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ABSTRACT Breaking through the orthogonal shafting architecture of traditional measurement instruments,
a novel articulated laser sensor for three-dimensional (3D) precision measurement is proposed. The novel
sensor consists of two articulated laser sensing modules, and each module is mainly made up of two
one-dimensional rotary tables and one collimated laser to achieve a flexible angle intersection. Moreover,
a high-resolution digital camera is mounted on the right sensing module to achieve vision guidance. The
three axes of each sensing module represent a non-orthogonal shafting architecture. The requirements of
structural design, material selection, processing technology, assembling, calibration and maintain are greatly
lowered. The costs are greatly reduced, including time and money. The system architecture, parameter
calibration and measurement principle are elaborated. An accurate intersection model of two laser beams
is proposed to calculate the accurate rotation angles of rotary tables by discrete point interpolation method.
The experimental results showed that a maximum error less than 0.05 mm was detected from 100 mm to
500 mm. It is proved that 3D precision measurement is feasible with this proposed articulated laser sensor.

INDEX TERMS Articulated laser sensor, non-orthogonal shafting architecture, 3D precision measurement,

accurate intersection model.

I. INTRODUCTION
Nowadays 3D precision measurement has been widely
applied into many aspects, such as 3D shape detection,
reverse modeling and quality control in manufacturing. The
precision measurement instrument is a key part in the modern
industry. It could greatly improve the automation level, and
ensure the worker safety and product quality [1], [2].

3D vision sensors are widely applied in 3D measure-
ment due to their characteristics of non-contact and abun-
dant information. The common 3D vision sensors include
stereo vision [3]-[7] and structured light vision [8]-[10].
The stereo vision systems require neither moving parts nor
active illumination and provide high spatial resolution at
low power consumption [11]. However, stereo vision has the
disadvantages of large computation, poor match efficiency
and poor robustness. Structured light vision system is an
effective method to capture 3D information from the distorted
images with the light patterns [12], [13]. By illuminating
artificial pattern on the target object, it avoids the demand of
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natural texture on the object surface. Many companies such as
Meta Vision, Servo Robot and Scout have developed various
line structured light sensors. The laser structured light vision
could only be applied into the local search and cannot provide
global information about industrial environment [14].

Coordinate measuring machine (CMM) equipped with
touch-trigger or scanning probes is a highly-accurate mea-
surement instrument for 3D coordinates [15]-[17]. How-
ever, the widespread application of CMM is limited by its
high cost and strict working condition. Theodolite and laser
tracker [18]-[20] are widely employed for 3D measurement
in industry owing to their highly-accurate. To achieve pre-
cision measurement, the three axes of theodolite and laser
tracker are required to be strictly orthogonal. If the structural
requirement cannot be achieved, the shafting tilt error will be
produced. Therefore, the manufacturing and application costs
are increased.

In the industrial applications, the interest is focused on
their specific advantages when compared with other 3D mea-
surement instruments, especially the cost and the compact-
ness. There is increasing appreciation of the fact that 3D
precision measurement in industrial applications will be low
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cost, on-site and portable. For the deficiencies and application
limitations of traditional measurement instruments, a novel
articulated laser sensor is introduced for 3D precision mea-
surement in this paper. The resulting sensor mainly consists
of two articulated laser sensing modules which are based
on non-orthogonal shafting architecture. As in traditional
instruments, there are also three axes in each articulated laser
sensing module, but with no the requirements of orthogonal-
ity and intersection.

The remainder of this paper is organized as follows.
In Section II, the system architecture and measurement
description of articulated laser sensor are introduced.
In Section III, the parameters calibration method is presented.
In Section IV, the mathematical model of the articulated laser
sensor is set up in detail. In Section V, the accurate intersec-
tion model of two laser beams is introduced. In Section VI,
the simulations based on Solidworks and actual measurement
experiments are performed. Those simulation and experimen-
tal data validate that the proposed sensor is effective. The
paper ends with some concluding remarks in Section VII.

