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The evaluation of casting allowance currently relies on manual operation, which
is time-consuming and unstable. The structured-light three-dimensional (3D)
sensor-based 3D shape measurement technology is characterized by non-
contact, high accuracy, and fast measuring speed, which provides the complete
3D shape of casting for accurate allowance evaluation. However, measuring a
complex shape casting still requires humerous manual operations, including
attaching marks, planning the measurement process, and data processing. To
solve these problems, a robot-driven structured-light 3D sensor-based
measurement method is proposed, with a six-degree of freedom (6-DOF)
industrial robot and a turntable to control the structured-light 3D
measurement sensor, to transform the 3D results from different measuring
viewpoints into a coherent coordinate system, and to form a complete 3D
shape of the casting. Then, the mechanical processing allowance will be
calculated by comparing the 3D measurement result and the standard CAD
model automatically. The experiment results show that the proposed method is
accurate and efficient, and the casting allowance evaluation time is about ten
times faster than that of manual operation. Moreover, the proposed method
would provide valuable experience for other industrial applications.

KEYWORDS

structured-light 3D sensor, automatic 3D measurements, allowance evaluation, digital
image processing, multiple view scanning

1 Introduction

Whether casting possesses enough machining allowance is a crucial criterion to
determine whether it meets the processing requirements. The current method of
judging the machining allowance of casting is mainly by manual operation, but this
method is inefficient and has poor repeatability. Therefore, there is a need to develop a
better method for evaluating the machining allowance of castings. Li et al. [1]
proposed a method based on a two-step, rough-precise point cloud to extract
plane features to estimate the gradual machining allowance, and such a method
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has higher accuracy and efficiency than traditional methods.
However, this method of extracting surface features from
point clouds is still insufficient in automation and requires
the plane to possess the main plane features. Furthermore, the
surface structured-light 3D measurement technology can be
applied for gathering surface features of castings. The
structured-light 3D shape measurement technology refers to
anon-contact optical measurement technology that adopts the
principle of binocular stereo vision combined with structured
light to obtain 3D data on the surface of an object [2]. It has the
advantages of non-contact, fast speed, high precision, etc. [3],
and has been used in a broad range of applications, including
industrial design, reverse engineering and prototyping, quality
documentation of cultural artifacts,
[4-8].
requires pasting irregular marking points on the surface of

control/inspection,
casting, and forging However, this technology
the measured object and using the topological relationship
between marking points to complete the splicing of the
measurement data from different angles, which restricts the
accuracy and efficiency of the measurement [9].

In this case, many research institutes have studied and
the of 3D
measurement technology and motion platform, such as the
ATOS series of 3D scanners launched by the German GOM
company, which are fixed on the robotic arm and are applied

explored combination surface-scanning

for surface inspection of giant and complex workpieces.
the METRASCAN-R 3D
measurement sensor launched by CREAFORM Company,

Furthermore, automatic
Canada installs portable laser-measuring heads on a 6-
DOF robot arm to realize the automatic measurement of
parts [10]. However, neither of them directly uses the
the the
automatic merging of multiple measurement data. The

coordination of robot terminal to realize
former still needs to paste circular marking points on the
measured object or its periphery; the latter requires the
utilization of an optical tracking device to track the circular
mark points pasted on the measuring head to achieve data
integration.

To fill the gaps in the research, this study proposed an
automatic measurement system for casting machining
based 3D

measurement technology. This system utilizes a 6-DOF

allowance on surface  structured-light
robot, a structured-light 3D sensor, and a high-precision

electric turntable to realize the automatic allowance
evaluation function of the entire workpiece with only five
or six mark points maximum for castings and does not require
any other auxiliary optical tracking device. Specifically, 3D
measurements from different viewpoints are converted into a
coherent coordinate to form the complete 3D shape of the
casting. Then, the mechanical processing allowance will be
calculated by comparing the 3D measurement result and the

standard CAD model automatically. The experiments verify
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that the repetition accuracy is 0.065 mm and the measurement
accuracy is 0.085 mm.

2 Surface structured light three-
dimensional measurement
technology

A typical surface-scanning 3D measurement system
consists of a digital raster projection profilometry device
and two industrial cameras [11]; the structure of the system
is shown in Figure 1. During the measurement, the projecting
device projects the coded sinusoidal raster image to the
the
simultaneously shoot the raster image modulated and

measured object, and two industrial cameras
deformed by the object surface and then the 3D point cloud
data of the object surface is calculated through the computer
software [12].

