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Abstract: In recent years, the macro-micro structure (servo platform for macro motion
and galvanometer for micro motion) composed of a galvanometer and servo platform has
been gradually applied to laser processing in order to address the increasing demand for
high-speed, high-precision, and large-format precision machining. The research in this
field has evolved from step-and-scan methods to linkage processing methods. Neverthe-
less, the existing linkage processing methods cannot make full use of the field-of-view
(FOV) of the galvanometer. In terms of motion distribution, the existing methods are not
suitable for continuous micro segments and generate the problem that the distribution
parameter can only be obtained through experience or multiple experiments. In this re-
search, a new laser linkage processing method for global trajectory smoothing of densely
discretized paths is proposed. The proposed method can generate a smooth trajectory of
the servo platform with bounded acceleration by the finite impulse response (FIR) filter
under the global blending error constrained by the galvanometer FOV. Moreover, the tra-
jectory of the galvanometer is generated by vector subtraction, and the motion distribu-
tion of macro-micro structure is accurately realized. Experimental verification is carried
out on an experimental platform composed of a three-axis servo platform, a galvanome-
ter, and a laser. Simulation experiment results indicate that the processing efficiency of
the proposed method is improved by 79% compared with the servo platform processing
only and 55% compared with the previous linkage processing method. Furthermore, the
method can be successfully utilized on experimental platforms with good tracking per-
formance. In summary, the proposed method adeptly balances efficiency and quality, ren-
dering it particularly suitable for laser precision machining applications.

Keywords: laser processing; linkage processing; macro-micro structure; galvanometer
scanner; trajectory distribution; optimal time

Micromachines 2025, 16, 177

https://doi.org/10.3390/mi16020177



Micromachines 2025, 16, 177

2 of 22

1. Introduction

Laser processing is widely utilized in industrial processing owing to its advantages
of non-contact [1], high flexibility [2], high efficiency [3,4], and high processing accuracy
[5,6]. In recent years, the demand for large-format, high-speed, and high-precision laser
precision processing has been increasing [7-9], such as laser marking [10] for electronic
devices, laser polishing [11], laser cutting [12], laser lithography, and so forth. There have
been efforts using adaptive optics [13,14] to control the laser beam to expand the size of
the laser spot at the focus to increase the processing area, but this way only expands the
processing area at the focus and cannot effectively expand the overall processing area. The
existing research focuses on the combination of the servo platform and galvanometer to
form the macro—micro structure for processing. The term “macro-micro” in this context
specifically emphasizes the dynamic coupling between two distinct orders of actuators,
designed to differentiate motion structures in terms of motion scale, precision, and dy-
namic response characteristics. Herein, the servo platform is responsible for macro motion
to provide a large range of motion, and the galvanometer is responsible for micro motion,
that is, a small range of fine motion with high precision and rapid response. The galva-
nometer can control the position of the laser spot quickly and accurately by swinging two
orthogonal parabolic mirrors in a certain angle range. It has the characteristics of high
scanning speed and fast response speed, but the processing range is constrained by the
field-of-view (FOV) [15,16]. The servo platform is adopted to expand the processing area,
combining the advantages of the two sub-motion systems to achieve continuous large-
format precision processing.

In some studies, the macro-micro structure mentioned above has been identified as
kinematically redundant mechanisms [17], which utilize redundant degrees of freedom to
carry out subtasks while finishing the primary task to realize large-format precision pro-
cessing. The traditional method based on the macro-micro structure is the step-and-scan
method [18,19]. The pattern to be processed is divided into several small range processing
areas first, and then the servo platform moves to the center of the first processing area and
stops. Subsequently, the galvanometer begins to process this area. After the galvanometer
has processed a single processing area, the servo platform moves to the center of the next
processing area and repeats the cycle until all the processing areas are finished. The servo
platform’s and the galvanometer’s repetitive start-stop motion results in low processing
efficiency and poor surface quality at the boundary of the scanning areas, such as stitching
errors and overburn.

The step-and-scan method, in terms of the motion of macro and micro structures, is
merely a process of multi-device collaborative motion method. From the perspective of
the control system, the macro and micro structures are independent of each other, which
inevitably leads to stitching errors and other defects. To overcome this problem, a linkage
processing concept, also referred to as the on-the-fly processing method, was initiated,
which primarily realized the simultaneous motion of the servo platform and galvanome-
ter under the same control system [20-23]. The key point of this method is to smoothen
the servo platform’s motion by acceleration and deceleration planning under the con-
straint of the FOV of the galvanometer and generate the trajectory of the galvanometer
through motion distribution to complete the high-frequency motion, such as sharp cor-
ners. Currently, only a limited number of researchers have carried out related works about
the linkage processing of macro-micro structure composed of a galvanometer and the
servo platform. Liu et al. [20] used three times finite impulse response (FIR) filtering to
achieve the velocity planning of composite motion and macro platform and calculated the
micro platform’s velocity planning by subtracting the velocity of composite motion and
macro platform. Nevertheless, this method only achieves local smoothing for corners be-
tween two adjacent trajectory segments. In fact, time optimization for macro platforms



