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area motions of galvanometer under low frequency, and sim-
ultaneously galvanometer performs high frequency localized
LST within the scan fields that are sticked to the trajectory
of mechanical stages, in such a way the simultaneous high
efficiency and high accuracy can be achieved in planar LST
[23-25]. Similar strategy has also been proposed and realized
in ultra-precision turning, which combines fast-tool-servo and
slow-tool-servo for complementing the stroke and dynamic
performance in realizing high efficiency and high accuracy
in microstructure fabrication [26]. Zhu et al [23] reported the
significantly improved processing efficiency in the on-the-fly
planar LST, due to the reduced movement distance of mechan-
ical stages under the constraints of galvanometer’s scan field.
Wang et al [24] concluded that the following errors between
mechanical stages in the on-the-fly LST process is smaller than
that in the LST only using mechanical platform. Furthermore,
the on-the-fly method can also be used for promoting the
accuracy along both horizontal and vertical layer directions
in 3D printing. However, the on-the-fly method based on a 3-
axis motion platform synchronized with 2-axis galvanometer
is mainly suitable for planar LST that does not require to
control the laser incidence angle. However, the introduction
of additional two rotatory axis in the 5-axis motion platform
for curved surface LST leads to a nonlinear mapping rela-
tionship and corresponding decomposed trajectory between
motion platform and galvanometer. Consequently, the kin-
ematic model for deriving the movement of each axis in the
proposed 7-axis on-the-fly LST is more complex than that in
the 5-axis on-the-fly LST.

To the best knowledge of the authors, there is currently
no report about the on-the-fly LST of curved surface, which
requires the 7-axis integrated synchronization between 5-
axis linkage motion platform and 2-axis galvanometer. While
the filtering decomposition of texture trajectories is central
for optimizing processing efficiency and accuracy in the on-
the-fly LST system with redundant mechanical configura-
tions, there are two significant differences in corresponding
algorithms of on-the-fly LST processes between curved sur-
face and planar surface. Firstly, the galvanometer coordinate
system and the workpiece coordinate system in the 5-axis link-
age motion platform have a nonlinear mapping relationship
due to the existence of two rotation axes, which is far more
complex than the linear mapping relationship in the planar
LST. Consequently, the decomposed trajectory in the on-the-
fly LST of curved surface cannot be linearly assigned to the
2-axis galvanometer and the 5-axis linkage motion platform,
for which the derivation of the movement of each axis based on
system’s kinematics is required. Secondly, during the decom-
position process of texture trajectory in the on-the-fly LST
of curved surface, the resulting deviations of BIA and FOD
also need to be considered, in addition to the limitation of
the galvanometer’s scan field. Therefore, fundamental invest-
igation of the 7-axis synchronization strategy between 5-axis
linkage motion platform and 2-axis galvanometer is essen-
tially needed for developing the on-the-fly LST technology of
curved surface.

In the present work, we propose a novel manufacturing
system of 7-axis on-the-fly LST of curved surface based on
the integrated synchronization of 5-axis linkage motion plat-
form with 2-axis galvanometer. Firstly, a Gaussian filter-based
decomposing method of freeform surface texturing trajectory
is proposed to guarantee the allowable ranges of FOD and
BIA, with which the algorithm of motion trajectory planning
on curved surface is established to fully use dynamic charac-
teristics of galvanometer for achieving highest processing effi-
ciency without compromising texturing accuracy. Secondly,
the kinematic model of 7-axis on-the-fly LST system is con-
structed to determine the motion characteristics of each axis
together with the decomposed texturing trajectory, with which
the configurations of both mechanical stages and correspond-
ing numerical control (NC) are realized. Finally, the advant-
ages of 7-axis on-the fly LST over 5-axis linkage LST are
demonstrated by LST experiments on aluminum freeform sur-
face, in terms of efficiency and accuracy of texturing, as well
as accompanied following errors between mechanical stages.

