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Abstract: Automated shape-measuring arrays of micro-machgetsors based on micro-
electromechanical systems (MEMS) technology aresl@pof determination of deformation
components with sub-centimetre accuracy over skliaralred metres. The fusion of MEMS
sensors with automated geodetic monitoring systupslies the information needed for the
determination of the three-dimensional displacemant strain fields and rigid body
movements of the deformable object. All of thesstays can take advantage of wireless
communication methods integrated with internetvaeli. A simple fusion of MEMS shape-
measuring arrays (ShapeAccelArray- SAA) with GR$pperted by Precise Position Monitor
(PPM) software, and robotic total stations supmbltg Deformation Detection System (DDS)
software is shown for a laboratory setup. Concéptsnore complex combinations of field
equipment and field data are proposed.

1. INTRODUCTION

Growing concerns regarding public safety, environtakeprotection, and efficient industrial
production have dramatically increased the demamndafitomated deformation monitoring
systems. Bridges, dams, nuclear power stations, gpe&h pit mines are examples of
applications that benefit from implementing monitgrsystems. Such systems are expected
to provide multi-dimensional alarms, visualizatioh results in near-real time, and sub-
centimetre accuracies.

The deformation behaviour of any investigated dbjscfully determined if the three-
dimensional strain field and rigid body movemertar(slation and rotation) can be derived
from the monitoring observations (Chrzanowski et #983). Among the available geodetic
and geotechnical/structural technologies, there \ag/ few, if any, sensors that can
independently satisfy this monitoring criterion. hmost cases, various techniques must be
combined into an integrated monitoring system (@hoxvski, 1993; Chrzanowski et al.,
1986).

Presented is the fusion of a new geotechnical tdog, ShapeAccelArray (SAA)
(Measurand Inc., 2008) with robotic total statigRI S) and global positioning system (GPS)
technology supported by software developed at grea@ian Centre for Geodetic Engineering
(CCGE). A brief overview of each of the above teabgies is given followed by an example
of their integration in a laboratory setup.
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2. MEMS SENSORS
2.1 Overview of MEM S Technology

Micromachined electromechanical system (MEMS) senare used in large quantities by the
automotive industry for airbag deployment. Othaghhvolume applications include pressure
sensing, inkjet printing, and angular rate sensiigst MEMS are created from pure silicon
with tiny dimensions (< 1 mm). Pure silicon demoat&ts negligible fatigue and hysteresis,
and high yield strength, making it superior to kfeesensor construction (Bryzek, 2005).

MEMS accelerometers are made on single-crystalosiliwafers in a semiconductor process
line. There are many MEMS to a wafer, leading tove cost per sensor. Layers of materials
including polysilicon, insulators, and others aepasited on the wafer and selectively etched
to create micromechanical structures.

A simplified one-axis accelerometer is shown inurg1l. A proof mass is supported at its
ends by “bow” springs and is free to move left aigtht, having been freed from its substrate
as shown in the inset. The mass has “fingers’riiate with it, separated by gaps from fixed
electrodes. Variations in the gaps are sensed é\eléctrodes as a change in capacitance.
Typically, a MEMS package measuring 1.5 mm x 4 mih sam will include two or three
orthogonal accelerometers, along with circuitry pooduce analog or digital outputs
corresponding to accelerations. The tiny dimensargsexcellent properties of the silicon are
ideal for damage resistance and long-term stability
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Figure 1 - Left: Simplified plan view of one-axisBWIS accelerometer
Right (DIMES, 2008): Photomicrograph of typical ME\Wtructure

2.2 Development and Applications of ShapeAccelArray (SAA)

SAA is an array of hundreds of MEMS accelerometieas can be left in a borehole in small
(25 mm ID), non-grooved casing, to monitor deforiotad over long time periods (years) (see
Figure 2). Its data are sent wirelessly through ititernet (Abdoun et al., 2007). The
flexibility of the casing and array enable instatias to withstand larger deformations than
are possible with conventional grooved casing.
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Figure 2 - Left: Flexibility of SAA, Centre: SAA oReel, Right: SAA Inserted into Conduit

Mechanically, SAA is an array of rigid segments mected by joints that permit bending in
any direction, but are stiff in torsion. Standaetyment length is 305 mm, which dictates
spatial resolution. The hollow segments each coritaee orthogonal MEMS accelerometers.
Every eighth segment includes a microprocessoypfcal array of 104 segments, 32 m long,
can be stored on a reel, ready for insertion. Tagekproof coverings have been tested to 980
kPa (equivalent to a 100 m water column).

