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The evaluation of the complex workpiece allowance and the scribing the datum

line now extremely rely on manual operation. The manual operation is time-

consuming and prone tomisjudgment, and has a large blind area. To solve these

problems, the robot-driven automatic scribing via three-dimensional (3D)

measurement sensor method (RAS3DM) is proposed. In this study, we solve

the key technology of calibrating the rigid transformation between the 3D

measurement coordinate system and laser scribing coordinate system. And a

fast and accurate multiple coordinate systems calibration and unification

method is proposed, a fixed calibration target and a mobile calibration target

are designed. Hence, a structured-light 3D shape measurement sensor driven

by an industrial robot with six-degree of freedom (6-DOF) is utilized to obtain

the complete 3D shape of the complex workpiece automatically, and then by

comparing the 3D measurement result and the standard CAD model, the laser

scribing equipment can automatically scribe the mechanical processing datum

line to assist further processing. The experiment results illustrate that the

proposed method is accurate and efficient: the complex workpiece

allowance evaluation and scribing time is about 5 times faster than that of

manual operation, and the scribing accuracy is 0.15mm, which can effectively

solve various problems of manual scribing. The proposed RAS3DM can be

widely applied in factories and laboratories.
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1 Introduction

Generally, plenty of complex workpieces in the fields of aerospace and weaponry are

manufactured by precision mechanical processing of rough parts. Due to the restriction of

the level of casting technology and to ensure that the workpieces meet the drawings and

subsequent processing requirements, the workpieces are required to be measured and
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allocated for mechanical processing allowances, and the

mechanical processing datum is positioned accordingly. At

this stage, the mechanical processing allowance detection of

the complex workpieces and the determination of mechanical

processing datum line is mainly carried out by manual scribing.

This method has the following defects:

1. Hand-made tools, such as the crochet and the height ruler, are

used to level the datum of the workpiece, and then the

allowance of each workpiece is evaluated and scribed on

the basis of the workpiece design drawings. Therefore, if

each workpiece is leveled once in the X, Y and Z

directions, each workpiece needs to be leveled at least three

times, and there are hundreds of critical dimensions of each

workpiece, resulting in low scribing efficiency.

2. The evaluation of the complex workpiece mechanical

processing allowance depends entirely on workers’

experience, and whether the allowance evaluation is

reasonable or not can be determined only after the whole

workpiece is scribed. Once the unreasonable allowance

evaluation leads to the lack of allowance, it is necessary to

re-determine the datum and re-evaluate the allowance, which

will reduce the efficiency and easily lead to the qualified

workpiece being misjudged as unqualified.

3. Special-shaped workpiece has many non-perpendicular

planes and special-shaped curved surfaces. It is difficult to

detect mechanical processing allowance by manual scribing,

and there are large blind areas.

In view of the above problems, state-of-the-art techniques

and algorithms have been developed to carry out rapid and

automatic 3D measurement and scribing of workpieces. In terms

of 3D measurement, the Austrian company developed a robot

measurement system suitable for harsh working environments,

this system measures the crucial parts of the workpiece and

compares it with the model to obtain the dimensional deviation.

The robot measurement system developed by a Swedish

company installed structured light sensors on industrial robots

to measure body parts. Navier laboratory in France installed the

laser Doppler vibrometer at the end of a 6-DOF industrial robot,

and designed the supporting software to realize the function of

measuring the surface shape of the object [1]. Wang et al. [2]

designed an integrated mobile robot measurement system for

accurate 3D automatic measurement of large parts with complex

surfaces, which can perform accurate non-contact 3D

measurement of large and complex parts. Suresh et al. [3]

developed an integrated robotic 3D vision system based on

edge projection-based high-resolution structured light 3D

vision for high-precision and stable execution of robot

assembly. Hong and Wang et al. [4, 5] used a robot to hold a

line laser scanner and scan the reference surface and

characteristic surface of the blade to generate the blade profile,

register the profile data with the blade CAD model, and acquire

the processing path in the workpiece coordinate system. Wan

et al. [6] proposed a new 6-DOF positioning and grasping

method based on boundary features, structured light 3D

vision and point cloud matching methods for the 3D posture

estimation of metal blank castings in industrial production

process. Guo et al. [7] adopted a 3D point cloud

measurement system based on a high-precision air floating

rotating table which possesses a line structure light sensor,

and more than 1.5 million 3D data points can be obtained on

the side of the gear tooth flanks within 5 s. Yu et al. [8] proposed a

light plane calibration method using binocular cameras, which

simplifies the calibration process and improves the 3D

measurement accuracy. Liu et al. [9] acquired the 3D model

of the tool through the surface structured light 3D measurement

technology and measured its geometric parameters. Sha et al.

[10] and others improved the 3D equipment to achieve a

comprehensive inspection of the large-scale workpiece; Xu

et al. [11] and others used 3D scanning technology to directly

scan the new product mold and compare it with the design

drawing to monitor the development of new products and the

quality of parts. In terms of scribing, Ma et al. [12] improved the

original manual scribing method and proposed a new type of

scribing equipment to reduce human error, nevertheless, this

method is still based on manual measurement with vernier

calipers, the improvement of effect is limited; Zhang et al.

[13] proposed an articulated arm type 3D measurement

method to detect the appearance of a large-scale and complex

workpiece and improve the work efficiency of the fitter. However,

the above methods are all single manual scribing or 3D

measurement, which cannot combine the superiorities of

scribing and measurement. Moreover, it cannot effectively

solve the current problems of mechanical processing

allowance detection and processing datum line determination.

