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The Electro-Mechanical-Impedance (EMI)-Based damage
detection method has been studied extensively as a
powerful technique at localizing damage. However, the
EMI methods required the use of expensive and bulky
impedance analyzers that are not suitable for long-
term field deployment. Therefore, this project
presents development of a wireless-based multi-
channel impedance sensing system for detecting
location of structure local damage. This project is
composed of three parts. First part is the
development of wireless impedance sensor node. The
second part is development of application software.
The final part is local damage detection schemes. The
wireless impedance sensor node is consists of a
microprocessor, wireless communication module, and a
powerful impedance analysis chip as well as two
multiplexers. The sensor not only has the properties
of cost-efficient, low power requirements, small
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size, and simple deployment, but also has the multi-
channel function that allows the user to monitor
seven—channel PZT patch from a single device. Herein,
local damage detection schemes include root-mean-
square deviation (RMSD) index to locate the local
damages of the structure. The feasibility of the
proposed wireless impedance-based sensing system was
assessed using a 1/8-scale three-storey steel-frame
model with various damage scenarios. It was confirmed
experimentally that good sensing quality can be
achieved via proposed system and locations of
structure local damages can be identified.

structural health monitoring ; local damage
detection; piezoelectric material (PZT): Electro-
Mechanical Impedance ; wireless sensor
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Abstract

The Electro-Mechanical-Impedance (EMI)-Based damage detection method has
been studied extensively as a powerful technique at localizing damage. However, the
EMI methods required the use of expensive and bulky impedance analyzers that are
not suitable for long-term field deployment. Therefore, this project presents
development of a wireless-based multi-channel impedance sensing system for
detecting location of structure local damage. This project is composed of three parts.
First part is the development of wireless impedance sensor node. The second part is
development of application software. The final part is local damage detection schemes.
The wireless impedance sensor node is consists of a microprocessor, wireless
communication module, and a powerful impedance analysis chip as well as two
multiplexers. The sensor not only has the properties of cost-efficient, low power
requirements, small size, and simple deployment, but also has the multi-channel
function that allows the user to monitor seven-channel PZT patch from a single device.
Herein, local damage detection schemes include root-mean-square deviation (RMSD)
index to locate the local damages of the structure. The feasibility of the proposed
wireless impedance-based sensing system was assessed using a 1/8-scale three-storey
steel-frame model with various damage scenarios. It was confirmed experimentally
that good sensing quality can be achieved via proposed system and locations of

structure local damages can be identified.

Keywords: structural health monitoring; local damage detection; piezoelectric

material (PZT); Electro-Mechanical Impedance; wireless sensor
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4.2 B 7 ez (Impedance-based techniques)
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-3

O'ZOO'Z1 (7)

P Zp(w) 5 EERF(RAIF IS AR )BT RGBT T S AR
(baseline) ; Z; (w) % i e« §_A k0 T FE 43 5L (concurrent condition) 5 n 5 jgcgd 20 552 #4F &
2t (frequency points) ; Zyr Z, A %] 4 Zo(w) 21 Z1(w) 2 T 3518 ; s 07,807, % W & Zy(w)8 Z (w)2-
L -

PRz AR B A A AR NG T (0) A R AR 2 R AT R
£ (vertical shift) 2. % 2 3 foerdf #dp 152 3% - F]pt " RMSD 4t 4% < Lk F Zp(0) 2 Z1 () 9
AELRARS F R Rk e > a AR ] 0 CC piRRl & F BB L B4+ o X
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Moo BB OSBRI ERE Y §RBRPELE BB DR T N EREEN G I

(Koo etal., 2009). » % o8 B S8 LU BB 3 EF RS T - B
T RIE A AR T R R Y WA X PR R R 8 o Bhalla et al. (2002)F= 3 7 SR 0
BHRE BURER ST ST P Koo et al. (2009)# e 28 CCpthr Hi & 3-8
bZy(@)B Z () BAE F BEP 3+ B g CC il » 4 B+ 2 p M faik

(maximum cross-correlation coefficient) 5 & g 5 i, 4% £ (effective frequency shift ; EFS @) »

P S B h CC At R RIS Y I > B R PR R BB R PR EG 8) -

CC=

MAX { 1 Z {Re(Zo (@) = Zo}Re (Zy (@) — 71}

o (N = 07,0z, (8)
44 RABRTNIEFG R T2 o6 WK
441 FAWT S FEETREY A7

AR RSB MR R ETRAF G G RRNRT AR R E
(WLID)% /F & & Ma 4= ~ B ~ @33 - AROBHERTIEFRBEREH 0 kY i

PR RS AL ER ML AEE YRR

—
e
A
=
g
i
R
e
40
F
155
~F
3

Impedance Measurement

Module
i Channel 1 i \/\/\/ DAC
1 1 DSP
S A i ADC

Temperature
& humidity
Sensor

-

~

i

1

1

1

1

1

1

1
-

Multiplexer

e ! mm= Microcontroller
| Channel5 |} Channel
P SR——— ] Selection

j I =1
: Channel 6 : I
| I —— L]

Channel 7 | Power Management

Wireless Zighee '
Transmitter

Bl 7TE2MBETNSHHIGEG LR EREH
WLID el B2t Bl 4B 70 oA REZEHerk 3t 1 4 Smma .

1)

ol
\F‘lﬂ
<

BEAER TR £k 7 A S ARTHR L AR R B B R 52

= (Multiplexer) % i& 7 % gL(Multipoint)/& & ¥4 °
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2) BIMMEET AL S E 2 F BT i 0 Tt F & U5LE 5 B (DAC) R
BR AR TS i F(ADC)F BT F AL

3) Rt EIRT AEd BRI BT 8L BLY GBS AIT R T S A 4T 0 Bt g
IR P Rt A WS e RN~ R 2

4) RPIBAERNE NS GE > &ML IEEE802.15.4 2 7t > L BB BATE ch 4 5 4L
fofe i BRI BV 4 -

5) 4 NBRTIBEF BAGE LINEARPE LA PE P WLID 3R R B RR Fih g

Bl A kR D o

¢‘<t-

6) TREEH LT R EMAILERS ADC G BRI AT BEDTRER
PR T RE EHCET 4% Gy R B (Energy harvesting) s 2 4 m o0 * 0 Fde S BB E
IR 3 R
7) Mo dREeielRME EL A s B SR T Iy 0 T F g - k7
BRI G BRIR B B W o
%gv} FatdEM o AT ¢ WLID ejicad® B4 * NXP Jennic JN-5148 i 47 i d2 B
FEL B % 0 IN-5148 % - B 32-bit £ OpenRISC ¥ f 5 HrAJ2 % B PERT R TS
32-16~8 % 4 MHz> % # 3£ 7 128KB :7RAM 12 2 ¥ g5 e ¢k 3R 4% o en512KB 7 Flash Memory >
Jennic &_P w0 % i34 4L IEEE 802.15.4 B % % & SUMCARIZH S B0 o - R I T B A
AEE G Rehg S0 A SRS Y R nEaprd] 10 # i ¢ 45 SPI - 12C ~ UART
GPIO ™ A& B & & > 2 0 § R3gen RAM o5 5 B % 0B T I fus oot » 1841
BINBETFE 2 E Y o B SAIE e ke FEM RS BT BT fico 8 (1K F)
BB (FHF) | ﬁ%]&twﬁ B 8 5 JN-5148 #- ‘e 57 8 Bl £2 Block Diagram -
ARTIEFE R @ @ * ADS933 rEii g p| S & 0ADS933 ¥ - HF M AR G E RS R
P R AR R BB A 2 g Rl 5 (1-100KHZ) ke jcpe b 3R R pE o TR 3] chw

