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ABSTRACT

Electronic distance measurement (EDM) instruments, such as laser trackers, total stations, and handheld laser
distance meters have been used in a limited number of nondestructive testing (NDT) and structural health
monitoring (SHM) applications attempting to measure bridge deflections and vibrations. However, a survey
of the literature reveals that by far, most attempts have been by measuring elevation angles with robotic total
stations. One case was found that used a Leica AT401 laser tracker, but it also measured deflections by measuring
the elevation angle, i.e., like the total station cases, the measurement architecture did not exploit the higher
accuracy and speed of EDM. One case was found using a non-commercial laser ranging instrument, similar to
handheld laser distance meters, that did measure vertical deflections of a bridge, from the instrument fixed on the
ground to a point directly above the instrument, at 200 measurements/second, with good results. Only one case
reported 3D measurements, using a total station. All other cases only reported vertical deflections. Attendance
at NDT/SHM conferences has revealed that most engineers in those fields are unaware of the measurement
capabilities of such instruments–only one person in any of the conversations had heard of a laser tracker, and
no EDM instrumentation was on the exhibit floors. The American Society for Nondestructive Testing (ASNT)
produces a large number of publications, and issues NDT competence certifications, but does not include EDM
instruments in any of their handbooks, training manuals, or certification requirements. A two volume set of
books on SHM, published in 2012, does not list EDM as a measurement option. The 2017 Transportation
Research Board Conference (TRB) did have one paper that used a Metris MV224 Laser Radar, but it was used
in a girder fabrication application. A presentation on the new Federal Highway Administration NDE facilities
and instrumentation did not mention any dimensional metrology instrumentation. A recurring theme in the
literature is the effort spent trying to determine if a particular total station was capable of measuring with
sufficient resolution and frequency to determine bridge deflections and vibrations. Results of the literature
survey are reported in detail in a paper presented at the SPIE Smart Structures NDE Conference in March
2017. Based on the literature, it is clear that present manufacturers instrument specifications do not meet
the needs of NDT and SHM researchers. In some cases, the specifications may be artificially limited, due
to constraints introduced by assumptions as to how the instrument will be used, that may not apply to new
and novel applications outside the conventional customer base. Suggestions are made as to what instrument
manufacturers could relatively easily do to provide meaningful specifications, for currently available instruments,
to early adopters in potentially huge blue ocean markets. Example fill-in-the-blank templates are provided as
a starting point. An argument is made for the need for high accuracy 3D measurements for NDT. In addition
to bridge applications, other novel applications are suggested. For example, NDT of pressure vessels, cranes,
amusement park rides, and tensioning/detensioning concrete.
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1. INTRODUCTION

This is the second in what is to be a series of papers on the the use of electronic distance measurement (EDM)
instruments for nondestructive testing (NDT) and structural health monitoring (SHM). The first paper1 (First
Paper) was presented at the SPIE Conference on Nondestructive Characterization and Monitoring of Advanced
Materials, Aerospace, and Civil Infrastructure 2017. It was intended to be an introduction to EDM and coordi-
nate measurement metrology for the NDT community.

This paper, which is intended to be an introduction to NDT for the Coordinate Metrology Society (CMS)
community, will be cumulative, so those interested in the subject should also read the First Paper, which is
incorporated by reference. Only the abstract,

