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Abstract: Two performance parameters are particularly important for the assessment of structural
health monitoring (SHM) systems, i.e., their damage detection capabilities and risk of false positive
indications due to varying environmental and operational conditions (EOCs). A reduced ratio of
false-positive indications can be of significant importance for particular applications, for example,
in aerospace, where the costs of unplanned maintenance procedures can be very high. In such cases,
the reduction of the false calls ratio can be critical for the possibility of the practical application
of the system, apart from damage detection efficiency and system costs. Among various sensor
technologies, PZT networks are proven to be one of the most universal approaches to SHM, and they
were successfully applied in different scenarios. Moreover, many EOCs which may have an impact
on the risk of false positive indications have been identified. Over the years, different approaches to
the influence of EOCs compensation have been proposed. Compensation methods can be tailored to
the particular way in which a given measurement condition, for example, ambient temperature, alters
signals acquired by the PZT network or can be formulated to be also applied in the more general case.
In the paper, a method for enhancement of damage detection efficiency under influence of EOCs of
general nature is proposed. The particular measurement condition affecting signals acquired by PZT
sensors neither needs to be measured, which could be hard in some cases, but also nor even have
to be identified. The efficiency of the proposed compensation algorithms is verified based on the
example of experimental results obtained under varying temperatures.

Keywords: structural health monitoring; damage detection capabilities enhancement; environmental
and operational conditions compensation; PZT transducers applications

1. Introduction

Structural health monitoring (SHM) technologies [1–5] are important for further ad-
vance of novel approaches to industry and transport organization known as Industry
4.0 paradigm [6] providing an on-line evaluation of structures safety which can be fur-
ther used for autonomous control and optimization of industrial processes, for example,
by artificial intelligence. One of the most fruitful approaches to SHM is based on guided
wave excitation by a network of PZT transducers. In the so-called pitch–catch framework,
a bundle of signals is collected for a given measurement. For every pair of transducers g–s
of the network, elastic waves actuated by the transducer g are received by the transducer
s, providing a signal, usually the voltage on s. Repeating the procedure for all sensing
paths g–s of the network completes the measurement process, and the health of the struc-
ture can be evaluated. For the purpose of damage detection and structure assessment,
the so-called damage indices (DIs) can be calculated. Damage indices are signal char-
acteristics, which are defined using reference signals acquired for the initial state of the
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structure—the so-called baselines [7,8]. Depending on the adopted approach, DIs can be
either finely tuned to be sensitive to signal changes proper for a given damage type location,
or they can carry limited information about the signal, for example, peak values, RMS,
or other integral characteristics. PZT ceramic sensors have proven to be the technol-
ogy of the universal application capabilities [3,7–10]. In particular, it was successfully
applied to cracks detection, and their growth monitoring [11,12], bolt and rivet joints
monitoring [13–15], corrosion detection [16,17], civil infrastructure monitoring [18,19],
and many other applications [20].

For successful PZT network application, it is important to consider also the risk of
false positive indications under varying environmental and operating conditions (EOCs)
since the high false call ratio of an SHM system can prevail over its benefits in some
cases. Changes in measurement conditions can alter the acquired signals, which may cause
non-damage-related changes in damage index values within the network. Therefore, if a
given measurement condition was not taken into account in the damage index definition,
for example, by a proper collection of baseline signals database, it could lead to a false
positive indication of the SHM system. A lot of research has been devoted to the investiga-
tion of the influence of different EOCs on the damage detection capability of PZT sensors
as well as the design of efficient methods of EOCs compensation [21]. Among various
conditions which may have an impact on signals acquired by PZT sensors are, in particular:
the temperature [22–27], operational loads [28–31], bonding defects and adhesive layer
thickness [32–34]. For EOCs impact compensation, different strategies can be implemented.
Some of the methods developed for external measurement conditions compensation for
SHM systems based on PZT networks are based on particular effects a given condition
can have on the acquired signals. Then, by a proper signal transformation as described
in [23,24,35] or design of damage index in the way that it is insensitive to expected alteration
of signal due to measurement condition change as in [36,37], the undesired influence of
EOCs can be diminished. In such approaches, first, it is needed to verify how a given
condition can alter the acquired signals. Therefore, to apply such an approach in practice,
it is required to evaluate all the effects which may have an impact on the properties of
PZT sensors and design appropriate algorithms for signal transformation. For proper
algorithm definitions, it is important to reproduce measurement conditions in a repeatable
manner to verify the characteristics of signal behavior under varying conditions. Moreover,
signal compensation algorithms can be parametric; therefore, it is necessary to provide a
measurement system for all relevant factors, which in general, can be non-homogeneously
distributed over the network. For controllable and measurable factors, for example, tem-
perature, external forces applied to the structure or humidity; such requirements can be
easily satisfied. However, there are other important conditions that can contribute to signal
alteration but are much harder to be measured or represented in a repeatable manner,
for example, the strength of transducers bonding with the structure or aging effects of PZT
ceramic. In addition, it is not clear if different algorithms for signal compensation can be
applied mutually and commutatively if two or more measurement conditions are changed.

Another common approach, which can be used in the general case, is the proper
definition of baseline signals database. In the procedure called Optimal Baseline Selec-
tion (OBS) [23], prior to the calculation of damage indices used for structure assessment,
the database of reference signals is verified to find the best matching signal based on some
similarity measure. It is assumed that baselines in the database are acquired for the pristine
state of the structure for a broad spectrum of operational conditions. While it is a general
nonparametric procedure that can be applied to any environmental or operational condi-
tion, acquisition of a representative database for real structures can sometimes be difficult
to obtain [21] and can negatively impact damage detection capabilities of the system [37].
In [37], damage indices compensation based on a median value obtained for all sensing
paths of the network was proposed. Similarly, as in the case of OBS, the method can be
applied in general; however, it has limited applicability when environmental condition is
not homogeneous across the network. Moreover, the application of this method reduces
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the information content of the acquired data to a single damage index value calculated for
the entire PZT network; therefore, damage localization methods based on DIs distribution
across the network, for example, RAPID algorithm [38] or its modifications [39] cannot
be used.

