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Wireless Impedance-Based SHM for Bolted Connections via Multiple
PZT-Interfaces

Khac-Duy Nguyen* and Jeong-Tae Kim* T

Abstract This study presents a structural health monitoring (SHM) method for bolted connections by using
multi-channel wireless impedance sensor nodes and multiple PZT-interfaces. To achieve the objective, the
following approaches are implemented. Firstly, a PZT-interface is designed to monitor bolt loosening in bolted
connection based on variation of electro-mechanical(EM) impedance signatures. Secondly, a wireless impedance
sensor node is designed for autonomous, cost-efficient and multi-channel monitoring. For the sensor platform,
Imote2 is selected on the basis of its high operating speed, low power requirement and large storage memory.
Finally, the performance of the wireless sensor node and the PZT-interfaces is experimentally evaluated for a
bolt-connection model. Damage monitoring method wusing root mean square deviation(RMSD) index of EM
impedance signatures is utilized to estimate the strength of the bolted joint.
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1. Introduction

A complex structure is constructed by
assembling many subsystems to become a
complete structure. In steel structures such as
bridge, pipeline system and tower, bolts are
usually used to connect structural members
together because of its
efficient and high reliability. The strength of the
connection is guaranteed by axial internal force

convenience, time

of bolt. However, as discontinuous parts of
structures, bolted connections are influenced by
severe repeated loading and various
environmental conditions. These conditions may
cause decrement of bolt preload or even
loosening of bolt. As a result, load carrying
capacity of the connection is reduced and the
structure could be coliapsed. Therefore, structural
health monitoring (SHM) on bolted connection

becomes a key issue to ensure the safety and

serviceability of a structure.

The works on SHM of bolted connections
have been carricd out by many researchers in
global and local SHM ways[1-5,30,31]. The
global SHM  which
acceleration-based  methods
structural integrity with several distributed sensors.
However, acceleration-based methods are not very

usually deals with
can monitor the

sensitive to local incipient damage since these
methods employ the low frequency responses
which could not cover the change in small region.
On the other hand, impedance-based local SHM is
found very promising to capture small damage at
limited region like bolted connection by using
high frequency responses.

Although the impedance-based method could
localize damage region and monitor damage
severity of bolted connection, which bolts
loosened have not been indicated. As a solution
for this issue, Mascarenas et al.[6] proposed a
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PZT enhanced washer to monitor loosening of
individual bolt by examining level of
electro-mechanical (EM) impedance at resonance.
In our previous study by Park et al[7], the
other type of interface washer was designed to
monitor the loss of tendon force of
tendon-anchorage connection based on variation
of EM impedance. This interface washer was
also implemented to bolted connection to
loosened  bolts [8].

large-scale structure, hundreds of bolts can exist

monitor However, for
at one bolted connection. Therefore, in order to
monitor efficiently the connection, it needs to
develop a monitoring system with multiple
interface washers.

Besides, developing an efficient wireless
SHM system for bolted connection is also
important to reduce the cost and time associated
with  installation  and  maintenance  of
conventional SHM. The advantages of wireless
sensor networks over the wired SHM system
have been discussed by many researchers [9-15].
Therefore, many efforts on developing wireless
impedance sensor node(WISN) have been made
by Mascarenas et al[l16] and Park et al[7].
They designed the WISN based on Atmegal28
which  had
memory and low operating speed. Associated

microcontroller limited  storage
with multiple interface washers, it needs to
develop a sensor node which has capability to
measure EM impedances from multiple PZT
sensors. Also, the storage memory must be large
enough for multiple sensors monitoring.

The objective of this paper is to address the
above-mentioned issues by developing a system of
multi-channel wireless impedance sensor nodes
and multiple PZT-interfaces for SHM on bolted
connection. To achieve the objective, the
following approaches are implemented. Firstly, a
PZT-nterface is

loosening in bolted connection based on variation

designed to monitor bolt

of electro-mechanical (EM) impedance signatures.

Secondly, a wireless impedance sensor node is

designed for autonomous, cost-efficient and
multi-channel monitoring. For the sensor platform,
Imote2 is selected on the basis of its high
operating speed, low power requirement and large
storage memory. Fmally, the performance of the
wireless sensor node and the PZT-interfaces is
experimentally evaluated for a bolt-connection
model. Damage monitoring method using root
mean square deviation RMSD) index of EM
impedance signatures is utilized to estimate the

strength of the bolted joint.

