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Abstract

Multifunctional structure calibration by optimal measurement using hybrid approach is
developed for the conventional strain gauges for response monitoring. In the hybrid calibration
approach, we have used the finite element analysis and experimental modal technique to
quantify the measured output of distributed sensors. Smart materials such as piezoelectric
(PZT and PVDF) in thin film form are widely appreciated for distributed sensing application
in composite structures. The light weight composite structures can be made multi-functional
by incorporating the piezoelectric materials to have non-structural functionalities such as
sensing, actuation, energy harvesting and health monitoring. In the present study, in addition
to load carrying and damping, which are the essential structural functions, the composite plate
is made to have self sensing capability with four distributed strain gauges and PZT patches
respectively. Further, it has been shown that using a single strain measurement, the finite
element strains can be updated at different assumed strain gauge locations in order to calibrate
the PZT patch sensors placed nearby to output engineering strains.
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Introduction

Structural Health Monitoring (SHM) techniques have
increasingly become popular in engineering and biologi-
cal systems. Measurements, processing and fault diagno-
sis are the important elements in any SHM technique. In
recent years, the response monitoring sensors are made as
inherent elements of the structure itself to make the struc-
ture truly multifunctional. Sensing is a non-structural
function but plays a key role in monitoring/predicting
damages if any or helps to compute the fatigue life and
aeroelastic stability/ or response. Thin PZT patches/films
are well suited for the above purposes under a SHM
scheme. However in order to get a quantifiable engineer-
ing data from a PZT patch, there is a need for in-situ
calibration for the sensor, being on the structure. An
attempt was made to calibrate the strain gauges under the
frequency dependent dynamic loads to obtain the dynamic
calibration factors for different modes [1]. These dynamic
calibration factors can be used for the purpose of response
monitoring and as well as calibrating the non-conventional
PZT patches.

Wei and Pizhong [2] reviewed comprehensively mo-
dal parameter-based damage identification methods for

beam and plate type structures and discussed the damage
identification schemes in terms of signal processing algo-
rithms. They classified the damage identification methods
into four categories based on the vibration features: natural
frequency-based methods, mode shape-based methods,
curvature mode shapes methods and methods using both
mode shapes and frequencies and further examined their
merits and drawbacks. As an implementation, a compara-
tive study was conducted using five extensively-used
damage detection algorithms for beam-type structures to
evaluate and demonstrate the validity and effectiveness of
the signal processing algorithms.

Jinping and Hui [3] critically reviewed the develop-
ment of advanced sensing technology and sensors in main-
land China in the past decade, such as optic fiber sensing
technology, wave propagation-based piezoelectric ce-
ramic (PZT) sensing technology, smart cement-based
sensing technology, and corrosion detection technology.
They summarized the application of SHM technologies in
earthquake engineering, wind engineering and discussed
about life-cycle performance evaluation and correspond-
ing progress achieved. The challenges and future trends in
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the development of sensing technology and SHM were
also mentioned in the article.

Phillps et al. [4] presented a study on the performance
of different vibration based damage identification (VBDI)
techniques through numerical simulation and experiments
using displacement and distributed strain measurements.
They carried out experiments on a simply supported beam
using accelerometers and long-gauge fiber bragg grating
(FBG) sensors for different damages and found that dis-
tributed strain measurements from FBG sensors could
successfully detect and localize single and multiple dam-
ages in the structures. They had established the importance
of modal macro-strain vectors (MMSYV) based damage
index method for effective damage identification.

Adewuyi and Wu [5] developed a statistical vibration-
based damage identification algorithm to assess the stabil-
ity of the measurement data for detecting and locating the
damage in civil structures, where variability in response
and modal parameters due to measurement noise and
environmental influence was often inevitable. They used
the magnitudes of frequency response function (FRF) of
the target sensors in a regression analysis and compared
with the reference data for reliability assessment and dam-
age localization. It was found that statistical approach is
very effective for damage localization using strain data.

