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Abstract— This paper reports the latest development of a négeneration low-cost wireless sensing system foirsctural health
monitoring, named Martlet. The Martlet sensing nodedesign is based on a Texas Instruments Piccolo micantroller, whose clock
frequency is programmable up to 90 MHz. The high clck frequency of the microcontroller enables Martletto support high-frequency
data acquisition and high-speed onboard computatianThe extensible design of the Martlet node convemitly allows incorporation of
multiple sensor boards, so that structural responséata can be simultaneously collected from a hetegeneous set of sensors. In this
study, a strain gage sensor board is designed to bempatible for two common types of gages (1€Dand 35d2). Besides anti-aliasing
filter, selectable amplification gains are provided In addition, an ultrasonic sensor board is deveped to generate ultrasonic
excitation signal and measure response signal, folling a typical pitch-catch setup for detecting stuctural defects. The high-speed
microcontroller on Martlet is able to collect the response signal at a high sampling rate of a few naertz (MHz). Finally, an
integrated accelerometer board is designed for lowest acceleration measurement. The accelerometer ldaintegrates a tri-axial
MEMS (microelectromechanical system) accelerometema associated signal conditioning circuits. One disict feature of the signal
conditioner is the on-the-fly programmable cut-offfrequencies and amplification gains. Laboratory expements are conducted to
validate the performance of the Martlet wireless sesing system.

I. INTRODUCTION

A nation’s infrastructure is vital for economic, lipical and social development. Taking bridges éaample, the United
States has 607,751 bridges in operation in 201.3A4]bridges are continuously exposed to harshamutdnvironment and
traffic loading, structural safety condition mayteléorate significantly throughout the designedvier life. The latest ASCE
2013 report card shows that one in nine of theonatibridges are rated as structurally deficieptlf2order to improve the safety
assessment of bridge, structural health monito(f8glM) systems have been widely studied for monigpristructural
performance and identifying potential damage. Bangple, weight-in-motion (WIM) technology is adogteo measure the
structural response due to overloaded trucks [$&ine other studies focus on crack developmeriroctsres, as crack growth
in critical components may cause catastrophic leritiglure. One popular way of monitoring crack gtiovis to use solid
ultrasonic wave for damage detection [6, 7]. Furtitre, many damage detection algorithms utilizentioglal properties of a
structure. Numerous approaches have been develogsttain modal properties based on acceleraticmsorement from the
structure [8, 9].

In general, various types of data are needed tluaeathe safety of a structure. In order to obtaore detailed structural
information, it is required to install a large ambaf sensors and data acquisition systems irietee fn traditional SHM systems,
coaxial cable is usually adopted for data acquoisitbecause of its reliable performance. Howevepxied cable has
disadvantages such as high material cost and latemsive installation, which hinder extensive atisition of cabled SHM
systems [10]. In order to overcome the limitatidrcabled SHM systems, significant efforts haverbéevoted to developing
wireless SHM systems [11-14].

This paper reports the latest development of a-gemeration, low-cost wireless sensing system fékMSnamed Martlet
[15]. The Martlet sensing node adopts a Texasunmstnts Piccolo microcontroller to execute onboanthputation and data
acquisition. The dual-core architecture of the odontroller enables parallel tasks to be simultaslgperformed on the main
core and a programmable control law acceleratoAjClore. In addition, the 32-bit floating-point rhaiccelerator on the CLA
enables faster and more accurate onboard computdti® power-amplified wireless transducer on trertdt node enables
reliable communication up to 1,600 ft. An onboaritid SD card reader provides additional memorydfmia storage. A variety
of analog input channels are available allowingrgé set of sensor boards to be interfaced witividuglet node.