Il. SYSTEM ARCHITECTURE AND MEASUREMENT
DESCRIPTION

A. NON-ORTHOGONAL SHAFTING ARCHITECTURE

To achieve precision measurement, traditional coordinate
measurement instruments such as theodolite, total station and
laser tracker require that the three axes are strictly orthogonal.
The vertical axis is perpendicular to the horizontal axis and
the horizontal axis is perpendicular to the measuring axis,
as shown in Fig. 1. In addition, the three axes must intersect
at one point, as shown in section view in Fig. 1. If the
structural requirement of orthogonality has not been reached,
the shafting tilt error will be generated. And the measure-
ment accuracy of the instrument will be greatly reduced. The
requirements of orthogonal shafting architecture are strict,

) Section View
Intersection of three axes

Vertical axis

oo
. —- Measuring axis
Horizontal axis J

FIGURE 1. Structure diagram of orthogonal shafting architecture.
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including structural design, material selection, processing
technology, assembling, calibration and maintain.

To reduce the manufacturing and application costs, a novel
articulated laser sensing module is proposed. The novel
sensing module mainly consists of two one-dimensional
rotary tables and one collimated laser, as shown in Fig. 2.
Compared with traditional orthogonal shafting instrument,
the three axes of articulated laser sensing module represent a
non-orthogonal shafting architecture without orthogonal and
intersecting requirements. The three axes are 3D lines on dif-
ferent planes and the angle of accurate 90° between two axes
is no longer needed. It means that the articulated laser sensing
module can be quickly and easily built up with separate two
rotary tables, one collimated laser and fixed connecting parts.
The costs are greatly reduced, including time and money.
In this paper, the dihedral angle of fixed connecting part is
approximately 90° to expand the measurement space. Fortu-
nately, the dihedral angle has no requirement of machining
accuracy. To achieve different applications, the dihedral angle
of fixed connecting part is variable.

Vertical axis.,

Horizontal axis

Rotary table

FIGURE 2. Structure diagram of non-orthogonal shafting architecture.

B. ARTICULATED LASER SENSOR

Two articulated laser sensing modules are combined into a
novel articulated laser sensor to achieve 3D measurement,
as shown in Fig. 3. In particular, a high-resolution digital
camera is mounted on one sensing module to achieve vision
guidance.

As with determining 3D coordinates utilizing traditional
forward intersection measurement instruments, the articu-
lated laser sensor operation is based on the intersection of
two laser beams in the measuring zone. The coincidence of
the two laser spots on the measured object denotes the inter-
section of the visualized measuring axes. As shown in Fig. 4,
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FIGURE 3. Structure diagram of articulated laser sensor.

Measured object

Articulated laser sensor

Host computer

FIGURE 4. Structure diagram of the measurement system.

when the right laser beam intersects with the left laser beam
on the measured object, the coordinate of a 3D point can
be calculated based on the rotation angles provided by the
rotary tables of two articulated laser sensing modules. The
mathematical model will be introduced in Section IV and
the accurate intersection model of two laser beams will be
introduced in Section V.

Ill. PARAMETERS CALIBRATION

Calibrating the articulated laser sensor is a key aspect of 3D
measurements, and the measurement accuracy depends heav-
ily on the parameters calibration method [21], [22]. Obtaining
the related position of three axes of articulated laser sensing
module is needed. Three axes of each articulated laser sensing
module can be described as three lines in 3D space, as shown
in Fig. 5. The motion of measuring axis, which is a key
part to receive the coordinates of measured points, could be
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Coordinate system of left module
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FIGURE 5. Schematic diagram of parameters calibration.

divided into two kinds of motion, including yawing rotation
and pitching rotation. Yawing rotation is the rotating motion
around vertical axis, and pitching rotation is the rotating
motion around horizontal axis. To describe the movement
of measuring axis, the spatial pose of each axis must be
described, which is the so-called system parameters. The
parameters of each axis consist of the direction vector and
the fixed point on each axis, as shown in Fig. 5. The system
parameters of the articulated laser sensor are listed in Table 1.

TABLE 1. The system parameters of articulated laser sensor.

Axis Parameters

_ ) Direction vector vy, = (xWV s Vs ZWV)
Vertical axis ) .
Fixed point ¥V}, = (Xy00> Yo s Zwvo)

) ] Direction vector 71, = (X1 > Yirr > Zys )
Horizontal axis

Fixed point H, = (X0 Yiro s Zwio)

Direction vector py, = (X, > Vins» Zyns )

Measuring axis ) )
Fixed point By, = (X0 Yinio» Zwaio)

A. CALIBRATION OF VERTICAL AND HORIZONTAL AXES

A calibration method of articulated laser sensor has been pro-
posed [23], which has been applied to this sensor successfully.
To make precise measurements, it is necessary to calibrate the
parameters with highly-accurate measurement instrument.
A CMM is employed to calibrate articulated laser sensor in
the laboratory. Two porcelain beads with highly-precision
machining are adhered on the surfaces of two articulated laser
sensing modules respectively, as shown in Fig. 6.