In this paper, the generalization of the damage indices compensation algorithm pre-
sented in [40] is proposed. The method was designed to be applied for general measurement
conditions, also in the nonhomogeneous case. The main idea presented in the paper was to
use sensing paths of the network which are not influenced by damage as a basis to estimate
the impact of external measurement conditions on damage indices obtained for sensors
constituting other sensing paths of the network. The main advantage of the proposed
damage indices compensation methods is that EOCs driving undesirable effects neither
need to be measured, which could be hard in some cases, but also nor even have to be
identified. It is the damage index itself which, through its values obtained over all sensing
paths of the network, carries joint information about factors influencing measurement
outcome, and a proper combination of damage index values is used for compensation.
In [40] original algorithm method was used in the case of aging effects compensation as
well as in the case of sensor malfunction. In this study, the efficiency of different schemes
for damage indices compensation in a broad range of temperature variations, as well as its
nonhomogeneous distribution, is investigated.

The paper is organized as follows. In the following section, the approach to damage
indices compensation is defined and clarified. In Section 3, the description of the experiment
is delivered. The subsequent section provides a discussion of the obtained results, then the
paper is summarized.

2. Definition of Damage Indices Compensation Methods

In this section definition of different compensation formulas used in this paper is
provided. damage indices compensation schemes are formulated in Equations (13)–(15).
While those definitions can be used and justified on their own, the main assumptions and
derivation steps of the original method presented in [40] are recalled in this paper, for better
clarification of the idea.

Let us consider a network of sensors for which for every pair of transducers: i.e.,
a generator g and a sensor s, there exist two different reference transducers rg, rs for which
changes of a given damage index values on sensing paths g− rg, s− rs, rg − rs are only
due to nondamage related measurement conditions, causing the drift effect of DI:

DI(g, rg) = DIdri f t(δg, δrg), (1)

DI(s, rs) = DIdri f t(δs, δrs),

DI(rg, rs) = DIdri f t(δrg , δrs),

where δt = (δ1
t , . . . , δn

t ) denotes a set of continuous parameters influencing a given trans-
ducer t and eventually changing DI values on all sensing paths emerging from t.

A scheme of a network containing reference transducers is shown in the figure below.
The network is designed to detect and monitor crack growth which will eventually propa-
gate along the expected propagation line (Figure 1). In this network design, sensing paths
1–3 could be used to detect crack entry into the monitored area covered by the network,
whereas sensing paths 1–4, 2–3, and 2–4 would give information about its growth.
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Figure 1. An example of a PZT network containing reference transducers.

Unless the last path is crossed by the crack, i.e., 2–4 and assuming that contribution to
DI values due to wave reflection from the crack are negligible for sensing paths 1− r1,2,
2− r1,2, 3− r3,4, 4− r3,4, and r1,2 − r3,4 compared to, there should be no contribution from
the crack to damage index values obtained for those sensing paths. Therefore, according to
the condition given by the Equation (1), transducers r1,2, r3,4 constitute a reference frame for
the subnetwork formed by sensors 1–2–3–4, i.e., for this setup r1,2 is a reference transducer
for sensors 1 and 2 while r3,4 is reference transducer for sensors 3 and 4.

Parameters δi
t, i = 1, . . . , n altering the performance of transducers t and driving the

DIs drift can be of a very different nature. These can be changes in environmental work-
ing conditions of the network, for example, temperature, humidity, or pressure changes,
which can be easily measured and compensated by proper calibration, but also these
can be changes in piezoelectric properties of transducers or strength of their bonding to
the structure, which are very hard to be measured and verified in practice. In [40], lin-
ear dependence of damage index for a given sensing path g — s on both of the effects
is assumed:

DI(g, s) = DIdri f t(δg, δs) + DIdamage(g, s). (2)

The first term describing DI flow depends on a set of factors δg, δs acting on the
generator g and the sensor s, while the second term describes the response of damage
index on damage presence. Parameters δg, δs do not need to be observed directly, but their
influence on the performance of transducers g and s is revealed in the drift of DI on a
given sensing path. For a given transducer t parameters δt can be scaled in the way that
δi

t = 0 for i = 1, . . . , n denotes initial working conditions for which baseline signals were
collected, therefore:

DIdri f t(0, 0) = 0 (3)

since, ideally, in the absence of damage, the signal acquired on sensing path g− s should
be the same as the baseline used to calculate the damage index value. Therefore, in the first
order of approximation:

DIdri f t(δg, δs) ≈
n

∑
i=1

Cg,iδ
i
g +

n

∑
i=1

Cs,iδ
i
s (4)

where

Cg,i =
∂DIdri f t

∂δi
g

(0, 0), Cs,i =
∂DIdri f t

∂δi
s

(0, 0). (5)



Sensors 2023, 23, 369 5 of 18

Assuming that the network is composed of PZT transducers of the same type and
since DIs values should be symmetric with respect to switching between the generator and
the sensor [7,8]:

DI(g, s) ≈ DI(s, g), (6)

then the functional form of drift should be the same for all sensing paths, and only parame-
ter values δi

t, i = 1, . . . , n driving the drift on the transducer t can be different across the
network. In that case

Cg,i = Cs,i ≡ Ci ∀g, s (7)

and the drift effect of damage index on sensing path g –s can be estimated by the
following combination:

DIdri f t(δg, δs) ≈ DIg,rg + DIs,rs − DI(rg, rs). (8)

Indeed, since it is assumed that sensing paths g− rg, s− rs, rg − rs are not influenced
by damage, we have, according to the Equation (4):

DI(g, rg) + DI(s, rs)− DI(rg, rs) = Ciδ
i
g + Ciδ

i
rg + Ciδ

i
s + Ciδ

i
rs − Ciδ

i
rg − Ciδ

i
rs = (9)

= DIdri f t(δg, δs)

where Einstein’s summation convention has been used to omit unnecessary
summation symbols.

