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A Recent Research Summary on Smart Sensors for Structural Health Monitoring
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Abstract

Structural health monitoring (SHM) is a technique to diagnose an accurate and reliable condition of civil infrastructure by
collecting and analyzing responses from distributed sensors. In recent years, aging civil structures have been increasing and they
require further developed SHM technology for development of sustainable society. Wireless smart sensor and network technology,
which is one of the recently emerging SHM techniques, enables more effective and economic SHM system in comparison to the
existing wired systems. Researchers continue on development of the capability and extension of wireless smart sensors, and
implement performance validation in various in-laboratory and outdoor full-scale experiments. This paper presents a summary of
recent (mostly after 2010) researches on smart sensors, focused on the newly developed hardware, software, and validation

examples of the developed smart sensors.
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HARE Haskel] A AdY 7w 8ol Zkssitt
(Spencer et al., 2004).

1998\ W e} H7toll A5 AntE AME R o]
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o MZE 7H5E, WEE AXMEEE 783 o™, Nagayama
et al. (2007), Rice and Spencer (2008):= 7Iite Ak} &
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Pakzad (2010):= MICAz moteE 7|HFO 2 F2leh= By
ZE AS5E A R SISt} (Fig 1(a). A
@*11—” 47149] 7 dolE 9} &% tojElE F5E
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Rice and Spencer (2009)<> Imote2 ~WIE AlA Z3E0
A FAEHE 3A1Y WE 7R Al 2R ISM400E
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(@) Smart sensor node (b) 1SM400
based on MEMS (Rice and Spencer, 2009)
(Pakzad, 2010)

(f) VWS (Lee et al., 2010)

(e) WISN (Min et al., 2010)

(c) SSeL—I Board stacked on

(d) THINNER
Imote2 smart sensor (Mascarenas et al., 2010)

(Ho et al., 2012)

(h) Smart sensor with GPS
(Buchli et al., 2012)

(g) Embedable smart
sensing node
(Quinn et al., 2011)

Fig. 1 Sensor and Sensing Interface
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(Unmanned Aerial Vehicle)9} 22 FHIY SAE (mobile
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Z4& 7FssHl solek s, deids 7IRke] AmtE Al
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Min et al. (2010)% AD5933% ©o]&3t Jud~ ASE
APEE Al WISN (Wireless Impedance Sensor Node, Fig.
1(e)) & 7N3Iitt. WISNE WID29} niE7 kA 2 Qlud A
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Zhou et al. (2010)2 LITA ASS Y+ Ay Ant
E AlA %==21 ASN-2 (Autonomous SHM Sensor 2)& 7
HHIQITE (Fig. 2(a)). ASN-2:= ARE 2 9] ARS ¢}
A4 71%@ TIAM MSP430 mlo] A2 AE ST 9} TIAL]
CC2500 74 $5A13S ARgeglon, 7o E}%ﬂ
Al 714 t‘“ﬂa ot AR e sk 41, 1Y
o] Wo| 2REE= T4 HE ATk Eol7] S8, BE e
] FFT % Peak Picking?} 2 dlo]8] A2l& EF 33t
5, 2 ARke Adshs Aotk B hdAlA 7R Al
32X DACE FQE 3h= ARIF tiile] tAd Als=®
HEE Fgo] 7hedh AR Ale g AR o M, tiAY Al
S ofd®E 1 AT E WEsH= DAC Hgelr] 2REE e
ARE Zol Zlolth A AS Al $|rlEel A717)
obd A (phase)= FHAgHo =M, SHAIES 7|15 HAY
slek= ADCS} FFT 732 gloll A8 ARE Fol= Zolt
ASN-29] A AR = N BEA 0.15mW, B4R

Interface
cireuit = MsF4:m
¥ = ;
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Batteries o y
cc2500 §
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(a) ASN—2
(Zhou et al., 2010)

) Base station system
(B||bao et al., 2011)

(d) Sandwich Node
(Wang et al., 2012)

(c) Multi—channel
Smart Sensor
(Casciati and Chen, 2011)

(e) Martlet (Kane et al., 2014)