Kamrujjaman and Wu [6] proposed a damage identi-
fication technique based on the distributed Macro-Strain
(MS) response measurements. It was assumed that ratio of
the strain measured at a target location and a reference
location of a beam-like structure was constant for a given
dynamic condition of the structure. They also verified the
proposed damage identification technique using the labo-
ratory experiments and identified the damage in a noise-
polluted environment. Long-gauge distributed sensors
were deployed to collect the traffic induced strain meas-
urement. Ajay Kesavan et al. [7] proposed a strain energy
based SHM system for detecting the presence of multiple
delemination on a 2D polymeric T-joint used in the marine
structures. Both the damage locations and its intensity
were monitored independent of external loadings. Takeda
etal. [8] developed a small-diameter optical fiber and used
it as FBG sensor for damage monitoring in composite
structures.

Even though PZT patches, strain gauges, FBG sensors
and accelerometers, velocity impedence head have been
employed in various SHM schemes, the practical issue
such as calibration is not yet properly addressed in order
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to obtain the multiple engineering states from a single
sensor. Also, the quantity of any sensor data since directly
depends on supports flexibility or host structure, where it
is mounted, in-situ calibration becomes an important pa-
rameter in SHM technique. This also makes sense in
monitoring the sensor faultiness while in use.

The current work addresses this important in-situ
calibration for PZT patches along with a new procedure to
limit the number of reference sensors, which will be used
for multi-state sensing application [1]. Therefore a hybrid
approach, involving FEA and vibration measurement has
been proposed for calibrating the muti-functional structure
by a limited number of measurements. The importance of
damping on the dynamic calibration factor is also exam-
ined. The FE model of the composite plate is made in
MSC-NASTRAN and subsequently a dynamic response
analysis is carried out to compute the bending strains at
different elements. The dynamic measurements are done
and the strains are measured using the multi-channel dy-
namic data acquisition system (PROSIG) and processed
further using DATS software. The element strain indeed
represents the strain gauge output; however, it is noticed
that there is a discrepancy in the computation. The error
between the FE strain data and the measured strain is first
computed at the reference sensing location. The error
correction is then applied to all the elements and their
strains are updated. For multifunctional structure calibra-
tion, these updated strains can be employed. In order to
validate the developed procedure, the experimental plate
structure is instrumented (also sub-structured), with four
strain gauges and four PZT patches (Fig.2) distributed
over them. For the plate structure, only one reference
sensor is considered, in the substructure 2.

Substructured Based Response Monitoring

Figure 1 shows an elastic continuum, which has been
sub-structured for the purpose of calibration. Each sub-
structure is assumed to have a sensor to monitor its health
locally. All the monitored local responses further can be
integrated to predict the global response of the complete
structure [9]. The plate structure, considered for response
monitoring is divided into five sub-structures as shown in
Fig.2. In each sub-structure (SS), one strain gauge and a
PZT patch is surface bonded, except the fifth one which is
assumed to have virtual sensors (FEM elements). The
sub-structure SS2 is treated as reference, thus calibration
for all the PZT patches is done with respect to the reference
strain gauge that is placed nearby (strain gauge 1). How-
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ever other strain gauges, namely S2, S3 and S4 are em-
ployed for validation purposes.

Fabrication of Specimen and Experimental Setup

The test specimens are made out of laminated compos-
ites using BID-Glass fabric with room temperature cure
epoxy resin of size 400x400x1.5mm>. The laminate is
fabricated using 8mil BID-glass fabric with LY 556 epoxy
resin having HY 951 hardener. Room Temperature Vac-
uum Bag Moulding (RTVBM) processing technique is
used to fabricate the laminate. The composite laminate is
subsequently cut into plates of 190mm long, 150mm wide
with a diamond saw cutter. A 40mm length of the speci-
men is used for the purpose of clamping to simulate a
cantilever plate boundary condition. Thus, the effective
area of the test specimen is of 150x150x1.5mm>. The
mechanical properties of BID Glass with Epoxy Resin
system are given in Table-1.