The light intensity function of the projected sinusoidal raster

image is [13]:

Li(xey) =1'(ey) +1"(x y)cos[¢(xy) + &), (1)

where I'(x, y) is the average grayscale of the image;I” (x, y) is the
grayscale modulation of the image; §; is the phase shift of the
image; and ¢(x, y) is the relative phase value to be calculated (also
known as the principal-phase value). In this case, I'(x, ), I" (x, y),
and ¢(x, y) are three unknown quantities; hence, at least three
images are required to calculate ¢(x, y) [14]. Among fringe
projection techniques, Fourier-transform profilometry [15]and
phase-shifting algorithm [16] have been widely used. This study
utilizes the standard four-step phase-shift algorithm to calculate
the principal-phase value. The phase shifts of the four raster
images are 0, 77/2, 7w and 37/2, and the light intensity function of
these four raster images are [17]

Li(x,y) =I'(x, y) + I" (x, y)cos[¢(x, y)]
B(xy)=1'(6y)+ I"(e peoslo(e ) v /2]
Li(x,y) = I’(x,y; +1" (x,y)cos[qﬁgx, y)+ 7]

L(xy)=1'(x,y)+ 1" (x, y)cos[¢(x, y) + 3m/2].

Then, the principal-phase value of the raster image can be
calculated as follows [17]:

I
¢ (x, y) = arctan 14

- 3)
1= 13
The ¢(x, y) obtained by the standard four-step phase-shift
algorithm is unique within a phase period; nevertheless, since
there are multiple raster fringes in the entire measurement space,
the principal-phase value of the space point must be phase-
unwrapped to obtain a continuous absolute phase value [18]. The
be
correspondences between cameras in a multi-camera stereo

absolute phase map can used for determining

vision system [19] or between a camera and a projector in a
structured light system [20, 21]. In this study, the multi-
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FIGURE 1
Composition of the automated measurement system.

frequency heterodyne method is adopted for phase-unwrapping
to obtain the absolute phase value of each pixel [22]. Then, based
on the epipolar constraints between the cameras to establish the
matching relationship between the images, the triangulation
principle is used to calculate the 3D coordinate W of the

measuring point.

3 Automated measuring system
3.1 Automated measuring system

The automated measurement system is mainly composed of
hardware devices such as structured-light 3D measurement
6-DOF
turntables, as shown in Figure 1, and the performance

equipment, robots, and high-precision electric
parameters of each device are shown in Table 1. The 6-DOF
robot carries the measuring equipment for multi-directional
scanning, and the high-precision turntable carries the castings
for multi-angle rotation to realize the 3D measurement of the
castings from different angles. The three key dimensions of a
system structure are one each in the x-direction, y-direction, and

z-direction.

3.2 3D measurement software

The 3D measurement software system is divided into the
teaching module and the measurement module to realize the
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input of the original design diagram of the casting to be tested,
the input of the corresponding position of the robot and the
turntable, and controls of the robot to carry the surface of the
structured-light three-dimensional measuring equipment and
cooperate with the turntable to scan the castings, process and
calculate the point cloud data of the casting, and compare it with
the original design diagram to determine whether the workpiece
has sufficient machining allowance. The workflow of the software
is shown in Figure 2. Before the measurement, the division of
crucial dimensions and point-of-view-planning according to the
appearance feature of the measured object, the movement path of
the teaching robot, and the rotation position of the turntable
must be carried out. When measuring, the robot traverses all
viewpoints according to the pre-planned path. When the robot
reaches a viewpoint, the surface structured light 3D measuring
device is triggered and projects a series of raster patterns on the
object to be measured; in the meantime, the left and right
cameras simultaneously acquire the passing image information
reflected by the measured object. After the image is collected, the
3D data of the part of the measured object are rapidly
reconstructed through data processing; the robot moves to the
next measurement viewpoint measuring the 3D data of other
parts of the measured object and aligns the coordinates with the
measured data until the measurement obtains the complete 3D
data on the surface of the measured object.
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Turntable in-position feedback

Teaching robot, turntable
position

Input ( casting model, design
diagram, and location information)

Click on the casting model to be
measured

v

Start measuring
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Send turntable positionl

position

The turntable moves to the command

l Send robot position

The robot moves to the command

position

Receive position |

Hint the robot / Turntable not
respond

FIGURE 2
Workflow of the software.

Back side measurement completed

Incorrect position
—

Robot in-position feedback

Y

information

Correct position
y

Point cloud data collected by

measuring equipment

End of measurement

Hint to flip the workpiece

Compare point cloud data
with design diagram

Continue front side measurement

y Front side measurement completed

Start the back side measurement

Flip complete

v

Output measurement
report

TABLE 1 Hardware device parameters.