Micromachines 2025, 16, 177

3 of 22

can be further advanced to accomplish global smoothing of corners. Zhu et al. [21] gener-
ated the path for the servo platform by scaling the pattern composed of long segments
through selecting new points on the angle bisectors of adjacent long segments. For certain
patterns composed of multiple micro segments, such as a discretized butterfly pattern
made up of B-spline curves, this method cannot correctly scale the target path. In other
words, this method is not suitable for motion planning of such patterns composed of mul-
tiple micro segments. Considering the processing characteristics of the servo platform and
galvanometer, Cui et al. [22] proposed a synchronized control method based on motion
distribution using a moving average low-pass filter. In the same way, Wang et al. [23]
decomposed the high-frequency and low-frequency components of the target trajectory
and proposed a trajectory distribution filtering algorithm. However, the cutoff frequency
of the filter they used for motion distribution was determined based on experience and
multiple experiments, rather than derived from theoretical calculations. In summary, alt-
hough the existing linkage processing methods eliminate the stitching errors caused by
the step-and-scan method, there are still several unresolved issues associated with these
methods. It is evident that existing methods overlook the potential advantages of the gal-
vanometer’s FOV. By using local blending at corners, these methods allow the galvanom-
eter to move at maximum range only at the start and end points of each trajectory seg-
ment, failing to fully utilize its FOV. In fact, the galvanometer can achieve close to the
maximum range movement in the start, middle, and end of each trajectory segment, fur-
ther optimizing the total processing time. In addition, the method of scaling the target
trajectory based on the angle bisector to generate the servo platform’s motion trajectory is
only suitable for multiple long segments and does not consider the target trajectory, such
as the butterfly pattern. Along with this, some existing methods have the problem that the
key distribution parameter of the filter must be determined by repeated experiments,
which will increase the overall processing time.

In this paper, a laser linkage processing method based on the macro—-micro structure
composed of a galvanometer and servo platform is investigated for large-format, high-
speed, and precision processing, which is suitable for complex patterns in practical ma-
chining. The proposed method demonstrates three key advancements: (1) The pre-dis-
cretization algorithm significantly enhances the method’s general applicability to diverse
patterns. (2) The global blending error control algorithm maximizes galvanometer kine-
matic performance and improves processing efficiency. (3) This work establishes a new
framework for motion decomposition and planning in large-small format structures. The
method is described in detail below: A smooth trajectory generation algorithm for a servo
platform with bounded acceleration based on an FIR filter is proposed. In order to ensure
the universality of the method, a complex pattern like a butterfly composed of B-spline
curves is discretized into multiple micro segments. At the same time, an error formula is
established that takes into account the impact of several trajectories before and after a
single corner, and the error of the servo platform trajectory is constrained within the FOV
of the galvanometer by adjusting the velocity adjustment scaling factor. After interpola-
tion, each interpolation point of the servo platform is mapped to the target trajectory in
equal proportion, and the real-time position of the galvanometer is obtained by vector
subtraction of the composite motion and the servo platform motion. Therefore, the motion
distribution of the macro—micro structures is realized accurately. Subsequently, the feasi-
bility of the method is verified through simulations and experiments conducted on a con-
structed experimental platform. The proposed method, the servo platform processing
only, and the previous linkage processing method [20] are carried out, respectively, under
the same pattern and experimental condition, and the advantages of the proposed method
are verified in terms of efficiency and accuracy.
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2. Laser Linkage Processing Method

Figure 1 shows a classic laser linkage processing system, which consists of a two-axis
servo platform (macro structure), a galvanometer scanner (micro structure), a laser gen-
erator, and other auxiliary components. The focal length of the F-theta lens restricts the
working area of the galvanometer. When the focal length increases, the working area of
the galvanometer (i.e., the FOV) widens, but the resolution decreases.

2D galvanometer scanner

X galvaniometer

Fiber coupler

Y galvanometer Laser

kl\’J F-theta lens

Y servo axis

X-Y servo platform

Figure 1. The schematic diagram of laser linkage processing method.

2.1. Criteria for Motion Planning

To fully use the large motion range of the servo platform and the galvanometer’s
high-speed scanning, considering the different characteristics of the two sub-motion sys-
tems, a motion planning algorithm is designed. In the process of motion planning, the
rules should be followed as follows:

1. The motion ranges of the galvanometer in the X and Y directions are within the FOV
of the galvanometer and smaller than that of the servo platform, namely the follow-

ing:

)

{Xg < XFOV < Xp

Yg SYrov < Yp

where x; and y;, respectively, represent the displacements of galvanometer in the X and Y
directions, xrov and yrov, respectively, represent the ranges of FOV in the X and Y direc-
tions, and xp and vy, respectively, represent the displacements of servo platform in the X
and Y directions.

2. The speed and acceleration of the single axis of the servo platform should be within
the allowable range of the servo drive, and the acceleration should be as small as
possible to ensure the motion performance of the servo platform, which can be ex-
pressed as follows:

@)

{|€lp| < Amax

|Up| < Umax

where gy and amax are the acceleration and maximum acceleration values of the servo plat-
form and v, and vmax are the speed and maximum speed values of the servo platform,
respectively.
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3. Under the constraints of rules 1 and 2, the motion planning of the servo platform
should be as time-optimized as possible to improve the processing efficiency.

4.  The motion of the servo platform and galvanometer is coupled, so for any time period
dt in the machining process, the target displacement vector E is the sum of the
servo platform displacement vector ﬁ and the galvanometer displacement vector
E , written as follows:

pr=pp+ps @3)

2.2. Description of Proposed Method

Based on the motion planning criterion, the proposed laser linkage processing
method in this paper contains three modules: pre-discretization, global blending error
control, and motion distribution, as shown in Figure 2. In order to eliminate the limitation
that only applies to long line segments like [21], this paper conducts research on the basis
of continuous micro segments.