2. Impedance-Based Method

The impedance-based method is based on the
coupling of mechanical and electrical features[17].
In this method, a piezoelectric patch is usually
surface-bonded to a host structure. The electrical
responses of piezoelectric materials are partly
of Thost
structure. As shown in Fig. 1, the interaction

controlled by mechanical behavior
between the piezoelectric patch and the host
structure is conceptually explained as an idealized
1-D electro-mechanical relation. The host structure
is described as the effects of mass, stiffness,
damping, and boundary condition. The PZT patch
is modeled as a short circuit powered by a
harmonic voltage or current. The EM impedance
Z(w) which is generated from the PZT patch is a
combined function of the mechanical impedance
of the host structure, Z(w), and that of the
piezoelectric patch, Z.(®), as follows:

-1
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¢

where, Y =1+ jmY is the complex Young’s
modulus of the PZT patch at zero electric field;
&, =(-jo),

at zero stress; ds is the piezoelectric coupling

is the complex diclectric constant

constant in  x-direction at zero  stress;

k=wp/Yf is the wave number where p is
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the mass density of the PZT patch; and w, I,
and # are the width, length, and thickness of
the piezoelectric transducer, respectively. The
parameters 1 and 0 are structural damping loss
factor and dielectric loss factor of piezoelectric
material, respectively. In eqn. (1), the
mechanical impedance of the host structure Z
(w) is the ratio of PZT force to structural
velocity at PZT location, as follows:

2, (@)= Loz Leme @

Xpzr Xpzr

If the structure is considered as a system of

single degree of freedom, the mechanical
impedance of the host structure can be
expressed as:
. k. .
Z(@)=maj+c——j 3)
w

Equation (3) shows that the mechanical
impedance of the host structure is a function of
mass (m), damping (c) and stiffness (k).
Therefore, any change in dynamic characteristics
of the structure could be represented in the
change in EM impedance.

I=isin(@ +¢)  Coupled Electro-Mechanical Admitance

Y=Re(¥)4jlm(Y)

¥ =vsin(of + ¢}

Fig.1  1-D electro-mechanical interaction of PZT
sensor and its host structure

3. PZT-Interface for Loose Bolt Monitoring

Even though the impedance-based method
shows the excellent performance in local SHM
in many various aspects, this method still has
some  limitations for  civil  engineering
applications. The drawbacks can be pointed out
as follows:

(1) In order to measure EM impedance, a bulky
impedance

analyzer is  usually  used.

However, this device is not designed to
work out of laboratory. Moreover, the cost
associated with the wired system using this
device is very high. Efforts to overcome
these disadvantages have been carried out by
adopting wireless impedance device[7, 16].
In order to apply the new approach,
however, the measurable frequency range
10 kHz - 100 kHz of the wireless sensors
should be dealt appropriately for impedance
measurement as well as feature extraction.
This frequency range is relatively low
of the
analyzer. The low frequency may interfere

compared with that impedance

with wide applications in real-scale

structures. For example, in the previous

study by Kim et al[18], the frequency range

sensitive to prestressed force loss of
cable-anchorage connection was found at
880 kHz - 980 kHz.

{2) In order to employ the impedance-based
method for damage detection, the frequency
range which is sensitive to damage has to
be identified.

frequency range is various depending on

Generally, the effective
target structures and usually determined by
trial and error. This causes difficulty when
applying the impedance- based method to
real structure since the effective frequency
range is almost unknown and may take
much effort to obtain it by trial and error.
The above-mentioned limitations could be

overcome for SHM on bolted connections by

employing a PZT-interface equipped with a PZT
patch as designed in Fig. 2. The PZT-interface
is made of aluminum for low mechanical

dimension s

100x60x5 mm. The PZT patch is PZT-5A type

(Piezo Systems[19]) and its size is selected as

impedance, and its entire

20%20%x0.5 mm. Geometries of the interface
washer and the PZT patch are described in
detail in  Fig. 2(b). The PZT patch is
surface-bonded on the interface washer at



Journal of the KSNT, Vol. 31, No. 3 249

(a) PZT-interface

100

20

10}

Unit: mm

(b) Geometry of PZT-interface

Fig. 2 PZT-interface for loose bolt monitoring

Washer Bolt Head

PZT-Interface

Connection
Splice

Fig. 3 Schematic of PZT-interface and connection
splice

30 mm from the left edge and 20 mm from the
bottom edge of the interface washer. A hole
with same size as inner diameter of bolt washer
(22 mm) is drilled to allow a bolt get through
the interface.