In this study, a strain gage board is developedti@in measurement with two common types of géb2a2 and 35@).
Furthermore, an ultrasonic board is designed th geherate and receive ultrasonic signals for n&tnaetive evaluation (NDE)
on critical members of a structure. Finally, an edemmeter board is developed, integrating a ftidaMEMS
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(microelectromechanical system) accelerometer assbociated signal conditioning circuit for low-costcceleration
measurement. The cut-off frequencies and amplifinagains of the signal conditioning circuit cangregrammed on the fly.
The rest of this paper is organized as followstiSg Il introduces the hardware design of the lege sensing devices, including
the Martlet node and three sensor boards (strdirgsanic and accelerometer boards). Section IHcdbes performance
evaluation of the wireless sensing system throagbratory experiments. Finally, a summary and disicun are provided.

Il. DEVELOPMENT OFMARTLET WIRELESSSENSING DEVICES

This section describes the design and developnighedviartlet wireless sensing system. The sedtishpresents overall
design of the Martlet sensing device. The developmgthree Martlet accessory sensor boards isititesduced, including the
strain, ultrasonic, and accelerometer boards.

A. Martlet development

Martlet, as shown in Figure 1, is a next-generdtencost wireless sensing node developed for sgtarttures applications
[15]. The development of Martlet is a joint eff@imong the Laboratory for Intelligent Systems andhhelogies at the
University of Michigan, the Laboratory for Smart@&ttural Systems at Georgia Institute of Technol@gyd the Department of
Civil and Environmental Engineering at Michigan Meological University. The Martlet wireless nodeopts a Texas
Instruments Piccolo microcontroller as the corecpasor. An earlier version (TMX320F28069) of thenmcontroller supports
programmable clock frequency up to 80 MHz, andéker version (TMS320F28069) supports up to 90 MHz.

One key feature of the Martlet node is its extdeditardware design, which enables various senssmdbdo easily stack up
through four connectors and work with the mothertioltegrating the extensible design feature withoard 9-channel 12-bit
analog-to-digital conversion (ADC), the Martlet mois able to simultaneously sample analog sigmal® fmultiple sensors
through different accessory sensor boards (termvedy” boards). In addition, various general purpogrit/output (GPIO) pins
are extended to the wing connectors, which allomrmanication between the microcontroller and penipheomponents using
protocols such as serial peripheral interface (R#@r-integrated circuit {C), and pulse width modulation (PWM), etc. The
microcontroller also has 100 kB x 16-bit randomesscmemory (RAM) for embedded computing. To stargd quantity of
data, a typical Micro SD card (like these usedigital cameras) can be plugged into the motherhoditte data stored in the
Micro SD card can be either wirelessly transfeweéasily read offline by a personal computer. Maatlet node integrates a
2.4GHz radio for low-power wireless communicatibrough IEEE 802.15.4 standard [16]. The commuitnatinge can be up
to 1,600 ft at line-of-sight, and the maximum tf@nsate can reach 250 kbps.

The high clock frequency of the microcontroller lelea the Martlet node to execute high-speed dapaisiion and onboard
computation. The capability of high-speed data @ssitg enables the Martlet node to generate kiNdHar ultrasonic bursts for
nondestructive evaluation (NDE). The direct memmegess (DMA) module on the microcontroller allows Martlet node to
sample data at a frequency up to 3 MHz, whichffscsent for capturing ultrasonic signals. The dims@n of the Martlet node is
2.5in by 2.25in.

(Ultrasonic) Martlet wing §

Martlet motherboard

Wing connector

Figure 1. The Martlet wireless node with wing corioes (2.5 in x 2.25 in)



B. Strain gage wing board

In order to incorporate strain measurement intdMaetlet wireless sensing system, a strain gage wireveloped (Figure
2). The strain gage wing is compatible with twoeymf commonly-used strain gages (@26hd 35@). A total of three strain
gages can be connected with each strain gage Wiregfunctional diagram of the strain gage winghieven in Figure 3. Each
strain gage channel of the wing provides three nfajactions, i.e. quarter Wheatstone bridge ciraignal amplification, and
anti-aliasing filtering.