To solve the above mentioned problems, the RAS3DM

method for complex workpieces is proposed in this work. The

RAS3DM is consisted of three key components: the hand-eye

calibration, the calibration of the measurement coordinate

system and the scribing coordinate system and the rotation

axis calibration of the turntable. It can automatically,

efficiently, and accurately obtain the 3D point cloud of the

workpiece and compare the 3D measurement result and the

standard CAD model, so as to realize the rapid measurement of

the mechanical processing allowance of the workpiece. With the

software’s borrowing function, it can flexibly adjust the allowance

distribution according to the need of machining processes and

production schedules, recalculate the distribution results, output

the reference position, guide the laser scribing equipment to

automatically scribe, directly connect with the mechanical

processing in the later stage, and effectively solve the current

manual scribing problems.

The remainder of this paper is organized as follows. In

Section 2, the brief overview of the research framework is

presented. In Section 3, the proposed RAS3DM method is
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elaborated, including the hand-eye calibration based on the fixed

calibration target, the calibration of the measurement coordinate

system and the scribing coordinate system based on the mobile

calibration target and the rotation axis calibration of the

turntable based on binocular vision. In Section 4, the

experimental results are presented and analyzed. Finally, a

comprehensive conclusion of this work is presented in Section 5.

2 Overview of the 3D measurement
and scribing system

Figure 1 shows the developed 3D measurement and scribing

system for complex workpieces. It consists of a 3D measurement

subsystem and a laser scribing subsystem. The 3D measurement

subsystem is composed of a 6-DOF robot, an automatic 3D

measurement sensor. It is utilized to obtain the complete 3D

shape of the complex workpiece, compare the 3D measurement

result and the standard CAD model, and compute the allowance

according to the need of machining processes and production

schedules. The laser scribing subsystem consists of a high-

precision motion mechanism, a turntable, and a laser scribing

equipment. It could scribe the mechanical processing datum line

on the complex workpiece to meet the process requirements,

according to the result computed by the 3D measurement

subsystem.

3 Algorithm principle

The 3D measurement and scribing system uses a structured-

light 3D shape measurement sensor driven by an industrial robot

with six-degree of freedom (6-DOF) is utilized to obtain the

complete 3D shape of the complex workpiece automatically, and

then the laser scribing equipment can automatically scribe the

mechanical processing datum line to assist further processing,

according to the result computed by comparing the 3D

measurement result and the standard CAD model. In this

process, the key technology is to complete the calibration and

unification of multiple coordinate systems for 3D measurement

sensor, 6-DOF robot, turntable, and high-precision motion

mechanism, so a fast and accurate multiple coordinate

systems calibration and unification method is proposed, a

fixed calibration target and a mobile calibration target are

designed.

In this section, the coordinate system establishment is first

interpreted. Thereafter, the hand-eye calibration based on the

fixed calibration target, the calibration of the measurement

coordinate system and the scribing coordinate system based

on the mobile calibration target and the rotation axis

calibration of the turntable based on binocular vision are

described in detail.

3.1 Coordinate system establishment

The scribing coordinate system OhXhYhZh is established

based on the laser beam focus of the laser scribing equipment

installed on the motion mechanism. The measurement

coordinate system OcXcYcZc is established based on the

automatic 3D measurement sensor. In order to realize the 3D

scribing, the key is to calibrate the transformation between the

measurement coordinate system and the scribing coordinate

system, which is illustrated in Figure 1.

FIGURE 1
The 3D measurement and scribing system.
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As shown in Figure 2, to unify the measurement coordinate

system and the scribing coordinate system, a fixed calibration

target and a mobile calibration target are designed. The fixed

calibration target is fixedly installed on the corner of the marble

platform of the high precision motion mechanism near the robot

as the fixed benchmark of the whole system. The mobile

calibration block is placed on the turntable and within the

travel of the motion mechanism. By unifying the coordinates

of the mobile calibration block and the fixed calibration block

with the 3D measuring equipment, the problem of limited travel

of the motion mechanism and inability to reach the fixed

calibration target is solved by using the mobile calibration

block as a transition. In addition, the placement can ensure

that the laser scribing equipment can accurately align the circle

markers on the mobile calibration target. After completing the

calibration, the mobile calibration target can be removed.

Figure 3 shows all coordinate systems can be unified through the

fixed calibration target and the mobile calibration target. The base

coordinate system of the 6-DOF robot and the measurement

coordinate system of the automatic 3D measurement sensor are

unified through the hand-eye calibration. The calibration of the

rotation axis is based on the binocular vision system in the automatic

3D measurement sensor. The automatic 3D measurement sensor

measures the circle markers on the mobile calibration target and the

fixed calibration target to complete the coordinate unity of the two.

There is a cross mark at the center of each circular mark. The laser

beam focus aligns the circle markers on the mobile calibration target

by the alignment b the focus and the cross mark, and the 3D

measurement sensor measures the 3D coordinates of these circular

markers, so that the transformation between the scribing coordinate

system and the measurement coordinate system can be solved. In

these ways, based on the fixed calibration target and the mobile

calibration target, all coordinate systems are calibrated and unified.

The key three steps are the hand-eye calibration based on the fixed

calibration target, the calibration of the measurement coordinate

system and scribing coordinate system based on the mobile

calibration target, and the rotation axis calibration of the

turntable based on the binocular vision system.

3.2 Hand-eye calibration based on the
fixed calibration target

In the process of performing calibration of the measurement

coordinate system with the scribing coordinate system, it is

necessary to obtain the 3D coordinates of the marker points

on the calibration block under the scribing coordinate system.