B AR B i 4 B(ADC) itk > B S 5 DSP B (T 44ciE > Egdk > £ e B

El

GO ST R RN R B INE | - R4 B 5 T 0 R 512 B4 5 #k(Point) > T i -
B GE RS T OE 2 FRE R maip & BORIR ST S 12C TR g By
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ISR LRI

ABe N\ t:._ e / <=‘-
o> 52 cilon
o s Voo
AGNO  DGNO ‘

B 9 AD5933 Diagram[Analog Device]

Z

$1 =5 @ % 3 4F 8-Channel % 1 % ADG708 & + » 4 Hl4m4]~ & DAC #4122 ADC
B~ £ 16 BFUARA S B Y - e 10 #-iT S b BRI E i 0 T WLID T 4 T
B R RPIRT PO BRARR R G G * SHT2L & 5 > & * 12C /1 6 & /e B
@ik o B 10 5 WLID & i = 35 -
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Data Acquisition Sensor Module  Wireless and microcontroller Module

. LS | | 128K8 || WirelessZigbee
. . il e &3 GPIO | [ I :
Piezoelectric | | X ¥ coiy | | ROM [ Transmitter |
| Patcharray | | & N EPI(; i -i
J £ 4 .| 128KB | | 512 KB i
‘i F? PP EITT s M | {1 |
= 783 2 = | RAM || Flash Memory i}"
- ! = e
Y ADs93 | oumm |
EIHEY | sPl |
Impedance Chip — || 32bitRISC16Mhz | | |
/ : 12C IN-5148 [rr— -
Temperature and humidity . . Microprocessor | | UART |
Sensor Chip A‘F—V‘_N ——
t Power Management '
Recharged Battery i
’ t Energy harvesting source management ' !
: Solar Panel I 1 Wind J E Piezoelectric Jk

B 10WLID & 23l 1 /1 & & 3§

b SRR TEFUR P B BRI 9 MR B2 E AR ot ek + Jennic IN5148
SoC & & » ¥ 58 12C e/ o i e dE Bl S & AD5933 0 B 11 5 A3+ 3F # AD5933 % if
TE B H P R2 g% 4s 5 RFB(External Feedback Resistor) 5 1395 F iR 4 #7 % & Bl ehfe i R

PRI 0 Ak A sE P 2 % 1000 - AD5933 Vin £ \out et A L BB T HAL e

=N

, 2 R
e AN—
——— 100 Ohm
JUMPER
J14 15 us
1 2 B 4 B 2 1 NC1 sCL 16 0145
./ JUMPER —2| noo bogd DIO15SIFD
JUMPER X3 |NC3  AGND2 [ ] |
eference resistors AD5933 5| RFE  AGND1 [ 1 |[|-
ADS5033_Vout 8 | VIN DGND 3
7 VOUT AVDD2 0 1
X—pg— NC4 AVDD1
MCLK  DVDD ]

AD5933

B 11 reded pld * AD5933 ¥ B 7 B
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Y =

M oa 0

TR RS SRR L A

BB > AD708 5 8 genf 1 i s > A%

fm

YL R R T L AR T

Er RFB(lOOQ)‘fﬁg_}_ Fé * o, ﬂ.L";l

1 ® AD708 % ## 7

B 12 %
#£d ADC 4w &

Aw R R B RV OB AT R
BatteryADC /i) 4 gL P E RIS RF RE

harvesting) s £ 4

& AD708

ThERH Y R

BRTHEY

LT — .
bW S S
PHONE JACK-O
28
5, SR,
PHONE JACK-O
£3 = a
o, F— ,

PHONE JACK-O

e | ]
FHONE JACK-O

PHONE JACK-O

=h

o :' hl-r iq

oo * i dEdAcx B acdE(Solar) s R 4 OB T HCE o

Solw
1
2
C12
HEADER 2
= ~
e
-
1
2
c13
HEADER 2

™
B 13T ke 2T R
dOTRTEF B IR A SR A B R
Benfed » P A REALRE - B 14 5 SHT2L BigR
TEW -

16

51 e R
u)id % AD5933 9 Vin 22 Vout » #

EREYEE:

B 12 FE %
- i R
g 4 (4e B 13,

& & & R B (Energy

BB hen o R ko

Jennic % ¥



= E%Y
e 1 ADC w
T Donssn uSFTIN
= : — 22570 Isow s |
+ = @0 _ voo g
5 [P vy e
= 8
2] ] -/~ e
T I~ ‘oo
¥ TF
. i)
= = i
HEADER 10n2r5Md
[
- ADcA e
BAE aé‘ A
*—3 CoPs
Mg COMP
- SPICLE

SPEWP oADMY <.v\, 5 | veo
COMN RECTS ... - HOMSPISELL DO12TAN_CAP J___ aND
1 oo I =
x DICERT S0 vasA I
T T CeoaTXD0 oo Fa—1 ¥ n HTTO=A
= Ve - P
— d IOTTIMGT 4

] DIORTIMO_CAP DI GITIMOOUT

MGTas

B 145 RRRRI&H ¥ EHAEEY $7T 5

Programming SHT21 . PIT-Connector
:[’I'.('I".JEJ“ 3 Expansion IN5148 Chip “[‘-':,951 Event
praDe Module Che

Energy Harvesting

Button Connectar

Interface - ADGT08

LED Multiplexer Power
Switch

B 15 2 RBRT N e d ey WK
Bl15 2 RNBET AT R e B 24 ) mEF 5 01.6x48 x7(mm) /459

A=

PARTEREAG L EHNL T 20mm F 5k EE 0 BRI RS2 KRB e

SA Piezoelectric Patch

B 16 BT 4L



443 REEa R

Impedance-based Application

| Hardware Abstraction Layer (HAL)

Bl 17 2 UR TR RIE 7 WA R

B 17 2 WLID i d8 2 te3a f B) - & & k& «h3n 4 5 & 48 % F (Peripheral)dd % i & » 1 &
Bens b % A AT 52 4p k7 A dopd4B(Timer) ~ pFA% § 12(Clock) ~ 3 * 10 #241(GPIO)
B 7% 846 (SPI)fep 2085 4 7 5. (12C) % % > 1 2 |EEE 802.15.4 =iz 42 i #5 MAC 4 % 1 #
oo b R endRe o G iRt f= 28 & (Framework) )z 2 i+ K (Application) » 2% £ chp s
FE KT Tty g APl RIEFRY BT L P E 2 v E gt 4250 o p e K anp
G R A R sEM > TR AR AT IR E OB ENE s ERT S o AT AL
BB A L RSURT R B B(WLID) L 2 (55T A 18 e ARl o AR R B iy R
FrE*r CEZZFREFMM 10 4] RBRASEHEFEaRGEHEES N > BFERE R
Eclipse # & B # k8 1 2 L R ¥ £ (Cross-Compiler Toolchain) BA2 Compiler -