Four rosette type strain gauges are surface bonded on
the top of the specimen for the purpose of kinematic strain
measurement in normal (X and Y) and shear (XY) direc-
tions. Out of four gauges one strain gauge is treated as
reference gauge (S,.r) and other gauges are considered as
monitoring strain gauges (S, S3 and Sy4). The details of
the strain gauges are tabulated in Table-2. Four PZT

Table-1 : Mechanical Properties of BID-Glass
Fabric with Epoxy Resin System

Longitudinal Modulus (GPa) 24
Transverse Modulus (GPa) 21
Longitudinal Shear Modulus (GPa) 4.10
Transverse Shear Modulus (GPa) 4.10
Poisson’s Ratio 0.2
Mass Density (Kg/m®) 1720

Table-2 : Strain Gauge Details

Foil Strain Gauge Rosette
Type N32-FA-5-120-23
Gauge Length Smm
Resistance 120.0 £ 0.3%Q
Gauge Factor 211%+1%
Thermal Output +2ue/°C
Lot No. 6105-911
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patches are also surface bonded to measure the responses
from the structure to determine the dynamic calibration
factor with respect to stain values.

The experimental set-up used for multi-sensor calibra-
tion experiments is shown in Fig.3. The clamped boundary
condition, simulating a cantilever plate is found to be a
very sensitive factor in the experiments; so the specimen
is clamped to a table using two mild steel plates
(40X150X20mm3) on top and bottom with four M8 bolts.
The bolts are tightened to 32 N-m using a torque wrench.
A vibration generator, type SP2 sparanktronics, India
make is used to excite the laminated plate along with the
PCB force transducer (208C02), which has 11 mv/N sen-
sitivity. An accelerometer of PCB make (353C02), having
sensitivity of 100 mv/g is employed to measure the accel-
eration response. The input force signal and acceleration
response signal are directly passed to the LMS SCADAS
IIT hardware and signals are processed using LMS Test
Lab software. In order to measure the critical strain re-
sponse, strain gauge is connected to Prosig hardware and
the collected responses are processed further using DATS
software.

The plate specimen is excited with 10% burst random
signal. The frequency band of interest has been kept as
0-128 Hz, with a frequency resolution of 0.25 (512-time
samples).The time domain signals of both force transducer
and response accelerometer are monitored on line. Twenty
averages of the time responses have been used to obtain
the noise free response signal by maintaining adequate
quality of measurement. Uniform window is applied to
both excitation and response signals to have leakage free
data. Programmable anti-aliasing filters are also used for
both excitation and response channels to avoid aliasing
errors. Transfer functions are calculated using traditional
H1 method between a response signal (acceleration) and
a reference signal (force) and are stored. Fig.4 shows the
typical frequency response function (FRF) for the tip
response. The FRF is then fed into stabilization algorithm
to identify the stable modes. The frequencies and modal
damping are calculated for the identified stable modes.

Modelling of the Experimental Structure

A 2D finite element model is generated in FEMAP to
compute the free vibration characteristics of composite
plate specimen. The four-node quadrilateral laminated
plate elements are used (512 in total) to analyze the plate
specimen in NASTRAN. The stacking sequence of
[0/90/0/90/0/90/0/90/0/90/0/90] 1 is used to idealize the
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twelve plies laminate configuration. The properties used
in the modeling of the laminated specimen are given in
Table-1. Finite element model of the plate, sensor loca-
tions and the boundary condition applied are shown in
Fig.5. The finite element analysis is performed in
MSC/NASTRAN to determine the frequencies and
modeshapes of the plate specimen. The frequency and
modeshape comparison between experiment and FEA
analysis are tabulated in Table-3. A good agreement is
observed between experiment and finite element analysis
results.

Multifunctional Structure Calibration and Results

The frequency response analysis is performed on the
finite element model of the laminated plate specimen
using MSC/NASTRAN to compute the strain values
around the critical frequencies. A location is selected at
75mm from the leading edge and 10mm from the fixed
end to excite the finite element structural model. Strains
are computed by exciting the specimen with constant input
dynamic force of 1.0N around the critical frequencies. The
modal damping values of the critical frequencies, which
are established from the experiment have been used in the
response analysis and are given in the Table-3. The com-
puted strains at four locations (S1-S4) for the bending
mode are tabulated in Table-4.