Name

Structured light 3D scanning equipment

Parameter

Single measurement range

200 x 160~ 400 x 320 (mm)

Single frame measurement time 0.5s
Measurement accuracy +0.015 mm
6-DOF robot Payload 6 kg
Scope of the workplace 1440 mm
Repeatability +0.02 mm
High-precision electric turntable Repeatability +0.003°
Load 200 kg
Frontiers in Physics 04 frontiersin.org
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Height gauge

Crochet

FIGURE 3
Tools and process of manual measurement.

3.3 Principle of the system

During the measurement, the 3D measurement software
sends instructions to the robot control system and drives the
surface structured light 3D measurement sensor to proceed with
the 3D measurement for the measured object according to the
pre-planned path by controlling the end effector. During each
measurement, the control system returns the pose of the robot
end-effector to the 3D measurement software. Finally, the
software automatically splices the point cloud data obtained
from each measurement into the same coordinate system
according to the conversion relationship between the pose of
the robot end-effector, the robot coordinate system, and the
coordinate system of the surface structured-light 3D measuring
equipment during each measurement and then obtains the
complete 3D data on the surface of the measured object.

The robot and turntable configured in this system possess
extremely high repetitive positioning accuracy; hence, each
scanning position can be uniquely determined and has
extremely high-precision repeatability. In this case, each
scanning position can uniquely determine the coordinates in a
world coordinate system so that the measurement data of
different sides of the casting can be unified under the same
coordinate system and mark-free stitching can be realized.

Due to the limited field of view of the camera, the contact
surface between the casting and the turntable is a blind zone.
Therefore, it is necessary to scan the casting again after scanning
the front side to ensure that the complete point cloud data of the
casting can be obtained. Since the position of the workpiece is not
repeatable and automatic assembly cannot be realized after
flipping the workpiece, this study pastes 5-6 mark points on
one surface of the casting and completes the automatic merging
of the front side and back side data by calculating the coordinate
conversion relationship of the mark points.
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+ 3.Draw all margin lines for the
reference in the X-direction
according to the reference and
standard dimensions.

1.Select the top surface of the cavity
| as the X-direction reference

2.Level the workpiece according to
the datum level

Above all, under the premise that only 5-6 marking points
are required to be posted, the scanned data of the entire casting
can be automatically combined to obtain the complete point
cloud data of the casting. Eventually, the point cloud data are
compared with those of the design diagram of the casting, and
then the allowance inspection report can be obtained to realize
the automatic measurement of the machining allowance of the
casting and determine whether it is qualified.

4 Experimental verifications

The current way of casting allowance detection is mainly
manual measurement. First, it determines a data line in the x, y,
and z directions (take x direction as an example), levels the
workpiece according to the x data direction, combines with the
dimensions on the design drawing, and then uses the height ruler
to mark the dimensional position of the workpiece after
machining on the casting, and the excess casting part is the
machining allowance. Hence, it completes the marking of all
dimensions in the y and z directions, and if the machining
allowance of all dimensions meets the process requirements,
the casting is judged to be qualified. The tools and the specific
process are shown in Figure 3.

The advantages of manual measurement are simple
equipment and low cost. The main disadvantage is low
efficiency. According to the field investigation, the manual
inspection process is tedious, and all dimensions of x, y, and z
need to be calculated and marked. It takes at least 2 days for a
skilled fitter to process a batch (six pieces) of parts, with an
average of 2.5h for each piece. Furthermore, the accuracy of
manual measurement is not guaranteed, and the range of
accuracy is 0.25 ~ 0.5 mm [23]. The detection result depends
entirely on the skill of the worker, and a slight negligence can
easily lead to misjudgment.
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FIGURE 4
High-precision ball bar.

TABLE 2 Results of the sphere center distance of the high-precision
three-coordinate measuring machine.

No. Measurement item Measurement value (mm)
1 Left ball diameter 50.8081

2 Right ball diameter 50.8078

3 Sphere center distance 150.0260

The 3D measuring equipment proposed in this study
realizes automatic measurement of the machining allowance
of castings, which takes only 15 min for one piece on average,
and can replace the manual measurement of the allowance
detection work.

4.1 Equipment accuracy test

The size of the casting is difficult to accurately measure due to
its rough and uneven surface, and it is impossible to accurately
measure the system measurement accuracy. Therefore, high-
precision ball bar and workpieces are selected to test the

TABLE 3 Comparative results (mm).