Therefore, for compensated damage index of the form:

DIcomp
re f (g, s) = DI(g, s)− DI(g, rg)− DI(s, rs) + DI(rg, rs) (10)

considering the Equation (2) we have:

DIcomp
re f (g, s) ≈ DIdamage(g, s), (11)

thus only damage contributes to the compensated damage index.
The proposed compensation formula given by Equation (10) requires additional trans-

ducers in the network to be present, and these cannot be used for damage monitoring
in accordance with the assumption given by the Equation (1). In some cases, especially
for sparse PZT arrays like the one presented in Figure 1, this can introduce too much
redundancy in the system. Moreover, it is not always possible to determine a priori areas
of the structure where the probability of damage occurring is very low. Yet it is usually the
case, that since guided wave interaction with compact damage is a local phenomenon, then
for a given sensor of the network, there should exist sensing paths emerging from it that
are not influenced by damage, unless damage emerged very close to the sensor location.

Assuming that the highest damage index values should be obtained for sensing paths
which are both influenced by damage and change of measurement conditions, then one
could replace drift contributions DI(g, rg) DI(s, rs) coming from the generator g and sensor
s by appropriate estimates, in this paper it is proposed to adopt the following substitutions:

DI(g, rg) ≡ Med(Mk(g)), DI(s, rs) ≡ Med(Mk(s)), (12)

where Mk(g), Mk(s) are median values of the sets of k smallest damage index values
obtained for sensing paths emerging from the generator g or s respectively. In general,
the signal on the sensing path between sensors contributing to sets Mk(g) and Mk(s)
can be influenced by damage. In the paper, three different alternatives are considered
for the replacement of the contribution DI(rg, rs) to damage index drift estimation as in
Equation (10):
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• the so-called standard approach, based on proposition presented in [40], for which
DI(rg, rs) ≡ Med(Mk) where Med(Mk) is median of the set of k smallest damage index
values obtained for the entire PZT network;

• the symmetric approach for which DI(rg, rs) is estimated symmetrically by drifts contri-
butions corresponding to generator g and s by the term 1

2 Med(Mk(g)) + 1
2 Med(Mk(s));

• the minmax approach for which DI(rg, rs) ≡ min(Med(Mk(g)), Med(Mk(s))).

Therefore, in this paper, three compensation formulas for damage indices are proposed:

DIcomp
standard(g, s) = max(DI(g, s)−Med(Mk(g))−Med(Mk(s)) + Med(Mk), 0) (13)

- for standard approach;

DIcomp
symm(g, s) = max(DI(g, s)− 1

2
Med(Mk(g))− 1

2
Med(Mk(s)), 0) (14)

- for symmetric approach;

DIcomp
minmax(g, s) = max(DI(g, s)−Med(Mk(g))−Med(Mk(s))+

+ min(Med(Mk(g)), Med(Mk(s))), 0) =

= max(DI(g, s)−max(Med(Mk(g)), Med(Mk(s))), 0) (15)

- for minmax approach.

The methods proposed above are more universal than Equation (10). First, it does
not require additional sensors to be incorporated into the network, and this shall prevail
in applications when the sparse transducer array approach is adopted. Moreover, if any
of the reference transducers fails or exceeds the bounds of approximation given by the
Equation (4), then the damage index obtained for sensing path related to this transducer
via formula Equation (10) cannot be compensated. In the alternative compensation meth-
ods given by the Equation (13), Equation (14), or Equation (15), it is possible to remove
undesirable drift effect, at least partially.

As a number of sensing paths k used for damage index drift estimation in the above
equations is considered, for properly designed PZT networks, there should exist at least
one sensing path emerging from every PZT sensor which is not influenced by damage,
unless damage occurs directly in the area where the sensor is located; therefore, k = 1 is,
in general, a safe assumption. The upper limit for k is dependent on network geometry as
well as expected localization and damage extent, since if a significant number of sensing
paths influenced by damage are included in sets Mk(g), Mk(s), or Mk used for EOCs
influence estimation, then application of the proposed compensation formulas may have a
negative impact on damage detection capabilities.

3. Experiment Results and Discussion

In this section, the experiment description, as well as a discussion of the efficiency of
different approaches to damage index compensations, are presented.

3.1. Experimental Setup

In the experiment, two specimens, each equipped with a network of 8 PZT sensors,
were used. The first specimen was part of aircraft skin made of aluminum alloy with
attached reinforcement (Figure 2). Signals from PZT sensors were acquired for undam-
aged structure and after damage introduction under varying temperatures in the range
28–63 ◦C. The introduced damage was a crack machined in the skin part, whereas rein-
forcement remained intact. The panel was placed in a laboratory heater (Figure 3) during
measurements which allowed for homogeneous distribution of temperature across the PZT
sensor network.
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Figure 2. View of specimen no. 1.

Figure 3. Specimen no. 1 placed in laboratory heater.

The second specimen was a part of a GFRP composite panel equipped with a net-
work of 8 PZT sensors transducers embedded into the internal structure of the composite
(Figure 4a). Due to the panel dimensions, one or two halogen lamps were used for heat
exposure in that case (Figure 4b), and the measurements were performed after thermal
balance was established. The temperature of the specimen surface was measured with the
use of a non-contact IR Thermometer VIR50 by Extech Instruments. The central point of
the PZT network was used as a reference point for temperature measurements. Signals
from PZT sensors were acquired under three thermal conditions: at room temperature
(homogeneous condition), at a surface temperature of about 45 ◦C (one halogen lamp used),
and at about 65 ◦C, as measured in the reference point of the specimen. The temperature on
the specimen surface varied in the range of ±5 ◦C under one halogen lamp exposure and
±10 ◦C when two halogen lamps were used. Two impact damage were introduced in the
position indicated in Figure 4a. For that purpose, an air gun able to provide not more than
17 J of kinetic energy to the pellet with an initial speed not higher than 300 m/s was used.
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The specimen was subjected to two impacts which caused Barely Visible Impact Damage
(BVID) as shown in Figure 5.