The quarter Wheatstone bridge is used to convertdhistance value of a strain gage into a volssgeal (changing with
strain) as output of the bridge circuit. An onbopanhper allows selection of the strain gage typ20(1 or 35(2). Since the
deformation of many engineering structures is ugwahall (e.g. at tens of microstrains), withoutification, the variation in
output voltage signal is low and can be easily @mmated by electrical noise. To overcome thisialiffy, an amplification
circuit, using an instrumentation ameplifier, is ged to increase the signal-to-noise ratio.

Another onboard jumper allows the selection ofahgplification gain (x477 or x96). The amplificatigain also determines
the measurement range of the strain gage wing wkit2,00Qe for X477 gain and +10,008 for x96 gain. Another function
of the instrumentation amplifier is to shift the anevalue of the voltage signal. At reference/zémirs, by using a thumbwheel
potentiometer, the output voltage signal is shiftedhe center of the Martlet ADC range (i.e. 1.85W order to achieve
maximum measurement range for both positive anatnegstrains. Voltage fluctuation with respecthe reference voltage
(1.65V) indicates strain change. Finally, the ag#t signal goes through an anti-aliasing filtehwitcutoff frequency of 25Hz to
further reduce noise contamination. For backwardpatibility, Molex connectors are provided so tieg strain gage wing can
also be interfaced with Narada, a previous germraii wireless sensing node [14] .

Thumbwheel potentiometer for Jumpers for switching amplification
gain between X477 and X96

Strain gage_

connector
Molex connectors for Narada (a previous Jumpers for switching between
generation of wireless sensing node [14]) 120Q and 350Q gage types
(a) Top view (b) Bottom view
Figure 2. The Martlet strain gage wing (2.5 in 874 in)
Reference voltage Instrum(??_tation
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Figure 3. Functional diagram of one channel instnain gage wing



C. Ultrasonic wing board

Ultrasonic NDE is widely used for detecting cragvelopment in structures. Through SMA connectds,ultrasonic wing
(Figure 4) can be interfaced with two commerciataf Group WC50-0.5 narrowband ultrasonic transdu@@ne transmitting
and one receiving) to effectively detect crack gtowith a typical pitch-catch setup. Center frequyeof the transducer is 500
kHz. Figure 5 shows the functional diagram of titeagonic wing, which consists of an excitation miedand a receiving
module.

The excitation module provides excitation signaltfee transmitting transducer, in order to geneuttrasonic waves into a
structural surface. In this implementation, the iédmode generates PWM bursts, each burst contafinie cycles of square
waves (0~3.3V) at 500 kHz frequency. Since the #ogd of ultrasonic wave decays rapidly during @ggtion, the
transmitting transducer needs relatively high etimh voltage in order to generate clear respoigs®ls. To this end, the
excitation module amplifies the square waves to ¥#ile maintaining the 500 kHz frequency, and fetfas signal into the
transmitting transducer. Using a plexiglass wedbe, transducer then launches a series of Raylemfesvinto structural
surface[17].

After the Rayleigh wave propagates for a shotadise, the receiving transducer captures the regmignal and generates
a zero-mean voltage output to the receiving modiilee ultrasonic wing. The receiving module cotssig three main functions,
i.e. mean shifting, signal amplification, and aatasing filter. The mean value of the output sldr@m the receiving module is
uplifted to the center of Martlet ADC range (i.e63V). Since the immediately received signal attthesducer is of very low
amplitude (~50mV), the signal needs to be amplifiedrder to increase the signal-to-noise ratice §hin of the amplification
module can be easily adjusted to 10dB, 20dB or 39d8rotary switch on the board. Finally, the reed signal is processed by
an anti-aliasing filter before entering the ADC ratedof the Martlet motherboard. If a crack existsaeen the transmitting and
receiving sides, the magnitude of the receivedadigeually decreases with the increase of crack $izorder to capture the
received signal with a center frequency of 500 kHe ADC sampling frequency should be at least 1ZzNtHavoid aliasing. The
direct memory access module in the Martlet microwsier is used to implement 2.67 MHz sampling freqcy, with the
microcontroller clock set at 80 MHz.

