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Abstract

Three-dimensional (3D) full-field scanning laser Doppler vibrometry represents one of the most
significant non-contact vibration measurement technologies currently available. Among its core
components, 3D alignment and laser vibrometry constitute the two most critical technical
elements. 3D alignment obtains the rotation matrices from the local probe coordinate system
(PCS) to the global world coordinate system (WCS), thereby mapping non-orthogonal vibration
components measured along three laser beam directions by three probes into the orthogonal
WCS. However, existing alignment methods demonstrate significant dependence on calibration
plates or additional measurement equipment, while exhibiting limited adaptability to complex
curved structures, thus constraining their engineering applications. To address this issue, this
paper proposes a 3D alignment algorithm based on the developed mathematical model of 2D
rotating mirror outgoing light rays that directly establishes the global WCS on the measured
object surface. This method utilizes the geometric constraint relationships between multiple
laser beam’s direction vectors and the WCS when multiple probes illuminate the same point,
thereby solving for the transformation matrix from the PCS to the WCS. This approach
eliminates the dependence on calibration plates or feature points that is characteristic of
conventional methods. Experimental results demonstrate that the method achieves maximum
average relative errors of 2.85% and 6.53% in planar and curved surface alignment scenarios,
respectively, while simultaneously enabling 3D full-field laser scanning. Compared to existing
technologies, the proposed method exhibits significant advantages in terms of scenario
adaptability and engineering practicality.

Keywords: laser Doppler vibrometer, mirror model, 3D alignment
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1. Introduction

Laser Doppler vibrometer (LDV) technology represents a
high-precision, non-contact vibration measurement technique
based on the optical Doppler effect. The LDV system emits
a detection laser beam toward the surface of the measured
object and receives optical signals with frequency shifts in
the scattered light caused by target vibrations. These signals
are then processed through interference demodulation meth-
ods to reconstruct vibration velocity information. The tech-
nology exhibits significant advantages including non-contact
operation, wide bandwidth, and high resolution, which has led
to its widespread application in modal testing analysis, struc-
tural health monitoring, ultrasonic flaw detection, and related
fields [1-3].

LDVs can be classified into three categories: one-
dimensional (1D), three-dimensional (3D), and 3D full-field
scanning (FFS) systems. 1D LDVs only capture vibration
components along the laser beam direction, with measure-
ment accuracy significantly affected by the angle between the
laser and vibration directions, and are unable to characterize
complex 3D vibration modes [4, 5]. Additionally, single-probe
movement methods on mobile platforms face severe speckle
noise challenges that can significantly degrade signal quality
[6]. 3D LDVs operate through the collaborative functioning
of three 1D LDVs [7], requiring focused laser convergence
at a single point and relying on coordinate transformation to
achieve 3D vibration measurement at single point. However,
equipment calibration must be repeated when switching
between different measurement points. In contrast, 3D LDV
FES utilizes galvanometer deflection to control three laser
beams to automatically track arbitrary measurement points on
the target surface. This approach enables high-precision 3D
vibration measurements across the entire view field without
requiring equipment position adjustments, demonstrating sig-
nificant advantages in efficiency and adaptability to complex
scenarios [8].

Current 3D vibration measurement techniques are primar-
ily categorized into two approaches: single-probe movement
methods and multi-probe collaborative methods. Single-probe
movement methods are implemented through adjusting the
position and orientation of an individual 1D LDV using
scanners [9, 10], robotic arms [11], or image registration
techniques [12]. Although these methods offer cost advant-
ages, they cannot synchronously acquire instantaneous 3D
vibration data and introduce mechanical errors, so they are
only competent to steady-state vibration measurement. Multi-
probe collaborative methods can be achieved through either
3D LDV or 3D FFS LDV systems. 3D vibration meas-
urement using 3D LDV requires three 1D LDVs to syn-
chronously measure 3D vibration at a single point, making
this method suitable for single-point vibration measurement
applications [13-15]. For scanning applications, multiple cal-
ibrations of laser beam convergence are typically required
[16]. Although 3D vibration measurement techniques based on
3D FFS LDV enable scanning capabilities, they predominantly

require calibration plates, reference objects [17, 18] or fea-
ture points on the measured object itself [19] to provide world
coordinates for alignment points, which constrains their prac-
tical applications.