In order to measure the critical strain around the vicin-
ity of the targeted frequencies, the laminated composite
plate is excited using a shaker at a location similar to the
FE analysis. The measured strains at four different loca-
tions (S1-S4) are tabulated in Table-5. From Tables-4 and
5, it can be noticed that there are discrepancies in the
computed strains; therefore if these values are considered
for calibrating the distributed multifunctional sensors that
may introduce significant error. For an efficient sensor
calibration in the multifunctional structure, the error be-
tween the computed and the actual strain/charge must be
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of the critical modes are first incorporated, while estimat-
ing the responses in the FEM analysis. The difference in
the measured strain and the computed strain at reference
location is then estimated in terms of percentage. The
calculated error is subsequently applied on the FE com-
puted strains at all monitoring locations to obtain the
expected strains. The expected strains and the measured
strains are presented in Table-6. By applying this proce-
dure, it has been shown that the multiple sensors can be
validated in the numerical model (multifunctional struc-
ture) through a limited number of measurements (see
Table-6). Further, using these expected strain values (FE
updated), the charge based PZT thin patches/films can be
calibrated to output the engineering strains for response
monitoring.

The PZT responses are also monitored for the bending
mode of the plate specimen at four different locations (P1
to P4) in order to calculate the dynamic calibration factor.
The dynamic calibration factors (DCF) are subsequently

Table-4 : Computed Strains from FEA
Frequency Micro Strain

(Hz) Stef s2 s3 s4

41.0 22.66 6.33 25.51 22.33
41.5 33.20 9.35 38.70 32.70
42.0 55.16 15.65 66.44 54.30
42.5 7591 21.69 94.29 74.70
43.0 49.58 14.26 63.39 48.77
43.5 31.69 9.17 41.64 31.11
44.0 22.88 6.66 30.5 22.48

Table-5 : Measured Strains

reduced. Hence, in the present study a hybrid approach is Frequency Micro Strain

developed; in which the GVT measured damping values (Hz) Sref S2 S3 S4

. . 41.0 27.3 8.48 26.30 26.04
Table-3 : Comparison between Experiment and

FEA Results 41.5 37.8 12.15 40.66 37.85
Experiment FEA Mode 42.0 55.31 17.94 65.15 56.47
Frequency | Damping Frequency | Description 42.5 66.67 21.73 84.60 68.88
(Hz) (%) (Hz) 43.0 5229 | 17.08 | 71.19 | 53.98
42.37 1.87 42.43 Bending 43.5 35.62 11.77 53.27 36.5
80.17 1.69 80.87 Torsion 44.0 26.23 8.84 40.87 27.7
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computed based on the expected strain and sensor voltage
at each location. Table-7 presents the PZT sensor voltage
at different locations and the corresponding DCFs. From
Table-7, the average DCF’s are 132,162, 84 and 125 for
the locations 1, 2, 3, and 4 respectively. Experiments are
repeated for different dynamic loads and PZT responses
are collected at different locations. Subsequently the
equivalent strains are calculated based on the DCF’s (refer
to Table-7) for the measured PZT responses. Table-8
displays the measured PZT responses, the calculated
equivalent strains using DCF’s and also the measured
strains of strain gauges for different dynamic loads. There
is a close agreement observed between the PZT strains and
measured strains by gauges. In order to validate the devel-
oped multi-sensor calibration procedure, another location
4 (Fig.2 : SS3) has been chosen as reference sensor.
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Further, the expected strains for all the other sensors
(strain gauges / PZT’s) are then computed and sub-
sequently DCF’s are estimated. The expected strains and
the measured strains are presented in Table-9. Table-10
gives the PZT sensor voltage at different locations and the
corresponding DCF’s. From the Table-10, the computed
average DCF’s are 137,167, 87 and 129 for the locations
1, 2, 3, and 4 respectively. The equivalent strains are
calculated based on the DCF’s for the measured PZT
responses for different dynamic loads. Table 11 displays
the measured PZT responses, the calculated equivalent
strains using DCF’s and also the measured strains of strain
gauges for different dynamic loads. There is a close agree-
ment observed between the PZT strains and measured
strains by gauges. Therefore, it is noticed that the updated
FEM strains using optimal measurement can be exploited