The 3D shape of SAA in a near-vertical casing i®heined from static accelerations of X
and Y accelerometers. In near-horizontal mode Ztleecelerometers are used to determine
2D shape in a vertical plane. The accelerometersestt angles according to:

Signal=C x g xsin(tilt) ()

whereC is a calibration constant agds the acceleration of gravity. The special joietsble

a solution for x, y, and z coordinates at eachtjailsing rotational transforms relating the
orientation of one segment to the next segment i@@anet al., 2007). The method is an
example of 3D shape sensing along paths constrametkgrees of freedom, originally
applied using fiber optic curvature sensors (Ddneical., 1998).

3.ROBOTIC TOTAL STATIONS(RTS)
3.1 Evaluation of RTS Performance

Several models of robotic total stations (surveyingtruments with automatic target
recognition (ATR) and automated measurements oeargnd distances) are available from
various manufacturers (e.g., Leica, Trimble, an@cbm). Instrument resolutions of 1 mm in
distance and 1 second of arc for angles are alilRobotic total stations use ATR to detect
target prisms at distances up to 1500 m. Overmlisgshorter than a few hundred metres, an
RTS can detect displacements with sub-centimettaracy at 95% confidence level (Duffy
et al., 2002). Over longer distances, the main affecting the accuracy of RTS applications
is atmospheric refraction. In an analysis of RTSearbations made in large open pit mines,
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Chrzanowski and Wilkins (2005) showed that diumallic variations due to the refraction of
observed directions (both horizontal and verticaduld produce, in extreme conditions,
systematic biases of determined displacements db®D0 mm over distances of 1500 m.
Even though averaging 24 hours of observations dmurease refraction errors to a few
millimetres, this challenge limits the universality RTS applications. Since the effects of
refraction increase with the square of the distaitde recommended to place RTSs as close
as possible to the observed object. This in tuoneises the possibility that the instrument
station and reference back sights would be withim deformation zone. To alleviate this
problem, GPS can be linked with RTS to provide ma#ted positional corrections
(Chrzanowski and Wilkins, 2005).

3.2 Deformation Detection System (DDS) Softwar e Suite

The performance of RTS in deformation monitoringveys depends, to a large extent, on the
quality of the software controlling the automati@tal collection and automatic data
processing. The software is composed of a serigsoofules that automate surveying tasks,
handle database management, and provide graphgmayl of results. Processed data are
automatically made available in near-real time.r&he full support for remote operation via
LAN and Internet connections and provider-independkatabase access. An alarm can be
triggered either by individual points or group adimts, when their movement reaches a
predefined threshold value of either displacemantgelocity, or acceleration. DDS is capable
of identifying unstable reference stations usinge thierative Weighted Similarity
Transformation (IWST) of displacements (Chen ei@80).

4. GLOBAL POSITIONING SYSTEM (GPS)
4.1 GPSfor Deformation Monitoring

GPS (and in general, Global Navigation Satellitest&ns (GNSS)) offers potential
advantages over other geodetic and geotechnidahdémgies that allows for continuous and
high accuracy displacement detection. These incd)dae of sight is not required between
stations; b) updates can be provided at frequerafies Hz and higher; c) 3 dimensional
position information is provided; and d) millimetievel position information is possible for
baselines up to about 10 km in length. Certainrenwents having steep slopes and/or large
height differences make it difficult to realize sigeadvantages, by introducing the following
challenges (Bond et al., 2007):

a) Mitigation of residual tropospheric delay biases;
b) Providing continuous, high precision updates dedpitited satellite visibility; and
c) Connecting to stable reference points.