LDV measurement probes can only measure vibration velo-
city along their laser beam directions. The three probes of a
3D LDV system are typically arranged arbitrarily in the field,
resulting in three non-orthogonal detection laser beams. To
achieve orthogonal decomposition of 3D vibration compon-
ents in the world coordinate system (WCS), the known laser
beam measurement directions in each probe coordinate sys-
tem (PCS) must be mapped to unit vectors in the WCS using
transformation matrices from each PCS to the WCS. The pre-
cise determination of these transformation matrices constitutes
3D alignment, which represents one of the core components of
3D vibration measurement.

Nevertheless, existing methods for calculating transform-
ation matrices exhibit certain limitations that hinder their
application in 3D alignment of 3D FFS LDV. Zeng et al
[20] proposed a rotation matrix calculation method based on
least squares, which requires more than four alignment points
and demonstrates sensitivity to initial iteration values, fre-
quently generating matrices with opposite signs. Martarelli
et al [21] investigated the influence of alignment point quant-
ity and distribution on measurement accuracy; however, their
method relies on theodolite calibration to establish global
coordinates. Xu and Miles [22] introduced an inverse solution
method. This method utilizes four reference points with known
coordinates in both global and PCSs. These reference points
must be distributed across different planes, thereby limiting
its application to curved surfaces or other complex structural
analyses. Furthermore, this method does not guarantee ortho-
gonality of the resulting matrix, which is inconsistent with
physical reality, limiting its application to scenarios where
orthogonal matrices can be inherently obtained. Chen and Zhu
[17] improved these methods by employing singular value
decomposition to directly calculate orthogonal transforma-
tion matrices through multi-target point coordinates, thereby
overcoming structural constraints and ensuring analytical pre-
cision of 3D velocity vectors. Despite these advances, all
aforementioned methods require additional equipment such
as calibration plates or theodolites to obtain the coordinates
of alignment points in the WCS. Moreover, existing evalu-
ation approaches only calculate errors based on limited test
points, failing to comprehensively assess algorithm perform-
ance across the entire scanning space or reflect systematic
errors from laser beam directional variations.

Addressing the limitations of traditional 3D alignment
methods that depend on external calibration tools and exhibit
insufficient scenario adaptability, this study presents an innov-
ative 3D alignment method that directly establishes the WCS
on the surface of the measured object. Meanwhile, we pro-
pose a spherical coordinate-based double integral error evalu-
ation method that can more comprehensively assess algorithm
performance and accurately reflect the impact of laser beam
directional variations on measurement accuracy. This paper
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analyzes the requirements and principles of 3D alignment,
establishes a mathematical model for outgoing light rays from
two-dimensional galvanometer mirrors, and combines this
with the established WCS to determine the rotation matrices
required for 3D alignment. Finally, flat plates and pipes are
selected as two typical measurement objects to experiment-
ally validate the accuracy of the proposed 3D alignment
method, demonstrating the method’s versatility in both planar
and curved surface applications for industrial measurement
environments.

2. Method

2.1 Requirements and principles of 3D alignment

Compared to 1D laser vibrometers, the fundamental advant-
age of 3D laser vibrometers lies in their ability to precisely
analyze 3D vibration vectors of the target. The key to this cap-
ability resides in determining the rotation matrices between
the PCS and the WCS, thereby establishing positional relation-
ships among multiple probes. This process transforms velocity
vectors from each PCS into the WCS, ultimately calculating
the 3D velocity Vy, at the target point.