2. Theoretical basis of 7-axis on-the-fly LST of
curved surface

The proposed strategy of 7-axis on-the-fly LST of curved sur-
face is a macro—micro coupled processing method based on
the synchronization between 5-axis linkage motion platform
and 2-axis galvanometer, i.e. a 7-axis kinematically redund-
ant system. Specifically, the 5-axis linkage motion platform
composed of X—Y-Z-A—C axes is treated as the primary mech-
anism (PM), and the 2-axis galvanometer composed of U-V
axes is treated as the secondary mechanism (SM), as illus-
trated in figure 1. Therefore, the principle of 7-axis on-the-
fly LST is based on the combination of continuous low-speed
coarse movement taken by PM and simultaneous local high-
speed fine movement taken by SM. Accordingly, the algorithm
of motion trajectory planning is needed to derive the respect-
ive motion trajectories of PM and SM according to the tar-
get texture trajectory on curved surface, with the consideration
of allowable deviations of FOD and BIA as well as allowable
scan field. Subsequently, the kinematic model of 7-axis on-the-
fly LST system can be established to solve the motion of each
axis in PM and SM based on the derived motion trajectories.

$POTUSBJOU CBTFEBMHPSJUIN PG NPUJP!

While the PM dominates the alignment of focused laser beam
with respect to ablated surface normal, the portion of motion
trajectories between low-frequency PM and high-frequency
SM greatly determines the efficiency of the 7-axis on-the-fly
LST. Therefore, the algorithm of motion trajectory planning
for the PM needs to comprehensively take into consideration
of the constraint by the allowable deviations of BIA and FOD,
in addition to the constrain of scan field, aiming to achieve the
mostly efficient processing possibility without compromising
processing accuracy.
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Figure 1. Schematic illustration of 7-axis on-the-fly LST system.

Generally, by projecting the planar texture trajectory
T[x,y] shown in figure 2(a) on curved surface following
the parallel projection method, the corresponding spatial tex-
ture trajectory WP can be obtained, as shown in figure 2(b).
Correspondingly, the homogeneous coordinate arrays of the
WP in the workpiece coordinate system {W} is expressed in
equation (1):

M W w. w
Wp __ Dy D> D,
P=1 1 1
[ X x Xn
Yo Yn
= . 1
1 22 Zn ( )
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Since the coincidence of laser beam with ablated surface
normal, i.e. BIA = 0, is desirable for achieving the highest
accuracy in LST, the surface normal vector is selected as the
ideal vector of spatial texture trajectory "V, as expressed in
equation (2):
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In the LST solely based on 5-axis linkage motion platform,
i.e. 5-axis linkage LST, the spatial texture trajectory P and
its vector "'V is directly assigned as the PM’s trajectory and
vector, respectively. However, figure 2(b) demonstrates that
the spatial texture trajectory is composed of tiny line segments
with sharp corners, which requires frequent reversals, acceler-
ation and deceleration of constituent axes of PM, thus leading
to low processing efficiency and large following errors.

Therefore, in the 7-axis on-the-fly LST, prior to the projec-
tion onto curved surface, the planar texture trajectory T [x,y]
is firstly subjected to a Gaussian filter to obtain a filtered
low-frequency smooth planar texture trajectory Ty [xg, yg], as
shown in figure 2(c). The utilized Gaussian convolution kernel
for the Gaussian filter is expressed in equation (3):

flx) = plie*(xﬁu)z/h72 3)
o 2m

where o is the standard deviation and g is the center of the
convolution kernel. We note that there are multiple strategies
of trajectory decomposition available, such as Savitzky—Golay
filter [27], fast Fourier transform filter [28], and empirical
mode decomposition [29], which may lead to different syn-
chronous motion characteristics between PM and SM. Thus, a
comprehensive evaluation of various trajectory decomposition
strategies on the accuracy and efficiency of proposed 7-axis
on-the-fly LST of curved surface is expected in future invest-
igation. Then the filtered planar texture trajectory Ty [xg, yg] is
projected onto curved surface to derive the filtered spatial tra-
jectory of PM P’ residing in the workpiece coordinate sys-
tem { W}, which is expressed by equation (4):
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And the PM’s trajectory vector WV’ which is the same with
the surface normal vector of the filtered spatial trajectory of
PM, is expressed in equation (5):
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In the execution of PM’s filtered spatial trajectory WP’ and
vector WV’ by 5-axis linkage motion platform, the continu-
ously controlling of position and orientation of galvanometer
with respect to curved surface makes that the focal plane of
telecentric lens is always perpendicular to the PM’s trajectory
vector VV’, and the center of focal plane is constantly coin-
cided with the filtered spatial trajectory of PM WP’. While the
filtered spatial trajectory of PM "P’ is only a coarse motion for
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Figure 4. Schematic diagram of coordinate system of 7-axis on-the-fly LST system.
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At motion point i during the 7-axis on-the-fly LST process,
the tool position SP[0001])" of PM coincides with the posi-
tion of the PM’s filtered spatial trajectory "p,’. Furthermore,
the tool vector SV [0010]" and the filtered trajectory vector of
PM Wy;’ also coincides with each other. Based on the forward
kinematics matrix of 5-axis linkage motion platform and the
filtered spatial trajectory of PM, the movement of each axis in
PM can be solved by equation (11):

