedance of the PZT (i.e.,
Z (@) >>Z,(®)). As the result, the term  Z_ (®)/Z,(®) is neglected and the EM impedance is
approximated as (Nguyen and Kim 2012):

A
owl A
Z(w) = {Ia) ta . |:‘9;3 - d321Y15 ]} (%)

a

In Eq. (5), the contribution of the SM impedance to the EM impedance is filtered out. Therefore,
the structural change may not be identified sensitively by the EM impedance.
On the other hand, if the PZT sensor is excited by a frequency matching with the natural

frequency of the structure (i.e., ® = @,), the SM impedance takes only the term of the damping

coefficient (i.e., Z,(w) =C). Thus, the SM impedance for that frequency is comparable with the
mechanical impedance of the PZT, and the EM impedance is expressed as

1
owd 1 A
Z(w) = {'w ta 2 {8;3 —Za/—mdszlYlf }} (6)

a

In Eqg. (6), the contribution of the SM impedance to the EM impedance is the damping
coefficient c. This contribution is reflected by the resonant peak in the impedance signatures at the
correspondent frequency. In other words, the EM impedance at resonance represents not only the
modal damping but also the natural frequency of the structure. Therefore, the structural changes
due to the damage event could be identified sensitively by the change in the EM impedance at the
resonant frequency range (i.e., effective frequency range). For a given target structure, the
effective frequency range is unknown and should be predetermined before real impedance-based
implementations.

Since the EM impedance response contains the information about the structural status, any
damage occurred in the structural systems can be diagnosed by quantifying the variation of the
measured impedance signals. To quantify the impedance changes, statistical damage indices have
been widely used. Sun et al. (1995) proposed a simple statistical algorithm based on the root mean
square deviation (i.e., RMSD) of impedance signatures. Raju (1998) suggested another method
based on the correlation coefficient (i.e., CC) of impedance signatures. Zagrai and Giurgiutiu
(2001) investigated several statistical damage classification methods including the RMSD, mean
absolute percentage deviation, covariance change, and correlation coefficient deviation (i.e., CCD).
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3. Wireless impedance sensor technology
3.1 Recent wireless impedance sensor nodes

Conventionally, the EM impedance is measured using impedance analyzers like HIOKI 3532 or
HP4194A which are high-performance, bulky size, and high-cost devices. Such impedance
analyzers are inconvenient to be implemented out of the laboratory and may not be attractive for
online impedance-based SHM. In addition, today’s civil structures are very complex and they
often consist of numerous critical members. To establish a SHM system for such target structures,
a large number of sensing channels are required. In the recent years, the development of wireless
sensor networks has opened a new paradigm with automated, cost-efficient monitoring systems for
SHM (Lynch et al. 2003, Spencer et al. 2004, Nagayama 2007, Kim et al. 2011, Ho et al. 2012,
and Kim et al. 2013 and 2014, Huynh et al. 2016b).

Park S. et al. (2009)

AD5933 Flash Memory ~ MCU  Zigbee PHY (CC2420)

PZT Sensor Socket

Temperature 1 -k
Sensor Socket o i x Antenna
) Node Status LED
3.6V/1.2V
- Battery Socket
5V Power Adapter
s Socket

Monitoring
Console

JTAG/ISP

On/Off Switch

Park J. (2009) Min et al. (2010)

B

RS-232 Port

Perera et al. (2017)

Fig. 4 Recent developments of wireless impedance sensing devices
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Fig. 5 Schematic of wireless impedance sensor node by Park (2009)

Research efforts have been made to integrate MEMS (i.e., micro-electromechanical systems)
and radio-frequency telemetry-based sensing schemes with the impedance-based SHM method to
achieve a smart SHM system with less resources and more reliability (Mascarenas et al. 2007,
Park et al. 2009, Park et al. 2010, Min et al. 2010, and Kim et al. 2011, and Nguyen et al. 2011,
Perera et al. 2017). Figure 4 illustrates wireless impedance sensing devices developed in the recent
years. The first prototype of wireless impedance sensor node was proposed by Mascarenas et al.
(2007). Since then, many researchers have improved the initial prototype to achieve a low-cost
multifunctional wireless impedance sensor node. Park et al. (2009) embedded more functions into
the first prototype such as temperature recording, multi-channel measurement, and SD memory
card slot. Min et al. (2010) embedded damage detection/sensor self-diagnosis algorithms as well
as power management with energy harvesters. Perera et al. (2017) proposed a flexible wireless
impedance sensor framework, with the aim to provide the stable software and reliable hardware
suitable for full-scale and autonomous SHM. Up-to-date, the wireless impedance sensors are
designed based on the low-cost impedance chip AD5933 (Analog Devices 2010).