However, the scribing machine cannot accurately measure the

center coordinates of the marker point in the depth direction, so

the automatic 3D measurement sensor is installed on the end of

the 6-DOF robot to achieve accurate measurement of the

coordinates in the depth direction. The rigid transformation

between the 3D measurement coordinate system and the base

FIGURE 3
Multi-coordinate transformation.

FIGURE 2
The fixed calibration target and the mobile calibration target.
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coordinate system of the robot should be calibrated, so a fast and

accurate hand-eye calibration method based on fixed calibration

target is proposed.

A number of circle markers are pasted on the fixed

calibration target. Use the automatic 3D measurement

sensor to measure the circle markers to obtain the

coordinates (Xci, Yci, Zci) of the circle markers in the 3D

measurement coordinate system. The 3D measurement

sensor scans and measures the circle markers on the

calibration target from different positions, and the

coordinates (Xb, Yb, Zb) in the base coordinate system of

the 6-DOF robot can be calculated as follows:

xb

yb

zb
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ � Rbi tbi

0 1
[ ] Rh th

0 1
[ ]

xci

yci

zci
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (1)

where Rbi and tbi are the rotation matrix and translation vector

between the flange and the base of the 6-DOF robot, which are

calculated by the robot kinematics at the ith scanning. Rh and th
are the rigid transformation between the 3D measurement

coordinate system and the base coordinate system of the 6-

DOF robot. When the circle markers on the fixed calibration

target are scanned multiple times, the coordinate can be

calculated as follows:

xb

yb

zb
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ � Rb1 tb1

0 1
[ ] Rh th

0 1
[ ]

xc1

yc1

zc1
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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yb
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1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ � Rb2 tb2

0 1
[ ] Rh th
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[ ]

xc2

yc2

zc2
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. . . . . .
xb

yb

zb
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ � Rbi tbi

0 1
[ ] Rh th

0 1
[ ]

xci

yci

zci
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(2)

Then, the function can be formalized as follows:

Rbi tbi
0 1

[ ] Rh th
0 1

[ ]
xci

yci

zci
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ � Rb i+1( ) tb i+1( )

0 1
[ ] Rh th

0 1
[ ]

xc i+1( )
yc i+1( )
zc i+1( )
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(3)
Then, the function can be rewritten as:

Rb i+1( ) tb i+1( )
0 1

[ ]−1
Rbi tbi
0 1

[ ] Rh th
0 1

[ ]

� Rh th
0 1

[ ]
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1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

xci

yci

zci
1
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(4)
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0 1

[ ]−1
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[ ], Bi �
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xci

yci

zci
1
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⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
−1

,

x � Rh th
0 1

[ ]
Then, the hand-eye calibration function is as follows:

Aix � xBi. (5)

When the robot carries the automatic 3D measurement

sensor to complete the multi-directional scanning of the circle

markers on the fixed calibration target, the hand-eye calibration

matrix x can be calculated.

3.3 Calibration of measurement
coordinate system and scribe coordinate
system based on the mobile calibration
target

After the hand-eye calibration is completed, the unification

of the 3D measurement sensor coordinate system and the robot

coordinate system is completed. To complete the scribing work, it

is also necessary to realize the coordinate unification of the 3D

measurement sensor coordinate system and the scribing

coordinate system.

3.3.1 Mobile calibration target design
The motion mechanism is a high-precision four-axis

platform (three linear axes and a turntable), and the laser

scribing equipment does not have the function of center

extraction and distance measurement. To obtain the

coordinates of the marks points in the scribing coordinate

system accurately, and to calibrate the transformation between

the 3D measurement coordinate system and the scribing

coordinate system, a special mobile calibration target is made,

as shown in Figure 4. The mobile calibration target is precisely

processed and measured, the bottom surface is perpendicular to

the side surface through precision mechanical processing.

Simultaneously, the side surface is precisely machined with

3 steps of different heights, and the height difference datum

between the steps is precisely measured. Taking the first step as a

reference, the height of each step is 0.00 m, 5.01 mm, 15.02 mm.

Besides, a distance sensor is fixedly installed beside the laser

scribing equipment for the measurement of the Y-axis

coordinate.

3.3.2 Obtaining the center coordinates of the
marker points in the scribing coordinate system

The mobile calibration target is placed on the turntable so

that it is parallel to each axis of the motion mechanism. Some
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circle markers that can be recognized by the automatic 3D

measurement sensor are randomly pasted on each step on the

surface of the mobile calibration target, and between the fixed

calibration target and the mobile calibration target. The 3D

measurement sensor is driven by the 6-DOF robot to scan the

circle markers on the fixed calibration block, ensuring that there

are at least four to five common circle markers between two

adjacent viewpoints. By the Multi-view point clouds registration

and stitching, the coordinates Pg of the circle markers on the

fixed calibration block and the coordinates Pc of the circle

markers on the mobile calibration target in the measurement

coordinate system can be obtained, thus the unification of the

measurement coordinate system, the fixed calibration target

coordinate system, and the mobile calibration target

coordinate system is completed. On the premise that the

mobile calibration target is not moved, the laser scribing

equipment at the end of the motion mechanism is controlled

to emit the laser beam focus, adjust the position to focus the laser

on the plane of step 1, and make the laser beam focus coincide

with the center cross of the first circle marker on step 1. In this

case, this process is called point-to-point. At this time, the

coordinate Ph1(xh1, yh1, zh1) of the center of the circle marker

in the scribing coordinate system can be acquired. In the

meantime, record the reading a1 of the distance sensor; move

the movement mechanism to make the laser beam focus coincide

with the center cross of the second circle marker on step 1, and

record the reading a2 of the distance sensor. Then the coordinate

of the center of the circle marker in the scribing coordinate

system is Ph2(xh1, yh2 (zh1 + a1 − a2)), and so on, the coordinates

Ph(xh, yh, zh) of all the circle markers in the scribing coordinate

system are completed through the point-to-point. The rotation

matrix R and translation vector t from the measurement

coordinate system to the scribing coordinate system can be

calculated as follows:

Pc � R · Ph + t (6)

The formula is written as a homogeneous equation, as

follows:

xc

yc

zc
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ � R t

0 1
[ ]

xh

yh

zh
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (7)

3.4 Calibration of the turntable

In the scribing process, the workpiece is required to be

rotated multiple times to complete the laser scribing of each

part of the workpiece. After the rotation, its reference line

coordinates also change accordingly, hence, it is necessary to

calibrate the parameters of the rotation axis of the turntable.

A high-precision rotation axis calibration method of the

turntable based on binocular vision is proposed. The target

image is obtained by using the principle of binocular stereo

vision. Through high-precision space circle fitting algorithm and

optimization, the rotation axis parameters of the turntable under

the scribing coordinate system can be calibrated, and then

obtained laser scribing data after the turntable is rotated.

3.4.1 Principles of binocular stereo vision
Figure 5 shows the binocular stereo vision model. OlXlYlZl

and OrXrYrZr are the left camera coordinate system and the

right camera coordinate system, respectively. Olul]l and

Orur]r are the left image coordinate system in pixels and

the right image coordinate system in pixels (xw, yw, zw)

represents the 3D coordinates of a feature point P in the

world coordinate system, which is the same feature point of

the space object simultaneously observed by the left and right

cameras. (ul, ]l) and (ur, ]r) respectively represent the

undistorted homogeneous coordinates of P in the left

FIGURE 4
Special mobile calibration target.
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image coordinate system in pixels and in the right image

coordinate system in pixels.

From any point on the image surface of the left camera, as

long as the corresponding matching point can be found on

the image plane of the right camera (the two points are the

same point in space on the left and right camera images), the

3D coordinate value of the point can be determined.

Equations (8)–(10) provide the solution of the 3D

coordinate value in the camera coordinate system.

sl

ul

]l
1

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ � Kl Rl Tl[ ]
xw

yw

zw
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ � Ml

xw

yw

zw
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (8)

sr

ur

]r
1

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ � Kr Rr Tr[ ]
xw

yw

zw
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ � Mr

xw

yw

zw
1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (9)

Xr � RXl + T (10)

Where sl and sr represent the non-zero scale factors, Kl

and Kr are the intrinsic matrices of the left and right cameras,

Rl and Tl are the rotation matrix and translation vector from

the world coordinate system to the left camera coordinate

system, respectively. Rr and Tr are the rotation matrix and

translation vector from the world coordinate system to the

right camera coordinate system, respectively. Ml and Mr are

the perspective projection matrices of the left and right

cameras. Xr and Xl are the 3D coordinates of the point P

of the left and right cameras. Thus, the R and T from the left

camera system to the right camera coordinate system could be

calculated.

3.4.2 High-precision space circle fitting
algorithm

The circle markers are elliptical after being imaged by the

camera. After image edge extraction, the boundary of the image

of thee circle markers is obtained, and then the center of the

ellipse is optimized. The general equation of an ellipse on the

plane is:

Ax2 + Bxy + Cy2 +Dx + Ey + F � 0 (11)

The above equation can be written in matrix form:

uT
i Hui � 0 (12)

where H �
A B/2 D/2
B/2 C E/2
D/2 E/2 F

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦, ui � [xi, yi, 1]T is the

homogeneous coordinates of the image point on the ellipse.

The general equation of the ellipse uses the parameter vector

Θ = [A,B,C,D,E]
T

and finally construct the target equation:

Φ Θ( ) � ∑
i∈W

wi l
T
i H

p Θ( )li( )2 (13)

where li is the tangent line through the point ui on the ellipse.

Then adopt the weighted least squares method to solve the

ellipse parameters, where wi is the weighting factor and n is the

number of tangents.

Finally, the center coordinates of the ellipse can be calculated

by the following equation:

x0 � 2CD − BE

B2 − 4AC
, y0 � 2AE − BD

B2 − 4AC
(14)

3.4.3 Rotary axis calibration of turntable
Rotation axis calibration of the turntable is the key to realize

rotary scribing. First, the calibration plane is installed on the

turntable at a certain angle and rotates with the turntable. Then,

at each rotation position, the binocular vision system is used to

collect the images of all marks on the calibration plane, as shown

in Figure 6. Finally, the 3D coordinates of the marker points are

calculated, and the linear equation of the rotation axis of the

turntable is as follows:

X −X0

l
� Y − Y0

m
� Z − Z0

n
, (15)

where l, m and n are the normal vectors of the linear equation in

space. The turntable calibration is completed.

4 Experiments and analysis

To verify the scribing accuracy and reliability of the

RAS3DM method, an experimental platform of 3D

measurement and scribing is constructed, which is shown in

Figure 7. Therein, the automatic 3Dmeasurement sensor consists

FIGURE 5
Principle of binocular stereo vision imaging.
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of a digital raster projection profilometry device and two

cameras. The image resolution of the camera is 1920 pixels ×

1,200 pixels. The measurement accuracy of the automatic 3D

measurement sensor is ±0.015 mm, and the measurement range

is 430 mm × 280 mm. The payload of the 6-DOF robot is 6 kg,

and the repositioning precision is ±0.02mm, the repositioning

precision of the high-precision motion mechanism is

±0.005 mm, the repositioning precision of the turntable is

±0.001°, the laser scribing equipment power is 80 W, and the

pulse frequency is 20 kHz ~ 1,500 kHz. The experimental

platform could simulate the 3D measurement, multi-

coordinate system conversion, 3D repositioning and turntable

conversion process in the actual 3Dmeasurement and scribing of

complex workpiece in the whole process.