BB BaaME A mEs AMAH4E IEEE802.154 t 2 F » R R PI BT enT 4 H 4L
frit e S BRE R BB AT 4 o BRBTNEHAIEH G URE L ARG Uk
1 B2 B354t e % 2 binary A i en@ggid 2= 8 o @ & % 3y ¢ AEUEL B E R F 3
¢ {§ i~ 4#-d Header~Data~Checksum = g #t % = > # ¢ Header f= Checksum £ & £ 7 ¢~
Data thE B § 7 %o Ak Header » 3 &8 3 8384 & (1) Start byte #%k3*-+2p %

B g Rt (2) Start byte #k BN FRF § FRRS (3) #E PR ER (9
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BB B S L R R R B e %

PehE R (7) BT R

folbF (B) R R * PR (6) v R BT
A (8) A K (XOR)

% 1ﬁ‘§ﬁl-§$&|§f J{'ﬁ{) ;

Type Field Name Description
uint16_t Start byte Starting of the packet ,ex(OXEF OxFF)
uint8_t Packet length Length of the packet
uintl6_t Device ID Identification of sensor device
uint8_t Device type Identification of sensor type
uint32_t Timestamp Epoch of Sending timer
uint8_t Data response/request Identification of the master or slave from sender
uint8_t Data type Type of the data
uint8_t Data length Length of the data
uint8_t data Main data
uint8_t XOR Calculate the XOR of all packets
BT i dlEEadte o A2bF @ % NET CHK 2

i
T
i
a
-
|=
<

o P 2 S R s e e B

H R R

PEfud TR 7

o Wersen s

LER S BK L mAIp ST T

M rpedence [veruon L8

Mowsmrng Nndey of Setiag Tune Cule

i

X =+ o B ot

| Ché | on T

et Tt e
oh oplon I
Rl Inaguary 0
Ingedun Tham
et 5

B RO o 17 k8 (R 18) 0 st ik
TR AR T & S R A 4T o

ARBITR B ed gt £5

o TS ST AR 1R

B 18 B rHE R * ¥ o
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g Embedded Software 7 Host PC p
(& & | r ~ l
Initialization  Remote Control ; Initialization request :
! | Protocol ! i
; Calibrate raw impedance :& Set frequency range |
| l : Comphonsd . Set channel |
! Save baseline impedance i———— i
A ~ J; e N i
! — ; : Measure PZT sensor i
i Monitoring ! Measure Control; :
o . | Protocol i Set channel i
| | Measure raw impedance . : i
i \ ‘ i Returnraw data' _ Set Mode i
1 ' orRMSD ! 5
i |  RMSD-based assessment :——>g (raw data or RMSD) i

B 19 fb"ijapm"’kjiﬂ-‘ﬂ@ ),i,/? %iﬁ%m i
B 19 5 ANPBETFE AR 0 B AT R TANER 2 5L FI(Sweep) 0 F EBH R 2

# F]+ (Gain Factor) » # &t 7]+ v % 2> ;¢ 9 & H 25 & ty(Magnitude) » #18 {F2 < ] ¥ r

ERoON 10 E N pEpE s FEEON 11348

Ak s 2HE O F TS SR AR Rl

Flash % ¢ » & 8 BT & RIFI O R ph 30 BQ 0 HF RS ELHEFF 250

BT Rz AR I BF 7 B EEH I FpE 2

T e & Bl "’E’E}»i& {8 2_ [EFie & I:E";IiD » 3+

Magnitude = /R? + I?

1
Gain Factor * Magnitude

Impedance =

1
Impedance

Gain Factor =
' Magnitude

?:a(IiD - IiU)Z

RMSD =
?=a(1iu)2

x 100

20
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I~Firesaidn
S1Mr = A2 iR L R0l
LA BT EREA AR AT R - BB B = K W MAHES K TE
» 38kg - %412 ¥7G ff 5 0.8cm2 & K3 5 0.44m o i * 2 BT 4R L PZT-5A A5 &
Fo BREEEGY 0 AP H BRI HPARS LB T e TR ERET S RRBERT H
RERAR G R AT R(R20) & 255 = R AEFEL Kb - 20 &iTAE 0 7 A hesk

11\4.

z

W ARG LRI AR e P RAEREIIR 123 R IR 1 £ 3742 % - B 21~25

AT MA AL F R ZRT IEFGE MG o

Bl 20 % b - ~ SlaptdF A E
% 2 FRRSAL S FER 2 R K-

Case Damage Description Loosened Bolts
1 No damages None
2 Loosen bolt 1 1
3 Loosen bolt 2 (Bolt 1 & 2 are loosened) 1,2
4 Loosen bolt 3 (Bolt 1,2 & 3 are loosened) 1,2,3
5 Boltl refastened 2,3
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Real Part of Impedance

Real Part of Impedance

4 PZT 1

2 \ \ \ | \ \
3 4 5 6 7 8 9
Frequency (Hz) x10

B 21 Z20)- ~PZTL 55 & & F %% ™ 2 [EFulf ¥

7

4 PZT 2

| | | | |
3 4 5 6 7 8 9
Frequency (Hz) x10

B 22 % 6)— ~PZT2 B8t & 9 5T 2 Fofdf 3%
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4 PZT 3

Real Part of Impedance

| | | | |
3 4 5 6 7 8 9
Frequency (Hz) x10

B 23 26— ~PZT3 8 i & F 5% © 2 fEFulf ¥

s PZT 4

Real Part of Impedance

6 7 8 9
Frequency (Hz) x10

w
N .
(6]

Bl 025 5 LRTMAF LT REET 2 PG AR B o SUE 5 30-95kHZ 2 B 0 &

83-80KHzZ ' § #iLs P BF P 4RAR 5+ M BBLIR S 7 i 5 B A B B AT AP o T A0l B e R

T M BT OLE R 0 R 2 B
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02( 10° PZT 1 i
N A.7f )

. \ gamt
e -05 \J\ 3 f |
§ \ E 18 \zkr.
=% 3 \J)‘r\J\
E 1l N &8s Ba
5 3 Ml
= . NE -
d'i c1 \‘...19-

T - c2 “‘-\._\ . . . .
-1.5} .8 86 88 9
x gi ‘d Frequency (Hz) «10'

Cs. _I-.. —
5 5 6 7 8 9
Frequency (Hz) x10°
x10° PZT 3
0, {
I 1.7}
\'\\ g 1.75}
805 N\, H |
1] N E -18¢ \f '\f\_,
H 3 A A
£ é 185} L s~
= 1 ™, 2 o
o -5 —
= C2| L 84 86 88 9
& -1.5; 03 b Frequency (H2) x10°
C4/| ™~ ~C
| G5 :‘f’_" e
2 s . s . s
3 4 5 6 7 8 9
Frequency (Hz) x10°
W 25 % 6)-
Rl 26 5 50— £2F%%