A; = arccos (k)

any k/ = 1

% ki/ = l,ji/:(),iil>0

Ci= Tk = 1,j'=0,’<0
arctan (l‘}oo) other
X; = x;"cos (C;) +y;'sin (C;)
Y: =x;"cos (A;)sin(C;)  y;'cos(A;)cos(Ci) z'sin(A;)
Z; =x;"sin(A;)sin(C;)  y;’"sin(A;)cos (C;) +z;' cos (A;)
(11)

When the position and the orientation of ablated surface
in the SM coordinate system {S} is determined by the move-
ment of PM, the laser beam driven by SM moves according to

the spatial texture trajectory position "p;. Based on the move-
ment of PM’s axes and the trajectory "p,, the movement of the
galvanometer axes U and V can be solved by equations (12)
and (13), respectively:

U; = x;cos (C;) +y;sin(C;)  X; (12)
Vi =x;cos(A;)sin(C;)  y;icos(A;)cos(C;)  zsin(A;) Y
(13)

3. Experimental realization of 7-axis on-the-fly LST
system

4FUVQ PG NFDIBOJDBM BOE PQUJDBM TUS\

Based on the theoretical basis developed in section 2, accord-
ing 7-axis on-the-fly LST system is experimentally realized,
which is composed of a 5-axis linkage motion platform as PM
and a 2-aixs galvanometer as SM, as illustrated in figure 5(a).
Since there is no contacting force between laser beam and
workpiece, the linear and rotatory stages in PM are composed
of direct drive motor modules with fully closed-loop control
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Figure 6. Illustration of numerical control unit of 7-axis on-the-fly LST system: (a) realization in software and (b) hardware configuration.

motor’s Hall signal and encoder signal, completing the motor’s
phase finding and closing current loop. Then the encoder sig-
nal is sent to the axis module interface of PMAC, which uses
the internal servo algorithm to close the motor’s speed and
position loop by sending the analog control signal to the servo
drivers. The PMAC controls the galvanometer axes through
its laser module interface under the XY2-100 protocol. And
the laser source is also connected to the PMAC using digital
IO to control its start and stop. While the PM, SM and laser
source are under the unified control by PMAC with a fast servo
cycle time of 50 us, and the NC code containing the decom-
posed spatial texture trajectories of PM and SM is derived
by pre-processing in CAM software, the synchronous motion
between PM and SM at each texture point is achieved.

To achieve the fastest processing speed by the NC unit, the
parameters of speed setting for each axis, including the total
time (Tm), the acceleration time (Ta) and the S-curve stage
time (Ts) of each axis, are all pre-set to a low value of 0.1 ms,
which triggers the PMAC to use the maximum jerk, the max-
imum acceleration and the maximum speed of each axis to
recalculate the minimal movement time. In such a way, the
PMAC completes the tiny motion sequences as fast as pos-
sible under the dynamic limitation listed in table 1. We note
that since multiple factors, for instance the workpiece load
capability, texturing area and accuracy, and laser processing

parameters, jointly influence the decomposition characterist-
ics of spatial texture trajectory, thus the related maximum 7-
axis synchronization response bandwidth is not calculated in
current work. Instead, a conservative and safe motion limita-
tion is adopted, which is much lower than the motors’ motion
capacity, as shown in table 1. Table 1 also demonstrates the
significant advantages in dynamic performance of the SM over
the PM.