The workpiece used for the experiment is shown in

Figure 8A. The workpiece has several irregular round holes

and beveled surfaces, and it is difficult to accurately measure

the allowance of each part and scribe the datum line by the

traditional manual scribing method.

4.1 3D measurement and scribing
experiment

4.1.1 Obtain 3D point cloud
The workpiece is placed on the turntable of the 3D

measurement and scribing platform. With the cooperation

of the 6-DOF robot and the turntable, the 3D measurement

FIGURE 7
3D measurement and scribing platform. It primarily comprises the following components: 1) automatic 3D measurement sensor, 2) 6-DOF
robot, 3) high precision motion mechanism, 4) laser scribing equipment, 5) turntable, 6) Data Processing Computer, 7) fixed calibration target and 8)
workpiece.

FIGURE 6
Target image acquired by the binocular vision system.
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sensor automatically obtain the complete 3D shape of the

workpiece, as shown in Figure 8B. The whole scanning

process takes 10 min.

4.1.2 Align according to the datum
According to the alignment datum required by the

process, as shown in Figures 8B,C, the 3D point cloud of

the workpiece acquired in real time is aligned with the 3D

designed drawing. Then, the system automatically calculates

the allowance distribution of the workpiece and displays

them as a color difference diagram, as shown in Figure 9.

The warm color indicates the place where there is a large

amount of mechanical processing allowance, and the cool

color indicates the place where the mechanical processing

allowance is lacking. The darker the color, the greater the

value of excess or deficiency. It can be seen from Figure 8 that

the surface of the workpiece is orange-red or red, which

FIGURE 8
Workpiece used for the experiment. (A) Workpiece. (B) Point cloud of the workpiece. (C) 3D designed drawing of the workpiece.

FIGURE 9
Color difference diagram of allowance distribution.

FIGURE 10
Software borrowing result.
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means that the machining allowance of each part is sufficient

and there is no shortage.

4.1.3 Borrowing and adjusting the distribution of
allowance

After calculating the allowance distribution, if the

allowance distribution in the X, Y and Z directions does

not meet the requirements of the machining processes, the

allowance in that direction needs to be borrowed, that is, the

datum in that direction needs to be translated, so as to

redistribute the allowance of the workpiece, make it

evenly distributed and meet the requirements of the

machining processes. As shown in Figure 10, the

allowance of the left and right sides of the workpiece is

1.84 and 2.76 mm respectively, with a difference of 0.92 mm.

After the Z-direction datum is translated by 0.46 mm, the

allowance on the left and right sides of the workpiece

becomes 2.29 mm, and the allowance distribution is more

uniform and reasonable.

Finally, according to the result of allowance adjustment, the

coordinates of the mechanical processing datum line to be output

are decomposed into several point coordinates, converted to the

scribing coordinate system, and output to the laser scribing

equipment. The whole calculation process takes about 3 min.

4.1.4 Laser scribing
According to the coordinates of the mechanical processing

datum line in the scribing coordinate system, the laser scribing

equipment scribes the datum line on the workpiece that meets

the process requirements. As shown in Figure 11, the black line

segment is the line segment scribed by the laser scribing

equipment. The scribing time is 5 min.

4.2 Verification experiment of scribing
accuracy

4.2.1 Principles of accuracy verification
Complex workpiece is automatically measured by 3D

measurement sensor, and the datum coordinates of the initial

scribing data are still in the measuring coordinate system after the

datumalignment and allowance evaluation andborrowing. Therefore,

it is necessary to convert the datum coordinates from the measuring

coordinate system to the scribing coordinate system before scribing.

Since the surfaces of the workpiece are uneven, traditional direct

measurement method could not accurately measure the scribing

accuracy. Therefore, in order to verify the scribing accuracy of the

RAS3DM method, the cross circle markers pasted on the workpiece

surface are the targets to be measured and improve the stability and

accuracy of visual measuring.

The 3D measurement sensor, driven by the 6-DOF robot,

automatically scans the surface of the workpiece and measures

the circle markers, calculates the coordinates of the centre of the

circle markers in the measurement coordinate system. Using the

calibration of the measurement coordinate system and the

scribing coordinate system, the coordinates of the circle

markers are converted from the measurement coordinate

system to the scribing coordinate system. At the same time,

the workpiece is held still and the laser scribing subsystem is

manually controlled to move with an accuracy of 0.005 mm, so

that the laser beam focus coincides with the centre of the cross on

the circle markers, and the current coordinates of the laser

scribing subsystem are recorded as the true value of the circle

markers centre coordinates. The coordinates of the circle

markers measured by the proposed method is compared with

the true value to analyze the scribing accuracy.

FIGURE 11
Line scribing effect.
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When it is necessary to rotate the turntable so that the surface

of the workpiece to be scribed is facing the laser scribing

equipment due to the travel limitations of the motion

mechanism, the new measured coordinates of the surface

circle markers are calculated using the rotation axis

calibration of the turntable and the calibration of the

measurement coordinate system and the scribing coordinate

system. Finally, comparing the deviation between the real time

measured value by the proposed RAS3DM method and the true

value, the maximum deviation being the scribing accuracy.