W A REPE)E

R SRS

R By 2 R
GEE:S

ﬁj%ﬂ. , WV JI'L

3

&2 10° PZT2 )
ATF ——
N
".
2 .1.75}
g
§ 0.5 N Y
] o & .18-’\ A
2 . 5 =it 1
=% i - S
E ® Eass
5 N, §
£ .. % g /
g Cc1 )
§ G2 i 84 86 | 88 )
o -1.5; Cc3 . Ny, Ft!quenr_)'{lh'.'l x10°
Cc4 s e
—) Dy
2L s s : s . =5
3 4 5 6 7 8 9
Frequency (Hz) < 10°
03‘10 EZT4 I
| 17}
§ 05 % 1.75}
3 N s a8\ i
g : AN
5 -1 ; 3 185} i, ¥ .
= - [ '\J‘\\‘
& c1 19| 1
S .5 o NI 0
o 1.5 C3 Frequency (‘Hzl ) x10°
c4 e T
| C§5| 'f'-u:_
) : L : L . :
3 4 5 6 7 8 9

7] 2. RMSD #f #&kdp &8 -

iy 2 £ R dptk o 4

BREpEE

T

0 D R S

/

! gﬁk‘ﬁfr ».5%7 El
cdoi & R

Hgi fr(£iHh%)2 75

Frequency (Hz) x10°

LR BT T L R

AR H B URT R A2 4
RS RS
BT R AT R 0

PR B BT E AT

25¢

RMSD

Loosen
Bolt 1

c2

L

Loosen
Bolt 2

c3
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Loosen
Bolt 3

C4

B
[ P2
= Pz3||
- P4

efasten
olt1

R
B

cs

2. RMSD 4F #i 45 1 &



S2Hc = AL IFEL RO
oz P RBRT ORI P BT AR P PG FRET NS

F_k

PRl B 2 h JUAR R UERGEI R B AR R TR T MR 2 R R T AR L 2 K (W]

27) -

i

- -

Monitoring system

receiver

Bl 27 &0~z b~ @ T RRT HAY By

403 LMt Z R R0 C 2 BRI MBI OID AR AN RRT HENE
B EE B 2 R TR R Y SRR B A TR TR L R PP R AR L 2 R
Bl R T AR T 2 R b S R R (2 Y BT T ARSI 1 )i
BHEARY D EFHSIER 200 T) 2 RH 3% o B 28~30 i (PZT1) ~ ¢ (PZT2)¢ ~ (PZT3)

ZRTHF AL T HRFEZRT RN o
F 3PSk AE S HE Z R L Kb

Case Damage Description Loosened Bolts
1 All fastened None
2 Loosen bolt 1 1
3 Boltl refastened None
4 Loosen bolt 2 2
5 Bolt2 refastened None
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Real Part of Impedance

Real Part of Impedance

2000 I
— Baseline

—— Case1 Fastened

—— Case2 Loosen bolt 1

— Case3 Refastened bolt 1

— Case4 Loosen bolt 2
Case5 Refastened bolt 2

1000

-1000

-2000

-3000 —
-4000 —
-5000 —
-6000 —
-7000 —
-8000 | | | | | |
3 4 5 6 7 8 9 10
Frequency (Hz) x10°
B 28 % 0= ~PZT1 & & %™ 2 (e fuip 3%
2000 I
— Baseline
,Q\ —— Case1 Fastened
1000 ;{" W —— Case2 Loosen bolt 1 i
! W\% | —— Case3 Refastened bolt 1
‘!"M]\ Q —— Case4 Loosen bolt 2
o- Wiy i
VN Caseb5 Refastened bolt 2

-1000(- \ |
-2000|- \ \ :

-3000— N\ —

-4000 Y s

W) -
-5000 ‘Wm&,/w -

6000 \\\A

-7000}- S f

-8000 | | | | | |
3 4 5 6 7 8 9 10

Frequency (Hz) x10*

B 29 X2 6)= ~PZT2 & & F %™ 2 [EFuilf ¥
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2000~ | —

—— Baseline
\ —— Case1 Fastened
1000 i —— Case2 Loosen bolt 1
— Case3 Refastened bolt 1
0 ! —— Case4 Loosen bolt 2
Case5 Refastened bolt 2
-1000 =
(o}
o
& 2000 =
°
(9}
Q.
€
« -3000 =
o
b=
@©
o
© -4000 =
[0}
4
-5000 =
-6000 =
|
-7000 M\\v\;\%\ =
-8000- | | | | | | _
3 4 5 6 7 8 9 10
Frequency (Hz) x10*

Bl 30 & bl= ~PZT3 & F %™ 2 [Lrulp ik
B3l 5%6)- A2 P%do|T2 RMSDAF S 1@ » 24 & 22355 B R T Hl & £ 2 44503
P A R0 ) BRI R R AL L B R R M MR ER R 5 BRTHE R
RS S SRR Y S A

|
Ak
o
)
=
A
B
ja i
&
. ,)
F’_k
_Eg“\]
Vi
—i
4
Wi
-

Rl BT R A A
B BERIFIE B G ) ST VO AR RTDRIME I REPESLR

BRI Rt 2 B TR FIR T IE R Pk B E 2 .

d T ! T T

I P
351 C__Ipzm2 ]
N P71

25+ -
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S53IBREFRH T RAKX2Z%0=
P BRFEAENBRT IR BBV TR BT R AR R 0 AR 2 B M12

ARl 2 FARHEE (R 32) 0 & 67 F S AR BTV (PZT) £ IR T Y s e fopop i+ 1
Fp & SURT EFR P E g gL % iz (V-OUT)E ADC 28t % (V-IN) o 1 & F %KLL 5

BRI AT Poooblfade 4 T 2 PEFOEH 2 R o ¥ 30 3T IR R R e AR R E RSO S DR T

J_

AR T R 10 T 702954 (W)L 4 #4504 40 £ (R SRR FMRAE LR Y 0 5

Gt o TR FORTIEE BRI

6

0
e T

- —
%0 @ pz*r\u

L (& L
FOZ7 — 6 mm TO%10951 -

@ T

B 334 4 4= <+ (10-70 n.M ~ 3% error rate)

¥y ¢t 2+ Kim(Kim et al. 2011; Nguyenaetal. 2012) & X 2. 225 = % » d R T4 4 T8 T 48 &
R LRI Bl ATRpb 2 S R B e Bl § R SRIFATRE R 0 Bl AR A heR T
ANl R P (B 34) ) B ELL T EARHR-PZT B 824FRET 2 0 SR A R P AR BT M
REH BB R R E S AP ER R R S kRO R R PR ARS YW

SRR ELE BBl AT R B 0 B35 L P RRE B -
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JN-AD5933 with
PZT interface washers.

Wireless receiver

Low power

IEEE 802.15.4/Zighes
P

(.