4. 7-axis on-the-fly LST of freeform surface: case
study

.PUJPO USBKFDUPSZ QMBOOJOH

With the developed theoretical basis and experimental realiz-
ation of the proposed 7-axis on-the-fly LST system, experi-
ments of texturing freeform surface are carried out. Figure 7(a)
shows that the designed freeform surface contains surface fea-
tures of concave, convex and saddle. The lateral dimension of
freeform surface is 50 mm 50 mm, which exceeds the max
scan field of SM as ®35 mm. The height difference between
the highest and lowest points of freeform surface is larger than
9 mm, and the maximum differences in the normal angles in
both X and Y directions are higher than 45°. The designed
freeform surface is then fabricated on aluminum workpiece by
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Table 1. Motion limitation of each axis in 7-axis on-the-fly system.
X axis Y axis Z axis A axis C axis U axis V axis
Max speed 0.035 m-s™! 0.035 m-s ™! 0.024 m-s~! 0.36 rad-s ™! 3.00 rad-s~! 3ms”! 3m-s”!
Max acceleration 0.100 m-s~2 0.100 m-s~2 0.083 m-s~2 1.99 rad-s 2 3.74 rad-s 2 20 m-s~2 20 m-s~2
Max jerk 0.010 m-s—3 0.010 m-s—3 0.008 m-s—3 0.20 rad-s 3 0.37 rad-s > 1 ms™> I ms™3
[15.14, 15.45, 12.19] mm 5000
(@ _1[16.54, -16.07, 19.23] mm ()
[-16.07, 5.49, 21.37] mm_~~ L
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Figure 7. Experimental geometries of surface and texture: (a) designed and (b) fabricated freeform surface on aluminum workpiece; (c)

planar texture of Hilbert curve.

milling to achieve a surface roughness of 200 nm, as shown in
figure 7(b). After milling, the as-prepared freeform aluminum
workpiece is repositioned in the 7-axis on-the-fly LST sys-
tem through the inspection touch probe and the positioning
algorithm of iterative closest point.

The texture of Hilbert curve, which is a continuous
fractal curve with high and low frequency characteristics, is
chosen for the 7-axis on-the-fly LST experiment, as shown
in figure 7(c). The texture composed of Hilbert curve is also
found effective in improving the tribological properties and
electromagnetic property of surfaces [30, 31]. The line spacing
of Hilbert curve in a fixed region can be adjusted by changing
its order. Considering the dimension of freeform surface, an
8th order Hilbert curve with a line spacing of 156.86 um is
selected, for which the planar texture is composed of 65 536
trajectory points.

With the confirmed freeform surface design and texture
style, the proposed algorithm of texture trajectory planning
in section 2 is adopted to derive the spatial texture traject-
ory of PM. The values of three constraints, as BIA, FOD and
scan field, are needed to be determined firstly. It is gener-
ally accepted that there is acceptable processing consistency
when the FOD is under the theoretical depth of focus (DOF),
which is twice of the Rayleigh length of a laser system [7].
The Rayleigh length is the distance from laser beam waist to
the point in prop%ggting direction, at which the beam radius
increases to the 2 times. The DOF can be calculated by
equation (14):

2 (w0)2

DOF ==~

(14)

where wy is the radius of the focal laser spot, A is the laser
wavelength, M? is the laser beam quality factor. According to
the parameters of the optical system, the calculated value of
theoretical DOF is 886 pm, i.e. between 443 pm. However,

the allowable FOD is setto 100 p/m to ensure the high accur-
acy of focusing, by taking consideration of the influence of
manufacturing and clamping errors of workpiece, as well as
the positioning errors of platform, on the FOD in actual laser
ablation process. The allowable deviation of BIA is set to
10° [7]. Although the telecentric lens has a max scan field
of ®35 mm, it mainly has a high telecentricity (<0.5°), spot
size uniformity, and focal plane flatness only within the cent-
ral area of ®10 mm. Therefore, the allowable scan field is set
to 10 mm. In addition to the above constraint parameters,
the laser processing parameters used in the experiment are lis-
ted in table 2. And the laser scanning speed in the LST of
curved surface keeps varying due to the surface curvature and
the motors’ acceleration and deceleration.

