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ABSTRACT
In coordinate metrology, features of sheet metal parts in early production may be significantly out
of nominal, so the inspection path created from its CAD nominal has to be adjusted to avoid cosine
error or probe collisions. To solve this problem and seize the advantages of contact and non-contact
measurement methods, a multi-sensor blue LED scanner and touch-trigger inspection system was
constructed, in which the tactile inspection path was tuned by scanner data. Extrinsic calibration of
the scanner was investigated using an angled slot target. Additionally, a lightweight 2-axis rotary
table was designed for use with surfaces with non-vertical normal directions. The calibration, qualifi-
cation, registration, and path correctionmethods are presented. A stamped sheetmetal automobile
part was experimentally measured.
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1. Introduction

Coordinate metrology plays an important role in quality
management and process control [20]. With new devel-
opments in production, the requirements for innovative
metrology methods and techniques become increasingly
diverse. Contact and non-contact measurement meth-
ods each have their own respective strengths and weak-
nesses [2],[19]. Touch-trigger probes can achieve low
uncertainty [7], and perform well inside deep holes,
but have limited data acquisition speed. Moreover, soft
material surfaces may deform when touched. In con-
trast, non-contact digitizers collect high density surface
point clouds in seconds, and are much less likely to suf-
fer from sensor collisions with the part, but have higher
uncertainty, and are constrained by visibility and spec-
ular reflection difficulties. Therefore, researchers have
investigated all inclusive part surface measurement using
multi-sensor metrology. Multi-sensor metrology com-
bines non-contact digitizers and touch probes, usually on
a Coordinate Measuring Machine (CMM). This sensor
integration has made it possible to measure almost all
kinds of features that may not be obtained by one sensor
or the other alone. The high measuring speed of multi-
sensor CMMs enables economical on-line inspection [6].

Two kinds of information interaction between the out-
puts from multiple sensors can be observed in related
research, i.e., complementary interaction and synergistic
interaction [12]. Complementary information interac-
tionmeans two ormore sensors digitize different features
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of the same object that are independent of each other.
Synergistic information interaction occurs when the data
obtained by one sensor (optical scanner) can guide the
inspection path of another sensor (touch probe). Differ-
ent multi-sensor measurement systems have been imple-
mented by researchers, but their research has a different
focus and methods. Zhao et al. [23] andMohib et al. [11]
focused on computer-aided inspection planning. They
used their systems in a complementary way. Sladek et al.
[18] and Xie et al. [22] combined a structured light vision
system and a touch probe by complementary interac-
tion as well. The vision system was composed of a digital
projector and a Charge-Coupled Device (CCD) camera.
A one-axis rotary table was used in Xie’s research. In
Nashman et al.’s research [12], synergistic interactionwas
implemented using a video camera and an analog touch
probe. The camera captured both the feature of the object
and the touch probe stylus. Distance between the point
to be measured and the touch probe was calculated by
image processing. Although therewere both complemen-
tary and synergistic interactions in Shen et al.’s research
[16], the projector and the camera of the vision system
required time consuming separate calibration.

A long standing problem in tactile measurement is
the situation when features of sheet metal parts pro-
duced at early production stage significantly deviate from
nominal. Consequently, Dimensional Measuring Inter-
face Standard (DMIS) inspection paths created using the
CAD nominal geometry can no longer be used without
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introducing significant part surface cosine error. In more
extreme cases, missed touches or probe collisions can
occur. Existing methods for solving this problem have
included taking preliminary sample points around the
(hole or other) feature, and then iterating to obtain more
accurate results.

To solve this more efficiently, a multi-sensor blue
Light Emitting Diode (LED) structured light scanner and
touch-trigger inspection system was developed and is
reported in this paper. Both complementary and syn-
ergistic interactions were implemented in this system.
Extrinsic calibration of the scanner was investigated
using a designed angled slot target. The touch probemea-
surement path created from the CAD nominal was fine
tuned after using the scanner data to estimate (hole) fea-
ture sizes and positions. A lightweight 2-axis rotary table
was designed for use with surfaces with non-vertical nor-
mal directions. Three tooling spheres were fixed on the
rotary table for coordinate system registration. Thework-
piece was scanned at different orientations, and the data
patches were merged together.

