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Abstract. Non-contact sensors are becoming an increasingly popular tool for use in dimensional measure-
ment, inspection and quality control. However, there exist a number of challenges associated with the use
of these non-contact sensors in dimensional inspection systems. One important challenge is to understand
the associated measurement errors and determine the objective accuracy of such an inspection system.
This paper examines the effect of misalignment and scanning methodology on the measurement accuracy
of a non-contact dimensional inspection system. It is important to understand this topic since the majority
of optical sensor manufacturers do not supply information about the alignment between the optical line
of sight and the mechanical interface of the sensor or measurement system. We prove the evidence of this
measurement error through both experimental results and simulation. Finally, by using a constant stand-
off measurement method we succeeded to show that the majority of inherent misalignment error can be

eliminated.
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1 Introduction

Non-contact sensors are becoming widely used in dimen-
sional metrology, inspection and quality control. Mea-
surement systems employing non-contact sensors offer a
variety of benefits over traditional, contact-based mea-
surement systems such as coordinate measurement ma-
chines (CMMs). Non-contact systems can gather large
quantities of data in small times and perform measure-
ment without physical contact. By eliminating physical
contact, non-contact sensors allow for the measurement
of highly sensitive parts that could be potentially dam-
aged or altered by a contact stylus. Additionally, many
non-contact sensors are capable of measurement accuracy
on the scale 5 um or better [1]. There exist a variety of
different non-contact measurement technologies that are
described in several review papers [1-3]. These extensive
papers review most of the available non-contact sensors
and measuring techniques. In general, non-contact sen-
sors fall into one of three main categories: area sensor,
line sensor, or point sensor.

A wide variety of non-contact point sensors have been
developed and many have become commercial products.
These commercial products are typically integrated into
existing measurement systems, for example, the trian-
gulation sensor described in reference [4] that was inte-
grated into a coordinate measurement machine (CMM).
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The performance of these sensors is generally examined
as a part of a commercialized measurement system, and
no independent, objective standard has been presented
to characterize the performance of the sensors or per-
formance of the overall non-contact measurement sys-
tem. These non-contact point sensors create system design
challenges and require extensive calibration work.

Limited work has been published to characterize ob-
jectively non-contact sensor performance due to the wide
range of technologies used in the sensors and the range
of intended applications of the sensors [2,3]. Similarly, lit-
tle work has been published to characterize objectively
the performance of dimensional inspection systems using
non-contact sensors. An interesting example of a discus-
sion and analysis of error budget in measurement system
is presented in reference [5]. A laser ball bar, consisting
of a laser interferometer aligned with a telescoping ball
bar, was used for mapping the volumetric positioning er-
rors of machine tools. The authors analyze interferometry
errors, sphere-line misalignments, and optical rotation er-
rors to show the combined effect on measurements. The
error analysis of the experimental system that was used
in this study is presented in reference [6].

There are a number of challenges associated with the
accurate characterization of non-contact sensor perfor-
mance in dimensional inspection systems. In order to en-
sure the overall accuracy of any non-contact dimensional
inspection system, it is necessary to understand the com-
bined effects of a variety of error sources. Errors can arise
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from any of the associated sub-systems including the sen-
sor, motion stages, controls and software. Furthermore,
there is potential for error in the setup and operation of
a dimensional measurement system, such as calibration
error, alignment error and operator error.

In the design and analysis of any dimensional inspec-
tion system all of these potential error sources must be
carefully considered, however this is especially true when
using a non-contact sensor. For example, when considering
alignment error, the alignment of the sensor with respect
to the machine axes is one of many important contributing
factors to system accuracy. Also, the operation of the sys-
tem, specifically the scanning methodology, can have a sig-
nificant impact on measurement system performance [7].
Research findings have been published in the field of scan
plan generation using range-finding non-contact laser sen-
sors [8-10]. The algorithm applied by registration software
will have an impact on the result that is presented by the
software. A full understanding of the underlying algorithm
is needed to ensure that the actual registration process
matches the expected registration process.

The combined effects of these conditions are not fully
considered in many situations where non-contact sensors
are utilized. If not considered, dimensional measurement
systems may not yield the intended measurement results.
The result of scanning under such conditions is measure-
ment data with significant systematic error. These sys-
tematic effects may lead to an invalid assessment of the
quality of the part being inspected. This substantial error
is unacceptable when the expected magnitude of system
accuracy is on the order of the sensor error (5 pm or bet-
ter). Several studies discuss these errors in non-contact
laser scanning.