4.2.2 Accuracy verification process
1. Define the four surfaces of the workpiece as 0° surface, 90°

surface, 180° surface and 270° surface, which represent the

angle at which the turntable needs to be rotated, and paste the

circle marker with a cross in the centre of the circle on each

surface, as shown in Figure 12, with multiple circle markers at

random locations on each surface.

2. The 3Dmeasurement sensor scans all circlemarkers on the surface

of the workpiece and calculates the coordinates of the center of the

circle markers in the measurement coordinate system.

3. Using the proposed measurement coordinate system and the

scribing coordinate system calibration method, the center

coordinates of the circle markers on the 0° surface are

converted from the measurement coordinate system to the

scribing coordinate system. The coordinate conversion results

are the measurement values of the 0° surface.

4. Manually control the movement of the laser scribing

subsystem so that the laser beam focus emitted by the laser

coincides with the centre cross of the circle marker, as shown

in Figure 12. The current coordinate values of the laser

scribing subsystem are the true values of the 0° surface.

5. Rotate the turntable clockwise by 90°, and use the proposed

measurement coordinate system and the scribing coordinate

system calibration method and turntable rotation axis

calibration method to convert the coordinates of the centre

of the circle mark point on the 90° surface to the scribing

coordinate system, the result of the conversion is the

measured value of the 90° surface.

6. Repeat the above steps until all the mark points on the four

surfaces of the workpiece have been measured, and finally

calculate the system scribing accuracy.

4.2.3 Verification results
Figure 13 shows the distribution of the circle markers on the 0°

surface. The circlemarkers are randomly and scatteredly distributed on

the 0° surface, which fully simulates the uncertainty of the mechanical

processing datum position and shows that the calculation results are

FIGURE 12
The process of experiment.

FIGURE 13
Distribution of circle markers on the 0°surface.
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TABLE 1 Test results.

0°surface test result (unit: mm)

No. Measurement value (mm) True value (mm) Deviation (mm)

x y z x y z Δ x Δ y Δ z

1 −314.090 −319.770 −425.944 −314.128 −319.812 −425.964 0.038 0.043 0.020

2 −266.127 −319.066 −413.494 −266.085 −319.096 −413.414 −0.042 0.030 −0.080

3 −232.104 −318.881 −410.211 −232.061 −318.904 −410.211 −0.043 0.023 0.000

4 −150.584 −318.478 −406.606 −150.522 −318.485 −406.666 −0.062 0.007 0.060

5 −349.127 −319.999 −385.148 −349.204 −320.035 −385.068 0.077 0.036 −0.080

6 −289.179 −319.194 −390.166 −289.196 −319.221 −390.146 0.017 0.027 −0.020

7 −180.121 −318.620 −375.271 −180.079 −318.623 −375.291 −0.042 0.003 0.020

8 −333.655 −319.529 −353.967 −333.713 −319.553 −353.987 0.058 0.024 0.020

9 −262.501 −318.740 −350.604 −262.499 −318.750 −350.624 −0.002 0.010 0.020

Maximum deviation 0.077 0.043 −0.08

90° surface test result (unit: mm)

No. Measurement value (mm) True value (mm) Deviation (mm)

x y z x y z Δ x Δ y Δ z

1 −224.815 −285.691 −404.515 −224.815 −285.710 −404.505 0.000 0.019 −0.010

2 −241.688 −285.287 −375.207 −241.638 −285.299 −375.247 −0.050 0.012 0.040

3 −269.137 −286.223 −414.139 −269.207 −286.252 −414.099 0.070 0.029 −0.040

4 −293.740 −286.601 −431.308 −293.840 −286.638 −431.259 0.100 0.037 −0.049

5 −211.212 −284.320 −344.119 −211.172 −284.320 −344.109 −0.040 0.000 −0.010

6 −211.171 −283.851 −323.006 −211.111 −283.846 −323.016 −0.060 −0.005 0.010

7 −277.061 −285.351 −365.140 −277.081 −285.368 −365.150 0.020 0.017 0.010

8 −330.549 −286.396 −407.034 −330.609 −286.433 −407.184 0.060 0.037 0.150

9 −223.383 −283.254 −293.459 −223.283 −283.243 −293.389 −0.100 −0.011 −0.070

Maximum deviation 0.100 0.037 0.15
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180 surface test result (unit: mm)

No. Measurement value (mm) True value (mm) Deviation (mm)

x y z x y z Δ x Δ y Δ z

1 −155.339 −271.254 −419.770 −155.259 −271.246 −419.717 −0.080 −0.009 −0.053

2 −292.792 −272.638 −404.216 −292.677 −272.677 −404.243 −0.115 0.039 0.027

3 −331.093 −272.873 −406.261 −331.184 −272.927 −406.398 0.091 0.055 0.137

4 −170.914 −271.257 −392.977 −170.905 −271.245 −392.904 −0.009 −0.012 −0.073

5 −197.500 −271.122 −370.781 −197.490 −271.112 −370.708 −0.010 −0.009 −0.073

6 −226.924 −271.570 −393.114 −226.904 −271.580 −393.141 −0.020 0.010 0.027

7 −269.779 −272.233 −377.650 −269.820 −272.254 −377.627 0.041 0.021 −0.023

8 −307.342 −272.333 −362.607 −307.432 −272.363 −362.664 0.090 0.031 0.057

9 −167.517 −270.984 −348.631 −167.528 −270.956 −348.608 0.011 −0.029 −0.023

Maximum deviation −0.115 0.039 0.137

270° surface test result (unit: mm)