3.2 Wireless impedance sensor node by PKNU

The research group at the Pukyong National University (PKNU) has developed smart wireless
impedance sensor nodes (Park 2009, and Kim et al. 2011, Nguyen et al. 2011). Park (2009)
proposed a low-cost wireless sensor node with only $100, the so-called ‘Imp-SSN’ (see Fig. 4).
The Imp-SSN consists of the power supply, PZT sensor, impedance chip, microcontroller, and
wireless radio, as shown in Fig. 5. The Imp-SSN integrates a low-cost impedance chip AD5933
(Analog Devices 2010) for measuring and recording the EM impedance. The AD5933 impedance
chip has the following embedded multi-functional circuits: function generator, digital-to-analog
converter, current-to-voltage amplifier, anti-aliasing filter, ADC, and discrete Fourier transform
(DFT) analyzer. A microcontroller ATmegal28L is used for controlling and computing, and a
radio-frequency module XBee (2.4 GHz Zigbee) for wirelessly transmitting the data. The
microcontroller ATmegal28L has 8 bits of bus size, 0-16 MHz clock speed, 32 kB RAM and a 128
kB flash memory.

By adopting the same low-cost impedance chip (i.e., AD9533), Kim et al. (2011) have
developed an impedance sensor board SSelL-l that was integrated with Imote2 sensor platform
(Nagayama et al. 2009) for the high-speed measurement. Nguyen et al. (2011) have modified the
combined Imote2/SSeL-1 sensor node to wirelessly measure EM impedances from multiple PZT
patches. The design schematic of the Imote2/SSeL-1 is given in Fig. 6. As shown in Fig. 6(a), the
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sensor node has three layers: a battery board, the Imote2 sensor platform, and the SSeL-1 sensor
board. The Imote2 platform is designed with a PXA27x processor (Memsic Co. 2010) which has a
clock speed of 13-416 MHz, SRAM of 256 kB, flash memory of 32 MB and SDRAM of 32 MB.
This platform also integrates with many 1/O options and a wireless radio CC2420 (2.4 GHz Zigbee
RF) for data transmission. The large memory and high operating speed of Imote2 allow it enable
advanced and complicated SHM techniques.

As shown in Fig. 6(b), the Imote2 platform is utilized for controlling impedance measurement,
and for wireless communication by the on-board microcontroller PXA27x and wireless radio
CC2420. Note that the wireless transmitting distance can be expanded up to 125 m by using an
external antenna connected to the Imote2 platform. The AD5933 impedance chip of the sensor
node has the capability to measure electric impedance up to 100 kHz. The AD5933 interacts with
an ADG706 multiplexer to allow monitoring EM impedance from up to sixteen PZT sensors by a
single sensor node. An SHT11 sensor is also integrated into SSeL-I board to monitor temperature
and humidity of the environment (see Nguyen et al. 2011 for details on the operation of the
Imote2/SSeL -1 sensor node).

SSelL-l

/ Board

Imote2
Platform

External
Antenna

A, — S
(a) SSeL-I prototype

16 Channel Multiplexer Impedance Converter Temperaél;r:sirHumldlty
Analog Devices ——  Analog Devices Sensirion
ADG706 AD5933 SHT11
""""""""""""""""""" 32V 1|2C RE
Imote2 Sensor Platform

(b) Schematic of SSelL-I

1000
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(c) Impedance signatures of a PZT-aluminum plate measured by wired and wireless systems

Fig. 6 SSeL-l wireless impedance sensor node (Nguyen et al. 2011)
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As shown in Fig. 6(c), the wireless SSeL-I impedance sensor showed consistent impedance
signatures with the wired HIOKI-3532 for the impedance measurement of a PZT-aluminum
structure.

The applicability of the SSeL-lI impedance sensor node was also evaluated on long-term
impedance monitoring for the Hwamyung cable-stayed bridge located in Busan (Korea), as shown
in Fig. 7. Total six smart impedance sensor nodes including one gateway node were installed on
the bridge for impedance measurements of the cable system, see Fig. 7(a). The impedance
signatures were measured in the frequency range of 10-100 kHz with 500 intervals of sweeping
frequency. The variation of the impedance responses of the anchorages according to the variation
of ambient temperature was observed, see Fig. 7(b). It is observed that when the temperature
slightly went up from 26°C to 30°C, the real impedance signatures shifted to right side indicating
the increment in the anchorage’s impedance frequency.

The specification of the Imote2/SSelL-1 sensor node is compared to one of the commercial
impedance analyzers HIOKI13532, as listed in Table 1. Despite a narrow frequency range (1 kHz —
100 kHz), the Imote2/SSeL-1 sensor node is much more economical than the conventional wired
HIOKI3532 impedance analyzer.