The initial G-codes are judged to mark the long G-codes among them, and they are
pre-discretized into multiple micro G-codes. The coordinates of the micro segments after
discretization can be obtained by Equation (10). Subsequently, the short speed pulses of
the multiple micro segments are filtered twice with the FIR filter, whose delay time is
determined by the kinematic performance of the servo axis, and the global blending error
is derived under the constraint of the galvanometer’s FOV. The global blending error &
can be calculated by Equation (16). In this paper, a velocity adjustment scaling factor ¢ is
proposed, and ¢. can be calculated by Equation (21). If the error exceeds the limits of the
FOV of the galvanometer, the initial speed pulse is adjusted by the ¢. to keep the global
blending error within the constraints, ensuring that the contour error generated by the
servo platform is within the FOV of the galvanometer. After obtaining the displacement
vectors of the servo platform, the displacement vectors of the target trajectory are calcu-
lated by the method of equal scale mapping, and the displacement vectors of the galva-
nometer can be obtained by vector subtraction from Equation (26). This method not only
ensures that the synthetic motion of the galvanometer and the servo platform is the target
trajectory but also ensures the time synchronization of the galvanometer and the servo
platform.

iiiiii Global blending error control

Velocity adjustment scaling factor ¢,

Global blending
error gy exceeds the FOV

v
| [ Multiple

\2
Multiple short [Second-order
micro segments speed pulses |__FIR filters

| of galvanometer

| Pre-discretization

Vector
subtraction

Equal scale
mapping

Displacement
vectors of the
target trajectory

[ Complete ) Displacement Displacement
trajectory vectors of vectors of the
servo platform

 distribution ) ||the galvanometer

Motion distribution
Figure 2. The flowchart of proposed laser linkage processing method.

2.3. Generation of an S-Shaped Velocity Curve Based on an FIR Filter

In order to make the motion stable with no impact shock and reduce the calculation
time, the proposed method adopts FIR filter twice filtering to realize the S-shaped curve



Micromachines 2025, 16, 177

6 of 22

planning of the servo platform and ensures the continuous speed and acceleration, and
the jerk is bounded. Furthermore, the motion planning method based on FIR filter does
not need to determine the corner path first and then plan the corner velocity as in the
previous method [19]. The proposed method only needs to automatically plan the corner
path and corner velocity according to the corner error constraint, which improves the
computational efficiency. The following is how single FIR filtering works:

The FIR filter fi(t) is defined in the real number domain, which is a rectangular pulse
with a unit area, as shown in the following Equation (4):

1/T; 0<t<T

ﬁ(t):{ 0 t<0Ut>T @

where i denotes the ith filter, i = 1, 2, and T: is the delay time of the filter fi(t), which is an
integer multiple of the interpolation period t, that is, Me N*Ti = Mt,, Me N*.

There is an interpolation point velocity sequence x(t) of synthetic motion; t represents
the interpolation time point, and the value of ¢ starts from 0 and increases according to the
integer multiple of the interpolation period to the total motion time #: of this segment of
the trajectory. x(t) is regarded as the input signal, which is filtered by Equation (5); the
operation process is equivalent to the convolution operation between input signal x(t) and
filter fi(t):

o(t) = fi(t)*x(t)

:N[Z__:Olﬁ(ntc)X(t—i’ltc) (5)

where ov(t) is the filtered velocity sequence of synthetic motion. Due to the unavoidable
delay characteristic of the FIR filter, the total time of v(t) after filtering is increased to f: +
Ti.

In laser linkage processing, it is assumed that the target pattern is composed of E
points, which are represented by a series of Cartesian coordinates P« = [Px,Pyi]T, k=1, 2,
..., EeN", and each linear (G01) movement is realized by a set of tangential feed pulse
commands Fr. The speed pulse width T is determined by the length of the line segment
Lk and the feed velocity Fx, written as follows:

_ Lk _ ||Pk+1 —Pk"

T
ok F F

(6)

As shown in Figure 3, the angle between the line segment P1P> and the horizontal
direction is . The speed pulses of the X-axis and the Y-axis are the projection of the speed
pulse F1 of the synthetic motion in the X-axis and Y-axis directions. When the obtained
speed pulse is filtered twice with FIR filters with delay times of T: and Tz, it is possible to
generate an S-shaped velocity curve which is frequently observed in velocity planning.
The velocity equation obtained for the condition Tox > T1 + T2 shows that the maximum
acceleration amax and jerk jmax are calculated as follows:

Fe @
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(a)Long speed pulse(T;, ,>T1>T>)

Py(P.2,P,5) Z‘A F composite. motion
5 il X axis
=L fisin(e)_ | . Y axis
> >| Fcos()
PI(Px,be,l) < Y

Tv,l

Second-order FIR filters
1 1

—_k

LT

Figure 3. Velocity curve based on FIR filtering.

To ensure that the acceleration curve is continuous after twice filtering, the condition
T > T2 needs to be satisfied [24]. There are three different situations when a velocity pulse
is filtered twice, which are divided into Tox> T1 + Tz, Tok=T1+ T2, and Tvx < T1 < T2 according
to the quantitative relationship between the processing time of the servo axis and the de-
lay time of the filter. As shown in Figure 4, Figure 4a displays a long speed pulse, while
Figure 4b,c illustrate short speed pulses. Figure 4a shows that when the processing time
of the servo axis satisfies Tox > T1 + T2, a smooth velocity curve can be generated, and the
acceleration curve is also trapezoidal. In Figure 4a, it can be concluded that there are three
stages in the filtered speed, which are the acceleration stage, the constant speed stage, and
the deceleration stage. As shown in Figure 4b, under the condition that the processing
time of the servo axis satisfies Tvx = T1 + T2, there is no constant velocity stage in the velocity
and acceleration curves, only acceleration and deceleration stages, and the processing
time of the servo axis of the velocity and acceleration curves is short. As can be observed
from Figure 4c, when the processing time of the servo axis satisfies Tox < T1 < T, the filtered
velocity and acceleration cannot reach the maximum limit values, but a smooth velocity
curve can still be generated. In the three situations mentioned above, the total processing
time is determined as follows:

Tox+T1i=To+Ti +T2,where Ti=Ti+T (8)
where Tuis total delay time produced by filtering twice.