Bl 5T RREFHREE T REER
136 =BT RY 7 Filfisd T2 ERPFGEERSS 0 p AR RS ERS AT 30
244 5 FRBERI T2 44 o HF S ES PN A 56kHz £ 60kHz § %P A chg g o gt ag g
"EFD R 4 TR A LR RS By BB HEY F2 R YR A B Ea
HBHEHEF AR c 20 P HREFGED Z 2 F%F0P T HFRD E PRRAE DTG R iE
B kB RS FI A A PO S A L ) [ S PR R A TR
RE BRI INGTRE R o v F Y LM EER I AATREN R4 MY R &8 KRR

e i e 2R (R 37) -
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PZT Interface

-4000

edance

-4200

p

-4400

Part of Im

— -4600

Rea

-4800

-5000

T

-5200

T I T I T

—— Case1 30N xlsx
—— Case2 29N xIsx |
—— Case3 25N xIsx
-Cased 21N .xIsx
—— Case5 19Nxisx |
Case6 16N xlsx
——Case7 13N.xlsx ||
——Case8 10N .xlsx
——Cased 2Nxlsx |

* Linear Regression
I

0.01

0.009
0.008

RMSD

0.006
0.005
0.004
0.003

0.002

0.001

Baseline

0.007

5 52 54 56 58 6 6.2 6.4
Frequency (Hz)

B 36 BT IFRHLY A R4 T2 ERFGHEE RIS

66

x10

Y = —1395.6x% — 260.8077x + 30.4734

> [Re(Z () ~Re(Z(0)) |
RMSD = |+

S [ReZ(@)]

i=1

L

L | ! 1 1 1
38N 29N.m 25N.m 21N.m 19N.m 16N.m 13N.m
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Development of a wireless-based multi-channel impedance sensing
system for structure local damage detection

*Shih-Lin Hung" and Chun-Ting Ding®
-2 pepartment of Civil Engineering, National Chiao Tung University, Hsinchu,

Taiwan
D slhung@mail.nctu.edu.tw

ABSTRACT

This work presents development of a wireless-based multi-channel impedance
sensing system for detecting location of structure local damage. The system is
composed of a wireless impedance sensor, application software, and local damage
detection schemes. The wireless impedance sensor is consists of a microprocessor,
wireless communication module, and an AD5933 impedance chip as well as two
multiplexers. The sensor not only has the properties of cost-efficient, low power
requirements, small size, and simple deployment, but also has the multi-channel
function that allows the user to monitor seven-channel PZT patch from a single device.
Users can communicate with these sensors through the dongle with computer
wirelessly. Through the application software we developed, the measurement
parameters and sampling period can be set and record the measured impedance data
on the computer. When the sensor is in idle state, it can be switched into sleep mode
to reduce power consumption. Herein, local damage detection schemes include
root-mean-square deviation (RMSD) index to locate the local damages of the
structure. The feasibility of the proposed wireless impedance-based sensing system
was assessed using a 1/8-scale three-storey steel-frame model with various damage
scenarios. It was confirmed experimentally that good sensing quality can be achieved
via proposed system and locations of structure local damages can be identified
effectively.

1. INTRODUCTION

The approaches of structural health monitoring (SHM) can be classified as
global and local monitoring. The global structural monitoring methods are
conventionally adopted vibration-based (acceleration-based) schemes. These
methods identify damage by detecting modal property change, such as natural
frequencies, modal damping, or mode shape. However, vibration-based methods are
not very effective in detecting tiny or incipient damage locality. Therefore, the
electro-mechanical-impedance (EMI)-based damage detection method has been
studied extensively as a powerful technique at localizing damage (Liang et al.1994;
Sun et al. 1995; Park et al. 2000; Bhalla et al, 2004).
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When many sensors and diagnostic methods are implemented, wireless
communication appears to be an attractive approach as conventional wired sensor
systems can only deploy limited numbers of sensors because of cost constraints or
excessive complexity. Wireless sensors are expected to diminish these problems by
simplifying the installation of wired sensors. Smart wireless sensor networks (WSNs)
are an attractive sensing technology for SHM applications because of their low
manufacture costs, low power requirements, small size, and simple deployment (i.e.,
lack of cables) (Lin et al. 2012).

The development of wireless impedance sensor node has been investigated by
several studies in literature. Mascarenas et al.(2009) and Park et al. (2010) designed
the sensing node based on an Atmega128 microcontroller. Nguyen et al. (2011)
proposed wireless impedance sensor node based on an Imote2 platform. The
aforementioned sensors all contained an AD5933 impedance measurement chip
individually. They also provided wireless telemetry and multiplexers. The Atmega128
MCU based nodes had limited storage memory and low clock speed. That has
constraints in collection of the response signal in multiple PZT and processing data in
sensor node. In addition, the Imote2 may be a powerful and promising smart wireless
sensor platform for SHM. It consists of a 32 bit XScale processor with 32 MB RAM
and a flash memory of 32 MB. However, the Imote2-based sensor node is more
expensive relatively compared to the other platforms. For these key points, a low cost
and large enough storage memory platform for impedance-based SHM is presented
in this work.

This study presented a novel impedance-based wireless sensor SHM system for
detecting structural local damage. A low cost wireless impedance sensor node based
on Jennic platform, called JN-IMP, was developed. The Jennic microprocessor offers
an enhanced 32-bit RISC processor and a fully compliant 2.4GHz |IEEE802.15.4
transceiver (SoC) with a RAM of 128 KB and a flash memory of 512 KB. JN-IMP also
integrated an AD5933 impedance chip as well as two multiplexers. It is designed with
the properties of cost-efficient, low power requirements, small size, and simple
deployment. The feasibility of the proposed wireless impedance-based sensing
system was assessed using a 1/8-scale three-storey steel-frame model with various
damage scenarios. It was confirmed experimentally that good sensing quality can be
achieved via proposed system and locations of structure local damages can be
identified effectively.

2. ELECTROMECHANICAL IMPEDANCE-BASED METHOD

The Impedance-based damage detection approach utilizes the electromechanical
coupling effect between active surface-bonded piezoelectric patches and host
structural. Liang et al. (1994) first proposed an analytical model of this method. The
electromechanical is related to the mechanical impedance of a host structure, thus
allowing monitoring the properties of the host structure using the measured electrical
impedance. When damage occurred to structure, the mechanical impedance of
structure will be changed. Therefore, if the mechanical impedances of the
piezoelectric patch remain undamaged, any changes in the EMI signal correlates with
the damage in structure. A piezoelectric patch-structure bonded system can be



modeled as a circuit system (Park et al. 2007), shown in Fig.1.
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Piezoelectric
patch 1

Fig. 1 Diagram of PZT-structure bonded system

Herein, piezoelectric patch is modeled as a capacitor (C,) and a self
sensing-actuation voltage source (V,) caused by input voltage (V;,). The output
voltage, couple with V,, and V;,, can be expressed as

Zp(w)
Zp(w) + Zp(w)

Vout (@) = (Vin(w) + Vp(w)) (1)

Where Z is the electrical impedance of the resister and Z, is electrical
impedance of piezoelectric patch. Subsequently, the electrical impedance of
piezoelectric patch can be written as

(2)

wgm+%mxﬁ}
Vout (@)

Zp(w) = ZR(w){

Since the self sensing-actuation voltage source (V}) is related to structural mass,
as confirmed by numerous researchers (Liang et al. 1994). Equation (2) indicates that
the Zp, has significant response to structural damage. A piezoelectric patch-structure
bonded system can be further modeled as an electro mechanical admittance (EMA)
model (Inverse of EMI). The electro mechanical admittance model can be expressed
as

. l § ) o YA ( ) 2 o t kl
Y(w) = ]Q)WT{(S_% — d31YE) + Zp(w)p-:‘)zs(w) d31YE< ank(l ))} (3)

where w, [, and t are the width, length, and thickness of the piezoelectric
patch; YFis the complex Young’'s modulus of the piezoelectric patch at zero electric
field; £1; is the complex dielectric constant of piezoelectric patch; d?, is the coupling
piezoelectric constant in the x direction at zero stress; k = w+/p/YE is the wave
number that is related to mass density p, Y¥; and excitation frequency w,
respectively; Z,, and Z; are the mechanical impedances of the piezoelectric patch
and the host structure, respectively.