Impedance-Real (Ohm)

29525 40 55 70 8 100
: L Frequency (kHz)
(a) Wireless impedance sensor node (b) Impedance signatures

Fig. 7 Wireless impedance measurements of Hwamyung cable-stayed bridge (Ho et al. 2012)

Table 1 Wireless Imote2/SSeL-I versus wired HIOKI impedance analyzer

Feature Imote2/SSel - Commercial HIOKI
Model AD5933 HIOKI3532
Impedance range 1kQ-10kQ 10 kQ - 200 kO
Frequency range 1 kHz - 100 kHz 42 Hz - 5 MHz
Excitation voltage 1.98 Vp 14V,
Dimensions 45x45%x12 mm 352x323x124 mm
Weight 12¢g 6.5 kg

Cost $US 300 $US 15,000
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4. PZT Interface-based impedance monitoring technique
4.1 PZT interface technique

As stated previously, the determination of effective frequency bands in impedance monitoring
practices is a target-dependent problem. For most cases, the effective frequency range of a given
structure is unknown and traditionally identified by try-and-errors or experiences on similar
structures. So far, the wireless impedance sensing technology has relied on the low-cost impedance
chip AD5933 that allows a measurable frequency range only within 1-100 kHz (Min et al. 2010
and Kim et al. 2011). However, many target structures require the EM impedance signal to be
measured in higher frequency ranges (i.e., over 100 kHz) to sensitively capture incipient damage
(Chaudhry et al. 1995, Soh et al. 2000, Park et al. 2003, Kim et al. 2010, and Annamdas 2012).
For example, Kim et al. (2010) conducted the impedance monitoring in the prestressed tendon-
anchorage of a PSC girder. Their study found that the effective frequency band was very
significant, even above 800 kHz (see Fig. 8). To enable wireless impedance sensing in such target
structures, the effective frequency band is needed to be reduced to below 100 kHz.

The PZT interface technique can be a solution to predetermine effective frequency bands of
impedance responses and to reduce them to below 100 kHz for the wireless impedance sensing.
The PZT interface device is an interfacial structure equipped with a PZT sensor, as shown in Fig. 9.
Park (2009) developed the so-called ‘PZT interface washer’ tailored to the impedance monitoring
of the prestressed joints, as shown in Fig. 9(a). This type is needed to be pre-installed during the
construction of joints; therefore, it is impossible to apply it into existing connections.

16
Sensitive resonant frequency
o ‘ £ 800 - 1000 kHz
o
A n,fp £
Bearing & 10
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v c g M
7 3
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BloCk E
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2
Tendon-Anchorage Connection 400 500 600 700 800 900 1000
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Fig. 8 Sensitive frequency band over 100 kHz of impedance signatures from tendon-
anchorage of PSC girder (Kim et al. 2010)

V',

@) Washe—tpe (b) Mountable type
Fig. 9 Two types of PZT interfaces
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Fig. 10 PZT interface -host structure system (Huynh and Kim 2017b)

To overcome the limitation of the washer-type interface, Huynh and Kim (2014) proposed a
mountable PZT interface which can be easily attached to and detached from the host structure, see
Fig. 9(b).

For the theoretical feasibility of the interface technique, Huynh and Kim (2017b) proposed an
EM impedance model to represent coupled dynamic responses of PZT interface-host structure, as
shown in Fig. 10. The PZT interface-host structure is modeled as a spring-mass-damper system, in
which m;, ¢;, ki and ms, cs, ks are the masses, damping coefficients, and spring stiffness of the
interface and the host structure generated at the PZT driving point. In this 2-DOF system, one
refers to the host structure represented by the impedance Zs and the other refers to the interface
represented by its impedance Z;.

The SM (i.e., structural mechanical) impedance Z of the interface-host structure system at the
PZT driving point is defined as the ratio between the excitation force F; and the velocity x;, as
follows (Huynh and Kim 2017b)

7 (o) = Fi = KuKe = (Kp)*

Z 7
(@) X; loK,, "
in which, the terms [K;], i,j = 1, 2 are the dynamic stiffness of the 2-DOF system, as follows:
Ky Ky | |-0’m+iec +k —iwc, —k; ®
K, K, —iawc, —k; —o’'m, +iw(c, +c,)+ (k, +K,)

By substituting Eq. (8) into Eq. (7), the resultant EM impedance response of the 2-DOF model
of the PZT interface-host structure system can be obtained, as follows:

. wl 1 N
—Jijptala| aT _ 2y E 9
Z(w) {Ia) t {533 Za(a))/Z_(a))JrldSlYll }} 9)

The 2-DOF impedance model contains two resonant peaks in its impedance signatures which
represent the two coupled vibration modes of the PZT interface-host structure system. Since the 2-
DOF impedance model represents the structural parameters of both the interface device and the
host structure, any structural changes occurred in the host structure (or the PZT interface) can
result to the changes in the measured EM impedance signatures. Therefore, the structural integrity
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of the host structure can be estimated by monitoring the impedance changes obtained from the
PZT interface.