Test 1 Test 2 Test 3
Measurement values 150.110 150.110 150.107
559 069 475
Deviation -0.084 -0.084 -0.081
559 069 475
Max value 0.084559
Range 0.009533

Frontiers in Physics

accuracy and repeatability of the equipment, respectively, and
the maximum value is selected as the accuracy of the system
eventually.

4.1.1 High-precision ball bar test

The high-precision ball bar is selected to test the equipment
in the sphere space as shown in Figure 4. First, a high-precision
three-coordinate measuring machine is adopted to measure the
sphere’s center distance of the ball bar as the true value of the
measurement. The measurement results are shown in Table 2.
Then, the automatic measuring system is utilized to measure the
ball bar eight times to obtain its point cloud data, calculate the
distance between the fitting sphere centers of the two balls, and
compare it with the measured true value. The results are shown in
Table 3. In Table 3, the deviation is the difference between the
actual value and the measured value, and the maximum value of
the deviation in the eight measurements is regarded as the system
measurement accuracy; the measurement value range is the
difference between the maximum value and the minimum
value of the eight measurement results, which is regarded as
the system repeatability accuracy. It can be seen from Table 3 that
the system measurement accuracy reaches 0.084559 mm, and the
repeatability accuracy reaches 0.009533 mm.

Test 4 Test 5 Test 6 Test 7 Test 8
150.107 150.106 150.106 150.104 150.101
286 251 097 019 026
-0.081 -0.080 -0.080 -0.078 -0.075
286 251 097 019 026

frontiersin.org
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TABLE 4 Measurement precision.

Methods
Proposed method 0.084559
Manual measurement method 0.25 ~ 0.5

Measurement precision (mm)

10.3389/fphy.2022.979450

Measurement time (min.)

10 ~ 15
150

FIGURE 5
Schematic diagram of the precision machined workpiece and
pasting mark points.

Table 4 compares the 3D measurement results of the two
methods. The 3D measurement precision of the manual
and the
measurement time is 150 min. It is evident that, compared

measurement method is less than 0.5 mm,
with the manual measurement method, the proposed method
exhibits a higher 3D measurement precision: the measurement
maximum error is less than 0.084559 mm, the range is
0.009533 mm, corresponding to a measurement time of
15 min, which is one-tenth of that using manual work. These
results meet the actual application requirements of casting
allowance evaluation accuracy. The experimental results
proved that the proposed method is effective for improving
the casting allowance evaluation efficiency, and it can replace
traditional manual methods for the automatic casting allowance

evaluation.
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FIGURE 6
Schematic diagram of the placement of castings.

4.1.2 Testing of a precision machined workpiece

The precision-machined workpiece shown in Figure 5 is
selected and the system measurement accuracy is measured
from two aspects, which are plane fit and crucial dimension
measurement. Then, the repeatability accuracy of the system is
calculated for ten repeated measurements.

4.1.2.1 Experimental process

Pasting 5 marks points on one side of the workpiece; the
side of the sticker is placed facing toward the robot and in the
middle of the turntable, as shown in Figure 6. The automated
measurement system is run, the robot and the turntable each
automatically run to position 1, and the measurement
equipment takes a photo measurement to obtain the first

frontiersin.org
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* 0.0000 B===t
Y -0.0026 M=t
z 0.0000 D=4 =0.4
-0.0026 Bt |
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X -0.0189 B X -0.0070 W=t X 0.0055 D=t I 0.0000 B=—= X 0.0000 B
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z 0.0000 D= z 0.0000 Gt 2 0.0000 Dt iz 0.0000 Bt z 0.0000 D=t
0.0189 D= 0.007 Dt -0.0055 Mt J -0.007 M=t 0.0045 D=t |
FIGURE 7
Alignment results.
TABLE 5 Plane fit test result (mm).
Number 1 2 3 4 5 6 7 8 9 10
Deviation -0.0073 -0.01 0.0176 -0.0106 -0.0028 0.0189 0.007 -0.0055 -0.007 0.0045

Average deviation 0.00912

scan of the workpiece, and so on, until the result of the front
side is scanned. The casting is manually flipped over and
proceeds with the back side until the point cloud data of
the entire workpiece is obtained. The entire scanning and
calculation process takes 8 min.