Rotating two articulated laser sensing modules vertically
and horizontally every ten degrees and measuring the cen-
ters of beads in each position by CMM, thirty-six measured
points are obtained from the complete trace of the beads.
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FIGURE 6. Overall setup of parameters calibration.

( Thirty-six measured poinls)

Plane Fitting

Calculating the distances
from the measured points to the fitted plane

The distances are less than 0.005mn1
Yes

[ Projecting the remaining points onto the fitted plane |

Eliminating the wrong points |

| Ellipse fitting |

Direction vector of the rotation axis
Fixed point of rotation axis

FIGURE 7. Flow chart of data processing of vertical and horizontal axes.

The parameters of horizontal axis and vertical axis are
obtained by the least square method. The flow chart of data
processing is shown in Fig. 7. The normal vector of fitted
plane is recorded as the direction vector of the rotation axis,
the ellipse center is recorded as the fixed point of each axis.
Especially, the downward direction is taken as positive for the
vertical axis.

B. CALIBRATION OF MEASURING AXIS
A laser receiving plate with high-precision machining is
used to obtain the laser spot to calibrate the measuring axis,
as shown in Fig. 6. Three porcelain beads are adhered on the
surfaces of the laser receiving plate, which is improved to
simplify the computing process compared with the method
in reference [23]. The centers of beads are obtained by CMM
and image processing, respectively. The centers of the laser
spots on the image plane are obtained by image processing.
By analysis of space vectors, the coordinates of laser spots
on the laser receiving plate are obtained in CMM coordi-
nate system. The flow chart of data processing is shown
in Fig. 8.

Fortunately, the fixed points and direction vectors of three
axes of two articulated laser sensing modules are described

121258

in CMM coordinate system. So the relative relationship
of two articulated laser sensing modules can be obtained.
Compared with traditional multi-station measurement sys-
tem [24], a scale bar for calibrating the extrinsic parameters
is no longer needed.

C. COORDINATE SYSTEM TRANSFORMATION

IN CALIBRATION

The coordinate system of each articulated laser sensing mod-
ule is defined as follows. As shown in Fig. 5, the coordi-
nate systems of left and right module are transformed from
CMM coordinate system, including one translation and one
rotation. The origin of CMM coordinate system is translated
to the fixed point on measuring axis, which is defined as
the origin of coordinate system of each articulated laser
sensing module. Then the y-axis of CMM coordinate system
is rotated to be parallel to the direction vector of vertical
axis, which is defined as the y-axis of coordinate system
of each articulated laser sensing module. The translation
is expressed by a translation vector Ty and the rotation
is expressed by Rodrigues matrix Ry . The transformations
from the CMM coordinate system to the coordinate system of
left and right articulated laser sensing module is respectively
expressed as

| Rwe Twi
| Rwr  Twr
Myg = |:0 1 ] (2)

The transformations from the coordinate system of
right articulated laser sensing module to left module is
expressed as

Mo = My * Mg 3)

IV. MATHEMATICAL MODEL

A. KINETIC MODEL OF ARTICULATED LASER

SENSING MODULE

During measurement, the measuring axis is rotated around
the vertical axis for yawing rotation and around the horizontal
axis for pitching rotation. The transformation relationship of
coordinate systems is shown in Fig. 9. The coordinate system
of left articulated laser sensing module is defined as Oxyz
and set as the measurement coordinate system of articulated
laser sensor. The coordinate system of right articulated laser
sensing module is defined as OrxgyRZR.

To simplify the analysis, the left articulated laser sensing
module is taken as an example. The right articulated laser
sensing module is the same as left module. The fixed point on
vertical axis is translated to the fixed point on measuring axis.
So the vertical axis passes the origin of coordinate system
of articulated laser sensing module, and the homogeneous
translation vector is defined as T, The rotation matrix for
yawing rotation is defined as Ry,,. The transformation matrix
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FIGURE 8. Flow chart of data processing of measuring axis.
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FIGURE 9. The transformation relationship of coordinate systems.