Fig. 3 shows how the interface can be
utilized for monitoring preload of bolted joint.
As shown in Fig. 3, the PZT-interface is

mnstalled between two bolt washers and clamped
by bolt head and connection splice. The bolt
washers are utilized to keep geometrical
boundary of the PZT-interface stable. Also, by
installing between two washers, the PZT-interface
behaves like a cantilever plate with imperfectly
fixed edge. The imperfectly fixed boundary
condition of the PZT-interface can be expressed
as effects of damping and stiffness. It was
previously shown that values of boundary
damping and stiffness depend on contact
pressure or preload level of bolted joints[20,21].
As the change in mechanical impedance of
structure, the variation of damping and stiffness
at the fixed edge can be represented by the
change in EM impedance measurements from
the PZT patch. It is worth noting that the
natural  frequencies of the cantilever-like
PZT-interface are usuvally smaller than 100 kHz
which is appropriate for wireless impedance-based
SHM. Furthermore, we can adjust the resonance
frequencies of interest by designing dimensions

and materials of the interface.

4. Design of Wireless Multi-Channel
Impedance Sensor Node

4.1 Hardware

Impedance Sensor Node

Design  of  Multi-Channel

Recently, the Imote2 sensor platform has
shown the excellent performance for wireless
SHM operation. The large memory and high
operating speed of Imote2 allows it enable for
advanced complicated smart SHM techniques.
SHM-A which is developed by UIUC[22,23] is
a typical example of sensor board based on
Imote2 platform. The combined Imote2/SHM-A
sensor node has good capability to measure
three-dimensional acceleration which can be used
for vibration-based global SHM.

As summarized in Table 1, the Imote2 has

the high performance microcontroller and the
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large amount of data repository as compared to
a smart sensor node(SSN) by Park et al[7].
Firstly, the board of the
incorporates a low-power

main Imote2

X-scale process,
PXA27x, and a wireless radio, CC2420. The
microcontroller PXA27x runs for multiple tasks
which

control, and

include operation schedule, system

radio transmission. It allows
double-point precision valuables using 8 bytes.
Note that a microcontroller ATmegal28 used by
Lynch et al.[12] and Park et al[7] allows single
precision floating point format using 4 bytes.
Secondly, the Imote2 has 256 kB of integrated
SRAM, 32 MB of external SDRAM, and 32 MB
of program flash memory. The memory
repository guarantees to store large amount of
data measured from many PZT sensors. Thirdly,
although the Imote2 consumes more power in
high-speed mode and the embedded wireless
radio has short transmitting distance, the data
processing speed of the Imote2 is faster enough
to provide good computational capability and the

transmitting distance can be expanded up to 125

above-mentioned  performances, the Imote2
selected for the

impedance-based SHM system.

sensor platform is smart
In this study, we propose a multi-channel
sensor board so called SSeL-116
based on Imote2 sensor platform. The combined

Imote2/SSel-116 sensor node has the capability

impedance

to measure EM impedances from multiple (up to
16) PZT patches. The design schematic of the
Imote2/SSeL-116 sensor node is given in Fig. 4.
The Imote2 platform is utilized for controlling
impedance measurement, and for wireless
communication by the on-board microcontroller
PXA27x and wireless radio CC2420. The core
component of the sensor node is the AD3933
impedance chip. The AD5933 was first used for
measuring EM  impedance  signatures by
Mascarenas et al[16]. This impedance chip has
the capability to measure electric impedance up
to 100 kHz. The AD5933 impedance chip has
the following embedded multi-functional circuits:
function generator, digital-to-analog(D/A) con-

verter, current-to-voltage amplifier, anti-aliasing

m by using an external antenna. Based on the filter, A/D converter, and discrete Fourier
SSel.-116
18:Channel Multiplexer Impedance Converter
Analog Devices Analog Devices
ADGTEE AD533 '
SRR AN RN B IS SR % _________________ .
3.2V t 3.2V

