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Abstract—We introduce the concept of using an RFID tag's our approach. Section lll presents the transduction ppiaci
antenna to sense surface cracks. Our contribution is two fold. and demonstrates how a crack is related to a change in the
First, we present the design of an inductively coupled 100p g|actrical properties of an RFID tag’s response. Section IV
antenna that can be used as a crack detector. Second, we pra@o . . . .
the development of a 2-D grid of tags to improve spatial coverage exter_1ds this principle for pervasive monitoring of a suetac .
and discuss how it can be used to monitor typical crack patterns Section V then evaluates the performance of the sensor in
in civil infrastructure. We demonstrate that the technique works different environments and for different read distancésalfy,

reliably over a read distance of 1 m and in different types Section VI presents a summary of the lessons learned and
of environments. Potential engineering extensions and future ) tiines the scope for future work

research directions are also discussed.

Index Terms—UHF RFID, antenna-based sensing, surface
crack detection Il. RELATED WORK

There have been several different approaches to surface
I. INTRODUCTION crack detection in structural engineering. For instandgng

. ) ~_etal have developed a smart film to detect the presence
The formation and propagation of surface cracks in Civilng |ocation of surface cracks [6]. Their technique cossist

infrastructure compromises the integrity of load bearitigss ¢ embedding a mesh of conductive wires in a fabric that
tures. The tragic collapse of Bridge 9340 in Minnesota in2200;s ponded to the surface of a structure. Surface cracking
highlights the need for technologies that detect the onket ftopagates to the smart film and severs the corresponding
failure cracks in over-stressed structural elements [t4ckS \yires in the mesh. The length and location of the crack
are especially dangerous in brittle and inhomogeneous cQ@n then be determined by detecting which wires have been
struction materials like concrete. A crack monitoring 8BNS gavered. The authors experimentally verify that the smiant fi
should be able to predict the length and orientation of akcraggn, pe reliably used to detect crack length and position. In
This is because factors such as crack length and orientatig\ extension to their work [7], the authors also discuss how
are kr]own to affect the load bearing _properties of stru.d:turlzpIe smart film technology can be fabricated using low-cost
materials [2]. Furthermore, the formation of cracks faaiBs materials thus enabling pervasive sensor deployment Iimi
moisture ingress which can corrode steel reinforcemers. bag,qrk using capacitance changes [8] and the piezoresistive
Therefore, there is a strong motivation for pervasive cragffect of carbon nanotube impregnated composites [9] have
detection especially in those zones most prone to structupaen reported for pervasive crack detection in the liteeatu
failure as determined by limit state concrete design [3].  However, these crack sensing techniques make use of lead

In this paper, we present the design of a UHF RFID cragfiring for data extraction. The placement and maintenarice o
detection sensor that is capable of estimating crack leagth |4rge lengths of cabling wire is cumbersome and expensive.
orientation at very low cost. There has been a lot of recentRecenﬂy' there has been interest in developing pervasive
interest in using RFID tags for object identification pu®s gensors using RFID tags. RFID tags have seen large-scale,
RFID tags can be mass-produced at very low cost [4] and ofigfnly integrated deployment for object identification -par
several advantages over competitive technologies, SUﬁh‘eaSticularly in the supply chain and apparel industry. As a
bar-code, in terms of non-Iin(_e of sight operations, imptbveegyt, RFID tags today can be mass produced at very low
read range and automated inventory management [S]. Th&sts. Furthermore, the communication protocols betwken t
opportunity to extend this wireless communication mediuRF|D tag and the reader are standardized and efficient [10],
for pervasive sensing in structural health monitoring @Ms making RFID an ideal wireless communication infrastruetur
itself. We propose a sensor design and demonstrate how F&epervasive sensing. In previous work, we've demonstrate
position, length and orientation of a crack can be related (oo an RFID tag's antenna can be used as a sensor and related
change in the backscatter signal of the tag-sensor. ~ changes in some physical parameter of interest to a change in

The rest of the paper is organized as follows. Se_ctlon I_iR’FIDtag response signal strength and frequency. Apptinati
compares and contrasts related work in crack detection wjtfigisplacement, temperature threshold and fluid levelisgns