4.2 Impedance measurements via PZT interfaces

To demonstrate the feasibility of the PZT interface technique for impedance monitoring, Huynh
and Kim (2017b) analytically investigated a simple example of the 2-DOF impedance model of the
PZT interface-host structure system. The structural properties of the host structure are set as
follows: mg = 1 (kg), cs = 125 (N/m*™?), ks = 5x10'° (N/m) while those of the interface are selected as:
m; = 0.2 (kg), ¢i = 125 (N/m*™), ki = 1x10™ (N/m). Material properties and geometric sizes of the
PZT patch are as follows: Y5y = 6.3x10™ (N/m?), p = 7650 (kg/m?), da; = -1.66 X107 (M/V), &'55 =
1.5x10® (Farads/m), 6 = 0.005, 1 = 0.001, w, = 25.4 (mm), t, = 0.254 (mm) |, = 25.4 (mm). The
structural changes in the host structure are simulated by sequentially reducing its spring stiffness k
up to 10%, 20%, and 30%. Fig. 11 shows the impedance signatures of the EM model under various
stiffness reductions in the host structure. As observed in the figure, there exist two impedance
peaks corresponding to the two vibration modes of the 2-DOF impedance model. The first
impedance peak has relatively higher magnitude than the second one. It is found that the change in
the host structure’s stiffness causes the decrease in the resonant frequencies. Note that the
impedance peaks represent the significant contributions of the SM impedance to the EM
impedance.

Nguyen et al. (2011) used the washer-type interface for bolt-loosening monitoring in the bolted
connections. As shown in Fig. 12(a), the PZT interfaces were inserted into the bolt joints to
monitor the change in the bolt torque. The change in the bolt torque would modify the boundary
condition of the PZT interface resulting in the variation of the impedance responses. The bolt-
torque was set at 160 N.m as intact case and four levels of torque-loss were considered. The
impedance measurements showed that resonant impedance responses occurred below 100 kHz and
they were sensitively varied with the bolt-loosening in the connection, see Fig. 12(a).
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Fig. 11 Impedance signatures of 2-DOF impedance model (Huynh and Kim 2017b)
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Fig. 12 Sensitive frequency range below 100 kHz of impedance signatures via washer-type interface

By using the same methodology, Nguyen and Kim (2012) inserted the PZT interface washer
into the joint between the anchor block and the bearing plate of a PSC girder to monitor the
prestress-loss, as shown in Fig. 12(b). For various prestress levels of the PSC girder, the
impedance responses were wirelessly measured by using the smart impedance sensor nodes SSel -
I. The experimental results demonstrated that the interface washer technique predetermined
resonant impedance peaks below 100 kHz and thus reduced the need of high-performance
impedance analyzers (e.g., HIOKI-3532 or HP4194A). Also, the resonant impedance response was
shifted to the left as the prestress force was reduced from 98 kN to 54.9 kN. The reduction in the
resonant frequency indicated the loss of the modal stiffness of the tendon-anchorage system.

Huynh and Kim (2014) evaluated the performance of the mountable PZT interface for a cable
system. The interface was surface-mounted on the bearing plate of the cable-anchorage connection
to monitor the change in the prestress force, as shown in Fig. 13(a). The local dynamic response of
the PZT interface at resonance is also shown in the figure. The impedance responses were recorded
by a wired impedance sensing system HIOKI-3532 for different levels of prestress force. The
change in the prestress force would modify the stress field and boundary condition of the
connection, leading to the variation of the dynamic response of the PZT interface; as the result, the
impedance signatures is altered. Figure 13(b) shows the impedance responses in two effective
frequency ranges below 100 kHz. It is observed that these impedance responses were verified
sensitively as the prestress force was reduced from 49.05 kN to 19.6 kN.
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Fig. 13 Sensitive frequency range below 100 kHz of impedance signatures via mountable
interface (Huynh and Kim 2014)

5. Compensation of temperature effects on impedance monitoring
5.1 Effects of temperature variation

Temperature effects have been regarded as one of the most critical issues that have hindered the
application of the EM impedance technique to real structures. The temperature variation can
modify the piezoelectric properties of the sensor and the dynamic characteristics of the monitored
structure. As described in Eqg. (3), the overall EM impedance of the PZT-host structure system is a
function of the piezoelectric properties of the PZT sensor and the dynamic properties of the host
structure. The contribution of the PZT sensor to the overall EM impedance is represented by the
dielectric constant (&'s3), the coupling constant (ds;), the Young’s modulus (Y5y) of the PZT
material and the sensor’s geometric parameters (w,, l,, and t;). It is known that the piezoelectric
properties of the PZT sensor vary with temperature. Figure 14 shows the variation of the dielectric
constant and the coupling constant of typical piezoelectric materials (PZT-5A and PZT-5H) due to
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the temperature change (Piezo Systems 2011). Both the dielectric constant and the coupling
constant vary proportionally with the temperature and they are dependent on the type of
piezoelectric materials. The Young’s modulus and the PZT sensor’s size are also reported as
temperature-dependent parameters (Hooker 1998, Park et al. 1999). Among the above
temperature-dependent parameters, the dielectric constant exhibits the most significant effect on
the electrical impedance of the PZT sensor (Park et al. 1999).