Myq,, of yawing rotation is described as From the structure of articulated laser sensing module,
the yawing rotation of horizontal axis is also described
Mya, = Ty;vlv * R;alw * Tyay 4 by Mygayp.
cos () 0 sin(@ O Then the pitching rotation is analyzed. The dynamic fixed
0 1 0 0 point on horizontal axis is translated to the origin of dynamic
where  Ryaw = | _ (@ 0 cos(@) O coordinate system of articulated laser sensing module, and
0 0 0 1 the homogeneous translation vector is defined as Tj;;c;. The
rotation matrix for pitching rotation is defined as Rp;cx. The
and o represents the yawing rotation angle. transformation matrix My, of pitching rotation is expressed
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as

Mpitch = Tp;tih * Rpitch * Tpitch (5
where
Rpitch

G+a—a5—43 2(@192—q0q3) 2(q193+q0q2) O
2(q192+9093) G- +33—43 2 (9293—q0q1) O

2(q193—q092) 2(q2q93+90q1) G—43—q5+43 O
0 0 0 1

andg = qo+q1-X+q-¥+q3-72 = cos(ﬂ/2)+7z-sin(:3/2) isa
quaternion describing the rotation [25]. B represents the angle
of pitching rotation and h is unit direction vector of dynamic
horizontal axis, which is obtained by Myg,,.

Combining (4) and (5), the transformation matrix from
initial coordinate system to dynamic coordinate system is
described as

My = Mpitch * Myayw (6)

Similarly, the transformation matrix Mg of the right artic-
ulated laser sensing module is obtained.

B. THE CALCULATION MODEL OF SPATIAL COORDINATES
For the low-accuracy of traditional perspective projection
model, the calculation model based on the midpoint of com-
mon perpendicular of lines on different planes is employed in
this paper. The measuring axes of two articulated laser sens-
ing modules are described as two lines on different planes,
as shown in Fig. 10.

Left module

Right module

FIGURE 10. The calculation model of spatial coordinates.

Combining calibrated parameters and kinetic model,
the direction vector and fixed point of measuring axis of left
articulated laser sensing module are expressed as

pur = My x My % pwr @)
Py = My, x My * Py, (8)

where py and Py, have been obtained in Section II1.
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Similarly, the direction vector and fixed point of measur-
ing axis of right module in coordinate system of sensor are
expressed as

PMR = Mo * Mg s Mg * pwr )
PMR =M0*MR*MWR *PWR (10)

The measuring axes of two articulated laser sensing mod-
ules are respectively expressed as

Ly () = PyL + 1t *pur (11)
Ly (t') = Pur + 1" * pur (12)
where ¢ and ¢’ represent length coefficients.

By setting t = t; and ¢/ = 1, two points of Ly (¢1)
and L, (#) are selected on two measuring axes, respectively.
Assume that L (¢1) and L; (#;) are the foot points between
two measuring axes and common perpendicular, as shown
in Fig. 10. The dot product of py;; and L! (t1) Ly (1) is O and
the dot product of pyg and Ly (t1) Ly (t2) is 0. t; and #; can
be obtained by the following equations

N —_—
puL oLy (1)) Lp(12) =0
= —_—
pur® L1 (t1) Ly (1) =0

t1 and 1, are substituted into (11) and (12). And L; (¢1) and
Ly (1) are obtained.
The midpoint of common perpendicular is described as

p=I[Li®)+L (12)]/2 (14)

(13)

V. ACCURATE INTERSECTION MODEL

Accurate intersection of two laser beams is a crucial part to
achieve precision measurement. For the limitation of angle
resolution of rotary table, it is difficult to achieve accurate
intersection. An accurate intersection model is proposed.
The model is used to calculate the accurate rotation angles
of rotary tables by discrete point interpolation method on
non-accurate intersection conditions.

Each rotary table of the articulated laser sensing module
is rotated in a small angle range. And the movement track
AB of laser spot on the target plane is approximately a line,
as shown in Fig. 11. The range of small angle is related to
the measurement distance and the spatial positions of laser
beam and target plane. Based on the pinhole camera model,
A’B’ is the movement track of laser spot on the image plane.
A’B’ is decomposed into two directions, u-axis and v-axis.
The relationship between moving distance on each axis and
the rotation angle of rotary table is approximately linear. The
linear relationship is described as

u=ayx+b1p+c

(15)
v=ama—+ b+

where (u, v) is the coordinate of laser spot on the image plane,
(e, B) is the rotation angle of rotary table and (a1, b1, c1) and
(aa, ba, c2) are the parameters of linear equations.