A thorough analysis of digitizing errors has been pre-
sented [11] and methods for error correction based on
experimental process have also been discussed [12]. A
methodology for comparison of laser digitizing relative to
contact measurements was performed for validating the
accuracy when measuring dimensional and geometrical
tolerances [13]. A “Virtual ball” method [14] was devel-
oped for the interpretation of laser measurements of me-
chanical parts, as if they were performed by a standard
coordinates measurement machine (CMM).

Our study addressed development of technologies re-
quired for a prototype high-accuracy, high-density, non-
contact dimensional inspection system [15]. This reference
summarizes an extensive experimental benchmark testing
of three high-accuracy range-finding point-sensors and in-
cludes discussions of: angular measurement, measurement
precision throughout working range, sensor precision and
repeatability, step height measurement, and oversampling.

This paper examines the effect of misalignment and
scanning methodology on the measurement accuracy of
a non-contact dimensional inspection system. The exis-
tence of this measurement error is demonstrated through
both experimentation and simulation. A method for elim-
inating this inherent measurement error is suggested and
the improvement in accuracy is examined. Section 2
presents the problem statement and Section 3 provides
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a brief description of the experimental set-up. Section 4
shows the experimental results and Section 5 discusses the
conclusions.

2 Problem statement

The research presented in this paper was initiated after
measurement errors were observed. During experimenta-
tion a non-contact laser point sensor and a 3-axis motion
stage setup were used to measure a gauge ball. By mea-
suring a known “perfect” artifact, the goal was to examine
the accuracy of the measurement system. However, when
the measurement data was reviewed, a significant and dis-
tinct error pattern was observed. Since the source of the
phenomenon was unknown, research began by first ex-
amining the individual measurement system components.
These components were the sensor, registration software,
scanning methodology and sensor alignment. After un-
derstanding these individual items, we explored the com-
bined effect of all of their associated error sources within
a non-contact dimensional inspection system.

2.1 Point sensor

This paper is concerned primarily with the errors associ-
ated with point sensor measurement. Point sensors mea-
sure the distance between the sensor and a single point
on the part surface. Specifically, the point sensors consid-
ered while performing this research had standoff (the dis-
tance from the sensor to the middle of the working range)
distances on the order of 15 mm to 30 mm and working
ranges (the range of distances within which the sensor can
take measurements; also referred to as the “depth of view”
or “focal depth”) on the order of 1.5 mm to 3 mm. The
accuracy of such point sensors as reported by OEM spec-
ifications is on the order of 0.001 mm. While this paper
is directly related to the use of point sensors, the results
of this paper may also have applications to the use of line
and area sensors.

2.2 Registration software

After measurement data is acquired it must be analyzed
to gain some useful information. When performing dimen-
sional inspection of parts, the data is generally analyzed
through a comparison with a CAD model. The data from
a non-contact measurement system is generally obtained
in the form of a cloud of points. This cloud of points is
then matched onto the CAD model using a process known
as registration [16]. Deviations of the measurement data
from the ideal model can then be seen.

The registration software examined in this work used a
best-fit algorithm to match the cloud of points to the CAD
model. There are additional methods of registration which
involve the use of a datum or registration features. Use
of these registration methods may cause slightly different
measurement results than the best-fit registration method.
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Fig. 1. Traditional scanning method; non-constant distance
between the part and the sensor.

However, similar conclusions regarding measurement er-
rors of the system can be drawn using any registration
method.

2.3 Scanning methodology

There are various scanning methodologies used to per-
form dimensional measurement of a complex geometry
using a non-contact sensor. Scanning can be performed
while maintaining a constant distance (ideally the stand-
off length) between the sensor and the part surface [10].
This method of scanning is similar to the method used
by CMMs. In the case of a CMM, the constant standoff
distance is the length of the probe stylus.

Additionally, scanning can be performed while not
maintaining a constant distance. During this traditional
scanning method, the non-contact sensor is moved in a
predetermined path. The part geometry varies within the
working range of the sensor as seen in Figure 1 and thus
the distance between the sensor and the surface of the part
varies.

Work has been performed in the area of scan plan
generation using non-contact sensors. The suggested scan
plans utilize the traditional scanning method in which
there is a non-constant standoff. The plans only ensure
that the part surface remains within the working range of
the sensor.