The major disadvantage of using GPS is the cost géodetic grade receiver and antenna.
This will ultimately limit the number of units thatan be afforded and dictate the spatial
resolution of targets that can be monitored udmgtechnology. In most cases it will be more
economical to integrate GPS to monitor the stgbdit other sensors that can provide higher
spatial resolution at a lower cost in localizedaarée.g., total stations, laser scanners).
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4.2 Precise Position Monitor (PPM)

To address the challenges described previously witplementing GPS in challenging
environments, a fully automated, continuous, remé&tmonitoring system has been developed
known as Precise Position Monitor (PPM) softwarer@et al., 2007). The system is capable
of providing sub-centimetre precision without hayito solve for the integer ambiguity,
making it suitable for many deformation monitoriagplications. Processing techniques are
implemented in PPM to successfully mitigate the@! of residual tropospheric delay biases.
PPM also incorporates pseudolite (ground based GBfal transmitter) technology to
provide more frequent solutions in areas of potelki® visibility.

5. EXPERIMENT DESIGN
5.1 Deformation Monitoring Scenario

To illustrate the benefits of having a multi-sensoeal-time, monitoring system, an
application which uses an SAA to monitor verticapiacements is considered. Figure 3
shows a bridge abutment under construction. An $Buied) is shown by the red dashed
line. The SAA provides mm-level deformation infotioa relative to one of its ends. Since
the end may be in the deformation zone, surveyinghé end from a stable reference is
required. This fusion of line-of-sight geodetic thugnents with subsurface instruments is
currently done with intermittent manual techniqué&his approach would be improved by
automated, continuous monitoring, with all datavarg at the same time in the same units
and frame of reference. Also illustrated in Fig@rés an SAA being inserted into 25 mm
casing. The same casing and SAA are used in vieaticbhorizontal installations.

= Survey Taret
B o -

Figure 3 - Left: 2D Deformation Monitoring Near @idye Abutment
Right: Installation of an SAA for 3D monitoring
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5.2 Fusion of Sensorsfor Integrated Monitoring

To demonstrate the benefits of fusing geotechracal geodetic sensors into an integrated
monitoring solution, a deformation simulation wasreed out as illustrated in Figure 4. The
deformation area was instrumented with RTS, GPSS# technology. A Measurand SAA
(field version), Leica TCRA1100plus total stationda3 NovAtel OEM4 receivers with
GPS600 antennas were used for data collection.

The SAA was mounted to a 2"x4"x 5.5” board on top aoconcrete pillar. The SAA,
operating in horizontal mode, provided vertical ptigement information at each of its
segments (every 304.8 mm). Three prisms were @santed to the board to provide
horizontal displacement information and to geomiee the SAA. The end of the SAA was
mounted to a graduated pole which allowed displacgsnof known vertical magnitude to be
introduced. Also connected to the pole were a pestha GPS antenna.

The RTS was monitored by GPS so that it could lwatex close to the structure in the
deformation zone, minimizing angular and distancsasarement errors. The GPS antenna
and RTS were attached to a metal plate so thatwmeyd move as one entity on top of a
translation stage. The translation stage permittégplacements of known horizontal
magnitude to be introduced. A reference prism wamitared using GPS, providing a
reference orientation for the RTS.

| GPS+PRISM|

Figure 4 - Integrated Technology Solution for Defiation Monitoring Scenario
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Displacements were introduced to illustrate howhetehnology does not independently

capture the entire deformation behaviour, but tivegrated system does. Three displacements
were introduced:

1. 32 mm horizontal displacement at Point 3 towardstRh
2. 6 mm horizontal displacement of the RTS+GPS statod
3. 20 mm downward displacement of Point 8.

Deformation of eight points of interest and thealiien of the RTS+GPS station were
considered.

6. RESULTS

Table 1 and Table 2 summarize the magnitudes ofréspective horizontal and vertical
displacements introduced and the magnitudes of displacements detected by each
technology. Comments on the results from each tdogy are subsequently provided.

