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Figure 1 (Color online) Schematic diagrams of four different laser
drilling techniques [9].
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Figure 2 (Color online) Schematic diagram of four basic principles for laser circular rotation in a laser beam spatial manipulation system [9].
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Figure 3 (Color online) Schematic diagram of the principle of controlling the position and attitude change of the beam generation. (a), (b) Principle
of angle of attack change; (c) schematic diagram of negative cone hole machining; (d) schematic diagram of positive cone hole machining;

(e) schematic diagram of non-conical hole machining.
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Figure 4 (Color online) Optical path diagram and implementation principle of dual optical wedge [32]. (a) Schematic diagram of optical path;
(b) experimental physical diagram; (c)—(e) schematic diagram of dual optical wedge scanning technology.
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Figure S Optical path diagram, simulation, and experimental results of the three-prism wedge [36]. (a) Schematic diagram of the optical path;
(b) simulation results; (c) experimental results.
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Figure 6 (a) Schematic diagram of the four-wedge rotary cutting head
beam principle; (b) design diagram and technical parameters [38].
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Figure 7 (Color online) (a) Schematic diagrams of the four types of laser processing heads developed by LMTB company; (b) a schematic diagram

of the overall device [44].
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Figure 8 (Color online) University of Nottingham four-wedge drilling system [47]. (a) Schematic diagram of the optical path; (b) photograph of the

actual structure.
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Figure 9 (Color online) (a) Schematic diagram of the optical path of the rotary cutting head from Xi’an Institute of Optics and Precision Mechanics
[48]; (b) schematic diagram of the optical path of the rotary cutting head from Leimin Deng’s team [50].
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(a) and laser processing with combined rotation and circular motion of
the laser itself (b) [9].
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Figure 11 (Color online) The Dove prism-based rotary cutting head from the Fraunhofer Institute for Laser Technology in Germany [51-53].
(a) Schematic diagram of the patented optical path; (b) schematic diagram of the Dove prism rotation principle; (c) photograph of the actual device.
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Figure 12 Processing results using three or two laser wedges and a plate [54-58]. (a) Cross-sectional view of the inverted conical hole of a diesel
engine injector processed by femtosecond laser; (b) cross-sectional view of a non-tapered hole processed in a nickel-based alloy using picosecond
laser; (c), (d) inlet and cross-sectional view of CFRP hole processed by two-way laser wedge and parallel plate; (e), (f) cross-sectional views of the
upper and lower parts of a hole in a nickel-based alloy processed using a double optical wedge and parallel plate; (g)—(i) cross-sectional images of holes
in C/C composite materials processed using different techniques with double optical wedges and parallel plates.
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Figure 13 Processing results using a quadruple wedge or double-wedge and double-plate. (a), (b) Machining results of fuel injectors and 6 mm
stainless steel plate parts [48,59]; (c) inlet and outlet morphology diagrams of three types of tapered holes [31].
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Figure 14 Machining results using a double-wedge and double-parallel-plate rotary cutting head. (a) Cross-sectional view of holes machined in
3 mm C/SiC and 2 mm SiC/SiC composite materials using a picosecond laser [61,63]; (b), (c) entrance, exit, and cross-sectional views of taper-free
straight holes machined in 3 mm SiC/SiC composite material using a femtosecond laser [65,66]; (d) entrance and exit views of a taper-free inclined
hole machined in 2.4 mm SiC/SiC composite material using a femtosecond laser [67].
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Figure 15 Results of machining on stainless steel using a femtose-
cond laser with a Dove prism rotary cutting head [72-74]. (a) Cross-
sectional views of three holes processed in 1 mm thick material; (b), (c)
cross-sectional and entrance views of a “funnel-shaped” hole processed
in 0.5 mm thick material; (d) cross-sectional view of a non-tapered hole
processed in 2 mm thick material.
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Figure 16 (Color online) Machining results on stainless steel using a rotary cutting head based on a Dove prism. (a) Entrance and exit morphologies
of four different hole types [79]; (b) relationship between beam tilt angle and entrance sharpness [81].
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Figure 17 (Color online) Schematic diagram illustrating the adjust-
ment of the offset distance in a reflective optical path. (a) Default
optical path; (b), (c) biased optical path generated by synchronous
rotation of the mirrors.
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877


https://novantaphotonics.com/product/precession-elephant-iii
https://www.aerotech.com/product/agv5d
https://www.photonicsonline.com/doc/5-axis-micro-drilling-scanhead-0001
https://www.lasea.com/modules/ls-precess
https://gfh-gmbh.de/en/laser-machines/hardware-modules/gl-trepan