The scanner integrates a Structured Light Modula-
tor (SLM), a blue LED, and two cameras into one single
device. When mounted on a CMM, the structured light

scanner is more convenient to use in terms of recording
coordinates, as it can capture an entire 3D surface in view
when standing still. Built-in measurement tools for 3D
feature recognition are offered inside the sensor.

Section 2 describes the configuration of the multi-
sensor system. In Section 3, the working principle of
the system is introduced, including extrinsic calibration
of the scanner, synergistic inspection, and oriented part
inspection. Section 4 reports automotive sheet metal part
measurement results. Section 5 concludes the paper.

2. Multi-sensor inspection system configuration

The components of this multi-sensor system (Fig. 1) are
listed as follows:

• CMM: DEA IOTA-P with retrofitted motors and
motion control computer.

• Head and touch-trigger probe: Renishaw R© PH6/TP6
[13].

• Blue LED structured light scanner: Gocator 3110 [8].
• Counter card: PCI-QUAD04 four-channel quadrature

encoder input board [9].
• Renishaw R© AM1 adjustment module [13].

(a) (b)

Figure 1. Multi-sensor system configurations: (a) Horizontal, (b) Oriented.

Figure 2. Connection between components of the system.
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• Siemens NX 9.0 [17].
• Mitutoyo GeoMeasure 3000 DMIS interpreter soft-

ware [10].
• Geomagic Qualify 12 3D reverse engineering

software [5].

The connection between them is illustrated in Fig. 2.
For the CMM, the volumetric roll/pitch/yaw errors as

a function of axis position were negligible. Using a ball
bar, the static XY squareness error was determined to
be 8.073× 10−4 radians. Both linear displacement errors
in each of the axes and squareness errors between axes
were compensated by CMM software [6]. The probe sty-
lus was equipped with a 2.5 mm diameter spherical ruby
tip. It was qualified by taking five points on a 25.0009mm
diameter precision sphere. The counter card was used
to capture the scale readings of the CMM axes. Nomi-
nal tactile inspection path was created with Siemens NX
9.0. Scanner data was processed and compared using
Geomagic Qualify 12.

The working principle of the blue LED structured
light scanner is phase shift for 3D surface imaging [8].
A sequence of sinusoidal patterns is projected onto the
object. The patterns modulated by the object surfaces
are captured by the two cameras. The intensities for
each pixel of the captured image are used for phase
unwrapping. Finally, the unwrapped phase can be used
for obtaining the depth information of the object [4]. The
scanner has a vertical measurement window of 100 mm,
and its near and far field of views are 60 mm× 105 mm
and 90 mm× 160 mm respectively. Resolution ranges in
X, Y, and Z axes are 0.035 – 0.108 mm, 0.090 – 0.150
mm, and 0.100 – 0.160 mm respectively, and with a
maximum scan rate of 5 Hz. Its intrinsic parameters,
for determining the relationship between the camera
or projector coordinate system and the image coordi-
nate system, were pre-calibrated by the manufacturer
[8, 21].

3. Working principle of multi-sensor inspection
system

The scannerwas first calibratedwith respect to theCMM.
Following that, the multi-sensor synergistic inspection
and oriented part inspection was performed.

3.1. Extrinsic calibration of the scanner with target

When mounted on an external device like CMM, the
extrinsic parameters of the scanner have to be calibrated.
That is, the Local Coordinate System (LCS) of the blue
LED scanner needs to be transformed to the CMM
Machine Coordinate System (MCS) [14]. To accomplish
this, a target with two angled slots was conceived and
manufactured (Fig. 3(a)). It is a 160 mm× 90 mm× 20
mm square piece with two perpendicular 4.6 mm deep
slots, each of which has a pair of symmetric 30° angled
edge planes. The slots are 110 mm and 90 mm long. The
width of the edge plane is 3.67 mm. The flatness, mea-
sured by taking 30 samples across the top of the target,
was 24 μm.

Angular misalignments between the scanner and
the CMM axes were mechanically minimized first. For
adjusting the roll, pitch, and yaw, a Renishaw R© AM1
adjustment module [13] was mounted beneath the target
(Fig. 3(b)). Using touch probing, the top plane of the tar-
get was adjusted to be horizontal, and the long slot to be
aligned with the CMMY axis. Another AM1module was
mounted between the scanner and the CMM Z-axis arm
(Fig. 3(c)). The scanner was adjusted to align with the top
plane of the target, and its Y axis with the long slot.