(b)Short speed pulse(T,,=T71+15) (c)Short speed pulse(T:>1>>T, ;)
A

A Original speed pulse A
?rF/ Single FIR filicred & EEg
To_, | 2 FIR filtered 'q% % I
> | > >
FIR filter ' '
< e > e
> {tim >
Tv,l Td € Tv,l Td time
QA QA g‘k :
2 2 2
= = =
8l g g /
g/ g/ T, +Tq 3/
Tz T]Td T2 T1 Tv,lTZ

T;\Ti/ time

Figure 4. Velocity and acceleration curve of twice filtering. (a) Long speed pulse (Tox > T1 + T2). (b)
Short speed pulse (Tor = T1 + T2) (c) Short speed pulse (Tox < T1 < T2).

Considering that in actual processing, such as automobile mold test samples, contain
various complex path characteristics, the G-code usually consists of a mixture of long line
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segments and micro line segments, or only a pattern composed of spline curves is given,
it is necessary to sample points for the pattern. In order to ensure the universality of the
proposed method, this paper initially pre-discretizes the target pattern into multiple micro
line segments. On this basis, we propose a velocity adjustment scaling factor ¢. for con-
trolling the global blending error of multiple micro segments in the motion planning of
the servo platform. After obtaining the interpolation point of the servo platform over time,
the real-time position of the galvanometer is determined by vector subtraction.

2.4. Pre-Discretization Algorithm for Initial Patterns

The first step of the proposed method is to pre-discretize the initial pattern or the
initial G-code. For the former, the whole pattern needs to be divided into multiple micro
line segments according to certain rules, and for the latter, the long G-code must be de-
composed into micro line segments. Finally, the dense discrete micro line segments are
utilized as the input of the algorithm to carry out velocity planning and motion distribu-
tion.

The precondition Tox < T1 < T2 and the critical condition Tox = T2 are the premises of
the global blending error control algorithm for multiple micro line segments. At this point,
the acceleration of the system reaches its maximum value, so the minimum time for dis-
cretization is Tuiomin = T2. When the initial input is simply the whole pattern, the discreti-
zation of the initial path can be performed directly following Tuio,min. When the initial input
is a mixture of long and micro G-codes, it is necessary to read the whole G-code first,
marking the segment with the speed pulse width Tox > Tuimin as a long line segment and
discretizing this long line segment. To achieve the discretization of long line segments, we
propose a scaling factor ks for pre-discretization, and the speed pulse width of the micro
line segment is set to Tus:

T’;J,S = ksTZ,ks € (O, 1) )

We suppose the total movement time of a long line segment with the starting point
Pr1(Xk1,Yi-1) and the ending point Px (X Y) is denoted as Tk. Therefore, the number of
micro line segments into which the long G-code is discretized is shown as follows:

Tk
Tv,s

N =ceil(—),Ne N*andN >2 (10)

The ceil function indicates upward rounding. Through the above discretization pro-
cess, the long G-code can be linearly interpolated to obtain its middle new interpolation
points Pr = (X»,Yx). The coordinates of the new interpolation points in the X- and Y-axes
are as follows wheren=1,2,..., N-1:

Xn = Xi-1+(Xk = Xk—l)i
N
) (an
Y = Y1+ (Ye — Y1) —
N

2.5. Global Blending Error Control and Motion Distribution Algorithms

After obtaining multiple consecutive micro line segments, from the discussion in Sec-
tion 2.3, it follows that the system has Tout < T2 < T1 in this condition. Consequently, the
max velocity and acceleration that can be achieved by the system at this point are calcu-
lated as follows:
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FkTv,k
Vmax = T
1
12
p :FkTv,k (12
max '1—'1T2

The S-shaped velocity profile obtained from the short speed pulse after filter FIR
twice FIR is calculated as follows:

o) = x(t)* fi(t)* f2(t)

%TF; 2 0<t<Tk
112
KT, >
150k Blvk gy Tk <t<T
2 Tl T
Fk;v,k _%TF; (To + T — 1) D <t<T+Tk
1 112
1
Fk;:v,k +Tk<t<Th 1
1
Fk;v,k _%TF; (t=Th) Ti<t<Ti+Tok
1 112
FTo i
BTk ; ]:ka B F]l{l;:,k (t—(Ti + T )) Ti+Tx<t<h+T
112 112
%TF;“ (Ti+ T2 +To i —t)? N+ <t<Ti+Ta+Tvk
112

The key point of the global blending error control algorithm proposed in this paper
for multiple micro segments is the derivation of a theoretical formula for the global error
&, as shown in Equation (16). It can be seen that the error is related to both the width and
the height of the initial velocity pulse. Based on this, a velocity adjustment scaling factor
¢ is proposed, which can be calculated by Equation (21). The global error is constrained
by adjusting the initial velocity pulse by ¢..