Let e denote the unit direction vector of the laser beam emit-
ted by the probe in the PCS and R represent the rotation matrix
between the PCS and the WCS, then the unit direction vector
of the laser beam in the WCS, e’, can be expressed as:

e’ = Re. (1)

In vibrometers, the scalar velocity measured by the probe
equals the projection of the target point velocity onto the laser
beam direction in the WCS. Therefore, for the ith probe:

vi=e/"-V,. )

1

In the equation, e/ represents the unit direction vector of a
laser beam emitted by a probe in the WCS; v; denotes the scalar
vibration velocity measured by the probe along its beam dir-
ection. Based on the rotation matrix between the PCS and the
WCS, the 3D velocity Vy, in the WCS is calculated as follows:

/T 1
el V]
T
Vo= T | | w | 3)
T
e} V3

Based on the above analysis, the key to achieving 3D
FES for 3D LDV lies in accurately determining the rotation
matrices. To address this issue, a 3D scanning laser control
system was designed as illustrated in figure 1. The system
comprises three identical scanning probes, a scanning con-
trol system, and a camera. Within this system, the camera
provides feedback on of laser output positions from the probes
to the host computer. The scanning probes, composed of laser
rangefinders and 2D rotating mirrors, enable spatial angle con-
trol of outgoing laser beams and distance measurement of laser
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Figure 1. System block diagram. (a) Schematic diagram of 3D
scanning; (b) composition diagram of 3D scanning system.

impact points. The 3D alignment process requires selecting
several calibration points on the camera image and controlling
the reflecting mirrors under camera guidance to sequentially
direct laser beams from the three probes onto different points
simultaneously. Therefore, establishing a mathematical model
for light rays emitted from two cascaded rotating mirrors
is necessary before obtaining the coordinates of calibration
points in each PCS.

2.2. Solving of the rotation matrix

2.2.1. Establishment of a mathematical model of rotating mir-
ror outgoing rays.  To determine the rotation matrices that
transform from the PCS to the WCS, mathematical model of
light rays emitted from rotating mirrors must first be estab-
lished. The 2D rotating mirror and laser beam reflection model
utilized in this paper is illustrated in figure 2. In this model,
mirrors M1 and M2 are controlled by two separate motors
to rotate, with their rotation axes perpendicular to each other.
The rotation angles of the mirrors exhibit a linear relationship
with the input voltages of the motors. By adjusting the input
voltages of each motor, mirrors M1 and M2 rotate accordingly,
directing the laser beam to any desired point within the 3D
scanning region.

The investigation begins by establishing a right-handed
Cartesian coordinate system O,-XYZ as the PCS, with the cen-
ter point O, of mirror M2 as its origin and the Y-axis aligned
with the rotation axis of mirror M2. Mirrors M1 and M2 have
their rotation axis positions and initial angles fixed during
manufacturing, with clockwise rotation defined as the posit-
ive direction for both mirrors. As illustrated in figure 2(b), the
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(b) _/5 Ml (mlx:mlyamlz)

Figure 2. Laser rotation control model via two-axis rotating mirror.
(a) Rotating mirror’s geometric mode; (b) laser beam reflection
model.

rotation angles of mirrors M1 and M2 relative to their ini-
tial angles are denoted as « and [3, respectively, where the
laser beam passes through the centers of M1 and M2 sequen-
tially when o = 8 = 0. In the O,-XYZ coordinate system,
the unit spatial vector of the incident laser beam is defined
as S = (0, 1,0)T; the unit vectors of the rotation axes for mir-
rors M1 and M2 are represented as m; = (mlx,mly,mlz)T
andm, = (m2x7m2),7m22)T, respectively; and the initial normal
vectors of M1 and M2 are expressed as n; = (nlx,nly,nlz)T
and n, = (n2x,n2y,nzz)T.

The rotation matrix R of the normal vector of rotating mir-
ror M1 was constructed using the unit vector my of the rotation
axis of M1 [23],

R =V =1+7,sina+75; (1 —cosa) 4)

where I represents the identity matrix, and

0 —ny; mly
:)\’1 = mi; 0 —Mix . 5)
—myy iy 0

The reflection matrix of M1 for the laser beam is defined
as [24],

M, = (1—2(R1n1)(R1n1)T) . ©6)
In the O,-XYZ coordinate system, the coordin-
ates of the center point O; of rotating mirror Ml

are known, and the normal vector of M1 is defined
as nj, = Ryn;. The unit vector of O;P, can be obtained
by left-multiplying the incident vector S with the mirror mat-
rix M;. Therefore, O; and n;o uniquely determine the lin-
ear equation of the laser beam O1P2 after reflection from
MI. Similarly, the normal vector of M2 is expressed as
mg =Rom, O; = (0,0,0)T and ng uniquely determines the
plane equation of M2. Consequently, the intersection point
P; of O;P, and M2 can be calculated, which represents the
reflection point of the laser beam on M2.