By using three, or more, electronic distance measurement (EDM) instruments, such as commercially
available laser trackers, in an unconventional trilateration architecture, 3-D coordinates of specialized
retroreflector targets attached to cardinal points on a structure can be measured with absolute un-
certainty of less than one part-per-million. For example, 3-D coordinates of a structure within a 100
meter cube can be measured within a volume of a 0.1 mm cube (the thickness of a sheet of paper).
Relative dynamic movements, such as vibrations at 30 Hz, are typically measured 10 times better,
i.e., within a 0.01 mm cube. Measurements of such accuracy open new areas for nondestructive test-
ing and finite element model confirmation of stiff, large-scale structures, such as: buildings, bridges,
cranes, boilers, tank cars, nuclear power plant containment buildings, post-tensioned concrete, and
the like by measuring the response to applied loads, changes over the life of the structure, or changes
following an accident, fire, earthquake, modification, etc. The sensitivity of these measurements
makes it possible to measure parameters such as: linearity, hysteresis, creep, symmetry, damping
coefficient, and the like. For example, cracks exhibit a highly non-linear response when strains are
reversed from compression to tension. Due to the measurements being 3-D, unexpected movements,
such as transverse motion produced by an axial load, could give an indication of an anomaly–such as
an asymmetric crack or materials property in a beam, delamination of concrete, or other asymmetry
due to failures. Details of the specialized retroreflector are included.

introductory paragraph,

It is the thesis of this paper that the use of Electronic Distance Measurement for Nondestructive Test-
ing and Structural Health Monitoring has been overlooked, or misapplied, outside of the aerospace
and precision manufacturing industries. Significant opportunities are available in the civil, structural,
mechanical, and software engineering fields, as well as expanded markets for instrument manufac-
turers, dimensional metrology measurement service providers, and software companies. In order to
capitalize on these opportunities, an introduction to what has heretofore been disparate fields may
be helpful in expanding communications between the fields.

and selected excerpts of the First Paper will be repeated herein.

2. NDT AND SHM

The subsections in section 1 of the First Paper on An introduction to Electronic Distance Measurement,
and An introduction to Large-Scale Dimensional Metrology will probably already be somewhat familiar
to the CMS community. The second section of the First Paper on Present Relationship Between the NDT,

SHM, and EDM Communities will probably be less familiar and more interesting to the CMS community.

The NDT and SHM communities in the US are most closely associated with conferences sponsored by the
American Society for Nondestructive Testing (ASNT), the Transportation Research Board (TRB), and SPIE.
The TRB falls under committees AHD30, Structures and Maintenance; AFF40, Testing and Evaluation of Trans-
portation Structures; and AHD30(3) Structural Health Monitoring, Joint Subcommittee of AHD30, AHD35, and
AFF40. The International Federation of Surveyors (FIG) Working Group 6.1, Deformation Measurement and
Analysis; and The International Association of Geodesy (IAG) Sub-Commission 4.2, Applications of Geodesy
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in Engineering also sponsor conferences on SHM. The American Society for Nondestructive Testing (ASNT)
produces a large number of publications, and issues NDT competence certifications, but does not include EDM
instruments in any of its handbooks, training manuals, or certification requirements. An informal survey by the
author, in conversations with the attendees, at those conferences in the past year leads one to believe that the
use of laser trackers is practically nonexistent among those communities. Civil and structural engineers rarely
need dimensional accuracies in the part-per-million range for construction purposes, so it is understandable that
they are not familiar with the capabilities of EDM.

There was one paper by Fuchs and Chase2 at TRB 2017 that used a Metris MV224 Laser Radar to eliminate
shop assembly of steel bridges by measuring the component girders and doing a virtual fit-up, based on the
measured hole patterns, i.e., a steel fabrication application–not NDT. This was related to similar reports3, 4 and
a patent application5 by Fuchs, as well as a patent application by Pettersson6 and patents to Marsh et al.7–9 It
is particularly revealing that the conventional state-of-the-art for dimensional control of bridge girder fabrication
relies on steel tapes, and curved girders are fabricated by music wire and rulers to measure the sag. Splice plate
bolt holes for girder joints are match-drilled in place with adjacent girders actually placed and blocked in a trial
erection at the fabrication shop, in order to ensure they will fit properly at the construction site. There was a lot
of excitement among bridge engineers about Fuchs’ system, which measures the as-built girders and bolt holes,
with high accuracy, and calculates the hole locations for the splice plates in a virtual assembly, i.e., eliminating
trial erection at the fabrication shop.