The preceding authors proposed a motion planning algorithm for macro-micro
structure based on FIR filter [20], which is only applicable to patterns composed of con-
secutive long segments. In this algorithm, a dwell time is inserted between two adjacent
long speed pulses, denoted as Tuwer. When Tawer = T4, an accurate point-to-point motion is
obtained, and when Tuer < Ty, the overall running time is reduced, but it results in the
introduction of contouring errors. On this basis, the cornering error is constrained to a
specified range through the modification of the dwell time Tuwen situated between two ad-
jacent speed pulses, where the minimum value of Tewer is T4/2. The proposed method mod-
ifies the dwell time Tuawer such that Tawen = 0 between adjacent speed pulses. As shown in
Figure 5, each long segment is discretized into four micro segments, and each long speed
pulse Fr is similarly discretized into four adjacent short speed pulses F», n =1, 2, 3, 4,
where n is the number of short segments into which the long segment is discretized. The
discrete short speed pulses are connected end to end, further optimizing the overall run-
ning time, and the global blending error is also derived in the following for this condition.

T,
A Qﬁel{ - 7 A T dwell = 0
2 FR B B FLoF 3 F L aFs FaoFs 5P
B 8
5y o
> — > >

time time
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Figure 5. Motion overlap of multiple micro segments.

In the case of two adjacent micro segments, as shown in Figure 6a, line N1 represents
the starting point P1(Px1,Py1), line N2 represents the first GO01 code moving to the middle
point P2(Px.2,Py2), and line N3 represents the second G01 code moving to the ending point

P3(Px3,Py3). As shown in Figure 6b, the unit vector of the PiP2segmentis O1  and the unit

vector of the P2Ps segment is O2 , and assuming that the feed velocity of both G-codes
are equal, i.e., F1= F2 = F3, the durations of the short speed pulses of the two segments are
also equal, i.e., To1 = Toz2. At this time, the maximum contour error £ of the system occurs
at the angular bisector of ZP1P2Ps, and the moment is denoted as the maximum error time
T, which is the delay T4/2 at the beginning of the second G-code, that is, Ti = To1 + Ta/2.

YA P,
G code _ %‘ £ Td Added distance
X 1lY F 0, = Remaining
Nl | O 0 |3000 > distance
N2 110 [ 0 [3000 o
N3 | 0 10 {3000
Pi P g 1Ty time
(a) (b) X (©)

Figure 6. Contour error of two adjacent micro segments. (a) Initial G-code. (b) Target trajectory of

adjacent micro segments. (c) Filtered velocity blending schematic diagram.

The contour error is a consequence of the fact that, when the first G-code runs to Tx,,
the second G-code starts to run, resulting in a change in the feed direction. In order to
facilitate the calculation of the maximum contour error & the S-shaped velocity profile of
Equation (13) is approximated as a trapezoidal velocity profile as in the following Equa-
tion (14):

_ BTk 0<t<T+Tk
T1 (T2 + Tv,k)
)= Fk;},k Th+Tx<t<T (14)
1
AT, FTx (t-T)) Ti<t<Ti+Tr+Tk
T Tl(TZ +Tv,k)

As shown in Figure 6c, the maximum contour error occurs at Tn. The first G-code
gradually starts to slow down from T, and this distance is called “remaining distance”,
denoted by Ir, which corresponds to the blue area in the figure. Meanwhile, the distance
from the beginning of the second G-code to T is called “added distance” and is denoted
by I, which corresponds to the red area in the figure. Equation (15) is obtained by analyz-
ing the integration of the trapezoidal velocity curve at Tw, written as follows:

FT1 T+T
To1+Ta ' 2%1 (Tl _Tv,l) T2 + Tv,l S
b= ot AT, T+D Y Ti+T:
T v1 1+12 To+T1 > 1+
) 2Th (Tz +Tv,1) 2
(15)
& B2 1) DBaT,<DEE
2 2T
lo = j v2dt =
0

2
BT Hi+T2 To+Tys > hi+T2
2T (T2 +Top)\ 2



Micromachines 2025, 16, 177

11 of 22

velocity

The maximum contour error £ can be expressed as the following Equation (16):

e=l|1,02 1,01 ||y 12 + 1B ~21,1,(O1 - O2) (16)

For the continuous multiple micro segments trajectory, as shown in Figure 7, the kth
contour point generates the largest contour error at T as shown in the previous section.
The endpoint of this speed pulse is called the target point, and extending the target point
backward by T4/2 gives the point where the maximum contour error occurs, i.e., Tk = Tok
+ Tu/2. The global blending error here is affected by the remaining distance of the front m
speed pulses and the added distance of the rear 1 speed pulses, with each remaining and
added distance influencing the mixing error along its feed direction Or. The maximum
error of the segment is expressed as follows:

n—1 n-1 m-1

m-1
ek =l Xleri — 2 le—j1 |I=l] 2 lk+iOkri — 2 le—j-10k—j+1 || (17)
i=0 j=0 i=0 j=0

i=

where li-j-1 denotes the remaining distance generated by the front m speed pulses, j=1, 2,
..., m; and I denotes the added distance generated by the rear n speed pulses, i=1, 2, ...,

lk-j+1 =

-7 k
N
T, +1T,
] FT,, F;HTV,H( : ) : _]—;,k)T
Blending T
error point ' T(TL+T,5) e—
/ T+T, I+L g
- V,,\'
2 2
T, +1T,
FT( =) 2—(Tuk+Tv,k,l)) i
T, +1T,
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr SN N, T(L+T,) S (T, 4T )
time 2

Figure 7. Global blending error of multiple micro segments.