_ _ were demonstrated [11], [12]. Similarly, other researsleve

The authors are with the Auto-ID Labs, M.a.ssachusetts iristitof demonstrated how an RFID tag's antenna can be used to sense
Technology, Cambridge, MA, 02139 USA e-mail: prasanna, rdhwnd
sesarma@mit.edu moisture [13] and volatile organics [14].
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Occhiuzziet.al presented the design of a meander line UH Condutveloop_ 22mm - RFID chip
RFID tag antenna that could be reliably used to meast Radisting element =1
axial strain. The axial strain changed the geometry of tl (Conductive painty ‘-l I“mm
antenna and this could be related to a change in the baaksce iy dum §
power of the RFID tag [15]. The authors presented the desi 5= %]
of three tag antennas offering trade-offs between dynan e 160 mm >
range and sensitivity. While the sensor is well suited foabxi @
strain measurements, the direct application of this settsor <
monitor cracking or bending strains in structural membesrs
not immediately apparent. Similarly, ¥. al demonstrated the
design of an RFID patch antenna that relates strain to a ehal 3mm §
in tag operating frequency [16]. The authors demonstrdtat t smm
the sensor can be reliably used to monitor strain up to ! b 160 mm >

micro strain precision and over a read distance of a few fe
However, the sensor is based on a microstrip patch antet

design that makes use of vias to connect the antenna cor II [
trace to the ground plane. This would increase the fabanati ..

cost of the sensor as compared to a planar dipole like strictt

Our approach uses the RFID tag's antenna as a cre T )
detector. We present the design of a grid made up of RF L
tags. As a crack develops it severs some of the anteni ©

in the grid permanently changing their impedance and radi-

ation characteristics. This manifests itself as a drop & ﬂgig. L. (a) RFID tag type A; chip facing toward the dipole (IR tag type
. . ; chip facing away from dipole (c) Dipole of type A RFID tag severed

backscatter signal responses of the affected tags. Byt&ecpy 4 crack at a distancs from its center

which tags register an abrupt drop in performance, we can

infer the length and orientation of the crack. In the follogi

sections, we discuss the design of such a grid. We also erarr 5 i i
the robustness of the grid in different environments and f LT 2t Z o |
different read ranges. 1=, -T,p |
G Inset: Tag Circuit i
IIl. SENSING PRINCIPLE g 2

\ P ™. TaglC

An antenna-based crack sensor works on the principle tl ))) ,
the presence of a crack permanently changes the radiatébn G o 3
impedance characteristics of the antenna. It is advantsgeo = Phackseane™ P (a0 )% «
choose an antenna design which has two properties. First, RFID Reader Tag Sensor
soon as a crack severs the antenna it manifests itself in
abrupt change in antenna impedance. In other words, we nceu
to ensure that a crack detunes the antenna. Second, degpen,qgj 5
upon the position of the crack along the antenna length the
extent of detuning is more or less severe. The presence and
location of a crack along the antenna can then be related to . ,
the drop in signal response of the RFID tag. fcransn_mted power ofP;. The tag’s antenna :scavenges th:e

We make use of an inductively coupled loop antenna desifjffoming power and uses it to power the tag's IC. The tag's
proposed by Son and Pyo [17]. Here the radiating element/ts NS o impedance stateg,, and Z.;. Z is typically
the crack detector and is fabricated by applying conducti\y\ée” matched to the antenna impedanZg, enna- W.hean}
paint directly on the surface to be monitored. The inductivé pres_ented as a load Wuntenna, e_llmost_ all the incoming
loop, bearing the RFID chip, is fabricated using copper GPWer is transferred to the 1, is typically an open or
aluminum foil. Fig 1(a) illustrates the dimensions of a tag"°t circuit and poorly matched Wantenna. When Ze; is
designed for best performance on a cardboard sheet. gsented as a load Waptenna, @lmost all the incoming

dipole length of 160 mm is chosen for two reasons. First, fOWE" is.reflected. By switching bet\{ve@ll and Zc», the
is well suited for the 915 MHz operating frequency. Secontf9 amplitude modulates ID information back to the reader.

it presents a relatively long length over which cracks can &€ differential backscatter power corresponding to theali
monitored. strength of the RFID tag is a function of the difference batmwe

The physics of crack detection may be understood Kt @ndZc2 and is given by [18]:
referring to the Friis transmission equation for radiapasver
transfer in the far field. Consider a reader-tag system, asrsh
in Fig 2, with a reader-tag separation df and a reader

Differential backscatter power from an RFID tag<sam

Pbackscatte'r‘ = Pf, ( (47Td)2

@)
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whereGqy andGrcqqer are the tag and reader antenna gain