Ettouney and Alampalli published a two volume set of books on Infrastructure Health in Civil Engineer-
ing.10,11 In Volume I, under section 5.4 Sensor Measurement in SHM, they list the following sensors:
Strain Sensors, Position, Accelerometers (Angular and Linear), Velocity (Angular and Linear), Displacement
(Angular and Linear), Force, Inclinometers, Corrosion, Pressure, Temperature, Other, and Advanced Sensing
Technologies. There is no mention of laser trackers, total stations, or EDM.

Webb et al., did an extensive literature survey focusing on bridge SHM deployments.12 In the Introduction,
they state

Unfortunately, many existing monitoring endeavors do not have a clearly defined objective. Instead,
seemingly sensible parameters are measured without proper consideration given to how the data will
be interpreted. Data interpretation is then considered at a later date, often coupled with the discovery
that very little useful information can be obtained. A more rational approach to the design of SHM
systems is needed.

They go on to state:

There are few examples where SHM systems have been reported to actually demonstrate value to
the operators of the structure–there may be justifiable reasons for how the collected data may prove
useful to someone in the future, but the actual benefit to the system owner is rarely evident. Instead,
the primary purpose of the majority of deployments is simply demonstrating that a particular new
sensor technology can measure a parameter of interest rather than specifically to provide information
that will inform decision making.

In other words, this is a potentially huge blue ocean market for someone that can provide the more rational
approach and solve the metrology problems for departments of transportation, railroads, and other operators of
civil structures.

They divided the SHM deployments into five categories, (1) anomaly detection, (2) sensor deployment studies,
(3) model validation, (4) threshold check, and (5) damage detection.

Note that, consistent with Ettouney and Alampalli, none of the deployments in the Webb survey used EDM.
At the presentation of the First Paper, only one person in the audience responded that they were familiar with
laser trackers.

However, EDM has been attempted in a limited number of cases. In particular, the subsection on Historic

use and misuse of EDM for NDT and SHM in the First Paper illustrates the problem(s) with a case study
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of specific examples.13–29 The First Paper reviews each of the cited cases in some detail. Additional cases30–36

suffer from similar problems, but will not be reviewed in detail herein.

The subsection of the First Paper summarizes the reviews of the cited cases with the following observations.

While results obtained by these examples are mixed, they do illustrate the potential utility of aug-
menting the standard sensor based instrumentation used for SHM to include EDM. There are common
problems among these examples.

• The instrument manufacturers do not provide enough useful specification information for dy-
namic applications.

• The short range specifications for Laser Trackers may be discouraging possible novel applications.

• Laser Trackers should be considered vs Total Stations in the initial planning stages.

• The measurement architecture and geometry should exploit the high accuracy of the distance
measurements.

• An error analysis should be done before conducting the experiment.

• Depending on the desired accuracy, multilateration may be necessary.

It is clear from the data presented in the First Paper, and more detailed disclosures in a family of patents to
Parker and Payne37–40 on the subject, that meaningful NDT and SHM measurements could be made by those
more experienced in the use of EDM–such as the members of the CMS and dimensional metrology measurement
service providers. Moreover, it is clear that by making high accuracy 3-D measurements, the data analysis
would be almost intuitively obvious to an experienced structural engineer. This is in direct contrast with
the conventional methods of trying to determine the mechanical properties of a structure, based on measured
accelerations due to vibrations. This assumption is bolstered by articles by Moreu et al.,41–44 in which a survey
of sixteen railway structural engineers shows that deflection measurements was given the highest ranking for
proposed research topics.

It is respectfully submitted that; while an argument can be made that the NDT community is largely unaware
of the state-of-the-art in coordinate metrology, an argument can also be made that the coordinate metrology
community is also largely unaware of the needs of the NDT community. Other than the family of patents
to Parker and Payne,37–40 the only other known applications are two patents to Marsh and VanScotter,45, 46

which are excellent examples of NDT applications–although on a smaller geometric scale than civil structures.
A comprehensive review on laser trackers, in 2016, by Muralikrishnan et al.47 , does not address NDT. The
Precision Path Consortium for Large-Scale Manufacturing (PPC)48 is also silent as to NDT applications, and
apparently uninterested. An email including comments pointing this out was sent to the PPC Members, following
the CMSC 2016 Conference,49 but was not acknowledged with a response.