In the case of the second specimen temperature range used in the study was defined by
the experimental setup. Halogen lamps were placed at a safe distance from the specimen,
and the temperature was measured after heat transfer was stabilized under exposure to
one or two heat sources. The temperature range used for specimen no. 1 was adjusted,
respectively. The temperature span, i.e., above 30 ◦C, should be sufficiently wide for
baseline signals collection during system calibration. If the temperature of the monitored
object cannot be controlled precisely during measurements, for many applications, the
temperature fluctuations should not exceed this level, as the data acquisition process
from the PZT network is relatively fast—in this study, collection of signals from the entire
network took less than 10 min. Nevertheless, the EOCs compensation method, including
the presented one, should be verified in the relevant environment within the expected
range of parameters variation individually for a specific application, for example, as a part
of the SHM system certification process.

Figure 4. View of specimen no. 2: (a) PZT sensors network geometry with an indication of introduced
impact damage location; (b) specimen heated with the use of halogen lamps with an indication of the
monitored area.

Both PZT networks were composed of 8 PZT sensors. In the case of specimen no.
1, multilayered PZT sensors of the type NAC2002 manufactured by Noliac A/S were
used [41]. The sensors were attached to the surface of the specimen, both on the skin part
as well as on the reinforcement (Figure 2). For specimen no. 2, single-layered PZT trans-
ducers produced by STEMINC (mod. SMD05T04R111WL) were applied [42]. The sensors
were embedded into the internal structure of the composite panel in its symmetry plane.
For sensors excitation and signal acquisition, PAQ16000D manufactured by EC Electronics
(Poland) has been used [43]. As the excitation signal, Hanning windowed, 3-period sine
signal at 150 kHz frequency was used in both cases.
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Figure 5. Impact damage introduced in the composite structure.

3.2. Results and Discussion

In this paper, the following damage indices are considered for structure assessment:

corr = 1− r fgs , fgs,b
, divAmp =

∣∣∣∣∣log

(
maxt∈T | fgs,b(t)|
maxt∈T | fgs(t)|

)∣∣∣∣∣ (16)

where fgs, fgs,b denotes the acquired signal and its corresponding baseline, and r fgs , fgs,b

denotes correlation coefficient between signal and baseline and their envelopes, respectively.
For simplicity, it has been assumed above that the average values of signals are negligible:∫

T
fgsdt ≈ 0,

∫
T

fgs,bdt ≈ 0. (17)

The presented damage indicators remain substantially different parts of the informa-
tion about the details of acquired signals, e.g., divAmp is sensitive only to global amplitude
change of the signal, and it reduces information content carried by the signal to its single
value, whereas corr damage index is sensitive both to local amplitude changes as well local
phase changes of the acquired signals. Before application of compensation formulas, strict
symmetry on DIs matrix was imposed by the following formula:

DI(g, s) 7→ min(DI(g, s), DI(s, g)), (18)

therefore the symmetry constraint recalled in the Equation (6) is represented faithfully.
For calculation of compensated damage indices, the corresponding sets Mk(g), Mk(s), Mk,
for k = 1, 2, 3 were used, as defined in Equations (13)–(15). For both cases, k = 3 was
the upper limit providing that those sets may not contain DIs obtained for sensing paths
transversal to damage for all sensors of the network (Figures 2 and 4a).

Variability of the defined damage indices with respect to the temperature for two
specimens is shown in Figure 6. The relative change of a given damage index with respect
to reference damage index was used as temperature DIs variability measure:

DIT/DIre f (19)

where DIT denotes the mean of DI values obtained at a given temperature T and DIre f
is the mean DI value obtained under measurement repeatability condition at the initial
temperature. In both cases influence of temperature was greater for corr damage index,
as it depends on more details of the signal than divAmp, in particular, on local signal
energy distribution, which is reported to be particularly sensitive to temperature variation
due to induced wave velocity, piezoelectric parameters and attenuation changes [21].
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For metallic structures, the highest relative ratio of temperature-induced DI change was
above 500 for the corr damage index and above 20 for the divAmp damage index (Figure 6a).
In the case of composite specimens, the highest ratio of DI change due to temperature was
above 50 for corr DI and about 8 for divAmp DI (Figure 6b). Relatively small discrepancies
of damage indices dependence on temperature from the linear model were observed in
the temperature range used in the study (Figure 7), which was one of the assumptions in
the derivation of compensated damage index formula based on reference sensing paths
(Equation (10)). In Figure 8, the distribution of corr damage index at a temperature above
60 ◦C without damage presence is shown for both specimens. In the case of specimen no. 1,
temperature distribution was homogeneous over sensors of the network; therefore, corr
damage index density is unimodal. In the case of specimen no. 2, where two halogen lamps
were used for heating, damage index distribution is bimodal with a higher spread than in
the case of homogeneous heating.

Figure 6. Variability of damage indices with respect to temperature change: (a) specimen no. 1;
(b) specimen no. 2.

Figure 7. Dependence of relative change of damage indices on temperature for specimen no. 1:
(a) corr damage index; (b) divAmp damage index.
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Figure 8. Distribution of corr damage index for the two specimens at a temperature above 60 ◦C
without damage presence.

In Figure 9, the damage detection efficiency ratio is

De f f = DIdam/DIre f , (20)

where:

• DIdam denotes the mean value of a given damage index obtained for sensing paths
running in the proximity of introduced flaw, which can be sensitive to the transmission
mode of guided waves interaction with damage;

• DIre f denotes the mean value of a given damage index obtained for sensing paths
running at a significant distance from the introduced damage and thus should be less
sensitive to its presence.