Although the EMI provides a qualitative method for detecting structural damage,



the quantification approach need be established. A simple statistical algorithm, which
is based on frequency-by-frequency comparisons, referred to Root Mean Square
Deviation (RMSD), was used to develop the quantitative assessment of damage in
previous research (Yang et. al. 2008). The RMSD is defined as

b (D _ [Uy2
RMSD = l—“b(‘ = 12) X 100 (4)
i:a(li )

Where I”and IP are the real part of impedance of piezoelectric patch at the
I*" frequency point in undamaged and damaged structures, respectively. In a RMSD
damage metric chart, the greater numerical value of the metric, the larger the
difference between the baseline reading and the subsequent reading indicates the
presence of damage in a structure.

3. DESIGN OF LOW COST WIRELESS IMPEDANCE SENSOR NODE

This section expressions all hardware and software design of proposed novel
wireless sensor system. The wireless impedance sensor is consists of a Jennic
microprocessor, a SHT21 temperature/humidity integrated chip, and an AD5933
impedance chip as well as two multiplexers (ADG708). Jennic offers an enhanced
32-bit RISC processor and a fully compliant 2.4GHz IEEE802.15.4 transceiver (SoC)
with a RAM of 128 KB and a flash memory of 512 KB. The Photo and block diagram of
sensing node is illustrated in Fig. 2

DS FVIIINLION
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Fig. 2 Photo of wireless impedance sensor(JN-IMP).

The AD5933 was first proposed for measuring EMI impedance signatures by
Mascarenas et al. (2007). The impedance chip can be programmed to take a
measurement from 1-100 kHz. The ADS5933 consists of an on-board frequency
generator, a Digital-to-Analog (D/A) converter, A/D converter. Furthermore, a discrete
Fourier transform (DFT) is processed by an on-board DSP engine. The AD5933 is the
most important component to interact with the piezoelectric material.



There are several important points to contribute to the flexibility of the JN-AD5933.
First, the ability to wirelessly transfer allows the sensor node to be placed in
non-reachable locations, without the constraints of a cable-based DAQ system.
Second, the ability to quickly change the system setting of sweep parameters, through
the self-made wireless transfer instructions. Finally, the ability to efficiently change the
firmware on the microcontroller, through the on-board FTDI chip, allows the sensing
node to further extend. The features are described in Table 1.

Table. 1 Features of the proposed JN-IMP

Model AD5933
Impedance Range 1 kQ-10 kQ
Frequency Range 1 kHz—100 kHz
Excitation Voltage 1.98 V,_p

Temperature Resolution > 0.03 °C

Temperature Range

-40 ~ +125°C (-40 ~ +257°F)

Wireless function

2.4 GHz IEEE 802.15.4 / Zigbee

Transmission Range

Standard Power (20 m) / High power (up to 1km)

Power Supply Options Commercial batteries (3.6-7.2V)
2AA Ni-MH rechargeable battery with Solar Panels (3V)
Dimensions 91.6 x48 x7 (mm)
Weight 45(9)
Cost $US 50

A host computer is employed to transmit command parameters and receives the
data from JN-IMP wirelessly. A .NET C# based user interface was designed to
convenience handling the raw and processed data as shown in Fig. 3. The sweep
parameters panel let the user define the system setting with the required frequency
ranges, number of frequency points and increased of delta frequency. The user
interface combines the ability to measure data and analyse the data for damage
indicators and display the results.
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Fig. 3 The user interface of Wireless-SHM Impedance system




4. EXPERIMENTAL VERIFICATION

4.1. Experimental Study in bolted loosen

A 1/8-scale three-storey steel frame model, shown in Fig. 4, was utilized to evaluate
the performance of the JN-AD5933 and local damage detection schemes. Each floor
weighed about 3.8 kg and each column had a cross-sectional area of 80 mm and was
440 mm in height. Four PZT patches are respectively close bonded to the joint of the
columns in 1st floor. A series of damage scenarios were listed in Table 2. First, all
bolts were fastened in C1. Then, the bolt 1 was loosened in C2. Subsequently, bolt 2
and bolt 3 were loosened in the next scenarios in C3 and C4, respectively. Finally, the
bolt1 were refastened in C5.

Monitoring system

Fig. 4 Experimental setup for wireless impedance measurement device in a
1/8-scaled three-storey steel frame model.

Table. 2 Damage scenarios for detecting bolt loosen on a 1st floor.

Case Damage Description Loosened Bolts
1 No damages None

2 Loosen bolt 1 1

3 Loosen bolt 2 (Bolt 1 & 2 are loosened) 1,2

4 Loosen bolt 3 (Bolt 1,2 & 3 are loosened) 1,2,3

5 Bolt1 refastened 2,3

The system was programmed to monitor the impedance of the PZT in the
frequency range of 30-95 kHz. Figure 5 illustrations a impedance signatures at
various damage cases from four PZT. A very distinct bandwidth was measured in the
frequency range of 83-89 kHz, so special attention was heeded to this area so as to
monitoring this feature would change for bolted joints loosen (in this case). The
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damage metric chart based on RMSD is constructed to identify the local damage. As
shown in Fig. 6, the highest value identifies the damage of loosen bolt significantly.
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Fig. 5 Measured impedance signatures at various damage cases from four PZT
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4.2. Experimental Study in damage location

Three PZT patches are respectively bonded to columns at upper, middle and lower
point in 3st floor as shown in Fig. 7. A series of damage scenarios were listed in Table
3. First, all bolts were fastened in Case 1. Then, the bolt 1 was loosened in Case 2.
Next the bolt 1 were refastened in Case 3. Subsequently, bolt 2 were loosened in the
next scenarios in Case 4 and refastened in Case 5 once again.

B
| =

Monitoring system

Bolt 2 - ] e —
-r'.-’-"’-

: . l receiver
= i ]

Fig. 7 Experimental setup for local damage detection in a 1/8-scaled three-storey
steel frame model.

Table. 3 Damage scenarios for detecting damage location on a 3st floor.

Case Damage Description Loosened Bolts
1 All fastened None
2 Loosen bolt 1 1
3 Bolt1 refastened None
4 Loosen bolt 2 2
5 Bolt2 refastened None
4, , , , , , _
| Ayl
350 [ Ipzm2
I PzT3

3, -
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Fig. 8 RMSD index for damage cases.



Figure 8 expressions a impedance signatures at various damage cases from three
PZT. The highest RMSD value identifies the damage of joint by nearest PZT.
Otherwise, from the furthest PZT get the lowest RMSD value. This characteristic can
be used to detect the location of the damage.