Following that, residualmisalignments were corrected
mathematically. Firstly, the top plane, the−Xand+X30°
angled edge planes of the long slot, and the+Y and −Y
30° angled edge planes of the short slot were all touch
probed and scanned to obtain data in the CMM MCS
and the scanner LCS respectively. Secondly, using the
acquired data, both the CMM MCS and the LCS of the

(a) (b) (c)

Figure 3. Calibration target and Renishaw� AM1 adjustment module: (a) Drawing of target, (b) Target and adjustment module, (c)
Sensor and adjustment module.
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(a) (b) (c) (d) (e)

Figure 4. Digitized point clouds of the sheetmetal from four orientations: (a) Horizontal, (b) ∼ + 40°, (c) ∼−40°, (d) ∼ 90° at ∼−40°,
(e) Merged cloud of all orientations.

scanner were transformed to the calibration Target Part
Coordinate System (TPCS). To construct this coordinate
system, the intersection line of the two angled planes of
each slot was first calculated, and projected to the top
plane of the target. The intersection point of the two pro-
jected intersection lines was set as the origin. Top plane
normal was set to be Z direction, and projected inter-
section line of long slot to be Y direction. Finally, the
Homogeneous Transformation Matrix (HTM) for trans-
forming the coordinates of the scanner LCS to the CMM
MCS was obtained using Eqn. (3.1).

HTMLCS→MCS = HTMTPCS→MCS × HTM−1
TPCS→LCS

(3.1)

3.2. Multi-sensor synergistic inspection

For synergistic inspection, features, such as holes and
slots, were first measured with the blue LED sensor. The
approximate geometric and dimensional properties of
features obtained from the scanner were then used to
adjust the nominal tactile inspection path created from
CAD geometry. Finally, the features were touch probed
with low uncertainty.

For single setup use, a combined blue LED scanner
and touch probe CMM mechanical mount was used
(Fig. 1). Software for interacting simultaneously with the
counter card and the scanner was developed based on
Universal Library [9] and Gocator SDK [8]. The syner-
gistic inspection process was as follows:

i. Calibrate the scannerwith respect to theCMMusing
the target; obtain HTMLCS→MCS (Eqn. (3.2)).

HTMLCS→MCS =
[
RLCS→MCS TLCS→MCS
0 0 0 1

]
(3.2)

ii. Manually scan a part/fixture teach point with the
scanner. Transform the coordinates of the teach
point from the LCS to the Global Coordinate System
(GCS) of the scanner (Eqn. (3.3)).

PGCS = RLCS→GCS · PLCS + PCMM (3.3)

where PCMM is the scale readings of the CMM in
MCS, RLCS→GCS = RLCS→MCS.

iii. Using the CAD model and the information from
Step 2, obtain the nominal global coordinates of the
features to be measured. Position the scanner over
the features, take measurement scanner snapshots,
and employ the built-in scanner feature fitting soft-
ware to get the approximate feature sizes and posi-
tions. Then transform the scanner data to the CMM
MCS (Eqn. (3.4)).

PMCS = HTMLCS→MCS · PLCS (3.4)

iv. Measure the same (Step 2) teach point with the touch
probe, and translate the CMMMCS and the scanner
data to the Part Coordinate System (PCS), the origin
of which is the teach point (Eqn. (3.5)).

PPCS = HTMMCS→PCS · PMCS (3.5)

v. Fine tune the nominal touch probing inspection
path (created from the CAD nominal) using the
actual scanner data, and touch probe to measure the
features.

The fixture posts in Fig. 1(a) were used solely for con-
veniently locating the sheet metal part. There is no need
to spend time measuring the posts to construct the ref-
erence coordinate system. When touch probing a hole in
thin sheet metal, a common challenge is to determine the
height so that measurement points are collected midway
through the material thickness. With this multi-sensor
approach, points on the surface around the holes were
first collected using the scanner. The average height of
surface points within a 1× 1 mm2 square zone adjacent
to each planned touch probe hole point was then calcu-
lated, and offset by half thematerial thickness to program
the touch probe contact.