The reflection matrix of M2 for the laser beam is as follows,

M, = (I ~2(Romy) (Rznz)T> . )

. —
Therefore, the unit vector of P,P5 after the laser beam’s
reflection from rotating mirrors M1 and M2 is expressed as:

P,P; = ML,M;S . (3)

The position vector of the laser beam’s impact point on the
measured object can be determined by using the intersection
vector O,P», the unit vector P,P; of the emitted laser beam,
and the distance L between the emission point and the meas-
ured object,

0,P; =0,P, +L-P,P; . )

In the O,-XYZ coordinate system of the 2D rotating mirror
system designed in this study, the unit vectors of the rotation
axes of M1 and M2 are my = (1,0,0)" and m, = (0,1,0)",
respectively. The coordinates of the center O; of M1 are
(0,0, —d)T, where d represents the distance between the cen-
ter points of rotating mirrors M1 and M2, determined by the
geometric parameters of the fixed rotating mirror structure.
The reference plane of rotating mirror M1 is defined as the
X0,Z plane, with its initial normal vector n; = (0, —I,O)T,
while the reference plane of rotating mirror M2 is defined as
the YO,Z plane, with its initial normal vectorn, = (—1,0, O)T.
Typically, the initial planes of the 2D rotating mirrors form cer-
tain angles with their respective reference planes, where the
angle between the initial position of rotating mirror M1 and
the XO,Z plane is defined as 6,, and the angle between the
initial position of rotating mirror M2 and the YO,Z plane is
defined as 6. Typically, the initial angles of the two rotating
mirror axes are 45°. Based on the aforementioned derived for-
mulas, the 3D coordinates of the emitted beam’s unit vector
P,P; = (X, Y,Z) can be expressed as:

X = —4(cosasinby + cosb, sina) -
(cosasinfy — sinf, sina) -
(cos Bsinby + cosfysin 3) -
(cos Bsinfy — sin by sin 3) (10)

Y =1—2(cosasinfy — cos by sin oz)2

1)
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Z = —2(cosasinfy + cosb,sina)-
(cosacosf, —sinf, sina) -
(2cos Bsinby +2cosfy,sinf —1). (12)

In the 2D rotating mirror system employed in this study, the

vector O, P, of the beam emission point on rotating mirror M2
is expressed as:

0,P; = (0,—d - tan (2a),0)". (13)

By combining equations (9) through (13), the spatial
coordinates of the laser beam impact point in the PCS can be
determined as,

X = —4L(cosasinfy + cosfysina) -
(cosasinf, — sind, sina) -
(cos Bsinfy + cos ), sin 3) -

(cos Bsinfy — siné, sin 3) (14)
Y=L- [1 —2(cosasinfy — cos by sina)’

—d-tan (2a) (15)
Z = —2L(cosasinf, + cosb,sina) -

(cosacosd, —sinf, sina) -

(2cosBsinby +2cosbysin 5 — 1) (16)

where 6, and 0, are determined by the mechanical structure
of the rotating mirror system, and L represents the distance
between the emission point O, of the rotating mirror and the
impact point on the structure to be measured, which can be
calculated using the following equation:

L=D—-D, an
where D represents the distance measured by the laser
rangefinder, and D; denotes the fixed distance from the vibro-
meter laser emission point to the output point of the rotat-
ing mirror system, which is determined by the mechanical
assembly.