The remaining distance I+1 can be calculated by computing the integral of each
speed pulse as follows:

k
=2 Ty p+Ta
p=1

lk-j+1 = I v1/<7/+1dt,j =12,.,m (18)

k
=3 Tw,p+E
p=1 2

where Toy denotes the duration of the pth speed pulse, p =1, 2, ..., k. Figure 7 illustrates
that the integral velocity profile computation can be divided into two geometries: trape-
zoidal and triangular. The first type is that the intersecting part is trapezoidal, with the
height of the trapezoid representing the peak velocity of the trapezoidal velocity curve.
The second type is that the intersecting part is triangular. ltj-1 can be expressed as follows:

Fi-jn1 Ty k- d LS T -T
okl 22 S Tog it Y T <22
2Th fi=k—j+2 ki=k—j+1 2
) 5 ) ,i=12,..,m (19)
Be-jilok-jn [Ti+T2 S Tom S Ton> h-T
2H(T+To-jm) 2 k=kje2 ki=k—j+1 2
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i =

Similarly, the added distance /i+i due to the 1 speed pulses after the kth contour point
can be expressed as follows:

& T
t—ElTV,M?
lgvi = I Vi+idt,i=1,2,..,1n (20)
k
t=3Tvp
p=1

It can be seen from Figure 7 that there are two types of their geometries, and Iw can
be expressed as follows:

EoiTorns k .k T-T;
i L kri (H—Tv,kﬂ'—z z Tv,kzj if 2 < 12 :

2T ko=k+1 ko=k+1 )
k 2 k /1:1/21'-'17/[ (21)
FeriTy ki T+1> S T S T Th-T
2N (T +Toki) 2 bk ka=k+1

The global blending error & at the kth corner can be obtained by substituting Equa-
tion (19) and Equation (21) into Equation (17). In order to control the global error at this
location within the constraints, we propose a velocity adjustment scaling factor ¢ for
adjusting the initial speed impulse, which can be expressed as follows:

_ €allow

Qo (22)

Ek

where éiow is the constraint value of the servo platform contour error, here we take the
FOV range of the galvanometer as its constraint. Therefore, the velocity adjustment scal-
ing factor at the kth corner affected by m + n speed pulses is gk, subject to the contour
error constraints.

Since each speed pulse affects the blending error at more than one corner and the
global blending error at each corner is not equal, multiple velocity adjustment scaling fac-
tors are obtained for a single speed pulse. To ensure that the blending error at each corner
satisfies the constraint, the minimum of the multiple velocity adjustment scaling factors
at each speed pulse is used as the final velocity adjustment scaling factor ¢ for all speed
pulses.

Qo =min{Qo1, Qo2 PoE1) (23)

where @1 denotes the scaling factor for the last segment of the velocity pulse. The feed
velocity and duration corresponding to the speed pulse are adjusted as follows:

F = @ovFk

. Tyr,k=12,.,E-1,Ee N (24)
Tv,k =
Po

where K and Tox are the adjusted feed velocity and duration, and E denotes the
number of contour points of the processed pattern.

After obtaining the kinematic curve of the motion platform under the error con-
straint, its motion trajectory is interpolated according to the interpolation time f. to obtain
the displacement vector % of the servo platform, i =1, 2, ..., m, where m denotes the
number of displacement vectors after interpolation. Since the motion of the servo platform
and galvanometer are coupled, it is essential to ensure the synchronous operation of the
servo platform and galvanometer; the following relationship should also be satisfied in
the parameter of time:
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o] _lped \pt,\

Op,i Vg,i

(25)

where Et.z is the displacement vector of the target trajectory, i=1, 2, ..., m, and vp,i, Ugi, Vti
are the velocities of the servo platform, the galvanometer, and the target trajectory.

In order to satisfy the above conditions, under the premise that the servo platform
displacement vector and the total length of the target trajectory are known, we resample
the target trajectory using the method of equal scale mapping. The relationship between
the target trajectory displacement vector after equal scale mapping, the galvo displace-
ment vector, and the servo platform displacement vector is shown in Figure 8. There is a
deceleration process at the corner; the velocity is minimum at the corner, so in the same

interpolation period, t., ;E becomes shorter as it approaches the corner. Multiplying the

ratio of the individual servo platform displacement vector to the total length of the servo
platform motion trajectory with the total length of the target trajectory further obtains the
displacement vector of the target trajectory, which can be expressed as follows:

prl ]

mo_ mo._
2l 2l
i=1 i=1

(26)

Figure 8. Equal scale mapping.

The relationship between the displacement vectors of the servo platform, the galva-
nometer, and the target trajectory is shown by Equation (3). After obtammg the displace-

ment vector Ptz of the target trajectory, we calculate the trajectory pg,i of the galva-

nometer according to the vector subtraction, i = 1, 2, ..., m, which can be expressed as
follows:

Psi=pui=ppi 27)

Based on the above algorithm, we obtain the position of the servo platform at each
moment under the constraint of the FOV of the galvanometer and the position of the gal-
vanometer at each moment. This enables us to perform the motion planning and trajectory
distribution of macro-micro structure, and each parameter in the algorithm is derived
theoretically and does not need to be determined by repeated experiments.
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3. Simulation and Experimental Validation

A butterfly-shaped pattern is utilized for simulation verification and machining op-
erations in order to confirm the viability of the proposed approach on the complex target
pattern. This section compares three processing methods: the servo platform processing
only (SPO), the previous linkage processing method (PLP) [18], and the proposed method
in this paper. For a reasonable comparison, a conventional seven-stage acceleration and
deceleration planning algorithm is used for point-to-point motion when processing with
a servo platform only. Table 1 summarizes kinematic limits and key trajectory parameters
while setting the FOV of the galvanometer to 7 mm.

Table 1. Kinematic limits and key trajectory parameters.