3. NEED FOR ADDITIONAL INSTRUMENT SPECIFICATIONS

While instruments designed specifically for NDT and SHM will inevitably be built in the future, by current
instrument manufacturers or new start-up companies, it is postulated that existing commercial instruments are
already capable of making useful NDT and SHM measurements. What is needed is recognition by the industry of
the potential market and providing some assistance to the early adopters in the NDT field, as well as dimensional
metrology measurement service providers working with NDT engineers.

For example, laser trackers and total stations are typically specified for use as a conventional laser-based
spherical coordinate measurement system complying with ASME B89.4.19, ISO 10360-10, and ISO17123-5 stan-
dards.50–52 These tests are not particularly useful for the NDT community. By providing more useful information
about the existing instruments, the NDT community could start learning about the instrument capabilities, writ-
ing grant proposals, and performing simple proof-of-principle experiments, with little initial investment by the
instrument manufacturers.
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The weak link in the 3-D coordinate measurement is the angle measurements. If one assumes an instrument
will only be used as a conventional single instrument in a 3-D coordinate measurement system, there is no need
to publish specifications for the distance meter portion apart from the angle measurement limitations.

If, on the other hand, one were to have an application that lends itself to measuring in only the radial
direction, for a 1-D measurement, or use a combination of instruments in a trilateration architecture for a 3-D
measurement, the uninitiated may be led to believe that the range for commercially available instruments is
limited to the published 3-D specifications, and incorrectly assume the measurement can not be performed with
the instruments available. For example, as shown in Table 1, the range specifications for present day commercially
available laser trackers is between 80 m and 160 m.

Table 1. Range and accuracy for Laser Trackers

Manufacturer Model Range Accuracy Data Rate

API Automated Precision Radian 80 m 10 µm or 0.7 µm/m ?

FARO Vantage 80 m 16 µm + 0.8 µm/m ?

Kern (no longer available) ME5000 Mekometer 4,000 m 200 µm + 0.2 µm/m ?

Leica AT402 160 m 10 µm ?

Leica AT960-LR 160 m 0.5 µm/m 1,000 points/sec

Nikon MV351 HS 50 m 10 µm + 2.5 µm/m 2 sec/point

NRAO (no longer available) PSH97 1,000 m 50 µm + 1 µm/m 1,000 points/sec

However, we know this is an artificial limitation. The Kern ME5000 Mekometer,53–55 which is no longer
commercially available, has a range of 4,000 meters56 with a single prism. Moreover, the ME5000 Mekometer
was a revolutionary innovation in dimensional metrology and found many uses–even though it only measured
range, i.e., it did not track and lock onto a target to measure the angles. While commercially available total
stations can measure similar ranges, they do not have the same accuracy as the ME5000 Mekometer, nor do they
have the accuracy of modern laser trackers.

An instrument with the radial distance accuracy of a laser tracker, and an extended range greater than 80
to 160 m would have applications in NDT–even without the angle measurements. This could be an improved
accuracy total station, or an extended range laser tracker–although the distinction between the two has narrowed
since the introduction of the Leica AT401 in 2010. In particular, a range of as little as 1,000 m would probably
cover most civil structure applications.

A recurring theme in the specific examples reviewed in the First Paper13–29 is the desire to measure vertical
deflections and vibrations, although an argument can be made that full 3-D measurements would be much
more useful. In most cases, the experimenters tried to measure these deflections and vibrations using the angle
measurements of a total station, i.e., involving image sensors, mechanical systems, motors, and servo systems;
in addition to high sensitivity to turbulence and instrument mounting vibrations–in daylight.