The rotary tables are rotated more than three times in a
small angle range. And more than three sets of (u,v) and
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TABLE 2. Comparison system parameters generated from Solidworks.

Axis Left articulated laser sensing module (mm)

Right articulated laser sensing module (mm)

Vertical axis

Horizontal axis

Direction vector (0.017, 0.330, 0.944)
Fixed point (6.149, -91.682, 5.607)

Measuring axis

Direction vector (0.147, 0.978, -0.147)
Fixed point (-7.351, -48.907, 7.351)

Direction vector (0.986, -0.157, 0.052)
Fixed point (1.191, -94.362, 9.553)

Direction vector (0.147, 0.978, -0.147)
Fixed point (214.298, -73.983, 62.165)

Direction vector (0.969, -0.131, 0.212)
Fixed point (223.378, -119.142, 66.868)

Direction vector (-0.141, 0.351, 0.926)
Fixed point (229.172, -119.415, 63.811)

Target Plane

Laser beam

! A' Z2
/
i X,
Image Plane—77
ly z,
Camera O. X Sensing module
Ve

FIGURE 11. Schematic diagram of accurate intersection.

(o, B) are obtained. (aj, by, c1) and (az, by, ¢p) are derived

by least square method as follows
L = (ATA) ' ATU
T A\~ AT (16)
L, = (ATA) ATy

where L1 = [a1,bi,c1]’, Ly = [as, b2, c2]", U =
[1, g, u3 - - - un)”,
X1 Y1
V=Dl A= x1 y1
X oy 1
Combining (15) and (16), the matrix equation is obtained

-1

o air b u
B | = a by o % (17)
1 0 0 1 1

The left laser spot coordinate of (ug, vg) on the image
plane is substituted into (17). And the rotation angles of right
sensing module are obtained, which are corresponding to the
accurate intersection of two laser beams.
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VI. VALIDATION EXPERIMENTS

A. SIMULATION OF ARTICULATED LASER SENSOR
MEASUREMENT

Based on Solidworks, a simulation environment for artic-
ulated laser sensor is set up as shown in Fig. 12. The
measurement distance for simulation is from 100 mm to
500 mm. 65 points are placed in different positions in the
measurement space. The system parameters of articulated
laser sensor are calibrated in the Solidworks coordinate sys-
tem, as shown in Table 2. Corresponding to the practical
calibration, the value of calibrated parameters are accounted
to three decimal places.

00
A
. . Measured points
. -
-
L
.
-
s .
-
. . hd * .
- - .
-
- L] - - - .
™ >
. . .
L] . .
. . Pae, . .
l- .'
- L]

Articulated laser sensor

FIGURE 12. Schematic diagram of simulation environment.

Utilizing the simulation system parameters of the artic-
ulated laser sensor, the 3D coordinates of the remaining
65 points were obtained. The truth 3D coordinates are gen-
erated by Solidworks. The deviations of measured values and
truth values are shown in Fig. 13 and Table 3.

Combining Fig. 12, Fig. 13 and Table 3, the simulation
results are obtained as follows. First, the articulated laser
sensor is able to deliver a high performance and the maximum
measurement error is less than 0.02 mm from 100 mm to
500 mm in the simulation environment, which is generated
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Coordinate deviation / mm

400 "
300 0

200
Measurement distance / mm

J LUV
-6l

FIGURE 13. The deviations of measured values and truth values.

TABLE 3. comparison between measured values and truth values in
simulation.

Max deviation ~ Min deviation Average Std. deviation
(mm) (mm) (mm) (mm)
0.017 0.001 0.005 0.004

Sphere surface
FIGURE 14. High-precision machining hemispherical target.

from the rounding error of decimal places. Second, the mea-
surement error increases with the increase of measure-
ment distance. Third, the measurement error approximatively
increases with the increase of the divergence angle, whose
zero reference is shown in Fig. 12.