\ is the carrier wavelength and is the power transmis- -I e e
sion coefficient which depends upon how well the two chi

impedance states arsatched to the antenna impedance: : I

T o= [T 2 g
4Ran ennaRc 7,
- G o 7@ :
|(Rantenna + Rchip) + (Xantenna + Xchip) |

whereRgptenna and Repip are the resistive components of the 0 &K\ i/’ﬁ

antenna and chip impedance Wh,scnnq and Xy, are the
reactive components of the antenna and chip impedance. | 2 \% /}7
-4

(dB)

easy to see that thhantenna:Rchip andX,ntenna = X:hipi
7 =1 and the tag responds with the best signal strength.
Referring to Eq. 1, we observe thét,,, and 7 are de-

pendent on the integrity of the radiating element. If a crac <

develops at a location. as highlighted in Fig 1(c), the \\/\/
4 2 g 2

Backscatter

p

radiating length of the antenna is shortened which maisife: 8

itself as a change in the antenna impedance and tag radia i?ve;\

pattern. Therefore both and G,,, are functions of the crack o T
|Ocati0n, L: K ° Distance to crack from center of tag, L (:m) ° °

4R, (L) R, ,
r (L) = fall) R @ ©)
((RalL) + Re)? + (Xa(L) + X,)?)
Gtag = f(L) (5)

Fig. 3. Difference in the received poweAPps ckscatter) Of the two

. tes, healthy and cracked, against the distance to tlok twaation, L,
Let Go and 7, be the tag antenna gain and power transfél’ & -5 2 oo canter of the tag. (a) lllustration of treekeiocation (b)

coefficient respectively for a tag having a healthy unafdct Aprg, ;..caiier againstL for the two different tag types A and B.
radiating element. Using (1) and (2) the difference in beaks

ter power in dB between the healthy and cracked states of the
sensor can be expressed as, ° /i\

APygckscatter(dB) = 20log Gtag(L) +10log L (6) L L Sensitive zone 1/ .
Go Ty ol O \ /nl |

We simulate the presence of a single crack using an appro-
priate finite element solver [19], and vary its position from
L = —8cm to L = 8cm along the radiating element. We also
note that the loop element of the antenna is capable of being
placed in two orientations (c.f Fig 1(a) and Fig 1(b)) and we " e i
examine the effect of both orientations in our simulations. e 4 2 o 2 4 & 8

Fig 3 presents the simulated values &, jscarter bE- pstence to crack fomcenterfteg, L (em)
tween the cracked and uncracked states of the sensor dgr4.  comparison of the simulated and measutelh .y scatier against
different crack locations and for both orientations of thehe distance to the crack locatioh, in a type A tag.
inductive loop. We observe that the drop in tag performance
is significant forL = —4c¢m to L = 4em. Furthermore, the
drop in performance is sharper for the inductive loop ogdnt of 2-3 dB associated with the tag power measurements. There
as seen in Fig 1(a). We therefore proceed withTyjge Atag are two reasons for this. First, the experiment was conducte
in our study. without any anechoic provisions and thus measurements are

To verify the accuracy of our simulations, we then subjeetffected by multi-path noise. Second, the RFID reader im-
the tag to an experimental test. We conduct the test forplements FCC mandated frequency hopping [18] in the 902-
reader-tag separation of 75 cm in a laboratory room with 828 MHz band which causes slight variations7nOn the
special anechoic provisions and using the Impinj Revofutidasis of this observation, we can conclude that the tagssens
RFID reader [20] set to transmit at a maximum power of 38 sensitive to cracking betweeh = —4cm and L = 4em
dBm EIRP. For each crack location, at least 50 measure-where the mean signal drop is significantly higher than the
ments were taken and mean and standard error values weeasurement uncertainty.
reported. As observed Fig 4, there is good correspondencé&Ve conclude that the radiating element can indeed be
between the experimental and simulated results. used as a crack detector, however is sensitive to cracking in

We note from Fig 4, that there is a measurement uncertaithe middle half of the radiating element. It is important to

A Phackscatter (4B)
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consider how this sensing technique can be extended to cc
larger surface areas by making use of an antenna grid. T
discussion is the subject of the next section.