In contrast, the distance meter is ideally suited to measuring dynamic changes in distance in the radial
direction, i.e., it is purely an electronic measurement, with no motors and mechanical movement required, and
far less sensitive to turbulence and instrument mounting vibrations. This technique has been used in a patent to
Nelson et al.,57 to monitor vibrations in machines. Due to the legacy of measurements made in a 3-D coordinate
measurement system, and the angle measurement limitations, there are no known published specifications for the
dynamic measurement capability of the stand alone distance meter subsystem of a laser tracker or total station.

There is not much to be gained by specifying the frequency and amplitude of measurements for a spherically
mounted retroreflector resting in a static nest, if the objective is to compare the measurements to static drawing
specifications.
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If, on the other hand, one wishes to exploit the inherent capabilities of a laser tracker as a Dynamic Coordinate
Measurement System (DCMS), all that is required is an understanding of the instrument operations,58–61 and
perhaps some software modifications to make it possible. An argument will be made that laser trackers and total
stations should begin to be thought of as DCMSs.

If one assumes a movement in the radial direction r to be a sinusoidal function of time t with amplitude a,
frequency f , and average distance r0

r = a sin(2πft) + r0 (1)

and the radial velocity v will be,
v = a2πf cos(2πft) (2)

which implies the maximum velocity capability needed for measuring vibrations in the radial direction is a2πf .

It may be that simply specifying the maximum velocity the instrument can measure, for a given set of signal
processing parameters, would give experimenters a guideline as to the utility of making the measurements with
a particular instrument. However, the distance meter architecture may also play a role, e.g., pulse vs phase
measurement, sampling rates, integration time, signal-to-noise ratio, etc., may make the maximum amplitude
as a function of frequency highly nonlinear. It may require a chart showing a family of curves of maximum
amplitude vs frequency ranges, for each selected dwell time, to know if an instrument is capable of making a
particular measurement.

It should be pointed out that vibration measurements are typically made by accelerometers. For the sinusoidal
function in equation 1, the acceleration A would be,

A = −a(2πf)2 sin(2πft). (3)

Most engineers don’t think in terms of acceleration, which goes back to the analysis problems pointed out
by Webb et al.12 above. They would like for the data to quantify what they design for and see, i.e., movements
of a structure. Since accelerometers measure acceleration, r must be calculated by integrating the acceleration
twice,

r =

∫ ∫
−a(2πf)2 sin(2πft)dtdt (4)

which is prone to error for significant integration time, i.e., the integration leads to drift. EDM measurement
has a distinct advantage of being inherently stable for long term trend analysis over the life of a structure, and
low frequency vibrations, such as a swaying tower or bridge, and it correlates with motions engineers design for
and can visualize, which makes the analysis much easier.

4. INSTRUMENT SPECIFICATIONS

Work has been done at the University of North Carolina at Charlotte by Morse and Welty62–64 to dynamically
test laser trackers. However, the test uses a rotating ball bar which, due to the geometry, primarily measures the
dynamic response of the tracking, angle measurements, and servo system. For an instrument located on the axis
of rotation, the distance would not change as the target maps out a cone. In order to modulate the distance, the
instrument must be off axis to map an elliptical motion of the target, which is still primarily a test of the servo
system. Moreover, the axis offset is limited by the acceptance angle of the rotating target.

Another test method is disclosed in a patent to Parker65 which uses a harmonic oscillator, such as a plane
pendulum, vibrating beam, torsional balance, etc., to produce uniform motions which can be configured to be
primarily along the radial direction, or alternately, primarily in the direction of the azimuth or elevation angles,
which facilitates a simple test of each component. A field test using an oscillator with a period of 0.3 seconds
can be as simple as attaching a retroreflector to a meter stick and suspending the meter stick using a razor blade
for a knife edge bearing, to construct a pendulum. The meter stick can also be clamped in a vice, and plucked,
to produce a higher frequency damped oscillator.