Fig. 4 Design schematic of multi-channel impedance sensor nodes

PZT Sensor

Connector
External ]
Connectors Multiptexer

ADG706

Impedance Chip
AD5933

SHT11

(a) Tdb view

Connectors
to imote2

() éottom iew

Fig. 5 Components of impedance sensor board SSel-116
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Table 1 Feature comparison of Imote2 and SSN

Feature Imote2 [22] SSN by Park et al. [7]
Clock speed (MHz) 13-416 16
Active power (mW) 44 at 13 MHz 23 at 8 MHz
570 at 416 MHz 46 at 16 MHz
Program flash (bytes) 2 M 128 K
RAM 256 K + 32 M external 4K+ 32K
Radio Frequency (MHz) 2400 2400
Data rate (kbps) 250 250
Outdoor range (m) 30 (125 with antenna) 100
52 when transmitting 149 when transmitting
Power of Radio (mW) 59 when receiving 165 when receiving
0.06 when powered-down 0.03 when powered-down

Table 2 Power consumption by imote2/SSel-I116

Operating Task Power draw (mW) 1
Measuring 248
Receiving 216
Transmitting 212

SSel-116 Sensor
Board

Imote2
Platform

External

Antenna

Battery
Board

Fig. 6 Prototype of Imote2/SSel-116 unit

transform(DFT) analyzer. The ADS5933 outputs
real and imaginary values of impedance for a
target frequency of interest and transmits the
values into a microcontroller. The ADS3933
interacts with an ADG706 multiplexer to allow
monitoring EM impedance from up to sixteen
PZT sensors by a single sensor mnode. The
ADG706 multiplexer has the role as a digital
switch to select specified channel to be
measured by the AD5933. An SHTI1I sensor is
also integrated into SSeL-I116 board to monitor
temperature and humidity of environment.

The components of SSeL-I116 board are
pointed out in Fig. 5. As shown in Fig. 5, the
SSeL-I16 board connects to Imote2 through

31-pin and 21-pin connectors at the bottom side.
It also allows other external devices to connect
to the Imote2 by returning connectors at the top
side. A photo of the Imote2/SSel-I16 sensor
node is shown in Fig. 6 with three layers: a
battery board (1BB2400), the Imote2 sensor
platform (IPR2400) and the SSeL-116 sensor
board. The power drawn by the Imote2/
SSeL-116 sensor node is included in Table 2.
The power for measuring, receiving, and
transmitting is 248 mW, 216 mW and 212 mW,
respectively. Note that, power for receiving and
transmitting is much larger than that specified in
Table 1 since the sensor node is integrated with
an external antenna.

42 Software Design of Multi-Channel Impedance
Sensor Node
The operating software for the
Imote2/SSel-116 is programmed on TinyOS
platform. TinyOS is a free and open source
component-based operating system. It has a huge
library of basic components which meet most of
user’s demands. Especially, TinyOS is very
strong for designing wireless sensor networks.
The wireless monitoring system is illustrated
in Fig. 7. The system starts when the user
makes a request of EM impedance to remote
node from local node. Frequency range and
channels of sensor are transmitted to local node
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LOCAL NODE REMOTE NODE

Parameter Setup impedance Data Acguisition
Sensing Request ﬁ REControl Component
(SSeL SHM Togisy ,, o {UKIC ISHMP Toolsuita)
- Node ID {UHUC 1SHMP l
-Frequency range Tooisuite)
- Channel 1D; chf1), 6hf2}... chir] ’”‘(’gﬂcgﬂﬂ’?&"}”‘
- Set frequency range

-kw T

Impedance Compaonent
{55l BHM Tools}

- Moasure PZT sensor chik]

Waiting for data

Feature Extraction &
DBamage Dstection
Impedance Component.
(SSel. SHM Toois),
~impedance callbration
- Peak peaking, RMSD, €C

Data transmitting }

RemotaControf
{UIUC ISHMP |
Toolsuite)

N ——

Fig. 7 Schematic of embedded software

through  “RemoteControl”

receiving request, the remote node measures real

component.  After

and imaginary parts of EM impedance from the
defined When EM
impedance signatures of all defined channels are

channels, sequentially.
completely measured, data are transmitted to the
local node. At the local node, the raw EM
impedance  signatures are calibrated and
processed to feature extraction and damage
monitoring using resonance frequency, RMSD or
correlation coefficient(CC). It is worth noting
that, the “RemoteControl”

wireless transmitting and the

component  for
“12CControl”
component for TWI protocol controlling are
provided from ISHMP Services Toolsuite[25];
and the “lmpedance” component is newly
developed in SSeL SHM Tools by our research
group.