These traditional scanning methods often take into ac-
count the effect of measurement angle (the angle defined
between the sensor beam the surface normal of a part)
and ensure that the measurement surface remains in the
working range, however they fail to analyze the effects
of potential misalignment and measurement angle in con-
junction with their proposed methods. Furthermore, the
described methods of inspection planning primarily ex-
amine the use of line or area sensors, whereas this work is
concerned with the use of more accurate point sensors.

2.4 Sensor alignment

Alignment of the non-contact sensor beam with respect
to the machine axes of the dimensional measurement sys-
tem should be considered. If the orientation of the beam

=

S

Fig. 2. Misalignment errors, a (side view) and 3 (top view),
between sensor body and machine axes.

is unknown, then the intended measurement may not be
the same as the acquired measurement. In many instances,
the alignment is never verified, yet the alignment of the
sensor is assumed to be correct. There are various pos-
sible sources of beam misalignment within the measure-
ment system. First, the beam may be misaligned within
the sensor housing if the optics are not manufactured and
assembled accurately with respect to the housing datum
surface. Second, there may be some misalignment between
the sensor housing and the machine axes due to the me-
chanical coupling of the bolts (Fig. 2). Finally, there may
be some misalignment between the machine axes.

Research on the topic of probe positional alignment
with respect to machine axes has been examined [17].
The methods of alignment are based in sound theory and
have been verified through simulation. However, the in-
herent accuracy of current non-contact sensor technology
is insufficient for the practical application of the meth-
ods. Specifically, the non-contact sensors were not able to
perform measurements with the necessary degree of ac-
curacy at large measurement angles to use the proposed
alignment methods.

Sensor misalignment alone may not contribute large
errors to a non-contact measurement system. However,
misalignment in conjunction with the scanning method-
ology must be considered. It is shown in this paper that
misalignment coupled with traditional scanning method-
ologies can cause significant measurement errors when
scanning at large measurement angles.

In summary non-contact sensor performance has not
been objectively defined and is provided only through pro-
prietary OEM specifications. Furthermore, the error char-
acterization of a dimensional inspection system using such
a non-contact sensor remains unstudied. Through exam-
ining the above mentioned system components of a non-
contact dimensional inspection system we characterize a
unique source of measurement error.

3 Experimental set-up
3.1 Non-contact sensor testbed

The non-contact sensor testbed is a coordinate mea-
suring machine (CMM) that was customized and built
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Fig. 3. Non-contact sensor testbed.

in-house for the purpose of inspecting the complex ge-
ometries present in turbine blades and like parts (Fig. 3).
The Testbed employs a non-contact sensor mounted on
Aerotech linear stages, providing 3D movement. A rotary
table enables 360-degree rotation of an inspected part,
generating a fourth degree of freedom to the Testbed.
The stages were assembled by the manufacturer and then
mounted and aligned on a granite table. The stages and
probe controllers are connected to and monitored by a PC.

The non-contact sensor testbed was used as a base for
many of the sensor performance tests. Much like a CMM,
the Testbed allows the user to measure and record the X,
Y and Z coordinates of points on the surface of a work-
piece. The Testbed was used in this fashion to perform
line scans and raster scans (area scans) of research arti-
facts. Because the Testbed employs a non-contact sensor,
it is not limited to discrete, point-by-point scans as with
a traditional CMM. Scans taken with the Testbed can be
done continuously, limited only by the speed of the motion
stages, sampling rate of the sensor and the desired density
of data.

Testing has been done using a Renishaw interferome-
ter to determine the magnitude of error introduced by the
motion stages of the Testbed. A straightness test was per-
formed on the Testbed z-axis. The straightness test was
performed because errors of the z-axis motion stage (side-
to-side “wobble”) affect the sensor measurements in the
z-direction. Thus, straightness errors of the z-axis will be
the most significant of the motion stage error components
when performing a simple line scan.

The Testbed was moved along the entire length of
travel, while the interferometer measured movement in the
Z-direction. Multiple passes were made and the results
showed a repeatable bowing along the length of travel.
This systematic error is believed to be mechanical in na-
ture and has amplitude of approximately 0.011 mm when
moving along the full 250 mm length of the motion stage.
The measurement noise is approximately 0.003 mm in am-
plitude. These known measurement errors were considered
when analyzing all experimental results.
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Fig. 4. Renishaw matte ball.