2.2.2. 3D alignment algorithm.  The alignment method pro-
posed in this paper directly establishes the WCS on the meas-
ured object. During the process of establishing the WCS, rota-
tion matrices between each PCS and the WCS are constructed,
enabling 3D vibration analysis without relying on external cal-
ibration tools, avoiding positioning errors of calibration plates
and environmental interference effects in traditional meth-
ods, and directly correlating with the measured object sur-
face. Therefore, this method can intuitively measure 3D vibra-
tion vectors on the measured object surface while ensuring the
orthogonality and physical significance of the transformation
matrices.

The coordinate system established in this paper is illus-
trated in figure 3. During the establishment of the coordinate
system, a point A is arbitrarily selected on the surface of the
measured object as the origin of the WCS, and the calibrated
rotating mirror system converges the emitted laser beams from

Figure 3. Schematic diagram for directly establishing the WCS.

three probes onto point A. The spatial vectors of point A in the
three PCSes, denoted as T A, T,A,, and T3Aj3, are derived
from equations (14) through (16), where T1, T2, and T3 rep-
resent the emission points of the laser beams from the three
probes, respectively. Using the same method, points B and C
are selected, resulting in the vectors TB;, T,B,, T3B3 and
T]C], T2C2, and T3C3.

As illustrated in figure 3, the vector ﬁ is defined as the
X-axis of the WCS, with the plane determined by points A,
B, and C established as the XY plane, and the normal vector
of this plane designated as the direction of the Z-axis of the

coordinate system. Taking the spatial vectors T1A |, T;B, and

T C; in one PCS as an example, the unit vector in the X-axis
direction can be derived as,

s ——
< - T,B, —TA

= i AL (18)
TB; —TiA

Consequently, the unit vectors in the Z-axis and Y-axis dir-
ections are expressed as,

— s —
, TG —TiA;

1T = — (19)
T,C, —TA
y =z’ xx’ (20)

where x’, y’, and z’ are all 3 x 1 unit vectors. Based on these
vectors, the rotation matrix R; between the PCS and the WCS
can be constructed as,

/T

R =|y"|=

x'v x'y x/;

!/ / !/
Y. Y, ¥Y:
'y 7'y, 7/,

21

Similarly, the rotation matrices R, and R; between the
other two PCSes and the WCS can be constructed, thereby
enabling the measurement of 3D vibration in the orthogonal
WCS through equation (3) via substituting the non-orthogonal
vibration velocity components measured by the three probes
along their respective laser beam directions.

2.3. Experiments

To evaluate the precision of the alignment method pro-
posed in this paper, an aluminum plate with dimensions of
400 mm x 300 mm x 3 mm was selected as the test object to
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Figure 4. Experimental system. (a) Plate alignment experiment; (b)
pipe alignment experiment.

simulate common structural surfaces, while a cylindrical pipe
with a diameter of 400 mm, height of 300 mm, and wall thick-
ness of 10 mm was chosen as a representative curved surface
object. The experimental system was constructed as illustrated
in figure 4.

The experimental system consists of three identical laser
probes and one camera, with each probe equipped with a laser
rangefinder and a 2D rotating mirror system. Through mech-
anical design and optical path adjustment, the laser emitted
from the rangefinder is ensured to precisely incident on the
geometric center of the rotating mirror M1.

3. Results and discussion

3.1 Error assessment methods

Currently, most existing studies adopt coordinate-based meth-
ods for rotation matrix error evaluation, which involve set-
ting several test points on the measured object and calculating
errors through their coordinates. However, this approach only
calculates errors based on limited test points, failing to com-
prehensively assess algorithm performance across the entire

scanning space or reflect systematic errors from laser beam
directional variations. To address these limitations, this paper
proposes and adopts an error evaluation method based on the
expression of laser beam unit direction vectors in spherical
coordinate system. Considering the practical requirement that
laser beams need to cover the entire workspace in scanning
measurement, this method can comprehensively assess align-
ment algorithm performance across the entire laser scanning
range, providing a more accurate and complete evaluation of
system performance.