SMA connector for receiving ultrasonic
transducer

Gain switch
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30dB)
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SMA connector for transmitting ultrasonic
transducer

Figure 4. The Martlet ultrasonic wing (2.5 in x 253in)
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Figure 5. Functional diagram of ultrasonic wing



D. Integrated accelerometer wing board

In order to obtain accurate acceleration measurgrand in the meantime reduce hardware cost, doé@ois to integrate a
low-cost MEMS accelerometer and specialized sigoatiitioning circuit into a single wing board, &®®n in Figure 6(a). The
integrated accelerometer wing adopts a tri-axiaM@Eaccelerometer, the ST Microelectronics LIS344Aiddel. A jumper

on the board selects between +2g and +6g measutegedas. The noise density of the measuremert jgg2+/ Hz along the
x-axis and y-axis, and 5@/~ Hz along the z-axis.

The analog signals from the LIS344ALH acceleromaterdirectly fed into an onboard signal conditicthat performs mean
shifting, low-pass filtering, and amplification {ftire 7). The mean shifting module is particularbeful because the zero-g
output voltage signals from the LIS344ALH acceleeten depend on the orientation of the acceleronmetemt. Regardless of
zero-g voltage levels of the sensor signals, themshifted signals oscillate around 1.65V and teachic waveform remains
the same as prior to shifting. Next, the anti-atigsmodule prevents high-frequency signals and asofsom irreversibly
contaminating the digitalized data samplesfodder low-pass Bessel filter with a programmahbieff frequency is adopted in
this anti-aliasing design. The phase shift of asBkfilter varies linearly with frequency. Thisaguivalent to a constant time
delay to the signal within the passband, and threserves the original waveform [18]. The low-passoff frequency can be
programed on-the-fly from 15Hz to a few hundredthelin order to improve signal-to-noise ratio, smxelerometer signal is
finally amplified by a programmable amplifier. Theerall amplification gain can be set from x1.%#&®90. As noted, a distinct
feature of the integrated accelerometer wing istthe cutoff frequencies and gains are remotelgammable. This feature is
achieved by adopting digital potentiometers (Digipowhose resistance value can be programed eftyttierough an 1C
interface from the Martlet microcontroller. The grammable cutoff frequencies and gains offer goeaivenience in field
testing. When a new set of cutoff frequencies aaidgyis needed, a wireless command from the seamreasily achieve
immediate setting update for all Martlet nodes.

The integrated accelerometer wing is placed intorapact weatherproof enclosure with a dimensio2.28in (L) x 2.52in
(W) x 1.38in (H), for firm installation of the adeeometer onto a structural surface (Figure 6(blerefore, the wing is not
stacked up to the Martlet motherboard. Rather integrated accelerometer wing is connected toMhetlet node with an
eight-wire cable. Three wires in the cable arecated for the acceleration output signals (X, Y @xchannels), two are
allocated foriC communication, one is allocated for power, oradlicated for ground, and the last one is allat#tea digital
signal that allows the Martlet motherboard to potlieraccelerometer wing on and off. The currensaoption of the integrated
accelerometer wing is ~12 mA (referenced at 3.8iMJer normal working conditions and A when powered off into sleep

mode.
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Figure 6. Integrated accelerometer wing with wegiitoef package
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I1l.  VALIDATION OF THE MARTLET WIRELESSSENSING SYSTEM

In order to evaluate the performance of the Maniligeless node and the associated wings, labora®pgriments are
conducted. Experiments are carried out with trerstgage wing for calibrating sensitivity value apdntifying noise level. The
ultrasonic wing is tested with a notch specimeevaluate its performance for defect detection. Ifineneasurement of the
integrated accelerometer wing is compared with éhat high-precision cabled accelerometer.