3.2 Optimet smart conoProbe

The Optimet Smart ConoProbe was one of the three non-
contact sensors selected for the extensive benchmark test-
ing performed at the University of Michigan. The other
two sensors were the Stil Optical Pen and the Keyence
LK-G10. The experiment presented in this paper used
the Smart ConoProbe with a 25 mm lens. Before using
the sensor, it was allowed to warm up for 30—40 min to
allow for thermal expansion. During the different exper-
iments, the Smart ConoProbe settings were adjusted to
achieve the best results. The artifact that was tested was
the Renishaw Matte Ball shown in Figure 4.

4 Results
4.1 Error summary and analysis

The effect of sensor misalignment and scanning method-
ologies was examined through the measurement of a gauge
ball. Scanning was performed using the traditional, non-
constant distance scanning methodology, in which a con-
stant distance between the sensor and part was not main-
tained. The surface of the gauge ball was scanned by
moving the sensor in a raster scan motion.

The cloud of points acquired through the scan was
then registered to a CAD model of the gauge ball. The
deviation of the cloud of points from the known geometry
of the gauge ball was examined. The resulting errors of the
measurement data from the model can be seen in Figure 5.

A distinct error pattern can be seen in the cloud of
points. Regardless of the scanning conditions, a common
trend was observed in all scans. After registration, this
pattern was observed in the deviation of the measure-
ment points from the solid model. There always appeared
a patch of measured points above the CAD model (darker
blue points) and a patch of measured points that remained
below the CAD model (lighter yellow points).

The cause of the error pattern in the gauge ball mea-
surements can be explained as the collection of a num-
ber of factors from both the measurement system and
the data analysis (registration). Errors associated with
the measurement system (from sources such as the scan-
ning methodology, misalignment of the measurement sys-
tem, and measurement angle) as well as the effects of data
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Fig. 5. Deviation of a measured cloud of points from CAD
model.

Fig. 6. Example of transformation caused by misalignment in
a measurement system.

analysis (registration of the erroneous cloud of points) are
contributing factors. We will first examine the errors in
measurement that occur during data collection.

4.1.1 Measurement system errors

Using the traditional non-constant distance measurement
method, errors arise when there is misalignment of the
measurement, system. We show the effect of using tradi-
tional scanning methods with a misaligned system through
a base example. For the purpose of this example we as-
sume that we are measuring a perfect artifact and that
our sensor is perfect.

The 2D example of the resulting error can be seen
in Figure 6. Under perfect operating conditions, the mo-
tion stage direction (y-axis) and the sensors optical path
(z-axis) are perpendicular. In this situation, the accurate
(z,y) coordinates of the box are measured. Examine, for
example, the upper-right corner of the box before transfor-
mation. The z-coordinate of the corner is the distance of
the point along the z-axis (measured by the sensor), and
the y-coordinate of the box is the distance of the point
along the y-axis (measured by the motion stages).

However, if the optical path is misaligned from perpen-
dicular by some angle, «, then the resulting measurements

FPart Surface

Fig. 7. Measurement errors as affected by misalignment and
measurement angle using traditional scanning methods.

undergo a transformation and appear skewed. In this sit-
uation, the incorrect (z’,3’) coordinates of the box are
measured. The relationship between (x, y) coordinates and
(2',y’) coordinates is given by equation (1), and can be
seen in Figure 6.

x| |cos(a) OFf |2 1

y| | =sin(a) 1| |y |- (1)
Examine again the upper-right corner of the box before
transformation. To measure that same point with sensor
misalignment, the sensor records the 2’ position which is
the diagonal distance from the sensor to the upper-right
corner. The 1/-position is recorded by the motion stages.

Thus, even measuring an ideal artifact, using a perfect
sensor, there is inherent error due to misalignment in the
system, which can cause errors. These errors become much
more complex and larger as we include the effects due to
measurement angle.

The measurement error seen when using the tradi-
tional, non-constant distance measurement method is fur-
ther compounded by the fact that the sensor does not
generally measure normal to the surface of the workpiece.
When measuring the profile of a gauge ball, the mea-
surement angle made between the sensor and the nor-
mal vector of the gauge ball varied within ~+40°. At
large measurement angles the error due to misalignment
is greatly amplified.

To explore the effect of misalignment at large mea-
surement angles we look at the setup seen in Figure 7.
When the measurement angle 3, is known, we can accu-
rately measure any point on the surface. However, when
there is some misalignment, 8 will vary, resulting in Beyror-
In the previous example, we examined the situation in
which 0 = 0° and Serror = @. In this example, however,
we wish to see how large measurement angles (i.e. large
values of ) affect the error. In real life measurements,
such as the gauge ball measurements, we expect to have
a wide range of measurement angles.