Table 2 shows information that would be useful for an engineer designing an experiment using a laser tracker
distance meter. The list and values are merely exemplary and may depend on the architecture of the instrument,
e.g., pulse vs phase measurement. Most of the items are self-explanatory, but some are not obvious.
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Table 2. Example radial distance measurement specifications

minimum distance 25 mm

maximum distance 1”retroreflector 300 m

2” retroreflector 500 m

3” retroreflector 600 m

maximum lock distance 1”retroreflector 200 m

2” retroreflector 300 m

3” retroreflector 400 m

nominal modulation frequency 1.5 GHz

nominal modulo wavelength 100 mm

intermediate frequency 10 kHz

A/D resolution 16 bits

A/D frequency 200 kHz

dwell time increment 0.1 ms

minimum dwell time 5 ×

accuracy 200 µm +0.5µm/m

optimum dwell time 167 ×

accuracy 10 µm +0.5µm/m

maximum dwell time 50 000 ×

accuracy 5 µm +0.5µm/m

maximum movement per dwell time 1 mm

maximum latency for 1st measurement 45 ms

maximum latency for modulo only measurement 0.5 ms

maximum cyclic error 2.5 µm

external trigger yes

external sync yes

programmable trigger on time yes

maximum number of instruments synchronized unlimited

maximum continuous data acquisition at optimum dwell time unlimited

Some instruments have a minimum distance requirement. The maximum distance may depend on the return
power, so it may depend on the retroreflector size. Even if the angle measurements are not to be used, one needs
to know the maximum distance the servo will lock onto the retroreflector in order to maintain a strong return
signal.

For a phase measurement system, one would like to know the nominal modulation frequency, i.e., the frequency
at which the laser is modulated for the most accurate measurement, as opposed to the temporary frequencies
used to resolve the initial absolute distance ambiguity. This determines the nominal modulo wavelength over
which the phase is measured.

The return signal is typically mixed down to an audio frequency intermediate frequency (IF) for the phase
measurement, i.e., the frequency of the signal at the A/D converter. A series of samples are made synchronously
for each period of the IF, which are used to calculate the phase, using a digital signal processing technique.66–69
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For example, if the IF is 10 kHz and it is determined that 20 samples should be made over the period of one
cycle, the sampling frequency would be 200 kHz.

Depending on the signal-to-noise of the instrument, and the atmospheric turbulence, a series of periods are
averaged to determine the phase. The dwell time must be integer multiples of the period of the IF, so for an IF
of 10 kHz, the dwell time increment would be 0.1 ms. Other dwell times must be integer multiples of 0.1 ms.
For example, the minimum dwell time may be 5 × the dwell time increment, or 0.5 ms. For enhanced accuracy,
the dwell time may be increased to average out noise. For example, it may be useful to average over multiples
of 16.67 ms in order to reduce 60 Hz noise. Of course that would limit the vibration frequency being measured
to under 30 Hz.

In some cases, it may be more useful to specify the maximum movement ∆r between sequential measurements
∆t to a fraction of the nominal modulo wavelength, e.g., 1%.

For NDT applications, it may be desirable to measure a plurality of targets attached to the structure by
switching rapidly between the targets in a sequence. For example, measuring 10-20 targets per second. When
switching to a new target, the instrument typically switches through a series of modulation frequencies to resolve
the absolute distance ambiguity, which is a maximum latency for the first absolute distance measurement. How-
ever, for quasi stationary targets, such as on a bridge, there is no need to repeat the full ambiguity measurement
every time the instrument switches to the target, so the instrument can make the first measurement immediately
after switching with a much shorter maximum latency. For some measurements, the experimenter may only be
interested in the AC component and there is no reason to make the absolute distance measurement at all.

There is typically a small cyclic error due to multiple reflections back from the instrument to the retrore-
flector.56, 70 For some experiments, data acquisition may need to be synchronized to an external trigger and
multiple instruments may need to by synchronized so the IF signals are synchronized. Some experiments may
want to pre program the data acquisition based on absolute time.
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