No. Measurement value (mm) True value (mm) Deviation (mm)

x y z x y z Δ x Δ y Δ z

1 −311.179 −255.595 −439.350 −311.274 −255.639 −439.382 0.095 0.044 0.032

2 −311.976 −256.249 −406.734 −312.052 −256.285 −406.756 0.076 0.035 0.022

3 −277.195 −260.652 −439.616 −277.191 −260.689 −439.639 −0.004 0.037 0.023

4 −232.309 −260.123 −443.935 −232.285 −260.153 −443.927 −0.024 0.030 −0.008

5 −312.235 −257.354 −365.300 −312.260 −257.379 −365.292 0.025 0.025 −0.008

6 −193.221 −259.970 −439.137 −193.176 −259.992 −439.129 −0.045 0.021 −0.008

7 −311.059 −259.319 −310.818 −311.025 −259.329 −310.830 −0.034 0.010 0.012

8 −315.116 −260.202 −288.825 −315.062 −260.207 −288.868 −0.054 0.005 0.043

9 −311.160 −261.656 −258.458 −311.125 −261.652 −258.350 −0.035 −0.004 −0.108

Maximum deviation 0.095 0.044 −0.108
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representative. Table 1 shows the experimental data of all the mark

points on the 0° surface, 90° surface, 180° surface and 270° surface. The

experimental results prove that the maximum deviation of 0.077mm

on the 0° surface, 0.15mm on the 90° surface, 0.137mm on the 180°

surface and 0.108mm on the 270° surface, so the scribing accuracy of

the proposed RAS3DM method is less than 0.15mm.

4.3 Experiment summary

According to the research, it takes an experienced scriber

between 1 and 3 h to manually scribe such complex workpieces,

with an average of 90 min per workpiece and a scribing accuracy

of 0.2–0.5 mm. The experiment proves that by using the

proposed RAS3DM method for 3D measurement and

scribing, the allowance distribution of complex workpiece is

uniform and reasonable, the borrowing of the datum can be

carried out according to the requirements of machining processes

and production schedules, the laser scribing processing datum

line is clear and can be directly docked for later finishing, the total

allowance evaluation and scribing time is 18 min, which is

5 times faster than that of manual scribing, the scribing

accuracy is 0.15 mm, which is 0.2 mm higher than the average

of manual scribing accuracy. Therefore, the proposed RAS3DM

method can effectively solve various problems of current manual

scribing, and the efficiency and accuracy are greatly improved.

5 Conclusion

This paper proposes a RAS3DMmethod to facilitate automatic 3D

measurement and scribing of the complex workpieces. By analyzing

the difficulties of manual 3D measurement and scribing, such as low

efficiency, easy to misjudge, unable to deal with irregular surfaces, and

large blind areas, a fixed calibration target and a mobile calibration

target are designed. And a hand-eye calibration method based on the

fixed calibration target is introduced, a calibration method of the

measurement coordinate system and the scribing coordinate system

based on the mobile calibration target is designed to calibrate the rigid

transformation between different coordinate systems, and the

corresponding the rotation axis calibration of the turntable based

on binocular vision is derived. Thus, based on the robot-driven

automatic 3D measurement and scribing, the complex workpiece

allowance is evaluated and the datum lines are scribed, which

improved the 3D measurement and scribing precision and efficiency.

The proposed 3D measurement and scribing method is verified

through real data experiments. Experimental results indicated that

the 3D measurement and scribing process can complete

automatically if the proposed method is adopted. To evaluate the

precision, real-time performance, and efficiency of the proposed

RAS3DMmethod, it is compared with the manual scribing method.

Using the proposed method, the allowance distribution of complex

workpiece is uniform and reasonable, the borrowing of the datum

can be carried out according to the process requirements, the laser

scribing processing datum line is clear and can be directly docked for

later finishing, the total measuring and scribing time is 18 min,

which is 5 times longer than that of manual scribing, the scribing

accuracy is 0.15 mm, which is 0.2 mm higher than the average of

manual scribing accuracy. Therefore, the proposed RAS3DM

method can effectively solve various problems of current manual

scribing, and the efficiency and accuracy are greatly improved.

Furthermore, to improve the 3D measurement and scribing

operation convenience of complex workpieces on-site, the

structural miniaturisation and low cost design of the 3D

measurement sensor and the motion mechanism are

considered. A further study will be conducted by applying this

method to a real 3D measurement and scribing system. In an

actual 3D measurement and scribing process, the performance of

the proposed RAS3DM method can be influenced by the

manufacturing accuracy of the complex workpiece,

measurement precision of the circle markers, and positioning

precision of the motion mechanism. In the future, a method that

can coordinate these precision will also be researched to improve

3D measurement and scribing quality.

Data availability statement

The original contributions presented in the study are

included in the article/supplementary material, further

inquiries can be directed to the corresponding author.

Author contributions

HL, KZ, and Zhongwei Li contributed to conception and

design of the study. HL, KZ and Zhongwei Li organized the

database. HL, PL and RL performed the statistical analysis. HL

and Zhongwei Li contributed to project administration and

funding acquisition. RL wrote the first draft of the

manuscript. HL,KZ, PL and Zhongwei Li wrote sections of the

manuscript. All authors contributed to manuscript revision, read,

and approved the submitted version.