B. EXPERIMENTS OF ARTICULATED LASER

SENSOR MEASUREMENT

In the experiment, a CMM was employed to calibrate the sys-
tem parameters. By measuring the small adhered balls rotated
around the corresponding axes, the direction vectors and fixed
points of the horizontal and vertical axes were obtained by
ellipse fitting. And the spatial position of measuring axis
could be obtained by the CMM and image processing. The
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FIGURE 15. Overall experimental setup of articulated laser sensor.

system parameters in the CMM coordinate system are shown
in Table 4.

To obtain an extremely highly-accurate spatial coor-
dinate of the intersection of two laser beams, a high-
precision machining hemispherical target with the centre dot
is employed, as shown in Fig. 14. The coordinate of centre dot
are obtained by two measuring ways, as shown in Fig. 15. The
points on the sphere surface are measured by CMM and the
coordinate of centre dot is received by sphere surface fitting,
which is defined as reference value. The intersection of two
laser beams is measured by articulated laser sensor, which
is defined as measured value. 20 measured points are placed
in different positions in the measurement space, as shown
in Fig. 16. The deviations of measured values and reference
values are shown in Fig. 17 and Table 5.

From the Fig. 16, Fig. 17 and Table 5, the experimental
results are obtained as follows. First, the maximum measure-
ment error is less than 0.05 mm from 100 mm to 500 mm
in the real experimental, which is worse than the simulation
results. Second, the overall trend of the measurement error is
the same as the simulation results.
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TABLE 4. The intrinsic parameters calibrated by CMM.

Axis Left articulated laser sensing module (mm)

Right articulated laser sensing module (mm)

Vertical axis

Horizontal axis

Direction vector (0.221297, 0.974611, 0.034063)
Fixed point (311.598, 711.725, -596.611)

Measuring axis

Direction vector (0.001802, 0.004509, -0.999988)
Fixed point (212.588, 49.535, -604.122)

Direction vector (0.974637, -0.223787, 0.001371)
Fixed point (163.701, 60.892, -621.959)

Direction vector (-0.005815, 0.004339, -0.999974)
Fixed point (373.639, 50.427, -525.154)

Direction vector (0.986801, 0.161851, -0.005349)
Fixed point (439.757, 61.650, -622.794)

Direction vector (-0.198316, 0.974778, -0.102368)
Fixed point (317.737, 672.093, -596.205)

-680
682 e s

z/mm

-684 |

00
200
300
400
x/mm 500 3g

FIGURE 16. Schematic diagram of the measured points.
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3 600

500
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y/mm

0.05
0.045
0.04
0.035
0.03
0.025
WL S ot 0.02

~— 5 500
e 300 350 400 450
250 S 0.015

FIGURE 17. The deviations of measured values and reference values.

TABLE 5. Comparison between measured value and reference value in
experiment.

Max deviation ~ Min deviation Average Std. deviation
(mm) (mm) (mm) (mm)
0.048 0.015 0.033 0.009

VIl. CONCLUSION AND FUTURE WORK

A. CONCLUSION

Based on non-orthogonal shafting architecture, a novel artic-
ulated laser sensor for 3D precision measurement is proposed
in this paper. The presented sensor mainly consists of four

VOLUME 7, 2019

one-dimensional rotary tables, two collimated laser and one
camera. Although the uncertainty of assemblage, the system
parameters of sensor are calibrated accurately by CMM and
image processing. The measurement principle is elaborated.
The experimental results show that the maximum measure-
ment error of the proposed sensor is less than 0.05 mm. The
encouraging results prove that this sensor is suitable for 3D
measurement applications.

B. FUTURE WORK

Motivated by the increasing demands in the industrial appli-
cations, the measurement distance will be expanded to
1000 mm and measurement accuracy will be improved in the
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following work. However, the measurement error increases
with the increase of measurement distance. It is necessary to
carry out uncertainty evaluation and error compensation.

The studies of the non-orthogonal shafting architecture
are important to theoretical research and practical applica-
tion. This architecture can be easily transplanted for different
applications. By changing the type, number and layout of
rotary tables and laser, the different measurement distances
and accuracies can be realized. For instance, the distance
of two non-orthogonal module is enlarged to achieve the
large-scale measurement. The non-orthogonal shafting archi-
tecture is expected to develop a novel precision measurement
method and a series of novel precision measurement instru-
ments.
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