A. Validation of Martlet Strain Gage Wing

To assess the performance of the strain gage wingexperiments are carried out. The first expennoalibrates the strain
gage wing with a strain calibrator, and the secexmkeriment assesses the noise level of the stagje ging. The layout of the
calibration experiment is shown in Figure 8. Thanter bridge setting of a commercial strain indicatalibrator (Vishay
1550A) is used to assess the measurement accuitheystain gage wing. Four scenarios of the styage wing are tested. Each
scenario is a different combination of strain gagee and measurement range, including<12dth 2,00Qwe range, 120 with
10,00Qe range, 35Q with 2,00Qie range, and 330 with 10,00Qe range. For each scenario, data at six strain deaed
collected and compared to the corresponding bentghsivain values of the calibrator. Figure 9 plbis strain measured by the
strain gage wing against the benchmark strain vyalaeided by the calibrator. A close match cambserved between two sets
of strain data. Linear regression is performedvbet the two strain data sets, for each experiswmario. The coefficient of
determination (B is calculated for each experiment scenario andatin Figure 9, which demonstrates a high lingdrétween
measured and benchmark values. Based on the audipagie of the strain gage wingy() and benchmark strain valu€,4),
sensitivity of the strain gage wing can be cal@dads:

S = Vout _Vref

exp

@)

gbenchmark

where S,,; denotes the experimental sensitivity of the stggige Wing;&,..cnmanl€Presents the benchmark strain value. Taking

120Q gage setting as an example, the results showttibagxperimental sensitivity is 0.7728m¥/for 2,00Q.e range, and
0.1542 mV/j for 10,00Que range.

The setup for noise level experiment is shown guké 10. The strain gage is free of external lgatldirectly connected with
a Martlet strain gage wing. Same as the calibraéigperiment, four scenarios are tested, each soendth a different
combination of gage type and measurement rangesdmeling frequency is set as 100Hz, and samplimg is 10s. Figure 11
plots the measurement results of all four scenafibe noise level in each experiment scenario tismated by the standard
deviation value (STD):

13 2
STD=,— ) (A¢g 2
whereAg, denotes the difference betweenithstrain value of the data set and the mean sew@t;N is the total number of data

points. Particularly for the two scenarios witb@ue range, the noise level is only slightly ovgrelshowing a performance
comparable to cabled strain measurement systerasidibe level with 2,0Q& range (i.e. x477 amplification gain) is lower than

Strain calibrator

Strain gage wing with
Martlet motherboard

Figure 8. Calibration setup for strain gage wing
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Figure 9. Calibration results of the strain gagegwi

Martlet with strain gage wing

Strain gage

Figure 10. Experiment setup for quantifying nomeels of the strain gage wing

that with 10,00Q¢ range (x96), which means that increase in the ifiogilon gain can achieve better signal-to-noiagor.
Overall, both the calibration experiment and thesedevel experiment demonstrate that the strage gging can accurately
capture strain gage data.
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Figure 11. Noise level results of the strain gagegw

B. Validation of ultrasonic wing

In order to evaluate the effectiveness of the sittréc wing for monitoring crack, an experiment @&@rged out on a steel
specimen (Figure 12(a)). There are four existingmes of different depths on the specimen surfacgmulate different levels
of crack (Figure 12(b)). Using two wedge transdsc#te pitch-catch ultrasonic data is collectediotiamaged surface first and
then across each notch. The high-speed microctattiolthe Martlet node enables high-frequency datguisition. During the
experiment, the sampling frequency is sdéf{ a2 MHz and, the gain is set as 30dB. Usually nfagnitude of the received signal
decreases with a deeper notch.

The received signals are reconstructed to 200MHpBag frequency, so as to better evaluate the rhadp of the received
signal. The upper plot in Figure 13(a) shows theired signal for 60 ultrasonic bursts collectedi®yMartlet node. Each burst
is generated by five cycles of 500 kHz square wapgdied to the transmitting transducer. The exoitefor each burst lasts for
10 us, and the ultrasonic wave propagation resporesgch burst is collected for 260 us at the w@ogitransducer, allowing the
response to die out. The lower plot in Figure 1Bgf@ows reconstructed signal, which demonstrate® roonsistent peak
amplitude among bursts. In Figure 13(b), the retranted signal from one ultrasonic burst is comgavih the signal collected
by a cabled data acquisition system. Close matche@abserved between two sets of signals. Thexdf@an be concluded that
the signal reconstruction process can restore matentic amplitude of the response signal.