Fig. 2 Smart Sensor Platform
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A A BEs ARSISItE AlA 2Tt o AlA )l
JEFOIAE Zh= WHd, 7A= T ol d4o=w
tlo]elol] H<317] 918t SpreadtrumAle] SM5100-B GPRS
(General Packet Radio Service) =53} Al »==9] A&t
AIZF 5718k $18F SUPSOOF GPS &< 74l Qlrh &
7IAE ke AN REEZ5E dHolHE 3lste] SDIt
XVO%PE XVV\ oJgks FEgith 7145 x5 UAV
2 oo]dEe] o] ThsetRE, olF Fdl
g ARE 29 F ik

Jang et al. (2010), Sim et al. (2014)< Imote2 7|RFS] ~
ALE Al Tl UAIE AHA R Fasty] flste], B
FF BAFE o]fato] ouA F5E TSI o] ol
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Casciati and Chen (2011)<> TDM (Time Division Multiplexing)
3} FDM (Frequency Division Multiplexing)< 7]¥+°.%2 3}
Y AvtE AN EHES PSSl (Fig. 2(c)).
AnkA oz AmtE AAES TDM7IHES] @ 74 Ads
okt o] A tE Ak UEZS] 4 Al HlolH
9] FFAleA Az o7 Zejdn) i AntE
AA EREL TDM Y FDME £} AREsho A Hlo]
B e] FAal ARl IEQIAE sk AlA 1mto] o
stk AD/DA Mol B9} TIAR CC1110 3, 49 25
RE gE BHE 55 ¥3ehs 5% oPIgAE ARESISIth
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Table 1 Specification of Smart Sensors

Pakzad Mascarenas et al. Lee et al. Buchli et al. Zhou et al. |Bilbao et al. Casgssnand Wa:lg et Kane et al.
(2010) (2010) (2010) (2012) (2010) (2011) 2011) ©012) (2014)
Multi—chanel .
Plaform | MICAz mote | THINNER |  WID2 - _ ez430 - omart | DAAWh |y et
RF2500 node
sensor
Micro— Enhanced TMS320F2806
cro - ATmegal28L| AD5933 | TI MSP430 | TI MSP430 | TI MSP430 | TI MSP430 ACCC | pxA271 | 9 with dual
controller 8051 Core core
2 kB RAM, RAM 8 kB RAM,
External 512 kB flash 256 byte 8 kB ’ 120 kB . 4 KB
Mermor ] - - flash 92 kB flash - flash internal - -
v memory asl memory asl SRAM
memory memory
Wireless P IEEE IEEE B IEEE IEEE R
Standard IEEE 802.15.4 802.15.4 802.15.4 UHF IEEE 802.15.4 802.15.4 UHF 802.15.4 IEEE 802.15.4
Radio CC2420 XBee radio - CC1020 SX1211 CC2500 .)x'bee CC1110 CC240 CC2520
DigiMesh
19.9 mW:
. - "
meiiurrz\rz.ent meﬁuﬁg{ent receive 54 mA: active mode: 3 mA: Voltage: 450 mW:
Power _ 150 mW: 50.4 mW: mode peak 18 mW active mode | 2.0-3.6 V _ active mode
data ' ' data " | 10-30 mW:| 22-49 mA: |inactive mode:| 120 pA: Current: 1 mW:
L. L transmit current drain 0.15 mW sleep mode | 200 x/MHz sleep mode
transmission | transmission
mode
two
Power Source fous lgntern one O'.l i - - = AAA-size - - = -
batteries capacitor )
batteries
300m : LOS
Communication _ L _ dl%i[?c.e u less than 20 _ . i _
Range non-L1OS m outdoors
distance
Dimension | 115mmX75mm| 6cmX4cm p.Scmx3.7¢ - e 60mm X 60mm - - x 60mm X 60mm
m X160mm

TREZS F gAlste] s2sith Martlet wing®] SHE
© 2B 7% wing, WHHIAIAE] (hydronics) wing,
7 AE wing, 27 wing, AAF Z wing 5] 3tk

F7FE flelA alE AntE A F dnd Al ES]

sk=dllofe] 54 Table 191 ¥,

3. AOLE Mol LHEE

2mkE AN ATEGelE AN wEE TEE] 9%
AR, 1 2lell AxIslo] AEsh:

ES

FAlo]A (application), 6% AXEHo] 18|31 o= Alo]A
S A2 AddTE= A AZE o)l njEHolZE IA Y
= ULk

3.1 2YAIM (Operating System)

_lTL

sk

Ao

71——-_ oH__

f

t=dlolE 7HA

el

E]/\/\ ]

Ao

=

L glom® xo F7)9 A (08)S &-g3howa Al

CE A

Ao w AL

dAE v

= University of California-Berkeley®ll*] 7% TinyOS+

A ArtE AAME Qe Fu SJAARA, A
E AlM EQ T 71 wol ARH= SGAA 5
ot} TinyOSE CoF Ak NesCE

e}

bt

Ol-

g A= Af

g3m, Tjarat nlSelols 2mEslo} A AL A

o} (Kim, 2004). @A tjekst AntE A E0] TinyOSE &

2010; Buchli et al..