In the case of specimen no. 1, the following sensing paths were used in the study:

• to DIdam contributed the following sensing paths: 2–3, 2–7, 3–6, 6–7, 1–3, 1–7, 5–7, 3–5,
2–4, 2–8, 4–6, 6–8;

• to DIre f contributed the following sensing paths: 1–5, 1–6, 1–2, 2–5, 2–6, 5–6, 3–4, 3–7,
3–8, 4–7, 4–8, 7–8.

Other sensing paths of the network were not included in the analysis, as amplitudes
of the acquired signals were relatively low. For specimen no. 2:

• to DIdam contributed the following sensing paths: 2–8, 2–5, 4–6, 3–5, 1–7, 1–6, 1–8, 2–6,
2–7, 3–8, 3–6, 4–5, 4–7, 4–8;

• to DIre f contributed the following sensing paths: 1–2, 1–3, 1–4, 2–3, 2–4, 3–4, 5–6, 5–7,
5–8, 6–7, 6–8, 7–8.

The crack introduced in specimen no. 1 partially suppressed the effect of elastic
wave transmission between PZT transducers located on opposite sides of the damage,
which significantly affected the global amplitude of the acquired signals. Therefore,
the divAmp damage index was significantly more efficient than the corr damage index
in damage detection in that case. For divAmp characteristic damage efficiency ratio was
nearly 10 under measurement repeatability conditions (Figure 9a) and about 4 at the highest
temperature. The efficiency of the corr damage index in damage detection, in that case,
was about 55% lower on average. In the case of BVID damage introduced in specimen no.
2, the corr damage index exhibited higher efficiency in damage detection than the divAmp
damage index. At elevated temperatures, De f f coefficient obtained for corr damage index
was significantly greater than that obtained for divAmp damage index. At the highest
temperature, the divAmp signal characteristic did not allow for distinction between sensing



Sensors 2023, 23, 369 12 of 18

paths close to damage and reference sensing paths; therefore, it was not possible to detect
damage based on its values, whereas for corr coefficient De f f was greater than 2.

Figure 9. Comparison of damage indices obtained for sensing paths influenced by damage and
distant from it under temperature variation: (a) specimen no. 1; (b) specimen no. 2.

In Figures 10 and 11, damage detection efficiency ratio De f f , defined by the
Equation (20) and obtained for different schemes of damage indices compensation, is
shown for specimen no. 1 and specimen no. 2, respectively. For specimen no. 1 (Figure 10)
median values of De f f obtained for indicated temperature range are shown. The linear
scale was applied for the presentation of the results obtained for specimen no. 1 (Fig-
ure 10), in the case of specimen no. 2 (Figure 11) logarithmic scale was used. The dashed
line in both plots represents De f f = 1, which is a limiting value for the possibility of
distinction of sensing paths influenced by damage and thus SHM system applicability.
For all compensation schemes, the ratio De f f in most cases is higher if the compensation
formula is used. The best damage detection capability was obtained for the standard
compensation procedure given by the Equation (13), irrespectively of DIs or damage type
as well as temperature range. Moreover, damage detection efficiency De f f is enhanced if
more sensing paths are included in sets Mk used for estimation of Damage Indices drift
effects, the best results were observed for k = 3 for all compensation formulas. For corr
damage index De f f coefficient was about 10 for specimen no. 1 at temperatures above
55 ◦C (Table 1) and about 33 for specimen no. 2 at temperatures about 65 ◦C (Table 2),
and it was, respectively, about 750% and 1400% higher than De f f obtained for uncompen-
sated damage index. For divAmp damage index damage detection efficiency coefficient at
the highest temperatures was about 22 for specimen no. 1, which was 540% higher than
De f f obtained for uncompensated damage index (Table 3). For divAmp damage index
obtained for specimen no. 2 at the highest temperature (Figure 11b, Table 4) De f f coefficient
was about or below 1, except for standard compensation scheme with k = 3 for which De f f
obtained was about 1.5. This means that without the application of proper compensation
formula, the damage could not be detected, as the distinction between sensing paths close
to damage and reference sensing paths wouldn’t be possible.
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Figure 10. Comparison of damage detection efficiency for different schemes of damage indices
compensation at different temperature levels for specimen no. 1: (a) for corr damage index; (b) for
divAmp damage index.

Figure 11. Comparison of damage detection efficiency of different schemes of damage indices
compensation at different temperature levels for specimen no. 2: (a) for corr damage index; (b) for
divAmp damage index.

Table 1. De f f coefficient for corr damage index obtained for specimen no. 1.

Temperature Range

below 40 ◦C 40 ◦C–55 ◦C above 55 ◦C

co
m

pe
ns

at
io

n
sc

he
m

e

standard k = 1 7.11 6.37 6.76
standard k = 2 9.21 8.53 10.59
standard k = 3 19.85 17.62 10.36
minmax k = 1 6.62 4.97 4.84
minmax k = 2 7.93 5.43 4.76
minmax k = 3 12.02 8.07 5.56
symmetric k = 1 5.65 4.26 2.25
symmetric k = 2 6.95 5.31 2.65
symmetric k = 3 9.59 7.55 3.20
not compensated 3.97 2.04 1.37
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Table 2. De f f coefficient for corr damage index obtained for specimen no. 2 (temperature measured
at the reference point of the surface).

Temperature

45 ◦C 65 ◦C

co
m

pe
ns

at
io

n
sc

he
m

e

standard k = 1 14.91 5.99
standard k = 2 19.60 7.87
standard k = 3 139.15 33.34
minmax k = 1 11.84 4.28
minmax k = 2 14.30 5.35
minmax k = 3 23.53 14.00
symmetric k = 1 10.55 4.37
symmetric k = 2 13.20 5.37
symmetric k = 3 22.63 7.45
not compensated 5.41 2.37

Table 3. De f f coefficient for divAmp damage index obtained for specimen no. 1.