The expression of any detection laser’s unit vector in space
under the spherical coordinate system is defined as,

L = (sinacos 3, sinasin 3, cos a)T (22)

where o represents the angle between the vector and the Z-axis
of the PCS, with « € (0,7 ); and 3 denotes the angle between
the projection of the vector on the XOY plane and the X-axis,
and 8 € (0,7 ). Based on the relative pose relationship of the
vibrometer probes during placement, the reference rotation
matrix R, can be calculated, which subsequently enables the
determination of the corresponding unit vectors Ly, and Ly, in
the WCS,

{ L, =RL @3

Ly. =R.L

The error vector E is obtained by subtracting the reference
result Ly, from the calculated result Ly,

E=L, —Ly.= (E\,E,,E;) (24)
where E,, E,, and E; represent the X-axis, Y-axis, and Z-axis
components of the error vector E, respectively. According to
equation (21), the velocity vectors in the PCSes are trans-
formed by rotation matrices to the WCS and then superim-
posed to generate 3D vibrometry data. Therefore, the error
vector E directly represents the measurement result errors
introduced by the rotation matrices.

Finally, the L2-norm of the error vector E is double-
integrated over the domains of o and /3 to obtain E.,, as the
overall error assessment variable,

_ fo7T fo7r ||E||2d5d0¢

Eerr
T2

(25)

In this study, the error vector E is defined as the dif-
ference between two unit vectors. When the two unit vec-
tors are aligned in the same direction, the L2-norm equals
0; when they are in opposite directions, the L2-norm equals
2. The average error E.; is a dimensionless quantity with a
range of 0-2, characterizing the degree of directional devi-
ation between vectors. This evaluation method directly rep-
resents the measurement errors along the three axes caused by
errors in the rotation matrices, while also providing an overall
error assessment through double integration as an evaluation
criterion. Compared to traditional evaluation methods based
on limited test points, this method can reflect potential errors
of laser beams in arbitrary directions throughout the entire
scanning space, providing more comprehensive quantitative
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Figure 5. Schematic diagram of the coordinate system for the plate
alignment experiment.

assessment of algorithm performance, and is particularly suit-
able for industrial vibration measurement applications requir-
ing FFS.

3.2. Plate alignment experiment

As illustrated in figure 5, the WCS was established on the
plate, with the plate surface serving as the XOY plane of the
WCS and the Z-axis of the WCS perpendicular to the plate.
The YOZ plane of the probe 1 is parallel to the XOY plane of
the WCS.

According to the definitions related to coordinate system
rotation transformations, when the coordinate system rotates
around the X-axis, its rotation matrix Ry is expressed as,

1 0 0
Ry=| 0 cosf; —sinb; (26)
0 sinf; cosb;

where 6, represents the rotation angle around the X-axis.
Similarly, when the coordinate system rotates around the Y-
axis and Z-axis, the rotation matrices Ry and R, are expressed
as follows, respectively,

cosf, O siné, |

R, = 0 1 0 27)
| —sinfh 0 cosb, |
[ cosf; —sinf; O ]

R,=| sinf3 cosf; O (28)
0 0 1]

where 60, and 05 represent the rotation angles of the coordinate
system around the Y-axis and Z-axis, respectively.

Based on the established coordinate systems described
above, the reference rotation matrix RPlate between the PCS1
and the WCS can be determined as,

RPlate

Ry -R; = (29
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Figure 6. Plate alignment experiment error. (a)—(c) Error of the
probes 1, 2, 3 in the X direction; (d)—(f) error of the probes 1, 2, 3 in
the Y direction; (d)—(f) error of the probes 1, 2, 3 in the Z direction.

In the experiment, probe 2 and probe 3 were rotated clock-
wise around the Z-axis by —22° and 20°, respectively, relative
to the probe 1. Calculations determine that the reference rota-
tion matrices Rf;a‘e and RP e between the remaining probes
and the WCS are expressed as, respectively,

0375 0927 0

RPate — 0 0 1 (30)
0.927 —0.375 0
—0.342 0.940 0

RPate — 0 0 1 (31)
0.940 0.342 0

The results of the 3D alignment experiment in the plate
scenario are illustrated in figure 6.