GAAZ ARE-slaL ) (Zonta et al.,, 2010; Linderman et
al., 2010; Dorvash et al.,

2012).

Lynch et al. (2004)> ZFrlE0] 7Pdst A0tE Ak WiMMS

w, Shedlo] 248 Aelditt o) ¢

A w3,

Ashe Ade7tx) s dc 2

L Ox|
|_

=

A AA=

& AM192 HM3%(2015. 5)

(Wireless Modular Monitoring System)°ll 538 %A #]
= 7Pt vk Qv B GARE CE 7o R A4Sl

flsted Algd XE, 7
ASE] ARt ofel 2-2] QIEIHE (interrupt)
of thate] Azt 2 ADCE Alojste] 7|

= O X
=

F3Et 5
WiMMS
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£ JWA%t Narada A4 (Swartz et al., 2005; Kurata et al.,
2011; Kane et al., 2014)7}4] A|&2 o2 &8% 1 Qlck

3.2 YUH|C|= SHM OfEzZ[A[o|M

ARLE AME SHM 2207 AFgalr] 9]ste] thaksh oF
VYFS HEYTEIA Fdsh] 913 d=0] T3
th AnkE AAE ©@es] A5 HlolE] AEThe s &
Aoz AHER= Ao] oftel, Ul AAt 7ls& o835t
YA o® SHM ¢aelss 7o mm 258 AlA Ul
EIE 75T F lom, olF Fl AntE AlA o]g-9]

B BAS e 2= o)

Dorvash et al. (2010)2 T-2&2 7155 §9S A53)
o] Al =t Alo]l] AYAAE o] gate] S FHsh=
HF7RE £4734] &4 a18]%F (Labuz et al., 2010)%— Imote2
RF AntE Ao WskGlth dagEs st AntE
AN ES o] &sto] B-7E FamollA Audds ekl
om, AnlE AN AAH R B I1E FRE 4 91F

Aé%x—l o7 _zrx%zsL 2 o] 0 = EOﬂl‘/]—

Sim et al. (2010)2 AFFE AlM 9] 53} W BAAARS:

Boto] REF|MS a8% 07 4-33k= Decentralized Data
Aggregation (DDA)S 7H5}aL, ©]E Imote2 7]WES] Am}
E AlMe] #8330tk DDAE Al HIEHAES 45 A4
=E7F T (overlap)¥Ho] Q= ASAQ IEoR WAAd
5, Z+ 1% Wl Correlation®+ Random Decrement
Aoz HolHE FAagth o)F olgate] ZF IiFel st
© FHAQ BE BA4S AAF o R ARle] Thssith T

rof dgshs e 3 o, 7 25 A B
EAE A Al (Least Squares Method)= ARE-3}0]
éﬂzﬂ-j)q x%xﬂ :rLz /] = E./HO @xqa— 2= o]q_ 3
2] EvjA B8} A 2 F=U|al (Spencer and Cho,
2011)el4 UgE DDAel 9§t BE sAs 7o EA
ARE daElFe] g8 P

Bocca et al. (2011) A5 thE 5o s &
Qlste] £4ke] EAE Hetatal, o] S Ao HE
oJsto] A5 7RAIEo A FARS 248 4= 9l Goertzel
A12)F (Goertzel, 1958)= AHA[Z o2 Jidkst AvlE Al
AQ1ISMO-2¢ Wsielel 2H2te] s 7F vt By

slaz) ohs AErE AESA R Fopd | 1 AnE
]quﬂ* Sl Ffrakal olzls olgste] 7t AlA

w210 S Al 40l EA9 94T T
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G o EeEy Hgor, A el prEelNe A
9g B o B 5 BRI

Liu et al. (2012)2 Lamb¥} 7|4ke] Zo|E &AL Bl &
fsted, A AA HETdelA Lamb3e] oA 7+
RHly} 5olx] 23| (singular value decomposition)E 3
sto] £ F4E Fshes dagss AE A Wi