Structure Filter Time Delay Max Velocity Max Acceleration Max Jerk
Tip=2 T2y =1
Servo platform 1y =200 Ez 2p=100 50 mm/s 2 x 104mm/s? 1 x 105 mm/s3
Galvanometer T1s=20ms,T2¢ =10 ms 200 mm/s 2 x 105 mm/s? 2 x 107mm/s3

3.1. Simulation Results and Discussion

All algorithms are written in Matlab and run on a PC with an Intel(R) Core(TM) i5-
12500@3.00 GHz and 16 GB RAM. As seen in Figure 9a, the test pattern has a height of 70
mm and a width of 100 mm. Following pre-discretization, there are 100 micro segments

in total.
—— Original pattern — Target trajectory
700 x—x Pattern after discretizatiol o Servo platform trajectory
607 60f | . P )
50 507\ NN /
g £ \ /
E 401 £40
> > \— . —/
30/ 0
201 200 . "\x,“ \ /
100 10t Vand 4
0710 20 30 40 50 60 70 80 90 100 O 10 20 30 40 50 60 70 80 90 100
. X/mm X/mm
(a) Simulation test pattern (b) SPO
— Target trajectory Target trajectory
701 Servo platform trajectory v Servo platform trajectory
< — - Composite trajectory < — - Composite trajectory.
60
507
g
£ 40
>~
300
200
107
07770 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
X/mm X/mm
(c)PLP (d) Proposed

Figure 9. Simulation test and comparison. (a) Target pattern. (b—d) Trajectory distribution of SPO,

PLP and proposed, respectively.

The simulation results are shown in Figures 9-11. Figure 9b—d show the trajectory
distributions of the SPO, PLP, and the proposed method, respectively. It can be seen that
the trajectories of the composite motion and the target trajectory are completely over-
lapped, which indicates that none of the three methods introduces contouring errors. Fig-
ure 10(al,a2,a3) show the velocity, acceleration and jerk profiles using SPO. In order to
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realize point-to-point motion, each axis of the servo platform needs to be accelerated from
zero and decelerated to zero at each velocity pulse command, which extends the overall
machining time. Figure 10b,c show the kinematic profiles using the PLP method. This
method plans the composite motion and the servo platform motion separately and then
subtracts the two to obtain the galvanometer motion. The total machining time of the
method depends on the motion time of the servo platform, and as mentioned in Section
2.5, this method is not applicable for the motion planning of the servo platform in the case
of multiple micro segments.

As shown in Figure 10(b1), the maximum velocity of the two axes of the servo plat-
form under the PLP method is 30 mm/s, while the maximum velocity set by the simulation
is 50 mmy/s, which demonstrates that the method does not achieve the maximum velocity
when dealing with the pattern of multiple micro segments. Meanwhile, its motion overlap
time is small in comparison with that of the proposed method, which further prolongs the
machining time. Figure 10d,e show the motion profiles of each axis of the servo platform
and the galvanometer obtained using the proposed method. As shown in Figure 10(d1),
the overall running velocity of the servo axis is very smooth, avoiding unnecessary accel-
eration and deceleration processes, and the maximum value can reach 50 mm/s. At the
same time, the acceleration of the servo axis is within +500mm/s? and the jerk is within +9
x 10> mm/s?, which is within the set range. Comparing Figure 10(cl,c2) and Figure
10(el,e2), it can be seen that the maximum value of the velocity of the galvanometer of the
PLP method is 40 mm/s, and the maximum value of the acceleration is 2750 mm/s2, and
the maximum value of the velocity of the galvanometer of the present method is 90 mm/s,
and the maximum value of the acceleration is 7 x 10* mm/s2. The velocity, acceleration,
and jerk of the galvanometer of the proposed method are all within the set range, and the
performance of the galvanometer is more fully utilized than that of the PLP method. This
conclusion can also be demonstrated in Figure 11, which mainly compares the motion of
the galvanometer using PLP and the proposed method.

As shown in Figure 11a, it can be seen that the motion trajectory of the servo platform
with PLP is very close to the target trajectory, whereas the proposed method reduces the
motion of the servo platform and increases the contour error of the servo stage trajectory
under the constraint of FOV. This means that more motion is assigned to the galvanometer
under the FOV constraint, as shown in Figure 11b,c. Figure 11b is the time—position plot
of the galvanometer motion with the PLP, which can be seen as the movement only within
+1.4 mm, and Figure 11c is the time—position plot of the galvanometer motion with the
proposed method, in which the motion range of the galvanometer is within +6.3 mm.

The comparison of processing time and efficiency is shown in Figure 10f. The SPO
takes about 37.06 s to complete the task, the PLP takes about 17.46 s to complete the task,
and the proposed method takes only 7.65 s. It can be concluded that the proposed method
can accurately and efficiently process the target trajectory without introducing contour
error, and the efficiency is 79% higher than that of the SOP and 55% higher than that of
the PLP.
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Figure 10. Simulation results for butterfly-shaped trajectory. (al-a3) Velocity, acceleration, and jerk
of servo platform with SPO. (b1-b3) Velocity, acceleration, and jerk of servo platform with PLP. (c1-
¢3) Velocity, acceleration, and jerk of galvanometer with PLP. (d1-d3) Velocity, acceleration, and
jerk of servo platform with the proposed. (el-e3) Velocity, acceleration, and jerk of galvanometer
with the proposed. (f) Servo platform velocity along X-axis of SOP, PLP, and the proposed, respec-
tively.
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Figure 11. Comparison of PLP and the proposed. (a) Servo platform trajectory of PLP and the pro-
posed. (b,c) Position of galvanometer’s axes of PLP and the proposed, respectively.