(dB)

simulated

Backscatter

AP
|

IV. DESIGN OF ACRACK SENSING ARRAY ‘ ‘
0 15 10 1151 20 1251 30

In the previous section, we demonstrated the feasibility Sensiretoeadl Sansiive 2om 10020l Sansiive zoms Ioesd Sensitive
crack sensing using the inductively coupled loop antenna. \ 0 — e
also demonstrated that the radiating element is sensitive
cracking only inL = —4¢m to L = 4em zone. In order to
extend the zone over which a crack is detected, we make |
of a grid of RFID tags. First, we discuss the design of a 1- ‘ ‘ ‘ ‘ ‘
grid to detect crack position along a line. Next, we exteral tt ~ 0 5 1 ) Lo tocract” 25 30
1-D grid to a 2-D grid to detect cracks in an area.

(dB)

Peackscatter
measured

Fig. 6. (a) SimulatedA Py, ckscatter Of linear sensor array (b) Measured
A. Linear array APyuckscatter Of linear sensor array

We present a simple 1-D grid by creating two rows of RFID
tags closely separated from one another as shown in Fig

'Lhe tz;gs in one rc;w aLe staggered with re?pect to the tags,in, compromise between maximizing the coverage area while
the other row so that the sensitive zones of one tag cover ommodating all the radiating elements and inductivedoo
insensitive zones of another tag. For instance, for thekcra’&ISO in order to reduce the size of the dead zones in the
shown in Fig 5, the crack occurs in the insensitive zone of ta%ividual linear arrays we have reduced: to 2 cm. It was
1, but in the sensitive zone of tag 2. verified through simulations that this reduction does nfecaf
the sensitive zone profile as shown in Fig. 7. Since the semsit
‘ <= 0um s8cm wide (Refer Fig. 4) the new arrangement
100 mm 1 A zone span ]
I ] [ 1 I reduces the width of each of the dead zone$ ¢on.

ir?‘Fig 8. We choose an inter-array separationaf = 5c¢m

| [e—>i 10 - 1 T T T T
Tog | 11\‘AX:40m & sezgi'g"dl : Sensitive zone : : Sensitive zone : : Sensitive zone = = =Tagl
¥ WL—/E ‘\Cﬂuk e o 57%' <> I —— | Tagz
| =L o]
Lio ' £tg orm 1w i g — ] | memm mm | mm Tag 3
R —>L 232 T — Tag 4
x SE S, 1 [N}
o® _mf (N [N
< [ 1 [N
Fig. 5. Linear arr f sensor: _15 Ly i L.
g.5 ear array of sensors o 5 10 15 20 25 30

L (cm) distance to crack

It is essential to verify that the grid performs as anticiolat

This is because RFID tags in close proximity with one anoth&l: 7. SimulatedAPrgckscatter Of linear sensor array witthz = 2cm
tend to couple and this may cause unpredictable variations i

performance [21]. The proximity between tags in betland
y directions will introduce coupling. In order to implement
linear arrayAy needs to be small. It was found experimentall
that a spacing af.5 cm gives acceptable performancer was
chosen to betcm. In order to verify that coupling does not
unduly affect performance, we simulate the performance
the 1-D grid when it is subjected to a single crack betwed
L = 0cm and L = 30cm. The results are plotted in Fig 6(a).
We observe that it is possible to infer the presence of a cre @
by observing a drop in signal of tags 1 to 4. However, w g omlosl o e
also note the presence of dead zones which are cases wi
neither of two adjacent sensors registers a significant drop,
signal performance. Therefore, a crack would be missed
these zones. In this paper, we don't attempt to optimize the
D grid but acknowledge its limitations as an avenue of futu
investigation. Experimental results observed in Fig 6{mvs
close correspondence with the simulated results. ®)

B. 2-D Array Fig. 8. Space filling array of sensors. The dipole is paintedhe structure
. . . using conductive ink and the loop is made of adhesive coppee. téa)
We monitor a 2-D area by replicating the linear arraymulation of straight crack propagation and (b) angular kcrampagation.

discussed in Section IV-A, in the second dimension as showe tags where a change in RSS! is expected or not expectetsarmarked.
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In this case, we directly verify the 2-D array’s performanc€. Practical Deployment of the 2-D Array
by subjecting it to tests. Fig. 8 shows the 2-D array consdic  \whjle Section IV-B illustrates the feasibility of crack sens
for testing the system performance for different crackg. Bi ing using RFID, the dead zones in the linear array and the
|Ilus_trates the performance of the array when it is subjec t inter-array separation cause gaps in the detection grigl. 10
straight and angular crack. The experiment was conductad ggpresents an equivalent grid representation of the 2-8yarr

reader-grid separation of 50 cm. The figure shows the change|ong as a crack severs the labeled sensitive zones, tbe cra
in the received signal strength indicator (RSSI) in dB b&we j5 getected.