4.3 Measurement Evaluation of Multi-Channel
Impedance Sensor Node

Before adopting the Imote2/SSeL-116 to a
wireless SHM system, it is essential to evaluate
measurement performance of the sensor node.
Thus, EM impedances of the PZT-interface with
free  boundary measured by a
commercial impedance analyzer HIOKI 3532-50
and by the Imote2/SSel-I116 are compared each
other. According to the datasheet of the
ADS5933, the recommend measurable impedance

condition

is larger than 1kQ. The calibration method
performed in the datasheet using a know
resistance is also suitable for the impedance
larger than 1 kQ. In this study, EM impedance
of the PZT patch was found smaller than 1 kQ
after 15 kHz and it decreased gradually with the
frequency range. Therefore, the raw measurement
by the Imote2/SSel-116 was calibrated with EM
impedance by a commercial impedance analyzer
HIOKI 3532-50 for the PZT-interface with
free-free  boundary condition. The impedance
amplitude by the Imote2/SSeL-116 was calibrated
with a linear function of gain factor. Phase
difference between impedance measurements by
the sensor node and the impedance analyzer was
also adjusted by another linear function. Fig. 8
illustrates EM impedance signatures in frequency
range 10 kH — 50 kHz with 501 points by the

1000, —— -

- - =~ HIOKI
‘ SSel-116 ||

H
t
i
H
2

800

[*23
f=4
o

Reat Part (Ohm)
-+
S

200

Frequency {kHz)

(a) Real part
-~ CHOKI
- $Sel-116

2000 e

Y
o1
(=3

e

100G

500 Do Ty

Imaginary Part (Ohm)

10 20 30 40 50
Frequency (kHz)
(b) Imaginary part
Fig. 8 Impedance measurements by wired and
wireless systems
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Imtote2/SSeL-116 and the impedance analyzer.
As shown in Fig. 8, both real part and
imaginary part of impedance by the sensor node
show the good matching with those by the wired
commercial system. Note that, the real part of
impedance contains much more information of
structural imaginary  part.
Meanwhile, the imaginary part is useful for
monitoring sensor’s health status and bonding
condition[26]. It is also worth noting that the
HIOKI 3532-50 is very costly (US$ 10,000)
compared with the Imote2/SSeL-116 (US$ 350).

behaviors  than

5. Loose Bolt Monitoring for Bolted
Connection

For loose bolt detection with PZT-interfaces,
it is convenient for monitoring by establishing a
unique baseline. The PZT-interfaces, therefore,
should be examined on repeatability of EM
behavior. Fig. 9 shows EM impedance signatures
of four PZT-interfaces with free boundary
condition measured by the Imote2/SSeL-116.
There is slight difference in impedance
amplitude. This may be caused by inhomogeneity
in bonding condition and in geometries of the
PZT patches. However, the resonance frequencies

of EM impedances are well repeated. The

S

similarity of EM
PZT-interfaces guarantees the similar behavior of
the PZT-interfaces due to bolt preload.

A steel girder with bolted connection as

impedances of the four

10 was utilized to evaluate
Imote2/SSeL-116  and
PZT-interfaces.  The
constructed from two single H-shaped beams (H
— 200x180x8x100) by connection splice plates
and 2-cm-diameter bolts at two flanges. The

shown in Fig.
performance of the

multiple girder  was

girder had total length 4.14 m and was hung on
by two strings at two ends of the girder. At the
bolted PCB393B04

accelerometer for acceleration-based monitoring.

connection, we put a

The impact excitation was applied at one-fourth
length of the girder distant from the left ends.

1400 e
(fﬁ,,, PZT-Interface 1
I | T PZT-InterfaceZ‘
1000 i PZT-Interface 3!

PZTnterface 4 ‘

\

1200

Impedance-Real Part (Ohm)

Frequency (kHz)

Fig. 9 Impedance measurements from  four
PZT-interfaces with free boundary condition

Splice Plate

] Bolts <]

] !