= AN ZHE THE0)7] Lamb wave
0 RS ARk, 715 2 A
2
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Peckens and Lynch (2013)% #4 Allsy 1571 (least square
estimator) ¢} Fisher®] 13 325 Narada A=t o
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al. (2014)2 Imote2 APFE AlAof £t 7)ut
o] Aol AHFA7IS sl AFso® AlolE

ERS *P%}E— AH}E AAE el MEQDIES 7}
Al /\PabL Aol el A=) xe] 71~LE EﬂOlEi

42 Shimada (1994)7} xﬂlOP 73%71% ﬂlOl‘é Z@%é
el Agsto] 7t Alolae] AHS FYs5ka T HAIFE]
of 7 ARE ALt BE AR ZF AT AdeA B
T dojup, A=gh A gl Alo)E g w8t Yruks
Aal T FAIS o] g3z FAl oA EAl W dYAn

g Hasd 5

3.3 0|90 (Middleware)
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A2 g, oflEEAol o] ez s 54 G A Al
A ALHA] e Tkt Ves 2 AZEg o, AZ
B 7lss 2 AA w5 AolellA] wizeEks sk
ATESLJO1E on|gith
u)=r Aol uisiy. A7 2005\ d5-E Imote2 5
7o 7 AnlE A 714S AEPEA, Imote2 A &
7IRke & tpeFet SHM elEgfAlolds &g 7ie]
At wEe] AHIAE QEAARE IEYlelA Algsta
31t} (http://shm.cs.uiuc.edu). & T]Eol= eHAQl vlo]
B A%, 5713k A5, ol 53 2L AntE Ak
7184 sAn dd 141&‘%151 AAel A7F A4, HEl
(mu1t1 hop) DDA 5 &&% AX YEYA 14, X814
Sl dar E‘r"k?} 7Vs& A¥skal vt (Nagayama
et al., 2009; Sim et al., 2010; Spencer and Cho, 2011). &
Sl dAlE Imote2 7|HF ARLE AXE el Fal
A2 7] vl AA= Tiny0OS AellAut o]-go] 7153}
ARk, 7¥eksl 8 (porting) WO E EF S AA] Adol|A =4
7l &go] 7ksaith
Zonta et al. (2010) H3F SFAAQ! Tiny0S $lollA 2§
7Fs 8t ulE9olQl TeenyLIMES 7H81%I T} TeenyLIME
& bcfﬂ 011 L‘:ﬂﬂ BAE ThsEtA sk, avHoR
0% F7] LIgt HlolE] 3 TREFS JQte}
otk TeenyLIME% HEQAS] Fads &8s A
7171 913 el (multi-hop) H212] &&o] 7FsabH, &
Hlo] 2 (hop-by-hop) &H¢ 7|HS o]&3te] HEES &3

A B4 BT Esks dolE A4S B

ﬂ!lﬂl

4. ADIE MIMQ| s HAE

4.1 Laboratory-Scale M HAE

el AntE AAE A TR A8l oA, 1
o= ATt Slell A Ade $AdF o sk A
o] dntAoltt. AU HeS Fofol, JdE AnkE AlA <

2 e ﬁlf, A4 i‘i Al *é% o= 7kt v

Linderman et al. (2010)<> —r‘}f?;, ( anechoic chamber)
A Imote2 APFE AlXe] 4 A W9 4 B4 FAE
A&t Imote2] On-board SHELFE o] Eslo] HIAE

YA, o] ZHE Imote2 AVFE Al Q] FA1 FAl
e sfefsilet, FHH0R S kM AT B

[t mlm

o g AEWLe B 3
= FRlseih

Casciati and Chen (2011)> 7' HElAE ZHE2] A
& HAES] 2l XE Hola flo AAd 352 =
TE=N AeH7EE Ttk = 72EY] 74 St
o §A 7EEEAE Ak, e A A fH T
A DAQE E3l U 7}~L = S48 1 QHE— GE
skt - Al A Ll

o] dlole g} 719 A8
oo Roee oE g AT, e v 7]
E A AR g Eae], e FElAE Al ARe]
o FgAola, Aapd, H=an], FAMe, dold A
E, ol o AeelA Add #3S e AAREYE
701-7\3].@1;].

mlo
fm 4>

& befstA = 35]9113}.