the healthy state and the cracked state of the structureafr €  \jith this information, we can deploy a health monitoring

tag (1 to 6) deployed in the 2-D array. strategy for concrete structures by deploying the 2-D gnid i
zones most susceptible to structural damage. For inst&igee,
11 (a) and Fig. 11 (b) highlights how the 2-D grid could be

10

& 5 . Used to monitor shear and flexural cracking zones in reiefbrc
< +332  concrete beams.
§o L
H 355
< 5 < 8cm
n_,g /
% 10
" 1 2 3 4 5 6
(a) Tag number
10 777 2777
@ 5
% 33 Ef
ks 0 %E ) ﬁ% %,Q Fig. 10. Equivalent grid representation of the high sewsitiones of the
% 5 '333— 2D array shown in Fig. 8. As long as a crack passes througlgriezones
o 10 Tag 2 not it will be detected.
< k//‘ detected
" 1 2 3 4 5 6

(b) Tag number

45°shear crack

Fig. 9. Change in RSSI for the emulated cracks shown in Fig) 8ttaight
crack (b) angular crack. In the case of the angular crack tasgndt detected
due to the signal drop being too severe.

missed Concretebeam

(@)

From Fig. 9 we see that there is a sharp change in the R¢ Flemaletaet ——»
for tags 2 and 4 for the straight crack, in excess of 5 dI '

Which is in accordance with the crack propagation shown = . ,mimd

Fig. 8 (a) where the crack severs the radiating element af te FI\ A Coneretebeam
2 and 4 in the high sensitivity region. For the angular crac

we observe that only tag 2 registers a large change in RSos ®

where it is completely detuned because of the crack andFiﬁ. 11. Usage of 2-D grid for monitoring (a) shear and (b) flakeracking

not detected by the RFID reader. This observation also agreenes in reinforced concrete beams. The locations wheredpagating crack

with the crack propagation shown in Fig. 8 (b) where 48 has missed a sensitive zone are also highlighted.

angular crack is closest to the inductive loop of tag 2. From

Fig.9, we observe some interesting side effects as a rekult o

cracking. For instance, in Fig 9(a), tags 1 and 3 demons#rate V. RESULTS OFLABORATORY TESTING

marginal improvement in performance on cracking whereasTg determine the universal applicability of this technigue

tag 6 registers a slight drop in performance. Similarly, rgge subject the 2-D grid to tests in two different types of

ferring to Fig. 9(b), tag 1 registers a slight improvement iBnyironments — an open room and a room filled with ta-

performance while tag 4 registers a slight drop in perforeean ples, poxes, metallic cabinets and other sources of clutter

We attribute these effects to the complex interaction/tngp each environment, we perform the test at different reaatgr-t

between the tags in the 2-D array. In addition, the averaggparations. Fig. 12 shows the results for two types of crack

signal improvement/reduction is within the 2-3 dB uncem@i propagation in the two different environments for differen

margin associated with measurements. reader-grid separations. For the case of the straight crack
We observe that the 2-D array performs exactly as ppropagation it is clear (as shown in Fig. 8 (a)) that the ciiack

specifications and it is possible to infer both the presemck gpropagating through the two RFID tags 2 and 4. These two tags

propagation of the straight crack and in the event that thekcr show a change in RSSI greater thadB under all conditions

is not propagating through sensitive zones, as in the cade of considered in the experiments which clearly implies that/th

angular crack, it is still possible to detect the fact thatack are affected by a crack. For the angular crack propagation

has occurred and that a maintenance inspection is warrantgdfer Fig. 8 (b)) only tag 2 is affected by the crack and shows
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engineering challenge. Through experiments, we note Iieat t
2-D grid works reliably for a reader-tag separation of 1 m.
In practice, these sensors will be read by reader equipment
deployed on passing maintenance vans so a read range of 3-4
m is required. This could be achieved by considering several
techniques such as using directional reader antennas argl us

b
uiblew
Aurepsoun

1=

Change in RSSI (dB)

4 5 6

Tag number semi-passive tags to create the sensing grid.
5 T c
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Enhancing the read distance of the 2-D grid is an open