3.3. Rotary table and oriented part inspection

To measure surfaces with non-vertical normal, a
lightweight 2-axis rotary table was designed (Fig. 1).
It consists of a pair of vertical bases, suspend hangers,
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locking hinges, a bottom plate, a round plate and a ring
(Lazy Susan style) bearing. The round plate is mounted
on the bearing, providing one rotary axis. The adjustable
10° angle increment locking hinges provide the second
rotary axis. Three tooling spheres mounted on the table
provide coordinate system registration for different table
orientations.

In oriented part inspection, the part was scanned
at different orientations to obtain all the top surfaces
with various normal directions, and the tooling spheres
were touch probed at each orientation. The scanner

data were first transformed to the CMM MCS with
HTMLCS→MCS (Eqn. (3.4)). The spheres centers in CMM
MCS were determined using Orthogonal Least Squares
[15]. After that, the HTM for registration, HTMOri→Hor,
was obtained by least-square fitting each oriented point
set and the horizontal point set of the sphere centers
[1]. Finally, the scanner data from different view angles
can be merged together into the horizontal point set
(Eqn. (3.6)).

PHorMCS = HTMOri→Hor · POriMCS (3.6)

Table 1. Measurement results of horizontal sheet metal automotive part (mm).

CAD Nominal Blue LED Touch Probe

Hole X Y R X Y R X Y R

1 112.012 –57.300 5.000 111.839 –56.805 5.125 111.881 -56.845 4.957
Converged 111.882 –56.842 4.957

2 101.342 –80.086 5.000 101.105 –79.688 5.126 101.131 –79.787 4.959
Converged 101.133 –79.785 4.960

3 49.128 –58.540 5.000 49.024 –58.161 5.128 48.959 –58.268 4.949
Converged 48.959 –58.268 4.950

4 76.738 –62.618 11.000 76.493 –62.195 11.202 76.547 –62.277 10.963
Converged 76.547 –62.273 10.963

5 34.714 –126.508 5.000 34.739 –126.112 5.130 34.792 –126.148 4.971
Converged 34.793 –126.148 4.971

(a) (b) (c)

Figure 5. Scanning results of oriented part inspection (mm): (a) Horizontal point clouds comparison, (b) Horizontal and ∼ + 40° point
clouds comparison, (c) Merged point cloud and CAD nominal comparison.
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4. Experimental results

4.1. Measurement of horizontal sheetmetal part
withmulti-sensor approach

For the horizontal table orientation, the five holes of the
sheet metal automotive part were measured with this
multi-sensor approach (Fig. 1(a)). The height of the scan-
ner was adjusted to keep the part in the near view of
the scanner so that highest possible resolution could be
achieved. The hole positions and sizes obtained from
the CAD nominal geometry, the blue LED scanner, and
the touch probe are presented. The tactile measurements
were iterated four times by starting with the scanner
results. For brevity, only the initial and the converged
tactile measurement results are shown in Tab. 1. The
numbers of the holes are illustrated in Fig. 5(c). From the
table, it is observed that the actual positions of the holes
(the converged results) deviate as much as 0.5 mm from
the CAD nominal geometry, but only up to 0.1 mm from
the scanner data. Tab. 1 also indicates that even the initial
tactile measurements are within 4 μm of the converged
results, which implies that the iterating process can be
reduced or eliminated for typical sheet metal tolerances.

Only the X and Y positions of the holes were iterated
in the experiment, as the heights of the planned touch
probe hole points (90° apart along X and Y directions
of CMM MCS) were always determined by the scanner
data as described in Section 3.2. To verify that the scan-
ner results provided effective guidance on the height of

Table 2. Measurement results of the heights of the adjacent
zone points (mm).

Hole 1 2

Adjacent Zone 1 2 3 4 1 2 3 4

Z Blue LED 2.426 2.504 2.426 2.362 2.036 2.125 2.019 1.956
Probe 2.355 2.443 2.376 2.295 1.974 2.051 1.974 1.908

Hole 3 4

Adjacent Zone 1 2 3 4 1 2 3 4

Z Blue LED 2.206 2.220 2.162 2.144 2.291 2.391 2.210 2.084
Probe 2.147 2.156 2.128 2.094 2.224 2.317 2.161 2.032

the hole points, the center of each adjacent square zone
was touch probed. The measurement results are shown
in Tab. 2. For brevity, only the results of holes 1-4 are
presented. The Z values in Tab. 2 are the average height
of the points in each adjacent square zone obtained by
the blue LED scanner, and the height of the zone cen-
ter point measured by the touch probe. As can be seen
in Tab. 2, the maximum deviation between them is 0.074
mm, which is much less than the nominal 1 mm part
material thickness.