4.1.2.2 Plane fit test

The acquired point cloud data are three-dimensionally
aligned with the design diagram of the workpiece. The
alignment data are utilized to select the three outermost
precision-machined surfaces. The alignment result is shown
in Figure 7. The differences between the point cloud data
and the design diagram are displayed in different colors.
Warm tones indicate areas of allowance, and cool colors
indicate areas of deficiency. The darker the color, the
greater the value of allowance or deficiency. Then,
randomly selecting 12 points from the results, the
deviation of this point from the design diagram is

measured and the average value of the deviation is used
as the plane-fitting accuracy of the system. The results

FIGURE 8
Tested casting. are shown in Table 5, where the average deviation is

0.00912 mm.
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TABLE 6 The tested casting.

Direction Test Test Test Test Test
1 2 3 4 5
X 162.1 162.1 162.1 162.1 162.1
196 434 051 442 462
y 164.5 164.6 164.6 164.6 164.6
83 368 428 333 296
Z 138.9 138.9 138.9 138.9 139.0
665 837 967 998 144
Allowances Allowances Allowances
X 0.0000 | X 0.0000 X 0.0063
b 4 11181 Y -1.0925 Y 0.0000
z 0.0000) 2 0.0000 4 0.0000
\
Allowances Allowances (-axis Datum
osition
X 0.0000 | X 0.0000 e
Y -1428 | Y -1.0314
4 0.0000 | 2 0.0000
FIGURE 9

10.3389/fphy.2022.979450

Test Test Test Test Test Range
6 7 8 9 10
162.0 162.0 162.0 162.0 162.0 0.06
995 815 984 822 904 47
164.6 164.6 164.6 164.6 164.6 0.05
401 302 054 223 363 98
139.0 1389 138.9 1389 1389 0.05
118 924 848 877 591 53
1. 0000
[X-axis Datum
[APosition [0
[2Angle 0
|Z-axis Datum
|APosition IO
[AAngle {0

Distribution results of casting allowance. The material used in simulation settings is aluminum alloy.

4.1.2.3 Repeatability accuracy test

Scanning the casting is repeated ten times, three
re-selected on the the
the value the

minimum value of the ten measurements of each key

key dimensions are casting,

difference  between maximum and
dimension is regarded as the range, and the maximum
value of the three ranges is regarded as the system
repeatability accuracy. The measurement results are shown

in Table 6.
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4.2 Experimental summary

The result of the experiment verifies that the scanning time of
this system is 8-15 min according to the size of the tested casting.
During the equipment accuracy measurement, the measurement
accuracy of the high-precision ball bar was 0.08456mm, and the
repeatability accuracy was 0.0095mm; the plane fitting accuracy
of the precision machined casting was 0.00912mm, and the
repeatability accuracy was 0.0647 mm. In summary, the
system measurement accuracy was 0.08456mm, and the
0.0647 mm. addition
improving the efficiency of casting machining allowance

repeatability accuracy was In to
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detection, it also improves its repeatability accuracy to meet the
requirements of casting machining allowance detection. Tested
casting is shown in Figure 8. Figure 9 shows the distribution
of the
aforementioned technology and system. The allowance in the

results casting allowance obtained by using
red area exceeds 1 mm, meeting the requirements of subsequent
machining.

The main sources of error are 1) repeat positioning accuracy
of the robot. This study does not need to paste too many marker
points on the surface of the workpiece, while we focus on the use
of the robot’s repeat positioning accuracy. The robot used in this
study has a repeat positioning accuracy of 0.03mm, which is the
main source of error in this system. 2) Since the bottom surface of
the casting (the surface in contact with the rotary table) cannot be
scanned at one time, the part needs to be manually flipped 90° to
sweep the bottom surface. This requires resplicing the data after

the flip and the data before the flip, introducing a splicing error.

5 Conclusion

This study proposes a 3D vision measurement system for
castings for industrial robots, which adopts surface structured
light 3D measurement technology to obtain casting point cloud
data and automatically merge the measurement data of different
orientations to achieve the machining allowance of the castings
based on the high repeatability accuracy of the robot and the high-
precision turntable. The system overcomes the disadvantages of
instablility and time-consumption in the manual operation, and the
result of the experiment shows that the repeatability accuracy of the
system is 0.065mm, the measurement accuracy is 0.07mm, and the
measurement time is 8 min, which fully improves the efficiency,
accuracy, and repeatability of the casting machining allowance
measurement. Moreover, it can be widely used in casting
machining allowance detection. Due to the limited field of view
of the camera, the contact surface of the casting with the turntable is
a blind spot, which is our limitation. We currently overcame it by
scanning the casting again after scanning the front side to obtain the
complete point cloud data of the casting, which is a future research

direction.
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