As observed in figure 6, for emission vectors at arbitrary
angles, the errors of the three vibrometer probes in all three
axial directions are less than 8%. The L2-norm of the error
vector under different alignment point distributions is calcu-
lated using equation (25), followed by double integration over
the domains of « and 3, yielding average errors of 5.18% for
the probe 1, 5.69% for probe 2, and 3.07% for probe 3. The
average relative errors of all three probes are below 2.85%, val-
idating the accuracy of the alignment algorithm when applied
to plate scenarios.

3.3. Pipe alignment experiment

As illustrated in figure 7, the WCS in the 3D alignment exper-
iment is established on the pipe, with the XOY plane of the
WCS defined as the tangential plane of the pipe, and with the
YOZ plane of the probe 1 parallel to the XOY plane of the
WCS.

Based on the established coordinate systems described
above, the reference rotation matrix R5P between the PCS
1 and the WCS can be determined as,

0 1
RIP=R,-R,=| 0 0 (32)
1 0

S = O
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Figure 7. Schematic diagram of the coordinate system for the pipe
alignment experiment.
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Figure 8. Pipe alignment experiment error. (a)—(c) Error of the
probes 1, 2, 3 in the X direction; (d)—(f) error of the probes 1, 2, 3 in
the Y direction; (d)—(f) error of the probes 1, 2, 3 in the Z direction.

In the experiment, the probes 2 and 3 were rotated clock-
wise around the Z-axis by —13° and 20°, respectively, relative
to the probe 1. Calculations determine that the reference rota-
tion matrices RIP¢ and REP® between the remaining probes
and the WCS are expressed as follows, respectively,

. 0.225 0974 0
RIP*—1| 0 0o 1 (33)

0.974 —0.225 0

. ~0.342 0.940 0
RPPe 0 0 1 (34)

0.940 0342 0

As observed in figure 8, for laser beam emission vectors
ranging from 0° to 180°, the three-axis alignment errors of all
three probes are less than 15%. The probe 1 exhibits higher
errors in the Y-axis and Z-axis directions (average error of
13.05%), and this is because there is slight angular deviations

between its YOZ plane and the XOY plane that leads to impre-
cisions in the rotation matrix R¢;. The average alignment error
E.; is calculated using equation (25), and the yielding value
is 13.05% for the probe 1, 3.5% for probe 2, and 5.83% for
probe 3, with relative errors all below 6.53%. These experi-
ment results validate that the alignment algorithm maintains
good performance when applied to curved surface scenarios.

4. Conclusion

To address bottleneck issues in 3D FFS LDV, including the
absence of laser beam emission models, insufficient multi-
probe collaborative alignment precision, and low calibration
efficiency on complex surfaces, this paper proposes a 3D
alignment algorithm that directly establishes the WCS on the
surface of the measured object based on a cascaded rotat-
ing mirror mathematical model. Additionally, we introduce
a spherical coordinate-based double integral error evaluation
method to overcome the limitations of traditional evaluation
approaches that only assess local errors at limited test points,
providing comprehensive performance assessment across the
entire laser scanning range.

Building upon the established geometric model of laser
beam emission from the 2D rotating mirrors, the 3D alignment
algorithm is developed and validated using plate and pipe as
representative targets to verify its effectiveness. Experimental
validation demonstrated that the proposed algorithm achieves
maximum average relative errors of 2.85% in plate measure-
ment scenarios and 6.53% in curved surface measurement
scenarios, meeting the engineering precision requirements for
3D vibration vector decomposition.

In conclusion, the method proposed in this study elimin-
ates the need for auxiliary means such as calibration plates and
theodolites, significantly enhancing the reliability and applic-
ability of orthogonal 3D vibration measurements in the WCS
on complex structures, thereby providing a high-precision,
low-complexity systematic solution for industrial intelligent
inspection scenarios. However, this method still has certain
limitations: it has currently only been verified on relatively
simple geometric structures, the selection of reference points
is subjective, and it has certain requirements for the reflection
characteristics of the measured surface. Future work needs to
further verify the robustness and applicability of this method
on more complex geometric structures, different surface char-
acteristics, and actual engineering environments.
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