The contribution of the host structure to the overall EM impedance is determined by the SM
impedances (Z;). It is noted from Eq. (4) that the SM impedance Z; is directly associated with the
dynamic properties of the monitored structure (ms, Cs, ks). It is reported that the temperature has
influences on the dynamic properties of structures (Woon and Mitchell et al. 1996, Kim et al. 2003,
Sohn 2007, Huynh et al. 2015c). The Young’s modulus of a structure varies slightly with the
temperature and the thermal expansion of the material will induce stresses in constrained structures.
Park et al. (1999) examined temperature effects on dynamic responses of a steel beam structure at
high frequencies and they showed that an increase in temperature leads to shifting of resonant
frequencies and fluctuations in resonant response magnitudes. Obviously, the dynamic properties
of the host structure monitored by the impedance-based technique are changed due to the
temperature variation.

Fig. 15 illustrates the variation of the overall EM impedance signatures obtained from a PZT-
aluminum beam under the temperature changes (Fabricio et al. 2014). It is shown that the peak
frequencies and their amplitudes shifted toward the left as the temperature was increased; the
higher frequency ranges exhibited the more significant shifts in impedance peaks and their
magnitudes than the lower ones. Because the damage quantification has relied on statistically
comparing the two impedance signals obtained at different times, the temperature effects can cause
the unwanted changes in the damage indices, leading to the false damage detection.
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Fig. 14 Variation of dielectric constant and coupling constant of typical PZT materials due to
temperature change (Piezo Systems 2011)
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Fig. 15 Temperature effects on impedance signatures of a PZT-aluminum beam (Fabricio et al. 2014)

The effects of temperature variation and damage on the impedance responses were investigated
for the tendon anchorage of a PSC girder by the authors (Huynh and Kim 2016). The mountable
PZT interface technique was utilized to acquire the impedance responses of the tendon anchorage.
Experimental analyses revealed that the impedance features (e.g., peak frequency, peak magnitude,
RMSD, CCD) of the tendon anchorage changed nonlinearly with the temperature and prestress
force. The lower frequencies exhibited the higher variations in the impedance features. The
numerical examination showed the variation of the stress field of the tendon anchorage under the
effects of prestress force and temperature variation (Huynh and Kim 2017a). Under prestressing,
the tendon anchorage is deformed and this deformation caused changes in the stress field of the
PZT interface, see Fig. 16(a). These stress fields can be further changed when the tendon
anchorage system experienced temperature variation, see Fig. 16(b). These stress field changes
induced the variation of the impedance responses of the tendon anchorage, see Fig. 17. Their
further investigation explained the mechanism of the temperature variation effect via the dual
effects on the impedance responses. As the temperature was increased, the tendon was relaxed by
losing its tension, resulting in the softening effect. At the same time, the local compressive stress
was built up at the bonded sections of the PZT interface, resulting in the local stiffening effect. The
greater stiffening effect in the tendon anchorage system increased the resonant frequencies of
impedance peaks, see Fig. 17(b).

Tension

Compression

l

Fig. 16 Tendon anchorage’s stress fields in x-direction under effects of prestress force and temperature
variation (Huynh and Kim 2017a)

(a) Prestress force PS1=138.3 kN (b) Temperature change AT = 15°C
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change (Huynh and Kim 2017a)

5.2 Temperature-effect compensation

Several compensation methods of temperature effect based on pattern recognition algorithms
and soft computing techniques were developed for the impedance-based damage detection. Park et
al. (1999) compensated the temperature effects by correcting the measured impedance
Re(Y)measured UsiNg an introduced parameter & °, which is the average difference between reference
impedance and measured impedance, as follows

Re(Y j) =Re(Y i incasured T O (10)

By taking the advantage that the variation in impedance is dominated by horizontal shifts of
impedance peaks, the frequency shift and parameter & can be obtained by iteration searching for
the minimum value of the damage metric. To minimize the temperature effects on the piezoelectric
material itself, their study suggested that the impedance-based technique should utilize the real
part of the EM impedance for detecting the structural integrity.

Based on the Park’s work, Koo et al. (2009) proposed an effective frequency shift (EFS)-based
statistical algorithm to compensate the temperature effect. The idea is based on estimating the
required frequency shift to achieve the maximum cross-correlation coefficient (i.e., maxCC index)
between the baseline and the current impedance. For the intact state under temperature variation,
the temperature change (6T) causes approximately the same frequency shift (Swsr) for each
impedance peak, see Fig. 18(a). Meanwhile, the damage state under temperature change induces
the coupled frequency shift (dwqy-s1), See Fig. 18(b). After the EFS compensation, the temperature
effects are filtered from the impedance signatures and the CCDgrs index could be much more
significant to indicate the damage state. The Koo’s technique was applied to compensate the
temperature effects on the impedance signals of a lab-scaled critical member of Seongsu Bridge
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(Korea). Since Koo’s technique requires simple computations and can be utilized for general
impedance-based applications, it has continued to be used in recent damage detection jobs (Yun et
al. 2013, Siebel and Lilov 2013, Huynh and Kim 2016). Rabelo et al. (2017) utilized the EFS
analysis as the temperature-compensation technique to determine threshold-level for health
monitoring of panels under varying temperature.