With the confirmed constraints of BIA, FOD and scan field,
the maximum allowable Gaussian standard deviation op,x 1S
derived by the algorithm of motion trajectory planning of PM
based on the designed freeform surface profile and texture tra-
jectory. The initial value of giyitia 1S set to 30 000, and is then
reduced to 95% of the last value in the iteration process until
the constraints are met. Figures 8(a)—(c) show the variation of
maximum theoretical value of FOD, BIA and laser spot dis-
placement with the standard deviation o during the iteration
process, respectively. It is found from figure 8 that all con-
straints can be satisfied when the standard deviation is iterated
to 13 750, at which the theoretical maximum FOD is 98.8 ym
while the set value is 100 pm, the maximum BIA is 8.27°
while the set value is 10°, and the maximum laser displace-
ment is 1.837 mm while the set value is 5 mm. The constraints
of scan field and BIA are satisfied prior to the FOD during the
iteration process.

Furthermore, the theoretical value of FOD, BIA and laser
spot displacement at all texture trajectory points is plotted in
figures 8(d)—(f) for the solved op,x, respectively. Figure 8(d)
shows that the positive and negative FODs are always within
the theoretical boundaries at different texture locations of
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Table 2. Laser processing parameters for LST experiments.

Items Wavelength Pulse width Pulse frequency Single pulse energy Average power
Value 1 064 nm 150 ps 60 Khz 20 pd 1.2W
Start End
Oinitiar: 30 000 Ilterate Opnax: 13 750
g 200 T T : .
g 1507, 98.8 ym £
O 100 e : 3
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Figure 8. Constraint-based iteration of Gaussian standard deviation
value of (d) BIA, (e) FOD and (f) laser spot displacement.

freeform surface. Figures 8(e) and (f) also show similar fea-
tures for the BIA and spot displacement, which indicate that
there is no violation of the deviation constraints during the 7-
axis on-the-fly LST process.

By filtering the planar texture trajectory using the solved
omax and subsequently projecting onto freeform surface, the
filtered spatial trajectory of PM can be obtained. Figure 9(a)
shows the filtered planar texture trajectory, as well as corres-
ponding filtered spatial trajectory (red line) and vector (blue
arrow) of PM in the 7-axis on-the-fly LST, which demon-
strate that the Gaussian filter effectively modifies the original
Hilbert curve with lots of sharp corners into a smooth curve.
Figure 9(b) further shows the tiny and high-frequency SM’s
trajectory at different number of trajectory points in the scan
head coordinate system {S}, which is coupled to the PM’s spa-
tial trajectory. The spatial texture trajectory (black line) of PM
for the 5-axis linkage LST, which is coinciding with the ori-
ginal spatial texture trajectory, is also presented in figure 9(c)
for comparison.

It can be clearly seen from figure 9(c) that the unfiltered
PM’s trajectory contains dense corners, which require very
intensive acceleration and deceleration of mechanical stages,
thus resulting into low processing efficiency. Furthermore,
figure 9 demonstrates that the 7-axis on-the-fly LST has
significant higher smoothness and smaller spacing in the tra-
jectory of PM, as well as smoother tool vector, than that in
the 5-axis linkage LST. Consequently, the more intensive and

®

Trajectory point number %104

: (a) FOD, (b) BIA and (c) laser spot displacement; solved theoretical

smoother trajectory leads to higher accuracy of textures on
freeform surface by the 7-axis on-the-fly LST than the 5-axis
linkage LST. Figure 9 also shows that the decomposed tool
path in the 7-axis on-the-fly LST still contains short line seg-
ments, for which the implementation of rotated tool center
point algorithm in the NC software may be beneficial for fur-
ther improvement of the processing efficiency and accuracy.
Figure 10 further quantitatively plots the motion character-
istics of each axis in the first 2 000 trajectory points in both the
7-axis on-the-fly LST and the 5-axis linkage LST. As com-
pared to the 5-axis linkage LST, the dense trajectory of PM
with smooth variations and absent of sharp corners in the 7-
axis on-the-fly LST leads to significantly reduced changing
frequency of PM motion direction, which is favorable for the
continuously texturing process. Figure 10 also demonstrates
that although the motion of the SM changes drastically at a
high frequency, it is always within the bounded ranges that are
pre-set in the above algorithm of motion trajectory planning.