FHEINEE: WORGR 2 4 RIS I T H AR 5 R G 7Tt e

(a)

1

thA,f
! 72
’1VI —L LI

" PN o)

f) Novanta

B 18 AN 5o E RS 2O I T R 45 (a), (b) HEENovantaZd & [0 T ke BR & BRI 5 (c), (d)
SCANLAB/ &) I T 3k 6 B o 2 BRI 0 B (e) 25 Aerotech A & (9N T3k, () FEEAEREA TN 3L; (2) A LESEA
A ILS-Precesstbiti

Figure 18 Several reflective beam shaping and processing systems from international companies [85-92]. (a), (b) Schematic diagram and product
image of the processing head from Novanta, Germany; (c), (d) schematic diagram and product image of the processing head from SCANLAB,
Germany; (e) processing head from Aerotech, USA; (f) processing head from Canon, USA; (g) LS-Precess module from LESEA, Belgium.
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Figure 19 (Color online) Processing results of a five-axis galvanometer scanning processing head from abroad. (a), (b) Cross-sectional view and
entrance morphology of a tapered hole in a 350 pum thick stainless steel plate [88]; (c), (d) complex micromachined contours cut from a 0.2 mm thick
brass plate [90]; (e) morphology of circular holes, irregular holes, and slanted holes processed in a 350 um thick steel plate [87].
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Figure 20 Progress in the application of domestic five-axis galvanometer scanning processing heads. (a) Schematic diagram of the optical path of the
dual-galvanometer processing head from Huazhong University of Science and Technology [92]; (b) inlet and outlet morphologies of micro-holes with
different taper angles under different beam offset distances [92]; (c) inlet, sidewall, and outlet morphologies of a 10 mm diameter hole machined on a
3.6 mm glass fiber composite plate [93]; (d) schematic diagram of the optical path of the five-axis galvanometer processing system from Xi’an Jiaotong
University [95]; (e) inlet and outlet morphologies of micro-holes machined on a 2 mm TC4 titanium alloy plate using a five-axis galvanometer from
Xiamen University [96]; (f) schematic diagram of the scanning rotary cutting optical path from the Laser Fusion Research Center of the China
Academy of Engineering Physics [2]; (g), (h) inlet and outlet morphologies of different sized holes machined on titanium and titanium alloy plates
using galvanometer scanning rotary cutting [2].
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Table 1 Multi-faceted comparison of laser beam spatial modulation processing systems
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Research progress on multidimensional spatial manipulation technol-
ogy and systems for laser beams
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SUN Zheng', LU Yang’ & CUI JianLei'

" State Key Laboratory for Precision Micro-Nano Manufacturing Technologies, Xi’an Jiaotong University, Xi'an 710054, China
? School of Physics and Electronic Information, Yan'an University, Yan’an 716000, China
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The continuous development of industries such as electronics, aerospace, and automotive has driven an increasingly strong demand
for high-precision machining of precision equipment components, where structures like precision micro-holes and micro-grooves
serve as critical structural units. Traditional methods of directly processing structures using lasers suffer from sidewall taper issues.
Even with processing equipment such as two-dimensional and three-dimensional galvanometers, it is difficult to completely eliminate
the taper, which greatly restricts the wider application of laser processing. Laser beam multi-dimensional spatial control processing
systems, through specific combinations and movements of optical components, endow the laser focus with multi-dimensional degrees
of freedom in both position and orientation within space, making them suitable for high-efficiency and high-precision processing
scenarios of complex microstructures. This paper systematically reviews the evolutionary trajectory and research status of laser beam
multi-dimensional spatial control processing technology. Based on the two major technical schools of transmissive and reflective
methods currently achieving multi-dimensional laser control, the technical principles and implementation structures of published
processing systems from both schools are systematically introduced. Combined with the latest experimental progress domestic and
abroad, the results of practical processing using relevant systems are summarized. Based on the experimental results, the
improvement effects of these processing systems on machining quality are comparatively analyzed to discuss the advantages and
disadvantages of various domestic and international products, providing references and guidance for the upgrade and industrial
application of multi-dimensional laser processing systems.
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