Table-6 : Comparison between Expected Strain and Measured Strain
Frequency Micro Strain
(Hz) Slexp) | SI(X) | S2(exp) | S2(X) | S3(exp) | S3(X) | Sd(exp) | S$4(X)
41.0 27.3 27.3 7.62 8.48 30.73 26.30 26.90 26.04
41.5 37.8 37.8 10.64 12.15 44.06 40.66 37.23 37.85
42.0 55.31 55.31 15.69 17.94 66.62 65.15 54.44 56.47
42.5 66.67 66.67 19.04 21.73 82.81 84.60 65.60 68.88
43.0 52.29 52.29 15.03 17.08 66.85 71.19 51.43 53.98
43.5 35.62 35.62 10.30 11.77 46.80 53.27 34.96 36.5
44.0 26.23 26.23 7.63 8.84 34.96 40.87 25.77 27.7
exp : expected X : experiment
Table-7 : PZT Response and Dynamic Calibration Factor (DCF) for 1 N Force
Frequency PZT Response (V) DCF (ue/ V)

(Hz) Pl P2 P3 P4 Sxref /Pl | S2exp/P2 | S3exp/P3 | Sexp/ P4
41.0 0.20 0.04 0.25 0.2 136.5 190.65 122.93 134.51
41.5 0.27 0.06 0.44 0.28 140.0 177.42 100.14 132.96
42.0 0.41 0.10 0.75 0.43 134.90 156.92 88.82 126.62
42.5 0.51 0.12 1.02 0.53 130.72 158.74 81.188 123.78
43.0 0.4 0.10 0.91 0.42 130.72 150.39 73.46 122.46
43.5 0.27 0.07 0.70 0.29 131.92 147.24 66.86 120.57
44.0 0.21 0.05 0.57 0.22 124.90 152.70 61.34 117.14
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Table-8 : PZT Response, Calculated Strain using DCF’s and Measured Strain (0.7N Force)
Frequency PZT Response (V) Calculated Using DCF (ug) Measured Strain (ue)
(Hz) 1'p | pp | P3 | P4 | SI | S2 | S3 | sS4 | Sl | S2 | S3 | s4
41.0 0.14 | 0.05 0.22 0.14 | 1859 | 8.10 | 18.69 | 17.56 | 19.38 | 6.18 | 16.44 | 20.77
41.5 0.23 | 0.08 04 022 | 30.54 | 12.96 | 33.98 | 27.59 | 29.09 | 9.11 | 28.17 | 314
42.0 0.34 0.1 0.63 0.34 | 45.15 | 16.20 | 53.53 | 42.64 | 43.12 | 1391 | 46.66 | 48.01
42.5 0.39 | 0.11 0.75 039 | 51.79 | 17.82 | 63.72 | 48.92 | 49.12 | 16.06 | 58.57 | 55.35
43.0 0.3 | 0.09 0.66 0.32 | 39.84 | 14.58 | 56.08 | 40.14 | 38.39 | 12.46 | 49.71 | 42.89
43.5 0.22 | 0.08 0.51 023 | 29.22 | 12.96 | 43.33 | 28.85 | 26.7 8.99 | 36.93 | 3046
44.0 0.17 | 0.07 0.42 0.18 | 22.57 | 11.34 | 35.68 | 22.57 | 19.21 | 635 | 29.59 | 22.46
Table-9 : Comparison between Expected Strain and Measured Strain (Reference - Location 4)
Frequency Micro Strain
(Hz) Sl(exp) | SI(X) | S2(exp) | S2(X) | S3(exp) | S3(X) | Sd(exp) | S$4(X)
41.0 26.42 27.3 7.38 8.48 29.74 26.30 26.04 26.04
41.5 38.42 37.8 10.82 12.15 44.79 40.66 37.85 37.85
42.0 57.36 55.31 16.27 17.94 69.09 65.15 56.47 56.47
42.5 69.99 66.67 20.00 21.73 86.94 84.60 68.88 68.88
43.0 54.87 52.29 15.78 17.08 70.16 71.19 53.98 53.98
43.5 37.18 35.62 10.75 11.77 48.85 53.27 36.5 36.5
44.0 28.19 26.23 8.20 8.84 37.58 40.87 27.7 27.7
exp : expected X : experiment