$IBSBDUFSJ[BUJPO PG UFYUVSFE GSFFGP!

Figure 11(a) shows the photograph of textured freeform sur-
face by the 7-axis on-the-fly LST. The processed area is visu-
ally darker than the pristine surface, due to the alignment of
densely narrow grooves composed of the texture. Figure 11(b)
further presents optical image of the textured surface, which
demonstrates the continuity and uniformity of Hilbert curve
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Figure 9. Derived (a) spatial texture trajectory of PM and (b) planar trajectory of SM by 7-axis on-the-fly LST; (c) spatial texture trajectory

of PM by 5-axis linkage LST.

without stitching error. To further demonstrate the uniform-
ity of textures on the freeform surface, three surface vertices
with significantly different curvatures are selected, as depic-
ted in figure 11(a). Figures 11(c)—(e) present morphology of
textured surface measured at point 1, 2 and 3 by white light
interferometer, respectively, which show uniform grooves fab-
ricated for each area, irrespectively of the different surface
curvatures. Figures 11(f)—(h) further present the scanning elec-
tron microscope (SEM) image of textured surface at point 1,
2 and 3, respectively, which also demonstrate the high accur-
acy of fabricated textures, as well as their consistency with the
designed ones, at different points. In particular, the fabricated
textures are composed of straight grooves with sharp corners,
which are in line with the geometrical feature of Hilbert
curves.

Furthermore, the depths of ablated grooves at the three
points are measured by white light interferometer, and 5 sets of
data are measured randomly at each point. Figure 12(a) shows

a typical cross-sectional profile of adjacent two grooves by
white light interferometer, which implies a groove depth of
2.3 pm, and a line spacing of 155 pm between two grooves.
The groove width and line spacing are also measured from
SEM images shown in figure 12(b), which exhibits similar
results with the measurement by white light interferometer.
Figure 12(c) shows that the average line spacing is 155.55 ym
with a variance of 3.03, which has a derivation of 0.8% from
the designed value of 156.86 pm, indicating the ultralow fol-
lowing errors of PM in the proposed 7-axis on-the-fly LST of
the designed texture. Figures 12(d) and (e) indicate that the
average groove width is 25.22 ;ym with a variance of 1.4, while
the average groove depth is 2.32 ym with a variance of 0.13.
Furthermore, the mean values of the groove widths and depths
at the three points have a trivial difference, suggesting the
ultra-high uniformity of fabricated grooves in the convex and
concave parts of freeform surface. In the proposed 7-axis on-
the-fly LST, the position and posture of laser beam with respect
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Figure 10. Motion characteristics of each axis in 7-axis on-the-fly LST and 5-axis linkage LST.

to ablated curved surface normal is timely adjusted accord-
ing to the change of surface curvature and position, in such a
way the laser spot misfocusing and non-perpendicular orienta-
tion of laser beam to freeform surface can be controlled within
user-specified, allowable derivations. Therefore, the accuracy
and uniformity of textures shown in figure 12 demonstrate the
effectiveness of controlling the deviations of FOD and BIA
within constraints by the 7-axis on-the-fly methodology.

The comparison of textured freeform surface by the 7-axis
on-the-fly LST with that by the 5-axis linkage LST is also per-
formed. While the 5-axis linkage LST takes 110 min to com-
plete the texturing process of freeform surface, the 7-axis on-
the-fly LST only requires 19.6 min, corresponding to a 559%
improvement of the processing efficiency. This is attributed
to the high dynamic performance of SM for quickly complet-
ing the high-frequency parts of texture trajectory. The attached
video visually demonstrates the huge differences in processing
and efficiency between the two methods.

In addition to the processing efficiency, another obvious
advantage of the 7-axis on-the-fly LST compared to the 5-axis
linkage LST method is the significant improvement in pro-
cessing accuracy. Figure 13 shows the SEM images of fabric-
ated micro-textures by the two processing methods. Although
both processing methods are capable of completing the con-
tinuously texturing of freeform surface without stitching error,
there are significant differences in the morphology of groove
fabricated. It is seen from figure 13(a) that there are signi-
ficant distortions in the grooves by the 5-axis linkage LST,
which can be attributed to the large following errors of PM
accompanied by high frequent motions of acceleration and

deceleration. In addition, the slow and uneven speed caused
by the low dynamic characteristics of PM also causes excess-
ive and uneven ablation features of the texture, as shown in
figure 13(b). In contrast, the groove by the 7-axis on-the-fly
LST possesses high straightness and uniformity of fabricated
groove, and particularly the high shape accuracy at the corner,
as shown in figures 13(c) and (d).