{\).l Slm 3.84m

Section 1-1

t})’ H

H200x180x8x 10

Splice A Splice B

T ’I
.153m

Fig. 10 Experimental setup for a lab-scale bolt-connected steel girder
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Table 3 Damage scenarios on girder's bolt-connection

Case Description Loosened Bolts
Intact All bolts fastened to 160 N.m None

D1 Bolt 1 loosened by 40 N.m i

D2 Bolt 2 loosened by 40 N.m 1, 2

D3 Bolts 1&2 refastened, Bolt 5 loosened by 40 N.m 5

D4 Bolt 6 loosened by 40 N.m 5,6

D5 Bolt 3 loosened by 40 N.m 5,63

D6 Bolt 4 loosened by 40 N.m 5634

D7 Bolts 5, 6, 3, 4 refastened None

Interface 2 Interface 4

Interface 1

(a) Splice A

Fig. 11 Arrangement of

Also, four PZT-interfaces were installed to four
bolts at two connection splices as shown in Fig.
11. The PZT-interfaces were marked as Interface
1-4 correspondent to Bolt 1-4. Beside the PZT
patches (PZT 1-4) bonded on the four interfaces,
another PZT patch with the same size (PZT 5)
was bonded directly on a connection splice to
monitor bolt loosening in a conventional way. A
{Imote2/
SSel-116) was placed at the bolted connection
as shown in Fig. 10. Upper and lower surfaces
of five PZT patches linked to the
connector of SSel-116 through five double
electrical wires. A base station which included

an Imote2 associated with an interfacial board

wireless

mpedance sensor node

were

[IB2400 and a computer was placed at 5m
The I1IB2400
provides two ports from Imote2 to the computer,

distant from the steel

girder.

one for sending command and receiving debug

messages  from

remote node, and one for
communicating data. A command-line interface,

Cygwin OS[27], was utilized to operate the

PZT 4

Bolt 6 Interface 3

(b) Splice B

PZT-interfaces at two splices

wireless system.

The damage scenarios with regarding bolt
loosening are outlined in Table 3. A torque
wrench was used to fasten the bolts and to
control the bolt torques as well. Firstly, all bolts
160 N.m,
considered as healthy condition. Then, Bolt 1

were fastened to which  was
and Bolt 2 were loosened by 40 N.m in damage
cases D! and D2, sequentially. Subsequently,
Bolt 5 was loosened by 40 N.m after refastening
Bolt 1 and Bolt 2 to 160 N.m. Then Bolt 6,
Bolt 3 and Bolt 4 were loosened by 40 N.m
sequentially in the next scenarios. Finally, all
bolts were refastened to healthy condition. The
loosened bolts in each scenario are clearly
summarized in the third column of Table 3.
The acceleration-based monitoring results are
illustrated in Figs. 12 and 13. Fig. 12 shows the
time history response followed by the power
density(PSD)  of
occurrence of damage was monitored by using
correlation coefficient(CC) of PSD[28]. The CC

spectral acceleration.  The
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of PSD is expressed as follows:

ESXX Sw —ESxx(ﬂ Syy
por = 15,18, (NH)-Els (HIELS,, (N) @

GSA‘XGSyy

where K[+] is the expectation operator, S, {f )
and S, (f) are power spectral densities at
undamaged and damaged states, respectively and
Gsyy and o, are the standard deviations of

PSDs of acceleration signals measured before
and after damaging episode, respectively.
Basically, if there is no damage in the structure,
the PSD of acceleration is remained unchanged,
and CC has value as 1. If damage occurs in the
structure, it will cause the changes in
acceleration rtesponses and CC value will be
decreased, as a result. Generally, the amount of
CC decrement is directly proportional to the
severity of the damage but inversely
proportional to the distance from the damage to
accelerometer. As shown in Fig. 13, value of
CC decreases with the severity of damage.
However, the reason of damage (i.e., crack, bolt
loosening) or which bolts are loosened can not
be clearly indicated by this index.

Fig. 14 illustrates EM impedance signatures
of Interface 4 for the healthy state and four
damaged states (i.e. cases D3-D6). The
impedance signatures are significantly changed
when Bolt 4 correspondent to Interface 4 is
loosened. Resonance frequencies tend to shift
left which indicates the decrement of modal
stiffness of the PZT-interface. Also, the variation
of resonance impedances represents the change
in modal damping of the PZT-interface. It is
worth noting that there are small changes in EM
impedance around 12 kHz and 37 kHz. This
implies not all modal parameters of the
PZT-interface are sensitive to bolt loosening. It
is also worth noting that the loosening of other
bolts almost does not affect to the EM
impedance of PZT 4. Thus, the PZT-interface is
efficient to monitor itself bolt-loosening.