Temperature Range

below 40 ◦C 40 ◦C–55 ◦C above 55 ◦C

co
m

pe
ns

at
io

n
sc

he
m

e

standard k = 1 11.22 8.10 7.64
standard k = 2 15.18 14.47 9.82
standard k = 3 23.63 31.60 21.87
minmax k = 1 11.11 7.66 7.42
minmax k = 2 12.99 9.59 8.61
minmax k = 3 19.05 12.96 9.82
symmetric k = 1 10.40 5.85 5.39
symmetric k = 2 12.02 7.23 6.45
symmetric k = 3 16.30 9.28 8.42
not compensated 8.31 4.21 4.04

Table 4. De f f coefficient for divAmp damage index obtained for specimen no. 2 (temperature
measured at the reference point of the surface).

Temperature

45 ◦C 65 ◦C

co
m

pe
ns

at
io

n
sc

he
m

e

standard k = 1 3.68 0.85
standard k = 2 12.14 1.12
standard k = 3 78.10 1.50
minmax k = 1 2.44 0.80
minmax k = 2 3.06 0.81
minmax k = 3 4.26 0.82
symmetric k = 1 2.20 0.79
symmetric k = 2 2.68 0.79
symmetric k = 3 3.22 0.78
not compensated 1.75 0.86

In Figure 12, visualization of raw and compensated corr damage index values within
the network for specimen no. 1 above 60 ◦C is shown. In both cases, the colormap was
automatically adjusted to be 10% higher than the maximum value of DIs obtained within
the network. As the compensation formula (Equation (13)) reduces DIs values for all
sensing paths of the network, the use of individually adopted colormaps is legitimate,
since also the threshold for damage indication should be adjusted accordingly for structure
assessment based on compensated DIs. Before compensation, sensing paths not sensitive to
the transmission mode of elastic wave interaction with introduced damage, for which sig-
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nificant corr value was obtained due to temperature influence, were as follows (Figure 12a):
1–5, 2–5, 3–8, 4–7, 4–8, 7–8. In particular, the corr value for sensing path 4–8, located at a
significant distance from damage, was comparable to the DI value obtained for sensing
paths transversal to damage. After compensation (Figure 12b), from the mentioned sensing
paths, a significant corr value was obtained only for sensing path 4–8, so the temperature
influence was still significant in this case. In Figure 13, averaged visualization maps, based
on RAPID imaging algorithm [38,39], obtained for raw and compensated data are presented.
Application of the proposed compensation formula allows not only for the improvement of
contrast between damage-influenced and reference sensing paths but also provides a better
basis for damage localization. Averaged damage intensity map obtained for compensated
coor index is more confined to the damaged region of the specimen (Figure 13b) than in the
case of raw DI (Figure 13a).

Figure 12. Visualization of corr damage index for specimen no. 1 above 60 ◦C with an indication
of introduced damage and sensors localization: (a) uncompensated damage index; (b) standard
compensation scheme with k = 3.

Figure 13. Averaged visualization map of corr damage index for specimen no. 1 above 60 ◦C with
indication of introduced damage: (a) uncompensated damage index; (b) standard compensation
scheme with k = 3.
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4. Summary

In the paper, three different damage index compensation formulas have been proposed,
and their efficiency with respect to temperature variation was investigated both for uniform
as well as non-homogeneous temperature distribution over the PZT network. The method
was applied to the compensation of damage indices carrying different information content
of signals acquired by PZT sensors. Moreover, different types and extents of damage were
investigated. It was shown in the paper, that application of damage compensation formulas
can significantly enhance the damage detection efficiency of damage indices. In the best-
case scenario, the efficiency of the damage index increased by over 1400%. Application
of the proposed compensation formula allows not only for the improvement of contrast
between damage-influenced and reference sensing paths, i.e., damage detection efficiency,
but also provides a better basis for damage localization.

It is worth noticing again that despite the proposed method being verified in the
case of temperature variation, it can also be applied in general cases. The EOCs driving
undesirable effects on damage indices neither need to be measured nor have to be known.
It is the damage index itself which, through its values obtained over all sensing paths of
the network, carries joint information about factors influencing measurement outcome,
and a proper combination of damage index values is used for compensation. Nevertheless,
further studies are required for proper efficiency assessment of the presented algorithms
with respect to other EOCs compensation.

Author Contributions: Conceptualization, M.D., K.D. and Z.D.; methodology, M.D. and Z.D.; soft-
ware, M.H., M.D., K.K. and J.G.; validation, M.D., M.H., J.G. and K.K.; formal analysis, K.D. and
Z.D.; investigation, M.D. and Z.D.; resources, M.D.; measurements conduction, K.K. and M.D.; data
curation, M.D., M.H. and J.G.; writing—original draft preparation, M.D. and Z.D.; writing—review
and editing, M.D., M.H., J.G., K.D. and Z.D.; visualization, M.D., J.G. and M.H.; supervision, K.D.
and Z.D.; project administration, Z.D.; funding acquisition, Z.D. All authors have read and agreed to
the published version of the manuscript.

Funding: The work presented in this paper was supported by the National Center for Research and
Development in Poland, under project number LIDER/3/0005/L–9/17/NCBR/2018.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data used in this study are available on-demand from the correspond-
ing author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

Abbreviations
The following abbreviations are used in this manuscript:

BVID Barely Visible Impact Damage
DI (DIs) damage index (damage indices)
EOC (EOCs) environmental and operational condition (conditions)
GFRP Glass Fiber Reinforced Polymer
SHM structural health monitoring

References
1. Fraden, J. Handbook of Modern Sensors; Springer: Berlin/Heidelberg, Germany, 2010; Volume 3.
2. Boller, C.; Chang, F.K.; Fujino, Y. (Eds.) Encyclopedia of Structural Health Monitoring; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2009.
3. Staszewski, W.; Boller, C.; Tomlinson, G. Health Monitoring of Aerospace Structures; Wiley: New York, NY, USA, 2004.
4. Mukhopadhyay, S.C. New Developments in Sensing Technology for Structural Health Monitoring; Springer: Berlin/Heidelberg,

Germany, 2011; Volume 96.