Following the setup in Figure 7 and equations (2)—(4)
below, we see that misalignment at large measurement
angles results in an incorrect measurement. The incorrect
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Fig. 8. Effect of measurement angle on measurement error,
with a misalignment of 1°.

measurement is located at a distance (Ax, Ay) from the
true measurement location. As the measurement angle 3,
increases, the values of Az and Ay also increase. The re-
lationship between measurement angle and measurement
location error, Az, Ay, can be seen in Figure 8 below.

standoff x cos(3)

l= (2)

COS(ﬂerror)
" = standoff — 1 (3)
Az =1"sin(90 — ). (4)

It should also be noted that the geometry of the artifact
surface may also affect the magnitude of the measurement
errors. However this source of error is specific to each ar-
tifact. It is assumed for the purpose of this analysis that
the curvature of the artifact is large and the value of Berror
is relatively small such that the surface can be reasonably
approximated as linear.

4.1.2 Registration

After the measurement system errors were studied, re-
search was performed to determine how registration of
the erroneous cloud of points created the patterns shown
in Figure 5. Previous analysis of the measurement system
error (Sect. 4.1.1) showed that when measuring a circle
with the misaligned system, the resulting measurement
data would be an ellipse. Furthermore, when measuring
a sphere, the resulting measurement data would be an
ellipsoid.

We will consider the simple, 2D case of a line scan
measurement of a perfect circle. The sensor is moving in
a straight line, so only an arc of the circle is measured
(Fig. 9a). This figure presents a top view of the scanner
and a perfectly cylindrical rod. However, because the mea-
surement system is skewed, the data captured by the sen-
sor will not be a circular arc. The data captured by the
sensor will be an elliptical arc (Fig. 9b). During the pro-
cess of registration, a computer program tries to match
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Fig. 9. Measurement and registration of skewed data.

the elliptical arc to the circular CAD model of the rod
cross section (Fig. 9c¢).

By expanding this concept from a 2D line scan of a
circle, to a 3D raster scan of a gauge ball, it can be seen
how registration of the cloud of skewed points results in
the patches seen in Figure 5. Recall that the registration
software is based on a least squares algorithm. The least
squares algorithm minimizes the sum of the squares of
the distances from the points to the surface. Figure 9c
shows two large patches in the middle of the scan data,
one above the solid model surface (dark points in Fig. 5)
and one below the solid model surface (bright points in
Fig. 5). This finding is consistent with all experimental
data and simulations.

It is important to note that the appearance of the
patterns (Fig. 5) only applies to situations in which a
free cloud of points is being registered to a solid model
without the benefit of any known artifact datum or regis-
tration features. Without a datum or registration feature
the registration of the cloud of points may be ambiguous,
based only on the constraints of the best-fit algorithm. In
the case where measurements are being performed with a
datum this registration effect may be ignored.

4.2 Simulation comparison

By deliberately misaligning the sensor to a major de-
gree (~15°), a unique pattern similar to that found
in experimental data (Fig. 5) was observed. However,
the deviations seen in the deliberately misaligned scans
were on the order of +0.2 mm to 0.25 mm. This is consis-
tent with the assumption that misalignment was causing
the error, as a minor misalignment (~1° or less) caused
an error of +0.02 mm to 0.03 mm; a large misalignment
caused an error of +0.2 mm to 0.25 mm.

This error was simulated by generating a cloud of
points as taken by a misaligned (~15°) sensor and then
registering the cloud of points to a solid model. Computer
simulation of the misalignment showed nearly identical re-
sults to those witnessed in experimentation. The location
of the error patches and the magnitude of measurement
error were both consistent.

4.3 Constant distance scanning method solution

As can be concluded from the previous analysis and exper-
imental results, the magnitude of errors associated with
measurement using the traditional non-constant distance
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scanning method is prohibitive. Due to the experimental
nature of the non-contact sensor testbed, misalignments
of ~1° or less were not unexpected, however, in practice
most CMMs and dimensional inspection machines are con-
structed and calibrated with a much higher degree of pre-
cision. Errors of this nature on a CMM would be orders
of magnitude less than the errors described in this paper.
However, if a professional measurement is not available,
or, if the accuracy of a measurement system cannot be
verified, a method of scanning is needed which would con-
tribute measurement errors on the scale of a few microns
or less.