5. CONCLUSIONS

In this study, a local structural damage is detected using an EMI-based method by
low-cost wireless impedance sensor was presented. Firstly, the low-cost wireless
impedance sensor based on Jennic platform, with the properties of cost-efficient, low
power requirements, small size, and simple deployment. Secondly, this system
combines the ability to measure data and analyze the data for damage indicators and
display the results through the user interface created by .NET C#. Finally,
performance of all system was verified experimentally using a 1/8-scale three-storey
steel-frame model. It was confirmed experimentally that good sensing quality can be
achieved via proposed system and locations of structure local damages can be
identified effectively. The next generation of JN-IMP is planned for the future. Firstly,
the ability of wireless trigger for the device is planned. Secondly, temperature
compensation model will be considered. Finally, an automatically spectrum scanning
mechanism will be designed.
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Development of a wireless-based multi-channel impedance
sensing system for structure local damage detection

*Shih-Lin Hung" and Chun-Ting Ding®
12 Department of Civil Engineering, National Chiao Tung University, Hsinchu,

Taiwan
D slhung@mail.nctu.edu.tw

ABSTRACT

This work presents development of a wireless-based multi-channel
impedance sensing system for detecting location of structure local damage.
The system is composed of a wireless impedance sensor, application software,
and local damage detection schemes. The wireless impedance sensor is
consists of a microprocessor, wireless communication module, and an AD5933
impedance chip as well as two multiplexers. The sensor not only has the
properties of cost-efficient, low power requirements, small size, and simple
deployment, but also has the multi-channel function that allows the user to
monitor seven-channel PZT patch from a single device. Users can
communicate with these sensors through the dongle with computer wirelessly.
Through the application software we developed, the measurement parameters
and sampling period can be set and record the measured impedance data on
the computer. When the sensor is in idle state, it can be switched into sleep
mode to reduce power consumption. Herein, local damage detection schemes
include root-mean-square deviation (RMSD) index to locate the local damages
of the structure. The feasibility of the proposed wireless impedance-based
sensing system was assessed using a 1/8-scale three-storey steel-frame
model with various damage scenarios. It was confirmed experimentally that
good sensing quality can be achieved via proposed system and locations of
structure local damages can be identified effectively.

1. INTRODUCTION

The approaches of structural health monitoring (SHM) can be classified
as global and local monitoring. The global structural monitoring methods are
conventionally adopted vibration-based (acceleration-based) schemes. These
methods identify damage by detecting modal property change, such as natural
frequencies, modal damping, or mode shape. However, vibration-based
methods are not very effective in detecting tiny or incipient damage locality.
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Therefore, the electro-mechanical-impedance (EMI)-based damage detection
method has been studied extensively as a powerful technique at localizing
damage (Liang et al.1994; Sun et al. 1995; Park et al. 2000; Bhalla et al,
2004).

When many sensors and diagnostic methods are implemented, wireless
communication appears to be an attractive approach as conventional wired
sensor systems can only deploy limited numbers of sensors because of cost
constraints or excessive complexity. Wireless sensors are expected to
diminish these problems by simplifying the installation of wired sensors. Smart
wireless sensor networks (WSNs) are an attractive sensing technology for
SHM applications because of their low manufacture costs, low power
requirements, small size, and simple deployment (i.e., lack of cables) (Lin et al.
2012).

The development of wireless impedance sensor node has been
investigated by several studies in literature. Mascarenas et al.(2009) and Park
et al. (2010) designed the sensing node based on an Atmegail28
microcontroller. Nguyen et al. (2011) proposed wireless impedance sensor
node based on an Imote2 platform. The aforementioned sensors all
contained an AD5933 impedance measurement chip individually. They also
provided wireless telemetry and multiplexers. The Atmega128 MCU based
nodes had limited storage memory and low clock speed. That has constraints
in collection of the response signal in multiple PZT and processing data in
sensor node. In addition, the Imote2 may be a powerful and promising smart
wireless sensor platform for SHM. It consists of a 32 bit XScale processor with
32 MB RAM and a flash memory of 32 MB. However, the Imote2-based
sensor node is more expensive relatively compared to the other platforms. For
these key points, a low cost and large enough storage memory platform for
impedance-based SHM is presented in this work.

This study presented a novel impedance-based wireless sensor SHM
system for detecting structural local damage. A low cost wireless impedance
sensor node based on Jennic platform, called JN-IMP, was developed. The
Jennic microprocessor offers an enhanced 32-bit RISC processor and a fully
compliant 2.4GHz IEEE802.15.4 transceiver (SoC) with a RAM of 128 KB and
a flash memory of 512 KB. JN-IMP also integrated an AD5933 impedance chip
as well as two multiplexers. It is designed with the properties of cost-efficient,
low power requirements, small size, and simple deployment. The feasibility of
the proposed wireless impedance-based sensing system was assessed using
a 1/8-scale three-storey steel-frame model with various damage scenarios. It
was confirmed experimentally that good sensing quality can be achieved via
proposed system and locations of structure local damages can be identified
effectively.

2. ELECTROMECHANICAL IMPEDANCE-BASED METHOD

The Impedance-based damage detection approach utilizes the



electromechanical coupling effect between active surface-bonded
piezoelectric patches and host structural. Liang et al. (1994) first proposed an
analytical model of this method. The electromechanical is related to the
mechanical impedance of a host structure, thus allowing monitoring the
properties of the host structure using the measured electrical impedance.
When damage occurred to structure, the mechanical impedance of structure
will be changed. Therefore, if the mechanical impedances of the piezoelectric
patch remain undamaged, any changes in the EMI signal correlates with the
damage in structure. A piezoelectric patch-structure bonded system can be
modeled as a circuit system (Park et al. 2007), shown in Fig.1.

Structural

Piezoelectric
patch 1

Fig. 1 Diagram of PZT-structure bonded system

Herein, piezoelectric patch is modeled as a capacitor (C,) and a self
sensing-actuation voltage source (V,) caused by input voltage (V;,). The
output voltage, couple with V,, and V;,, can be expressed as

Zp(w)
Zp(w) + Zp(w)

Vout(a)) = (Vin((‘)) + Vp((‘))) (1)

Where Zj is the electrical impedance of the resister and Z, is electrical
impedance of piezoelectric patch. Subsequently, the electrical impedance of
piezoelectric patch can be written as

(2)

2, (@) = Zn(w) {M _ 1}

Vout (@)

Since the self sensing-actuation voltage source (V,) is related to



structural mass, as confirmed by numerous researchers (Liang et al. 1994).
Equation (2) indicates that the Z, has significant response to structural
damage. A piezoelectric patch-structure bonded system can be further
modeled as an electro mechanical admittance (EMA) model (Inverse of EMI).
The electro mechanical admittance model can be expressed as

Cwi(, _ Z,(w) o5 (tan(kl)
Y(w) = ]wWT{(Sng —d5,7%) + Zp(w)p-:)zs(w) d?z’lyE( ankl )} )

where w, [, and t are the width, length, and thickness of the
piezoelectric patch; YFis the complex Young’'s modulus of the piezoelectric
patch at zero electric field; £I; is the complex dielectric constant of
piezoelectric patch; d3, is the coupling piezoelectric constant in the x direction
at zero stress; k = w\/p/YE is the wave number that is related to mass
density p, YE; and excitation frequency w, respectively; Z, and Z; are the
mechanical impedances of the piezoelectric patch and the host structure,
respectively.