Funding

This research is supported by the National Key Research and

Development Program of China (No. 2018YFB1305700).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Frontiers in Physics frontiersin.org14

Luo et al. 10.3389/fphy.2022.979447

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.979447


Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

1. Margerit P, Gobin T, Lebée A, Caron JF. The robotized laser Doppler
vibrometer: On the use of an industrial robot arm to perform 3d full-field
velocity measurements. Opt Lasers Eng (2021) 137:106363. doi:10.1016/j.
optlaseng.2020.106363

2. Wang J, Tao B, Gong Z, Yu S, Yin Z. A mobile robotic measurement system for
large-scale complex components based on optical scanning and visual tracking.
Robotics and Computer-Integrated Manufacturing (2021) 67:102010. doi:10.1016/j.
rcim.2020.102010

3. Suresh V, Liu W, Zheng M, Li B. High-resolution structured light 3d
vision for fine-scale characterization to assist robotic assembly. Dimensional
Opt Metrology Inspection Pract Appl X (2021) 11732:1173203. (SPIE). doi:10.
1117/12.2589755

4. Hong Y, Li C, Yun C. Robot grinding system for 3d complex surface processing.
China Mech Eng (2006) S2:150–3.

5. Wang H, Yan G, Ding G. Automatic scribing and cutting system of
machine and human profile based on fatigue compensation algorithm.
J Shanghai Jiaotong Univ (2002) 36:991–4. doi:10.3321/j.issn:1006-2467.
2002.07.023

6. Wan G, Wang G, Xing K, Yi T, Fan Y. 6dof object positioning and grasping
approach for industrial robots based on boundary point cloud features. Math Probl
Eng (2020) 2020:1–12. doi:10.1155/2020/9279345

7. Guo X, Shi Z, Yu B, Zhao B, Li K, Sun Y. 3d measurement of gears based on a
line structured light sensor. Precision Eng (2020) 61:160–9. doi:10.1016/j.
precisioneng.2019.10.013

8. Yu H, Huang Y, Zheng D, Bai L, Han J. Three-dimensional shape measurement
technique for large-scale objects based on line structured light combined with
industrial robot. Optik (2020) 202:163656. doi:10.1016/j.ijleo.2019.163656

9. Liu J, Jia X, Wang N, Li T. Research on tool geometry parameter measurement
based on surface structured light projection. Chin J Scientific Instrument (2017) 38:
1276–84. doi:10.3390/s20174843

10. Sha X, Ma J. Research and application of digital inspection method for large
parts size. Foundry Equipment Tech (2020) 3:26–42. doi:10.16666/j.cnki.issn1004-
6178.2020.03.009

11. Xu Z, ZhengC. Application of 3d scanning technology in new product development
and process quality control.China Foundry Equipment Tech (2018) 53:34–8. doi:10.3969/j.
issn.1006-9658.2018.06.009

12. Ma Q, Wang D. Analysis on the problems existing in the mechanical line
marking machine and the improvement measures. China South Agric Machinery
(2017) 48:8. doi:10.3969/j.issn.1672-3872.2017.02.004

13. Zhang Z, Li X. Application of articulated arm type three-dimensional
measurement to the acceptance of complex parts. J Solid Rocket Tech (2019) 42:
818–22. doi:10.7673/j.issn.1006-2793.2019.06.023

Frontiers in Physics frontiersin.org15

Luo et al. 10.3389/fphy.2022.979447

https://doi.org/10.1016/j.optlaseng.2020.106363
https://doi.org/10.1016/j.optlaseng.2020.106363
https://doi.org/10.1016/j.rcim.2020.102010
https://doi.org/10.1016/j.rcim.2020.102010
https://doi.org/10.1117/12.2589755
https://doi.org/10.1117/12.2589755
https://doi.org/10.3321/j.issn:1006-2467.2002.07.023
https://doi.org/10.3321/j.issn:1006-2467.2002.07.023
https://doi.org/10.1155/2020/9279345
https://doi.org/10.1016/j.precisioneng.2019.10.013
https://doi.org/10.1016/j.precisioneng.2019.10.013
https://doi.org/10.1016/j.ijleo.2019.163656
https://doi.org/10.3390/s20174843
https://doi.org/10.16666/j.cnki.issn1004-6178.2020.03.009
https://doi.org/10.16666/j.cnki.issn1004-6178.2020.03.009
https://doi.org/10.3969/j.issn.1006-9658.2018.06.009
https://doi.org/10.3969/j.issn.1006-9658.2018.06.009
https://doi.org/10.3969/j.issn.1672-3872.2017.02.004
https://doi.org/10.7673/j.issn.1006-2793.2019.06.023
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.979447

	A robot-driven automatic scribing method via three-dimensional measurement sensor
	1 Introduction
	2 Overview of the 3D measurement and scribing system
	3 Algorithm principle
	3.1 Coordinate system establishment
	3.2 Hand-eye calibration based on the fixed calibration target
	3.3 Calibration of measurement coordinate system and scribe coordinate system based on the mobile calibration target
	3.3.1 Mobile calibration target design
	3.3.2 Obtaining the center coordinates of the marker points in the scribing coordinate system

	3.4 Calibration of the turntable
	3.4.1 Principles of binocular stereo vision
	3.4.2 High-precision space circle fitting algorithm
	3.4.3 Rotary axis calibration of turntable


	4 Experiments and analysis
	4.1 3D measurement and scribing experiment
	4.1.1 Obtain 3D point cloud
	4.1.2 Align according to the datum
	4.1.3 Borrowing and adjusting the distribution of allowance
	4.1.4 Laser scribing

	4.2 Verification experiment of scribing accuracy
	4.2.1 Principles of accuracy verification
	4.2.2 Accuracy verification process
	4.2.3 Verification results

	4.3 Experiment summary

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