Sensors 2023, 23, 369 17 of 18

5. Adams, D. Health Monitoring of Structural Materials and Components: Methods with Applications; John Wiley & Sons: Hoboken, NJ,
USA, 2007.

6. Bai, C.; Dallasega, P.; Orzes, G.; Sarkis, J. Industry 4.0 technologies assessment: A sustainability perspective. Int. J. Prod. Econ.
2020, 229, 107776. [CrossRef]

7. Giurgiutiu, V. Structural Health Monitoring: With Piezoelectric Wafer Active Sensors, 2nd ed.; Academic Press: Cambridge, MA, USA, 2014.
8. Su, Z.; Ye, L. Identification of Damage Using Lamb Waves: From Fundamentals to Applications; Springer Science & Business Media:

Berlin/Heidelberg, Germany, 2009; Volume 48.
9. Heywang, W.; Lubitz, K.; Wersing, W. Piezoelectricity: Evolution and Future of a Technology; Springer Science & Business Media:

Berlin/Heidelberg, Germany, 2008; Volume 114.
10. Stepinski, T.; Uhl, T.; Staszewski, W. Advanced Structural Damage Detection: From Theory to Engineering Applications; John Wiley &

Sons: Hoboken, NJ, USA, 2013.
11. Janapati, V.; Kopsaftopoulos, F.; Li, F.; Lee, S.J.; Chang, F.K. Damage detection sensitivity characterization of acousto-ultrasound-

based structural health monitoring techniques. Struct. Health Monit. 2016, 15, 143–161. [CrossRef]
12. Yadav, S.K.; Mishra, S.; Kopsaftopoulos, F.; Chang, F.K. Reliability of crack quantification via acousto-ultrasound active-sensing

structural health monitoring using surface-mounted PZT actuators/sensors. Struct. Health Monit. 2021, 20, 219–239. [CrossRef]
13. Amerini, F.; Meo, M. Structural health monitoring of bolted joints using linear and nonlinear acoustic/ultrasound methods.

Struct. Health Monit. 2011, 10, 659–672. [CrossRef]
14. Rucka, M. Monitoring steel bolted joints during a monotonic tensile test using linear and nonlinear Lamb wave methods:

A feasibility study. Metals 2018, 8, 683. [CrossRef]
15. Mickens, T.; Schulz, M.; Sundaresan, M.; Ghoshal, A.; Naser, A.; Reichmeider, R. Structural health monitoring of an aircraft joint.

Mech. Syst. Signal Process. 2003, 17, 285–303. [CrossRef]
16. Li, W.; Liu, T.; Zou, D.; Wang, J.; Yi, T.H. PZT based smart corrosion coupon using electromechanical impedance. Mech. Syst.

Signal Process. 2019, 129, 455–469. [CrossRef]
17. Dai, W.; Wang, X.; Zhang, M.; Zhang, W.; Wang, R. Corrosion monitoring method of porous aluminum alloy plate hole edges

based on piezoelectric sensors. Sensors 2019, 19, 1106. [CrossRef]
18. Lim, Y.Y.; Kwong, K.Z.; Liew, W.Y.H.; Soh, C.K. Non-destructive concrete strength evaluation using smart piezoelectric

transducer—A comparative study. Smart Mater. Struct. 2016, 25, 085021. [CrossRef]
19. Zhang, C.; Wang, X.; Yan, Q.; Vipulanandan, C.; Song, G. A novel method to monitor soft soil strength development in artificial

ground freezing projects based on electromechanical impedance technique: Theoretical modeling and experimental validation.
J. Intell. Mater. Syst. Struct. 2020, 31, 1477–1494. [CrossRef]

20. Mei, H.; Haider, M.F.; Joseph, R.; Migot, A.; Giurgiutiu, V. Recent advances in piezoelectric wafer active sensors for structural
health monitoring applications. Sensors 2019, 19, 383. [CrossRef] [PubMed]

21. Gorgin, R.; Luo, Y.; Wu, Z. Environmental and operational conditions effects on Lamb wave based structural health monitoring
systems: A review. Ultrasonics 2020, 105, 106114. [CrossRef]

22. Michaels, J.E. Detection, localization and characterization of damage in plates with an in situ array of spatially distributed
ultrasonic sensors. Smart Mater. Struct. 2008, 17, 035035. [CrossRef]

23. Croxford, A.J.; Moll, J.; Wilcox, P.D.; Michaels, J.E. Efficient temperature compensation strategies for guided wave structural
health monitoring. Ultrasonics 2010, 50, 517–528. [CrossRef] [PubMed]

24. Qiu, L.; Yuan, S.; Huang, T. Lamb wave temperature compensation method based on adaptive filter ADALINE network.
J. Vibroeng. 2013, 15, 1463–1476.

25. Radecki, R.; Staszewski, W.J.; Uhl, T. Impact of changing temperature on lamb wave propagation for damage detection. In Key
Engineering Materials; Trans Tech Publications Ltd.: Bäch, Switzerland, 2014; Volume 588, pp. 140–148.

26. Salmanpour, M.S.; Sharif Khodaei, Z.; Aliabadi, M.F. Impact damage localisation with piezoelectric sensors under operational
and environmental conditions. Sensors 2017, 17, 1178. [CrossRef]

27. Moll, J.; Kexel, C.; Pötzsch, S.; Rennoch, M.; Herrmann, A.S. Temperature affected guided wave propagation in a composite plate
complementing the Open Guided Waves Platform. Sci. Data 2019, 6, 1–9. [CrossRef]

28. Chen, F.; Wilcox, P.D. The effect of load on guided wave propagation. Ultrasonics 2007, 47, 111–122. [CrossRef]
29. Michaels, J.; Michaels, T.; Martin, R. Analysis of global ultrasonic sensor data from a full scale wing test. Rev. Quant. Nond. Eval.