Although the EMI provides a qualitative method for detecting structural
damage, the quantification approach need be established. A simple statistical
algorithm, which is based on frequency-by-frequency comparisons, referred to
Root Mean Square Deviation (RMSD), was used to develop the quantitative
assessment of damage in previous research (Yang et. al. 2008). The RMSD is
defined as

b ([P — V)2
RMsp = [Zzalt 21040 )
iza(li )

Where I”and IP are the real part of impedance of piezoelectric patch at
the 1" frequency point in undamaged and damaged structures, respectively.
In a RMSD damage metric chart, the greater numerical value of the metric, the
larger the difference between the baseline reading and the subsequent
reading indicates the presence of damage in a structure.

3. DESIGN OF LOW COST WIRELESS IMPEDANCE SENSOR NODE



This section expressions all hardware and software design of proposed
novel wireless sensor system. The wireless impedance sensor is consists of a
Jennic microprocessor, a SHT21 temperature/humidity integrated chip, and an
AD5933 impedance chip as well as two multiplexers (ADG708). Jennic offers
an enhanced 32-bit RISC processor and a fully compliant 2.4GHz
IEEE802.15.4 transceiver (SoC) with a RAM of 128 KB and a flash memory of
512 KB. The Photo and block diagram of sensing node is illustrated in Fig. 2

Fig. 2 Photo of wireless impedance sensor(JN-IMP).

The AD5933 was first proposed for measuring EMI impedance

signatures by Mascarenas et al. (2007). The impedance chip can be
programmed to take a measurement from 1-100 kHz. The AD5933 consists of
an on-board frequency generator, a Digital-to-Analog (D/A) converter, A/D
converter. Furthermore, a discrete Fourier transform (DFT) is processed by an
on-board DSP engine. The AD5933 is the most important component to
interact with the piezoelectric material.
There are several important points to contribute to the flexibility of the
JN-AD5933. First, the ability to wirelessly transfer allows the sensor node to be
placed in non-reachable locations, without the constraints of a cable-based
DAQ system. Second, the ability to quickly change the system setting of
sweep parameters, through the self-made wireless transfer instructions.
Finally, the ability to efficiently change the firmware on the microcontroller,
through the on-board FTDI chip, allows the sensing node to further extend.
The features are described in Table 1.



Table. 1 Features of the proposed JN-IMP

Model AD5933
Impedance Range 1 kQ-10 kQ
Frequency Range 1 kHz—100 kHz
Excitation Voltage 1.98 V,_,

Temperature Resolution >0.03°C

Temperature Range

-40 ~ +125°C (-40 ~ +257°F)

Wireless function

2.4 GHz IEEE 802.15.4 / Zigbee

Transmission Range

Standard Power (20 m) / High power (up to 1km)

Commercial batteries (3.6-7.2V)

Power Supply Options , ,
2AA Ni-MH rechargeable battery with Solar Panels (3V)
Dimensions 91.6 x48 x7 (mm)
Weight 45(g)
Cost $US 50

A host computer is employed to transmit command parameters and
receives the data from JN-IMP wirelessly. A .NET C# based user interface was
designed to convenience handling the raw and processed data as shown in
Fig. 3. The sweep parameters panel let the user define the system setting with
the required frequency ranges, number of frequency points and increased of
delta frequency. The user interface combines the ability to measure data and
analyse the data for damage indicators and display the results.
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Fig. 3 The user interface of Wireless-SHM Impedance system

4. EXPERIMENTAL VERIFICATION

4.1. Experimental Study in bolted loosen

A 1/8-scale three-storey steel frame model, shown in Fig. 4, was utilized to
evaluate the performance of the JN-AD5933 and local damage detection
schemes. Each floor weighed about 3.8 kg and each column had a
cross-sectional area of 80 mm and was 440 mm in height. Four PZT patches
are respectively close bonded to the joint of the columns in 1st floor. A series
of damage scenarios were listed in Table 2. First, all bolts were fastened in C1.
Then, the bolt 1 was loosened in C2. Subsequently, bolt 2 and bolt 3 were
loosened in the next scenarios in C3 and C4, respectively. Finally, the bolt1
were refastened in C5.

Monitoring system

Fig. 4 Experimental setup for wireless impedance measurement device in a
1/8-scaled three-storey steel frame model.

Table. 2 Damage scenarios for detecting bolt loosen on a 1st floor.

Case Damage Description Loosened Bolts

1 No damages None




2 Loosen bolt 1 1

3 Loosen bolt 2 (Bolt 1 & 2 are loosened) 1,2

4 Loosen bolt 3 (Bolt 1,2 & 3 are loosened) 1,2,3
5 Bolt1 refastened 2,3

The system was programmed to monitor the impedance of the PZT in the
frequency range of 30-95 kHz. Figure 5 illustrations a impedance signatures at
various damage cases from four PZT. A very distinct bandwidth was measured
in the frequency range of 83-89 kHz, so special attention was heeded to this
area so as to monitoring this feature would change for bolted joints loosen (in
this case). The damage metric chart based on RMSD is constructed to identify
the local damage. As shown in Fig. 6, the highest value identifies the damage

of loosen bolt significantly.
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Fig. 5 Measured impedance signatures at various damage cases from four
PZT patches.
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Fig. 6 RMSD index for damage cases.

4.2. Experimental Study in damage location

Three PZT patches are respectively bonded to columns at upper, middle
and lower point in 3st floor as shown in Fig. 7. A series of damage scenarios
were listed in Table 3. First, all bolts were fastened in Case 1. Then, the bolt 1
was loosened in Case 2. Next the bolt 1 were refastened in Case 3.
Subsequently, bolt 2 were loosened in the next scenarios in Case 4 and
refastened in Case 5 once again.

Monitoring system

receiver

Fig. 7 Experimental setup for local damage detection in a 1/8-scaled
three-storey steel frame model.



Table. 3 Damage scenarios for detecting damage location on a 3st floor.

Case Damage Description Loosened Bolts
1 All fastened None
2 Loosen bolt 1 1
3 Bolt1 refastened None
4 Loosen bolt 2 2
5 Bolt2 refastened None
4 T
I Pz
35t [ Ipzr2|
[ B4R

RMSD

Cases

Fig. 8 RMSD index for damage cases.

Figure 8 expressions a impedance signatures at various damage cases from
three PZT. The highest RMSD value identifies the damage of joint by nearest
PZT. Otherwise, from the furthest PZT get the lowest RMSD value. This
characteristic can be used to detect the location of the damage.

5. CONCLUSIONS

In this study, a local structural damage is detected using an EMI-based
method by low-cost wireless impedance sensor was presented. Firstly, the
low-cost wireless impedance sensor based on Jennic platform, with the
properties of cost-efficient, low power requirements, small size, and simple
deployment. Secondly, this system combines the ability to measure data and
analyze the data for damage indicators and display the results through the
user interface created by .NET C#. Finally, performance of all system was
verified experimentally using a 1/8-scale three-storey steel-frame model. It was




confirmed experimentally that good sensing quality can be achieved via
proposed system and locations of structure local damages can be identified
effectively. The next generation of JN-IMP is planned for the future. Firstly, the
ability of wireless trigger for the device is planned. Secondly, temperature
compensation model will be considered. Finally, an automatically spectrum
scanning mechanism will be designed.
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