3.2. Experimental Results

To confirm the efficacy of the suggested linkage machining technique, an experi-
mental setup including a 2D galvanometer, a three-axis servo platform, a marble stage,
and a laser was constructed. As shown in Figure 12 for the constructed experimental plat-
form, the laser processing software on the PC can realize the drawing and inputting of the
target pattern, as well as the setting of some laser processing parameters. After receiving
the trajectory data, the programmable multi-axis controller (PMAC) performs pre-dis-
cretization of the initial trajectory, motion planning, and trajectory distribution, and as-
signs interpolation points to the galvanometer and servo platform. In addition, the con-
troller obtains the real-time feedback position signals through the position sensors on the
servo platform and the galvanometer motor and transmits them to the PC. The structure
of the experimental platform is shown below:
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1. The PCis connected to the controller through a network cable to realize human-com-
puter interaction and the sending of commands.

2. The controller model is PMAC-CK3M from OMRON (Osaka, Japan), which is mainly
responsible for the operation of the algorithm, realizing the planning and decompo-
sition of the trajectory, and sending corresponding control signals to the servo stage
and the galvanometer.

3. The three-axis servo platform consists of three servo axes (X-Y-Z) and a marble stage
with SERVOTRONIX model PRHD?2 drives (Servotronix, Petah Tikva, Israel).

4. The 2D galvanometer is SCANLAB’s intelliSCAN14 (Scanlab GmbH, Puchheim, Ger-
many), and the communication protocol is SL2-100.

Trajectory input ety Real-time interpolatiom ————— -

2D galvanometer : |

|
: i | scanner il
&= R |
| N .
ﬂ 3 “‘ “ The n}arble :
S ° - “; _——— - .I
& &

Trajectory case
————————————— s T Ao
. i l
= —

Command Sensor
1eedlmck y

position

—

'¢

e

Actual
position The PMAC controller 2 =
Command l * Actual The experiment physcial platform

1 position
H

The galvanometer position

Servo command

Figure 12. Configuration of the experimental physical platform setup.

Realistic machining experiments are performed on the butterfly-shaped pattern from
the simulation in Section 3.1. The pattern is input into a PC, and the trajectory planning
and decomposition are performed by the controller, which transmits the position com-
mands to the galvanometer and the servo platform. In the experiment, a pulsed fiber laser
with a center wavelength of 1064 nm is utilized on a black photo paper, and the processing
results are shown in Figure 13.
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Figure 13. Processing result diagram of the butterfly pattern and locally magnified diagram at the

corner.

Figure 13 depicts the processing results and local magnification, which shows that
the trajectory at the sharp corners is smoother and free of distortion, ensuring the pro-
cessing quality. As shown in Figure 14a,b, the velocity profiles of the servo axes in actual
machining are compared with the input velocity profiles, from which it can be concluded
that the velocity profiles planned by the proposed method can be practically utilized on
the experimental platform and exhibit good tracking performance.
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20
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4
Time(s)
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Figure 14. Comparison between feedback velocity and commanded velocity: (a) Velocity of X-axis;
(b) Velocity of Y-axis.

4. Conclusions

In this paper, the 2D galvanometer and servo platform are combined for linkage laser
processing, which tackles the lack of separate movements of the two. Based on this macro-
micro structure, a new method of laser linkage processing applicable to multiple micro-
line segment paths is proposed. In order to improve the generalizability of the method,
the method pre-discretizes the initial trajectory and discretizes the long line segments in
the target trajectory into micro segments. The galvanometer FOV is used as a global mixing
error constraint during macro structure planning, and the servo platform motion trajectory
with bounded additive acceleration and smooth acceleration is generated by an FIR filter. A
velocity adjustment scale factor is proposed to adjust the initial velocity pulse so that the con-
tour error is within the constraint, which not only ensures the accuracy of the linkage machin-
ing but also fully utilizes the high dynamic performance of the galvanometer. After obtaining
the motion trajectory of the servo platform, the real-time motion interpolation of the galva-
nometer is obtained by equal scale mapping and vector subtraction.

The proposed method generates the advantages of high efficiency and high applica-
bility. The target trajectory is set as a butterfly-shaped pattern, and the effectiveness and
feasibility of the proposed method for motion planning and decomposition of trajectory
composed of multiple micro segments are verified by simulation and experiment. Simu-
lation and experimental results show that the total processing time of the method is re-
duced by 79% compared with servo platform motion only and 55% compared with the
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previous linkage processing method, while the proposed method can be practically ap-
plied to the laser linkage processing platform.
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Abbreviations

Variable Table

Xg, Vg displacements of the galvanometer in the X and Y directions
XFOV, YFOV ranges of the FOV in the X and Y directions
Xp, Yp displacements of the servo platform in the X and Y directions
;; target displacement vector

p7, servo platform displacement vector

pT, galvanometer displacement vector

Ti delay time of the filter

fe interpolation period

i(t) FIR filter

o(t) filtered velocity sequence of synthetic motion

P series of Cartesian coordinates

Fr tangential feed pulse commands

Tok speed pulse width

Lk length of the line segment

Amax, max maximum acceleration and jerk

Tu total delay time

ks scaling factor

Tos speed pulse width of micro line segment

X, Yn the new interpolation points in the X- and Y-axes
@0 velocity adjustment scaling factor

Titwell dwell time between two adjacent long speed pulses
Fin short speed pulses

Ton moment of the maximum error time

Ir remaining distance

la added distance

£ maximum contour error

O unit vector of the segment
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&llow constraint value of the servo platform contour error
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