
4 · Vol. 17, No. 1

Introduction
Nondestructive testing (NDT) encompasses a wide range 
of measurement and analysis techniques employed to 
characterize the material properties and condition of objects 
(for example, to determine if there is any damage) without 
resulting in any damage to the object. Although market 
sizes and forecasts vary, several analysts identify the market 
size to be on the order of $15 billion in 2016 (Research and 
Markets, 2017). The field of nondestructive testing ensures 
that infrastructure and assets remain safe and useable, as well 
as provides global opportunities for employment, investment, 
and the development of novel solutions.

Over the past decade, 3D imaging for shape detection has 
emerged as a valuable NDT method. 3D imaging has been 
used in the following areas:
l in manufacturing quality control to compare fabricated

parts with the part design;
l in construction to compare as-built structures with the

original design;
l in manufacturing to identify and orient parts for placement

into larger assemblies;
l in infrastructure inspection for assessment of damage;
l in infrastructure inspection to identify areas of damage.

There are many methods for measuring the three-
dimensional shape of an object. This article will focus on two 
3D optical imaging technologies and the application of these 
technologies to nondestructive testing: laser line scanning and 
structured light.

Laser Scanning
Laser line and laser point scanning obtain 3D information 
about a scene or object under inspection through 
triangulation.

Consider Figure 1a. The output of the laser is a vertical line 
that extends out of the page and illuminates both the object 
and the background. Both the object and the background are 
in the field of view of the camera. The image formed on the 
image sensor of the camera is shown in Figure 1b.

The configuration in Figure 1a forms a triangle between 
the object, the laser, and the camera. The length of the 
baseline—the distance between the camera and laser—is 
determined through a calibration process. The angle between 
the laser optical axis and the baseline is determined through 
a calibration process. The angle between the camera optical 
axis and the baseline is also determined through a calibration 
process. In the configuration in Figure 1a, the calibration 
process maps each image sensor column to a distance from 
the 3D optical imaging system.

In a cartesian coordinate system (XYZ coordinate system), 
the distance from the 3D optical imaging system is generally 
referred to as the position on the Z-axis. The position along 
the X-axis and Y-axis are determined by the camera image 
sensor pixel row and column position.

Consequently, a single image captured by the camera 
produces one XYZ point per camera row. In order to acquire 
a complete 3D image of the entire scene or object under 
inspection, the laser line must be moved across the scene 
or object. If the laser is moved independently from the 
camera, the resulting change in either the baseline or the 
angle between the laser optical axis and the baseline must be 
known. Most commercially available systems do not operate 
in this manner.

If the entire 3D optical imaging system is moved, the 
relative position between successive line scans must be known. 
Typically, this is accomplished by placing reference markers 
on the object under inspection or attaching the 3D optical 
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imaging tool to a motion control system that moves the tool in 
a known manner (a robot or calibrated rail system, for example). 
Figure 2a shows a 3D optical imaging tool being used with 
reference markers.

The placement of the markers on the pipe surface allows the 
individual line scans to be properly referenced to each other. This 
is necessary to create a complete 3D model. The markers are 
typically 10 mm in diameter. When measuring damage, it is critical 
that markers be placed only on undamaged areas and not in areas 
of damage. Figure 2a shows a typical laser scanning system in 
operation.

A motion-control system can also be used to position data from 
individual laser point scans of laser line scans relative to each other 
to create a complete 3D surface model. For a laser point scanning 
system, in a cartesian coordinate system, the laser measurement 
acquires only the Z-axis position. The motion control system 
determines the X-axis coordinate and Y-axis coordinate positions. 

Figure 1. The configuration for a laser line scanner: (a) the 
configuration forms a triangle between the object, the laser, and the 
camera; (b) the image formed on the image sensor of the camera.

(a)

(b)
Figure 2. Typical equipment used for 3D imaging: (a) laser line 
scanning system; (b) motion control system; (c) laser spot on  
a pipe.

(b)

(a)

(c)
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Figure 2b shows a typical motion control system for use with laser 
3D imaging tools. 

Figure 2c shows the spot size on a pipe of a typical laser mounted 
on a motion control system used to acquire 3D data for corrosion 
damage assessment. Typically, laser line scanning with fixed 
reference markers is more accurate than laser point scanning. The 
mechanical nature of motion control systems results in variations 
over time and temperature that require recalibration in order to 
maintain acceptable accuracy, precision, and repeatability. The laser 
point spot size also limits the spatial resolution of the measurement: 
the measurement is effectively averaged over the extent of the laser 
spot size. Surface height variations will also influence the laser spot 
size. For example, when measuring corrosion inside of a dent, the 
depth of the dent will influence the size of the laser spot, which 
will, in turn, impact the spatial resolution of the measurement. 