2009, 1096, 28.
30. Michaels, J.E.; Lee, S.J.; Michaels, T.E. Impact of applied loads on guided wave structural health monitoring. In Proceedings of

the AIP Conference Proceedings, Antalya, Turkey, 12–15 May 2011; American Institute of Physics: College Park, MD, USA, 2011;
Volume 1335, pp. 1515–1522.

31. Roy, S.; Ladpli, P.; Chang, F.K. Load monitoring and compensation strategies for guided-waves based structural health monitoring
using piezoelectric transducers. J. Sound Vib. 2015, 351, 206–220. [CrossRef]

32. Park, G.; Farrar, C.R.; di Scalea, F.L.; Coccia, S. Performance assessment and validation of piezoelectric active-sensors in structural
health monitoring. Smart Mater. Struct. 2006, 15, 1673. [CrossRef]

33. Qing, X.P.; Chan, H.L.; Beard, S.J.; Ooi, T.K.; Marotta, S.A. Effect of adhesive on the performance of piezoelectric elements used to
monitor structural health. Int. J. Adhes. Adhes. 2006, 26, 622–628. [CrossRef]

http://doi.org/10.1016/j.ijpe.2020.107776
http://dx.doi.org/10.1177/1475921715627490
http://dx.doi.org/10.1177/1475921720921536
http://dx.doi.org/10.1177/1475921710395810
http://dx.doi.org/10.3390/met8090683
http://dx.doi.org/10.1006/mssp.2001.1425
http://dx.doi.org/10.1016/j.ymssp.2019.04.049
http://dx.doi.org/10.3390/s19051106
http://dx.doi.org/10.1088/0964-1726/25/8/085021
http://dx.doi.org/10.1177/1045389X20919973
http://dx.doi.org/10.3390/s19020383
http://www.ncbi.nlm.nih.gov/pubmed/30669307
http://dx.doi.org/10.1016/j.ultras.2020.106114
http://dx.doi.org/10.1088/0964-1726/17/3/035035
http://dx.doi.org/10.1016/j.ultras.2009.11.002
http://www.ncbi.nlm.nih.gov/pubmed/20031182
http://dx.doi.org/10.3390/s17051178
http://dx.doi.org/10.1038/s41597-019-0208-1
http://dx.doi.org/10.1016/j.ultras.2007.08.003
http://dx.doi.org/10.1016/j.jsv.2015.04.019
http://dx.doi.org/10.1088/0964-1726/15/6/020
http://dx.doi.org/10.1016/j.ijadhadh.2005.10.002


Sensors 2023, 23, 369 18 of 18

34. Tinoco, H.A.; Serpa, A.L. Voltage relations for debonding detection of piezoelectric sensors with segmented electrode. Mech. Syst.
Signal Process. 2012, 31, 258–267. [CrossRef]

35. Lu, Y.; Michaels, J.E. A methodology for structural health monitoring with diffuse ultrasonic waves in the presence of temperature
variations. Ultrasonics 2005, 43, 717–731. [CrossRef] [PubMed]

36. Ambrozinski, L.; Magda, P.; Dragan, K.; Stepinski, T.; Uhl, T. Temperature compensation based on Hilbert transform and
instantaneous phase for Lamb waves-based SHM systems of aircraft structures. In Structural Health Monitoring 2013: A
Roadmap to Intelligent Structures: Proceedings of the 9th International Workshop on Structural Health Monitoring. Available online:
http://www.signal.uu.se/Publications/pdf/c1313.pdf (accessed on 8 December 2022).

37. Dworakowski, Z.; Ambrozinski, L.; Stepinski, T. Multi-stage temperature compensation method for Lamb wave measurements.
J. Sound Vib. 2016, 382, 328–339. [CrossRef]

38. Zhao, X.; Gao, H.; Zhang, G.; Ayhan, B.; Yan, F.; Kwan, C.; Rose, J.L. Active health monitoring of an aircraft wing with embedded
piezoelectric sensor/actuator network: I. Defect detection, localization and growth monitoring. Smart Mater. Struct. 2007, 16, 1208.
[CrossRef]

39. Dziendzikowski, M.; Dragan, K.; Katunin, A. Localizing impact damage of composite structures with modified RAPID algorithm
and non-circular PZT arrays. Arch. Civ. Mech. Eng. 2017, 17, 178–187. [CrossRef]

40. Dragan, K.; Dziendzikowski, M. A method to compensate non-damage-related influences on Damage Indices used for pitch-catch
scheme of piezoelectric transducer based Structural Health Monitoring. Struct. Health Monit. 2016, 15, 423–437. [CrossRef]

41. Noliac A/S. Available online: http://www.noliac.com/products/actuators/plate-actuators/show/nac2002/ (accessed on 8
December 2022).

42. STEMiNC Inc. Available online: https://www.steminc.com/PZT/en/piezo-disc-transducer-450-khz (accessed on 8 December 2022).
43. EC Electronics. Available online: http://ec-systems.pl/tl_files/pdf/files/PL/PAQ%2016000D%20-%20Broszura.pdf (accessed

on 8 December 2022). (In polish)

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1016/j.ymssp.2012.03.018
http://dx.doi.org/10.1016/j.ultras.2005.05.001
http://www.ncbi.nlm.nih.gov/pubmed/15992847
http://www.signal.uu.se/Publications/pdf/c1313.pdf
http://dx.doi.org/10.1016/j.jsv.2016.06.038
http://dx.doi.org/10.1088/0964-1726/16/4/032
http://dx.doi.org/10.1016/j.acme.2016.09.005
http://dx.doi.org/10.1177/1475921716643492
http://www.noliac.com/products/actuators/plate-actuators/show/nac2002/
https://www.steminc.com/PZT/en/piezo-disc-transducer-450-khz
http://ec-systems.pl/tl_files/pdf/files/PL/PAQ%2016000D%20-%20Broszura.pdf

	Introduction
	Definition of Damage Indices Compensation Methods
	Experiment Results and Discussion
	Experimental Setup
	Results and Discussion

	Summary
	References