Huynh and Kim (2017a) compensated temperature effects on the impedance responses of the
tendon anchorage via the EFS-based method. In their study, the impedance responses of the tendon
anchorage were monitored under the temperature variation (6.72-22.33°C) and the different
prestress levels (PS1 = 138 kN, PS1 = 129 kN, PS1 = 118 kN, PS1 = 109 kN, PS1 = 99 kN), as
shown in Fig. 19. It is observed from Figs. 19(a) and 19(b), the excellent match between two
impedance signatures of the tendon anchorage at different temperatures (22.33°C vs 6.72°C) was
obtained after the EFS. Before the EFS (Fig. 19(a)), a considerable CCD value, 56.6%, can be
observed between two impedance signatures. After the EFS (Fig. 19(b)), the CCD value was
significantly reduced to 2.9%, indicating the effective compensation of the temperature effects. As
shown in Fig. 19(c), after the EFS-based temperature compensation, the CCD was very small for
the intact case, but siginificant when the damage (i.e., prestress-loss events PS1-PS5) occurred in
the tendon anchorage. However, an issue of the EFS-based technique is on selecting the frequency
range which should be sensitive to damage but sufficiently narrow for the temperature
compensation. In their study, to enhance the accuracy of the damage detection, Huynh and Kim
(2017a) used multiple narrow frequency ranges for the EFS-based temperature compensation and
the damage quantification.
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Fig. 18 EFS-based temperature compensation method
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Tibaduiza et al. (2013) and Min et al. (2015) have applied the principal component analysis
(PCA) to compensate the experimental uncertainties such as noise, redundancies, and temperature
effects for impedance-based damage detection jobs. The PCA technique is regarded as a simple
and nonparametric statistical technique which is used to emerge the variation and bring out the
strong patterns in a high-dimensional data. The PCA technique linearly transforms an original
dataset of variables into a substantially smaller one of uncorrelated variables which can describe
most of the information of the original dataset. This technique has been used in a wide variety of
engineering problems because it often makes the dataset easier to explore and visualize. By
searching the governing trends that represent the original dataset, the unwanted noises could be
filtered out of the complex data via the processes of data compression and information extraction.
Lim et al. (2011) has proposed a data normalization technique based on the Kernel PCA to
minimize false-alarms caused by varying temperature and external loading conditions, as shown in
Fig. 20. The Kernel PCA is recognized as a nonlinear PCA that searches for a nonlinearly
transformed high dimensional space. The Kernel PCA-based technique showed effectiveness in
detect bolt-loosening in a metal connection of a composite aircraft wing under temperature and
loading variations (Lim et al. 2011).
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A soft computing technique is an alternative and innovative tool to filter the temperature-
induced variation in impedance signatures. Artificial neural network (ANN) has been previously
applied for various impedance-based damage detection practices. Lopes et al. (2000) implemented
the ANN to quantitatively estimate the damage in structures via impedance responses. Giurgiutiu
and Zagrai (2005) classified the near-field and medium-field spectra for high-frequency
impedance-based damage detection. Also, Min et al. (2010) determined a properly-narrow
frequency band of impedance responses by using the ANN. Sepehry et al. (2011) proposed the
ANN-based temperature compensation procedure to minimize the temperature-induced variation
in impedance measurements. Yang et al. (2015) used the radial basis function network (RBFN),
which is a particular type of the ANN using radial basis functions (RBFs) as activation functions,
to eliminate the noise caused by the external force on the impedance monitoring. To filter out the
effect of the external force, impedance signatures corresponding to a particular force condition
were estimated by the RBFN-based regression analysis. Fig. 21 shows the ANN-based
temperature-effect compensation for the impedance monitoring in bolted joints (Sepehry et al.
2011). In their study, it is observed that with a proper training dataset, the ANN-based method can
significantly compensate the temperature effects. For most ANN-based algorithms, acquiring
appropriate training data from in-situ structures under damaged states is a challenging job unless
the structures are well modeled via finite element analysis.