Laser line scanners that employ fixed reference markers are not 
subject to the mechanical instabilities of laser point scanners. 
In addition, the use of fixed reference markers enables a class of 
laser line scanners that are portable and handheld. The primary 
limitation of handheld laser line scanners is the potential for error 
stack-up as the scanning volumes grow. Because these types of 
scanners use self-positioning on a local area, as defined by the 
markers, small alignment errors from line to line can result in 
appreciable error over a large area. For best results when scanning 
large areas, handheld laser line scanners should be used with 

external tracking systems that can track the motion of the hand-
held laser line scanner and provide better global referencing for the 
3D data.

When using a 3D optical imaging method that requires reference 
markers, such as a handheld laser line scanner, markers must be 
removed after data acquisition and the object under test cleaned to 
ensure that any adhesive from the markers is removed.

Structured Light
Like laser scanning, structured light is also a form of triangulation. 
Laser point scanning forms a single triangle during a measurement 
and acquires one XYZ data point per measurement. Laser line 
scanning acquires one XYZ data point per camera image sensor 
row per measurement: for a VGA camera (640 × 480 pixels), 
one measurement acquires 480 points. A structured light system 
typically acquires one measurement point per camera pixel per 
measurement. For a VGA camera, this results in 307 200 XYZ 
points per measurement.

Figure 3 is similar to Figure 1a, the configuration for a laser line 
scanner. The configuration in Figure 3 forms a triangle between the 
object, the projector, and the camera. The length of the baseline—
the distance between the camera and projector—is determined 
through a calibration process. The angle between the projector 
optical axis and the baseline and the angle between the camera 
optical axis and the baseline are determined through a calibration 
process. Unlike a laser line scanning system, the projector in a 
structured light system projects a pattern across the entire field 
of view. The pattern is typically projected using a spatial light 
modulator; individual projector pixels produce unique time-varying 
patterns.

In Figure 3, the calibration process maps each image sensor 
pixel to a specific XYZ point, in a cartesian coordinate system. 
The mapping is based on the correspondence between the specific 
location of the projected pattern, as identified by the projector pixel, 
and the specific camera pixel that records the projected pattern 
information. Figure 4a shows a typical structured light pattern. 

Figure 4b shows the information captured by the camera for the 
configuration of Figure 3. Because the projected light is incident at 
an angle with respect to the field of view of the camera, the ball in 
the foreground intersects a different portion of the projected pattern 
than the background, which is imaged by adjacent pixels but is 
behind the ball. Because valid 3D data is acquired for each camera 
pixel, a single 3D measurement, for the case in which the camera 
is a VGA camera, produces approximately 307 200 measurement 
points.

At least one supplier of 3D optical imaging systems has identified 
the following advantages and disadvantages of structured light 
systems:

Figure 3.  Configuration for a structured light system.
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l Advantage: “High-end structured light scanners generate very 
high-quality data. They typically deliver excellent resolution, 
which allows for the smallest features on an object to be captured 
in the results” (Creaform, 2015).

l Disadvantage: “While white-light scanners can acquire large 
quantities of data in one scan, overall project speed is not always 
improved by this methodology. Multiple scans are required in 
most cases to cover all angles on more complex parts, which is 
very time consuming” (Creaform, 2015).
In general, the above is a good assessment of the advantages 

and disadvantages of typical structured light 3D optical imaging 
systems. Recent advancements in 3D imaging alignment capabilities 
have enabled automatic alignment of multiple structured light 
3D scans, which allows acquisition and analysis of 3D images 
for large areas (for example, 12 m [40 ft] sections of pipes, tanks, 

and pressure vessels). In addition, high-speed image sensors with 
acquisition rates of more than 1000 fps (frames-per-second) have 
resulted in structured light 3D optical imaging tools that operate as 
handheld instruments that can acquire data through a process that 
is often referred to as “painting.”

The structured light system, shown in Figure 5, is an example 
of a 3D optical imaging tool that can be used for a variety of 
nondestructive testing applications. This structured light tool 
incorporates automatic alignment to enable large-area scanning. 
Figure 6 shows an image of the structured light pattern projected 
onto the surface of a corroded pipe.

Figure 4. Light patterns as mapped in a cartesian coordinate 
system through the calibration process shown in Figure 3: (a) 
typical structured light pattern; and (b) information captured by the 
camera in Figure 3.

(a)

(b)
Figure 6.  A structured light pattern projected onto a corroded pipe.

Figure 5.  A structured light tool that can be used for large-area 
scanning.
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Conclusion
Laser scanning and structured light imaging have emerged as two 
technologies capable of acquiring 3D surface information. Both 
technologies determine depth based on triangulation between a 
light source, the object under inspection, and a camera sensor. 
Both technologies have demonstrated accuracy, precision, and 
probabilities of detection sufficient to meet the demands of 
nondestructive testing.

In the next article in this series, we will explore the application 
of 3D imaging in the assessment of corrosion on pipelines. In this 
application, 3D imaging will be used to identify areas of corrosion, 
determine the maximum amount of metal loss, extract the river 
bottom profile, and calculate the remaining strength of a pipeline. 
h
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