Transmitting ultrasonic transducer

Notch
Ultrasonic wing . specimen
with Martlet
baseboard

power

Receiving ultrasonic
transducer

(a) Photo of the complete setup

inches

Figure 12. Experiment setup for the ultrasonic wing
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Figure 13. Experiment results for the ultrasonicgv

In order to accurately quantify the amplitude afaiged signals, Hilbert—-Huang transform (HHT) ikested to calculate the
envelope of the reconstructed signal for each Ha&ft One example of the reconstructed signall¢ctéd at undamaged
position) and its envelope are shown in Figure 13{be diamond line in Figure 13(d) plots the peakelope amplitude of the
received signals with respect to the notch deptir.each notch depth, peak envelope amplitudegsaged from 60 bursts. The
results indicated that the peak amplitude decreabes the notch depth increases. The asterisképresents the results from
the cabled data acquisition system. The trendniflasi between the cabled and wireless system. Xperament demonstrates
that measurement of the ultrasonic wing is sersttivsurface defects.

C. Validation of integrated accelerometer wing

To validate the performance of the integrated Mardccelerometer wing, experiments are conductea éwur-story
aluminum frame structure in the lab. Two integilaéecelerometer wings are tested, each installgtitoea high-precision
cabled accelerometer (Silicon Designs 2012-002¢ @nthe integrated accelerometer wings is ingdadiethe base of the
structure to measure the ground acceleration, lEndther integrated accelerometer wing is instadletthe first elevate slab to
measure the structural response. A modal shakasad to apply dynamic excitation to the structfgyyre 14). In the
experiment, the amplification gain of the integdasecelerometer wings is set to x20, and the ciredfuency is set as 25Hz.

Figure 15 compares the time history data fronctiged accelerometers and the integrated accelezomiags. The left two
plots show the data over 10 seconds, and theplgts are close-up view of 3 seconds. All figutksstrate excellent agreement
between the data sets collected by the wirelessalnldd systems. Figure 15(b) particularly shdws the wireless time history
data are almost indistinguishable to the cabled.datis demonstrated that the integrated accelet®enwing is capable of
providing high-quality acceleration measuremends &ne comparable with the cabled system in tisis te
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IV. SUMMARY AND DISCUSSION

This paper presents the latest development andiatgin of a next-generation, low-cost wireless sgnsystem for structural
health monitoring, named Martlet. The Martlet nquevides an extensible wireless platform whichaide to execute
high-frequency data acquisition and high-speed artbcomputation. Standardized wing boards can biéygaugged in with
the Martlet motherboard, which allows simultanedas acquisition from multiple sensors of varioyses. In addition, the
onboard Micro SD card significantly extends theadstbrage space of the Martlet node.

The newly-developed strain gage wing can providairstmeasurement for 1@20and 35@ strain gages. The validation
results demonstrate that the strain gage wing pagf@accurately and reliably in the calibration ekpents and gives low noise
level. In addition, the ultrasonic wing with 500 kHlltrasonic transducers can help to detect defactsitical areas. The
ultrasonic NDE results using a notched specimenodstrate that the ultrasonic measurement is seadii the notch depth.
Finally, the low-cost integrated accelerometer wiag provide accurate acceleration data measurdarahtnamic testing. The
amplification gain and cutoff frequency of the igrtated accelerometer wings can be changed onythe fl

Future research will continue to improve the Marfigstem in terms of power efficiency, reliabilignd usability. More
sensor wings can be developed for various neestsuatural monitoring. Abundant applications in shséructures are yet to be
discovered for the Martlet system.
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