Power Spectral Density

Fig.

Correlation Coefficient

impedance-Real part (Ohm)

o

Acceleration (g}

Tirme (s)

(a) Time history acceleration

0 100 200 300 400 500
Frequency (Hz)
(b) Power speciral density of acceleration

12 Acceleration responses from PCB sensor

1
Olgs I I_I_I
7! .

<
@O0

<
L0
o

(=3
o

<
e
o

intact D1 D2 D3 D4 D5 D6

Fig. 13 Correlation coefficients of PSDs
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300 X D4
D5
| | s
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Frequency (kHz}
Fig. 14 Impedance signatures from PZT 4
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On the other hand, by examining EM
impedance from PZT 5 on the connection splice
(Fig. 15), it is difficult to capture the change in
the impedance signatures of PZT 5 due to
damages. The peaks are very small, that could
not reflect clearly vibration responses of the
structure against PZT force. Generally, EM
impedance is more sensitive to damage in
resonance range than in  non-resonance
range[29]. The EM impedance in resonance
range performs resonance responses of structure
against the force induced from the PZT patch.
In this case, PZT 5 is bonded to the connection
splice which is very rigid. The sensitive
frequency range may be found at higher than
100 kHz which exceed the
capability of the AD5933 chip.

In order to quantify the change in EM

measurement

impedance due to damage, RMSD index is
utilized. The RMSD index is calculated by
following equation:

> [Re(z (@) -Re(Z(@) |
RMSD = |2 (5)

> [ReZ(@)]

i=1

where Re(Z(0,)) and Re(Z'(®)) are the real
parts of the impedance signatures of the ith
frequency measured before and after damage
occurrence, respectively. Also, n signifies the
number of frequency points in the sweep band.

Fig. 16 shows the RMSD resulis of EM
impedance signatures from five PZT patches.
The loosening of Bolt 1-4 can be clearly
indicated by the correspondent PZT-interfaces.
Meanwhile, PZT S on the connection splice can
not indicate any damage in the connection, even
thought four bolts at the same splice were
loosened. This implies the changes of structural
impedance obtained from PZT 5 are very small
compared with coupled EM impedance. It is
worth noting that the loosening of Bolt 5 and
Bolt 6 influences  to

slightly impedance

Intact

=
f=3
(=]
b

S e A,

Impedance-Real part (Ohm)
D 2]
o o

'S
o

N

20 i J. L I
10 20 30 40 50

Frequency (kHz)
Fig. 15 Impedance signatures from PZT 5
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al loPzr3
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RMSD

0 . .- " " L r :
Itact D1 D2 D3 D4 D5 D6 D7
Fig. 16 RMSD index of EM impedances

signatures of the PZT-interfaces. It may be
explained by the redistribution of preload of bolt

group after loosening any of them.

6. Conclusions

In this study a SHM method for bolted
connections by using multi-channel wireless
sensor nodes and

impedance multiple

PZT-interfaces ~ was  presented. Firstly, a
PZT-interface was designed to monitor bolt
in bolted

variation of EM impedance signatures. Secondly,

loosening connection based on
wireless impedance sensor node based on the
Imote2 platform was designed for autonomous,
cost-efficient and multi-channel monitoring. The
impedance sensor node was integrated with an
AD5933 impedance chip for EM impedance
measurement and an ADG706 multiplexer for
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multi-channel measurement. Finally, performance

of the wircless sensor nodes and multiple

PZT-interfaces was experimentally evaluated for

a bolted connection model.

From the experimental results, the following
conclusions have been made from this study:
(1) The PZT-interface is efficient to monitor

bolt loosening by using low frequency (less

than 100 kHz) EM impedance.

(2) The node
Imote2/SSeL-116 can measure EM impedance
very precisely compared with the bulky,
expensive commercial impedance analyzer.

(3) The system  of
Imote2/SSeL-116 sensor nodes with multiple
PZT-interfaces
performance to indicate loosened bolts in

bolted connection.

wireless impedance  sensor

wireless  monitoring

shows the excellent
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