4.2. Digitizing of the sheetmetal at different
orientations by the scanner

The sheet metal was scanned at four orientations (Fig. 4),
beginning with the horizontal orientation. Using the
locking hinges, the table was rotated ∼ ± 40°. Finally,
the round plate of the rotary table was rotated ∼90°
with the ring bearing when the table was at ∼−40°. The
tooling spheres were touch probed at each orientation,
and the centers were recorded (Tab. 3). For brevity, only
the sphere centers when the table was horizontal and at
∼ + 40° are presented. The corresponding registration
transformation matrix was calculated and is presented.

Several snapshots were taken to cover the whole part
when the table was horizontal. The point clouds of two
snapshots were compared with software Geomagic Qual-
ify 12 [5] (Fig. 5(a)). The deviations of points in regions
of interest are within 0.033 mm. The points of large devi-
ation gather on the inclined sculptured surface because
its normal direction is non-vertical. The horizontal and
∼ + 40° point clouds were also compared (Fig. 5(b)).
Each of them was thinned to be an evenly spaced set
of points before comparison to avoid overlapped areas.
The deviations of points in regions of interest are within
0.167 mm. Fig. 5(a) and 5(b) present high accuracy
of HTMLCS→MCS and HTMOri→Hor respectively. Finally,
the point clouds of all orientations were merged together,
thinned, and compared with the CAD nominal geometry
(Fig. 5(c)). The deviations of the points are within 0.458
mm, except that larger deviations appear on the edge

Table 3. Tooling sphere centers and HTM for horizontal and ∼ + 40° orientations (mm).

∼ + 40° Orientation

Sphere X Y Z
1 −387.313 −169.826 −64.281 HTMOri→Hor
2 −515.225 −323.650 −156.448 1.0000 −0.0004 0.0014 0.0059
3 −679.439 −243.959 −92.149 −0.0006 0.7777 0.6286 −4.9932

Horizontal Orientation −0.0013 −0.6286 0.7777 −177.9735

Sphere X Y Z 0.0000 0.0000 0.0000 1.0000
1 −387.330 −177.246 −120.684
2 −515.319 −354.734 −95.487
3 −679.469 −252.247 −95.360
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Table 4. Distances between tooling spheres at different orienta-
tions (mm).

Orientation Horizontal ∼ + 40° ∼ −40° ∼ 90° at ∼ −40°

Distance
between
spheres

1-2 220.267 220.268 220.259 220.232
2-3 193.517 193.524 193.529 193.539
1-3 302.674 302.671 302.671 302.706

sculptured surfaces, possibly due to actual workpiece dis-
tortion from the CAD nominal. This is currently being
investigated using a separate precision analog probe
equipped Zeiss Prismo [3] CMM.

The distances between the tooling spheres at the four
orientations were calculated and are presented in Tab. 4.
The numbers of the spheres are shown in Fig. 1(b). The
maximum deviation of the distances at non-horizontal
orientations from the distances when horizontal is 0.035
mm, which implies that the rotary table has high rigidity.

5. Conclusion

The multi-sensor inspection system takes advantage of
both the low uncertainty of the touch probe and the high
digitizing speed of the blue LED structured light scanner.
The single-device structured light scanner is convenient
to use and saves time for intrinsic calibration. Comple-
mentary and synergistic interactions can both be imple-
mented in the system. The synergistic interaction of the
system saves measurement time, and avoids probe colli-
sion. The angled slot calibration target can be used for
calibrating the scanner with respect to the CMM. The
rotary table facilitates the scanning of a surface with non-
vertical normal. This system can be implemented not
only on an orthogonal CMM, but also on portable CMMs
and CNC machines without extensive electronic inter-
facing. Ongoing work will focus on refining the trans-
formationmathematics, and further verification using an
analog probe CMM.
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