To reveal the underlying mechanisms corresponding for the
differences in shape accuracy by the two texturing methods,
figures 14(a) and (b) plot the variation of following errors of
each axis of PM recorded by the NC unit with time in the 5-
axis linkage LST and 7-axis on-the-fly LST, respectively. One
motor unit represents 0.1 pym for the linear motors and about
0.62 arcsec for the rotary motors. It is seen from figure 14(a)
that in the 5-axis linkage LST, the following errors of mech-
anical stages are consistently changing in wide ranges, and is
even reached to a maximum value of 15 pm. In the 5-axis link-
age LST, each mechanical stage needs to frequently change its
motion direction, which requires large acceleration and decel-
eration of mechanical stage. Consequently, the large inertia of
mechanical stages leads to large following errors occurred in
the 5-axis linkage LST.

In contrast, figure 14(b) shows that in the 7-axis on-the-fly
LST, large following errors only occur within one second after
startup, and then reduce to stable narrow ranges. In the 7-axis
on-the-flying LST, the smooth motion of PM leads to signific-
antly reduced times of direction changes, accompanied with
reduced following errors of mechanical stages. Meanwhile,
the following error of SM in completing the high-frequency
motion is ultra-low, due to the high dynamic characteristics of



Int. J. Extrem. Manuf. 7 (2025) 015103

WMa FU BM

Sa1.927 ym

$q 2,337 pm,

52 16.188 uiy
&

2
8

wrl 02£'7€8 ‘A

N
0 100 200 300 400 500 600 700 800
X: 834.370 ym

N
0 100 200 300 400 500 600 700 800
X: 834.370 pm

5341 ym

@

6 ym
.378 ym
1.876 prfy

°

3
8
N
8
H

wrl 02€°7€8 ‘A

008 00 009 00

0 100 200 300 400 500 600 700 800
X: 834.370 ym

. "‘mzﬁ Es:
Figure 11. Textured freeform surface by 7-axis on-the-fly LST. (a) Image of Al workpiece; (b) optical image of partial textured surface;
(c)—(e) morphologies of textures by white light interferometer and (f)—(h) SEM images of textures at different points.

galvanometer. Figure 14(c) further plots the mean following
error of each axis of PM axis of the two methods, which indic-
ates that the average following errors in the 7-axis on-the-fly
LST are reduced by 60%—74% from that in the 5-axis linkage
LST. Therefore, figure 14 demonstrates that the high accur-
acy of fabricated textures by the 7-axis on-the-fly LST origin-
ates from the significantly reduced following errors of mech-
anical stages in the 5-axis linkage motion platform. We note
that while above results demonstrate the feasibility of applying
the 7-axis on-the-fly LST based on the developed kinematic
model in simultaneously promoting the texturing efficiency
and accuracy on curved surface, its subsequent optimization is
far from being completed. In particular, corresponding dynam-
ics model that provides insights in the system during textur-
ing process, for instance the motion limitation of each axis, is
highly desirable for optimizing the configuration of proposed
7-axis on-the-fly LST system [32].

5. Summary

In summary, we propose a novel manufacturing system of 7-
axis on-the-fly LST for simultaneously achieving high effi-
ciency and high accuracy in texturing complex curved surface.
Specifically, the theoretical basis, kinematic model and related
experimental realization of 7-axis synchronization between 5-
axis mechanical stages and 2-axis galvanometer are invest-
igated, and a case study of as-texturing freeform surface is
presented. Following the developed algorithm of texture tra-
jectory planning and kinematic model of 7-axis synchroniz-
ation, the simultaneous high efficiency and high accuracy in
LST of curved surface can be achieved, through decomposing
the spatial texture trajectory into continuous low-frequency
coarse motion by 5-axis mechanical stages and simultaneous
high-frequency fine motion by 2-axis galvanometer. The man-
ufacturing system of 7-axis on-the-fly LST is experimentally
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