A measurement method that maintains a constant dis-
tance between the sensor and the measurement part was
examined. Using a non-contact sensor to perform mea-
surements, while maintaining a constant distance between
the sensor and the part, is analogous to performing mea-
surement using a traditional CMM. For each point that
is measured on an artifact, a constant distance is main-
tained between the sensor and the artifact. Unlike the
traditional scanning method, using the constant standoff
scanning method causes no inherent error due to misalign-
ment or measurement angle. That is, using a perfect sen-
sor and a perfect artifact, the measurement results will
also be perfect. In practice, constant distance scanning
was achieved by using a scan path defined by a refer-
ence model and also by an in-situ feedback control system
based on real-time scan data. Depending on the applica-
tion, the means of achieving constant distance scanning
may be more appropriate than others.

While the constant standoff measurement method
offers a significant improvement over a mnon-constant
measurement methodology, this new method also has
limitations. Small measurement errors do exist once we
examine the more realistic scenario in which the part con-
tains size and form defects. In this instance, we must de-
termine the magnitude of the measurement errors as they
relate to misalignment, measurement angle, and the size of
the part defects. Let us again examine a base case in which
we assume we have a measurement angle 3 and some er-
ror in the measurement angle, Serror (see Fig. 10). We also
have some defect in the artifact geometry, represented by
the “Error” surface in Figure 10. The distance between
the part surface and the “Error” surface is represented
as z in equation (5). In practical applications, this “Error”
surface would manifest itself as bumps, dents, pitting, or
other defects in the manufacturing of the measurement
part.

standoff x cos(fBerror) — &

= (5)

Cos(ﬂerror)
I = standoff — [ (6)
Az = 1" x sin(90 — 3). (7)

Following Figure 10 and equations (5)—(7) it can be seen
that there will be error in a measurement such that the
measured point will be located at a distance (Axz, Ay)
from the true measurement location. The magnitude
of Az and Ay will change with the factors of misalign-
ment, measurement angle and the size of part defects. For
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Fig. 11. (Constant Standoff): Effect of measurement angle
on the measurement error, Ax and Ay, with a misalignment
of —1°.

analysis, we have chosen the error surface to be a distance
of 0.05 mm from the ideal artifact surface. For micron scale
dimensional measurements, it is believed that reasonable
artifact errors will not exceed 0.05 mm. This distance will
provide a conservative estimate of measurement error.

The influence of measurement angle on Az and Ay can
be seen in Figure 11 above. The measurement errors, Ax
and Ay, are seen to increase as a function of measurement
angle. Similarly, Az and Ay, are seen to increase as a
function of misalignment. Furthermore, it can be deduced
from equations (5)—(7) that as the size of the part defects
decrease, the size of Az and Ay will also decrease in a
linear fashion and approach zero error.

Analysis of the measurement errors associated with
constant distance scanning methods show that this
method provides significantly more accurate measurement
results than the traditional method using a non-constant
standoff. Using the constant distance scanning method,
the factors of misalignment, measurement angle, and
artifact defects may still contribute some measurement
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errors. Examining a pragmatic “worst case” scenario in
which misalignment is 1°, measurement angle is 45°, and
part defects are 0.05 mm, the measurement errors, Ax
and Ay, will be on the scale of 0.85 pm.

5 Conclusions

Current, traditional scanning methodologies are insuffi-
cient for achieving accurate micron-scale measurements
using many non-contact dimensional measurement sys-
tems. The traditional scanning methodologies, coupled
with point sensor misalignment, large measurement an-
gles and registration software have the potential to in-
troduce significant measurement error. The presence of
this substantial error has been demonstrated through both
experimentation and simulation.

Some degree of sensor misalignment is inherent to any
measurement system. Accurate determination of the point
sensor beam alignment with respect to the measurement
system coordinate axes may prove difficult if not impossi-
ble. Additionally, in order to measure parts with complex
geometry it is necessary to use a non-contact measurement
system at large measurement angles.

Thus, in order to achieve sub-micron measurement er-
rors it is necessary to scan an artifact while maintaining
a constant distance between the sensor and the measure-
ment part. This method allows the measurement system
to operate in a manner similar to a CMM. Analysis of
the constant standoff measurement method shows that the
factors of misalignment, measurement angle, and artifact
defects contribute a combined measurement error of one
micron or less in typical applications.

Work is currently being performed to develop and im-
plement constant distance scanning methods. Experimen-
tal data from constant distance scanning can be compared
with the theorized results to validate constant distance
scanning as a solution to the measurement errors explored
this paper. Furthermore, future work is planned to deter-
mine the effect of additional error sources, such as sensor
noise, on the overall measurement accuracy.
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