Table-10: PZT Response and Dynamic Calibration Factor (DCF) for 1 N Force (Reference - Location 4)
Frequency PZT Response (V) DCF (ue/ V)

(Hz) Pl P2 P3 P4 Slexp/P1 | S2exp/P2 | S3exp/P3 | Sxref/pa
41.0 0.20 0.04 0.25 0.2 132.12 184.54 188.99 130.2
41.5 0.27 0.06 0.44 0.28 142.32 180.37 101.80 135.17
42.0 0.41 0.10 0.75 0.43 139.91 162.75 92.12 131.32
42.5 0.51 0.12 1.02 0.53 137.24 166.66 85.23 129.96
43.0 04 0.10 0.91 0.42 137.19 157.83 77.10 128.52
43.5 0.27 0.07 0.70 0.29 137.70 153.69 69.79 125.86
44.0 0.21 0.05 0.57 0.22 134.25 164.12 65.93 125.90
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Table-11 : PZT Response, Calculated Strain using DCF’s and Measured Strain (0.7N Force)
Frequency PZT Response (V) Calculated Using DCF (ug) Measured Strain (ug)

H2) T py P2 | P3 | P4 | SI | S2 | S3 | sS4 Sl | S2 | S3 | s4
41.0 0.14 | 0.05 0.22 0.14 | 18.59 | 9.226 | 26.17 | 18.22 | 19.38 | 6.18 | 16.44 | 20.77
41.5 0.23 | 0.08 0.4 0.22 | 32.73 | 14.43 | 40.72 | 29.73 | 29.09 | 9.11 | 28.17 | 314
42.0 034| 0.1 0.63 034 | 47.57 | 1627 | 58.03 | 44.65 | 43.12 | 1391 | 46.66 | 48.01
42.5 0.39 | 0.11 0.75 0.39 | 53.52 | 18.33 | 63.92 | 50.68 | 49.12 | 16.06 | 58.57 | 55.35
43.0 0.3 | 0.09 0.66 032 | 41.15 | 1420 | 50.88 | 41.12 | 38.39 | 12.46 | 49.71 | 42.89
43.5 022 | 0.08 0.51 0.23 | 30.29 | 12.29 | 3559 | 28.94 | 26.7 8.99 | 36.93 | 30.46
44.0 0.17 | 0.07 0.42 0.18 | 22.82 | 1148 | 27.69 | 22.66 | 19.21 | 6.35 | 29.59 | 22.46

for the effective calibration of distributed PZT sensors to Acknowledgements

output engineering strains.

Observations

The calculated strain values from DCF’s and the meas-
ured ones are compared; the following observations are
made:

Based on the reference strain gauge data the error
minimization is performed on all the PZT patches.

The PZT patch strain that is located near to the refer-
ence strain gauge, shows a reduced error compared to
far away patches with respect to the measured strain
gauge values, near by in their vicinity.

The symmetrically located PZT patches display an
improved accuracy, after error minimization using the
reference strain gauge value. This clearly explains that
symmetrically placed substructures can be grouped as
one for multi-sensors calibration process, besides those
placed near by.

Conclusions

Procedures are developed to calibrate the surface
bonded PZT sensors in-situ on composite structure. Using
a reference strain gauge output and FE strain data, it is
shown that the multiple PZT patches can be calibrated.
Thus the structure is made to behave multifunctionally and
output its response that can be quantified for the purpose
of monitoring its health. Further, through a sub-structuring
process, it has been shown that the importance of reference
sensor location in multi-sensors calibration approach. The
developed scheme is directly applicable for any types of
sensors, namely PZT thin films, FBG sensors etc in load
monitoring and damage prediction solutions.

The authors gratefully thank Mr S. Shivaprasad, Sci-
entific Assistant and Mr Chethan, Project Graduate
Trainee for all the help rendered in instrumenting the
specimen, data acquisition and testing.
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