322 Thanh-Canh Huynh, Ngoc-Loi Dang and Jeong-Tae Kim

——
I RMSD for Health Seystem
ANN for Health Seystem

a c
Pl :"r’.\“"' ¥ ¥ ‘i{}“" "“II 1
3 ’ £
§ J 4 i
gzr‘,- | il | 1 :§
5 i (B | | L ! Ly
o 245 L | " } ! 1
{ \ ’ | !’ | | 15+ ” [ ' \
‘ - VAW
nl \ TR VMW J l l

g TSR . ] L l. l
7 75 s 55 ! 21 28 20 30 O 32 3 34 35 36 I 38 3 40 41 42 43 44 45 46 47 48 49
Freauency (HZ) it Temperature (°C)

-

18!
55 6 65

(a) Impedance versus temperature (b) Damage index estimated by ANN
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6. Discussions on future challenges

In spite of the recent research efforts, there exist important issues that should be addressed for
successful implementations of the impedance-based SHM technique for civil structures. At least
six major issues are raised as follows: (1) applicability of wireless impedance sensors, (2)
predetermination of effective frequency band, (3) sensing region of impedance signatures, (4)
robust compensation of temperature and noise effects, (5) quantitative estimation of damage
severity, and (6) long-term durability of sensors.

6.1 Applicability of wireless impedance sensors

Up-to-date, the design of wireless impedance sensor nodes have been relied on the low-cost
impedance chip AD5933 which has the measurable frequency range only within 1-100 kHz
(Analog Devices 2010). In many cases, however, the EM impedance signal is required to be
measured in higher frequency ranges in order to sensitively capture small-size of damage. For
examples, effective frequency bands over 100 kHz were obtained from steel brackets of the
airplane (Chaudhry et al. 1995), concrete bridge (Soh et al. 2000) and prestressed tendon-
anchorage (Kim et al. 2010). For the target structures whose effective frequency ranges can be
over 100 kHz, a high-performance, high-cost and bulky-size impedance analyzer is needed.
Therefore, future research efforts are needed to expand the measurable frequency range of the
wireless impedance sensor nodes.

Also, the long-term reliability of the hardware and software of the wireless impedance sensor
nodes is another issue. So far, there has been very little research that examines the long-term
performance of the wireless impedance sensor networks. For field applications, there are many
problems need to be solved to achieve successful wireless impedance-based SHM. These key
issues include energy harvesting (energy saving and self-powering), bandwidth and frequency of
wireless transmission, real-time ability, on-board computation, and integration of the wireless
impedance nodes to the multi-scale sensing network.
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6.2 Predetermination of effective frequency band

In impedance monitoring practices, the determination of effective frequency bands is a target-
dependent problem. To sense incipient-type damage, the effective frequency range is typically
ranged from 30 kHz to 250 kHz (Stokes and Clouds 1993). For most cases, the effective frequency
ranges are unknown and traditionally identified by the try-and-error method. Park et al. (2003)
reported that frequency ranges higher than 200 kHz are found to be suitable for local sensing
regions while the ones lower than 70 kHz can deal with a larger sensing area. Min et al. (2010)
have proposed a scheme using artificial neural networks (ANNSs) for autonomously selecting
effective frequency ranges within measured impedance signatures. As with the ANNS, it is hard to
acquire suitable training patterns unless target structures can be accurately modeled for finite
element analyses.

The PZT interface technique can be considered as a promising way to predetermine the
effective frequency bands in impedance monitoring practices (Park 2009, Nguyen et al. 2011,
Nguyen and Kim 2012). However, most of PZT interfaces are target-oriented devices that have
been designed particularly tailored to prestressed joints such as tendon-anchorage or bolted
connections. Thus, there still exists a need to design an alternative interface device that is suitable
for target-free applications.

6.3 Sensing region of impedance responses

The sensing range of impedance signatures is important for the proper sensor placement on the
target structure. At high-frequency ranges, the sensing region of the piezoelectric sensor is
localized to a small region, which is close to the sensor. Because of the limited sensing area, the
impedance signatures is affected only by the changes in the structural properties close to the sensor
(Chaudhry et al. 1995).

So far, there has been very little research on determining the sensor’s sensing region for the
impedance-based method. Esteban (1996) conducted theoretical modeling efforts based on the
wave propagation approach to identify the PZT’s sensing region. Based on the knowledge acquired
via various case studies, Park et al. (2000) reported that depending on the material and density of
the structure the sensing area of a single PZT can vary anywhere from 0.4 m on composite
reinforced concrete structures to 2 m on simple metal beams. Hu and Yang (2007) conducted a
fundamental research work of determining the PZT sensing region based on the wave propagation
modeling; however, the theoretical development was limited to thin beam-like specimens. Thus,
intensive studies on the sensing region of impedance responses still remain in the future.