Law et al. (2010)<> Narada A~PFE AXE o] g3l 7%
=9 AHAo] (decentralized control)E 3SI3ITE ©]E
St o st flell 659 s e AXEI:
TZE9 7t SOl Narada 2PHE AIM 9} A5d S279)
2715744 7] (magneto-rheological damper)”} A%
o 53] #A0] 719 A BAE Adjol, A weme)
euge] w7 T FAF Ao} WA FYk Ao WA
o) Wi 1S SRR Ao] S RE WA ol
F2E0 S5E AAT] 2AZoN, B emBe S

g akAlo] jo] FoAlo] WAlnt A9 wlZe S 1
Mg wele sklsoin

Bocca et al. (2011) U¥ Goertzel algorithm= 53t
ARE A 7)EEe] 4 BRE gHlAES] 98, R
T EgA RN &8 s Al AEE 9
SE3AtE - AdoA= Goertzel algorithme AME3] 715
T HolEE ArRte® AHejste] g 43 1 914
= g FATE BlS Erk opef, HolH AdES

80% FAAZIAL AIXEIS] S oF 52% S7MIF.
42 o FEE0M2| 85 HIAE
AA| FRE] B4 AnE AA YEYIE FEa= A

& 7129 slolo] AN PAeIN ] H2el AR Fas
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AL Mg AR < gl A w2 ke A7 )
gEglon, A FrEelM dese A% Ads 7R
A EoluaL Sl FAlolvh ey o7 7] B
By 530 AvtE AME ARG o= @A 2o, o

= T2 A 3 9o AlA sk=dlol] iAol gt
Aol 71]1sh

Kurata et al. (2010)> w2 358 57dsk7] 913l A

¥Uo}e] New Carquinez Bridge (NCB)°ll 27 52+ & 15
M) 7V EAZF F-2HE Narada AAE @-ﬂrﬂr T A
keIt 700m7EA] 2] FAIE QoA 99%9] FTAlES K

A %) 4 55 Holel oL A 5l ol
wh= gk} AEshA LA|SkIT). Pakzad (2010)>- 64719
AlZtE MEMS 7]9Ee] 40 AlME Sl (Golden Gate
Bridge)oll 25t} 4 & ol SHsiltt. = @A)} o
A9 95%2] AR fFHesRds olgslo] FT
REI -2 dASeIT
Cho et al. (2010), Rice et al. (2010), Jang et al. (2010)
2 ;81'7] 7} SHM }\]/\Eﬂ vjzyﬂ /q /\u]_E /11]/\1 }\]/\Eﬂ/]
e HAES] Slal & 70709] AE Al 2 K]
A, 25 WAL AV i, 07k Wi
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298 sk Aol ALl
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AL FHEoRA A FHAAE O 5 wF 9

Nguyen et al. (2013)Z} Torbol et al. (2013)= 22} Imote2
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92 71 A9 Al Sgdae] Axst g @ o)y
g9k wage] B54 9 Alolie] gee muE sig
w5 7IRE Bk 20HE A4 9] U 9 b A
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o] Qe FaTw WS HUEP] vhFe AnkE Al
AE0] AREEIQITE Kim et al. (2010), Kim and Lynch (2012)
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Mascarenas et al. (2010)3 ANEA e ASAE A 7]
Hko] FA AlA Thinnerd Ad@A 7]8Ee] F4 A4 WID2
9] 7= $I51, New Mexico®l] $1%|3+ Alamosa Canyon
Bridge°l|4] xﬁé}xlﬁg FESSIT) 22E 2] HEEZO] 35km/h
o] £¥o7 ws A4 W THINNERE of-8-ato] i
WS SAsI3ItE # A3 elA THINNERE= 7|9 x4
2E#R Aol g} vluwste] 1 AeHde HSels ¥ of
et 2uped SAE 7INke] ol A MEY TS TS
Srgelek gt wEke] BEEY RUEPS flsto] Al 7i
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TAEo] o AA s % 4 dloly F3& AdeAe]

pom, Al A9 AMEEE FEE A e Xde] 3
ksl oje] SukS gyFow E'_L]EFJ skeick

Ni et al. (2011)2 74 F<1 610m =°]2] Guangzhou New
TV Tower®]l Tokyo Sokushin AF8] AS-2000C 7H5SAIE
2039 g FH, 7R NE—% WiMMS (Lynch et al.
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ekl B9 9] s EHEW sl AlSE 715 v
= doA FAoE ASE 7SR dolEel vlsf o]=
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