Point 1 2 3 4 5 6 7 8 | RTS+tGPS | RTS+PRISM

SAA | -/0 | -0 -/0 -/0| -/0| -0 -/0] -/O -/0 -

RTS | 0/0 | -/0 | 32/32| -/0| O/O | /O | -/0| 0O/ 8/6 -

GPS| -/0| -0 -/0 -/0| -/0f -0 -/Q 0/0 6/6 -

Table 1 - Designed Horizontal Displacements ana€etl Horizontal Displacements
(detected displacement mm / introduced displacememnt ‘-’ = no information)

Point | 1 2 3 4 5 6 7 8 | RTStGPS | RTS+PRISM

SAA | 0/0 | 0/0 | 0/0 | 0/0 | 0/0 | 5/(5) | 12/(12)| 19/20|  -/0 -

RTS|0/0| -/0] 00| -/0| 00| -/0 -0 | 20/20 0/0 -

GpPS| -/0| -/0| -/0| -/O0f -0 -0 -/0 | 19/20 0/0 -

Table 2 - Designed Vertical Displacements and DeteVWertical Displacements
(detected displacement mm / introduced displacememt‘-* no information)

6.1 SAA

Data from the SAA were processed using SAARecostétware. Data were logged for 2
sessions before the 20 mm vertical displacementf@n@ sessions after it. The results are
illustrated in Figure 5. It can be seen that SAAfgens very well at capturing the
deformation behaviour as a continuum. Each ofsthble 5 segments shows less than 1 mm
of vertical movement. Segments 6, 7 and 8 showrpssiyely more downward displacement.
A maximum displacement of -19 mm is illustratedsaggment 8. The true values of the
displacements at segments 6 and 7 are unknowndatzerate of the SAA was 100 Hz,
enabling an alarm latency of 10 seconds from amh@fight segments, based on automated
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averaging of 1000 samples. Because the SAA is ifumiog in horizontal mode, it will not
detect lateral movements.

SAA Vertical Displacements
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Figure 5 - SAA Vertical Displacements

6.2RTS

Positions of the target prisms were calculated ftbe RTS observations using DDS. All

displacements of target prisms were detected atewei in the experiment. The power of the
IWST implemented in the DDS is illustrated by tlodtware’s ability to detect the movement
of the RTS. Displacements of -7.5 mm, 3.4 mm, On7 were calculated in east, north and up
components respectively (8.2 mm horizontal lengit)jch agrees within 2 mm with the

known value. The accuracy of the IWST would furtimprove if more stable reference

points were used. Had the software not implemetitedWST, all coordinate calculations

would be biased by the full displacement value esslthe position of the RTS would be
updated by GPS. The RTS was not able to capturdisipgacement of points 6 and 7 and the
stability of points 2 and 4 since prisms were ootlted in this area.

6.3 GPS

Baselines from the reference GPS+PRISM statiom¢oRTS+GPS and SAA+GPS+PRISM
(Point 8) stations were processed using PPM. Spasalution was limited (by available
hardware) to these two stations. Displacementb®RTS+GPS station and of Point 8 were
detected at mm level. Figure 6 illustrates the ‘opmponent solutions for Point 8. Several
hours are required to detect the full displacement.
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Figure 6 - Up Component Displacement of Point 8nfilePM

7. CONCLUSION

One technology can rarely provide all of the infation necessary to fully understand the
behaviour of a deformable body. In the bridge alauminscenario considered, one technology
could not detect all of the deformation behaviourdduced. By strategically using each
sensor, the global deformation behaviour was cefgtusAA was able to provide real-time,
mm level resolution of the vertical displacementst® segments along a continuum. RTS
observations were added to provide absolute refergrof the SAA and to provide lateral
displacement information as well. The stabilitytoé RTS was monitored using GPS (this
becomes even more important in projects of largaie. GPS provided high precision,
position information of critical deformation aregSAA and RTS provided cost effective
means for densifying the GPS monitoring stationd &r providing quick displacement
detection. The experiment was simple, but suggé#sts advantages of sensor fusion,
particularly if all the sensors were to producdrdaegrated data stream. This data integration
will be the subject of future work.
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