6.4 Robust compensation of temperature and noise effects

Real structures exist in an environment of ambient conditions that can cause uncertainties in
impedance monitoring and decision-making. As reviewed previously, there exist at least three
well-known algorithms to compensate the temperature effects on impedance signatures (Huynh
2017). These include: the PCA-based method (Lim et al. 2011, Tibaduiza et al. 2013, and Min et
al. 2015), the network-based method (Sepehry et al. 2011 and Yang et al. 2015), and the EFS-
based method (Koo et al. 2009, Huynh and Kim 2016). The accuracy of the PCA-based algorithm
depends upon the selection of the principal components which are significantly affected by the
temperature variation relative to the structural damage. The accuracy of the network-based
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algorithm is dependent on the selection of damage features to train and the number of training
datasets. The issue of the EFS-based method is on selecting the frequency range which should be
sensitive to damage but sufficiently narrow for the temperature compensation. For real
implementations, there is a need to evaluate the robustness of the temperature compensation
methods. Thus, the performance of the well-known algorithms is needed to be comparatively
examined.

Noises induced by the effect of external loads should be compensated carefully in practical
applications of the impedance-based technique. The external load would induce additional stress
into the monitored structure causing the variation of the impedance baseline. Lim and Soh (2012)
experimentally showed that the peaks of admittance signatures shifted progressively to the right
with the increment in tensile/compressive forces. Lim et al. (2011) used a data normalization
technique to enhance the impedance-based damage detection under the condition of external
loadings. Yang et al. (2015) have proposed an ANN-based technique to compensate tensile force’s
effects on impedance signatures.

The vibration of the host structure could also cause external excitations on the EM impedance
signatures obtained from PZT sensors. Yang and Miao (2010) concluded that the influence of
external excitations on the EM impedance signatures can be ignored when the external frequency
is much smaller or much higher than the PZT scanning frequency. Priya et al. (2014) showed that
the low-frequency vibration of the host structure has ignorable effects on the impedance signatures
obtained from PZT sensors. Unlike the effect of external loads, the mechanism of the effect of
external excitations on the impedance responses has not fully studied due to the difficulties in
dealing with high-frequency components. More research effort is still needed to better understand
the mechanism of the external excitation effect.

6.5 Quantification estimation of damage severity

Despite the impedance-based technique has been successfully implemented on various types of
structures, the quantitative damage detection by the impedance-based technique has become a
critical issue, especially for the complex structural connections. Since the impedance technique is
not based on any particular physical models, it is very difficult to correlate the change in
impedance signatures with the change in structural properties. As the result, the technique can only
provide limited information on the nature of the damage.

Ritdumrongkul et al. (2004) attempted to estimate the damage severity of a bolted joint using
measured impedance signatures and a mathematical optimization. However, the frequency band
considered in their study was relatively low, less than 2.5 kHz, as compared to the ones commonly
used in real applications. Lopes et al. (2000) and Min et al. (2012) proposed the impedance-based
technique combining with the ANNs for the identification of damage severity in structural
connections. Huynh and Kim (2017b) attempted to quantitatively estimate the prestress-loss
severity in the tendon anchorage by using the impedance signatures and model updating. So far,
there have been very few research studies reported on the quantitative health monitoring using the
impedance signatures. Thus, quantitative damage estimation in the impedance-based technique
still remains challenging.

6.6 Long-term durability of sensors

Most of the piezoelectric sensors are brittle. Therefore, the fracture and functional degradation
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of the sensors should be confirmed for the successful impedance monitoring (Giurgiutiu 2014).
Giurgiutiu et al. (2002) reported that as the debonding severity of the sensor increases, the
resonant impedance peaks becomes sharper and more distinctive while the resonance magnitudes
of the host structure decreases. To minimize the influence of the bonding layers, Bhalla and Soh
(2004) recommended an adhesive with high shear modulus and thin thickness, and small-sized
piezoelectric sensors should be used. Park et al. (2006) proposed a piezoelectric sensor-diagnostic
process by tracking the imaginary part (susceptance) of the measured admittance signatures. Park
et al. (2008) modified an EM impedance model for sensor diagnostics with the considerations of
the sensor quality assessment and coupling degradation effects.

So far, the durability of the piezoelectric sensors has not extensively evaluated, especially under
long periods in the order of years. In real-life target structures such as buildings, bridges, machine
parts, aerospace systems that can expose the harsh environment, it is very difficult to maintain the
bonding condition and the functionality of the sensors. Because the consistent behavior of the
sensors plays an essential role in achieving a successful decision-making of damage occurrence,
the protection approach that can protect the sensor from the harsh environment should be
developed.

7. Conclusions

In this paper, current advances and future challenges of the impedance-based structural health
monitoring were presented. Firstly, theoretical background of the impedance-based method was
outlined. Next, an overview was given to recent advances in the wireless impedance sensor nodes,
the interfacial impedance sensing devices, and the temperature-effect compensation algorithms.
Various research works on these topics were reviewed to share up-to-date information on research
activities and implementations of the impedance-based technique. Finally, future research
challenges of the technique were discussed including the applicability of wireless sensing
technology, the predetermination of effective frequency bands, the sensing region of impedance
responses, the robust compensation of noise and temperature effects, the quantification of damage
severity, and long-term durability of sensors.
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