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Fig. 2 Schematic of primary and secondary laser engraving process. (a) Section of laser engraving; (b) erosion ratio

and processing line of laser engraving
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Fig. 4 Automatic generation of complex tool path for laser engraving. (a) Program results of primary engraving;

(b) program results of secondary engraving
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Table 1 Comparison of different trajectory curves of laser engraving position points

Constraint of fitting

Trajectory curve

Number of Actual fitting error /mm

error /mm control points Max error Average error
Complete B-spline curve 0.008 Total:73 0. 00785 0. 00209
Segmented B-spline curve (6 segment) 0.008 Each segment: 4,4,4,4,4,4 0. 00776 0. 00315
0.008 0.008
(@) ®)
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& &
8 8
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o0 o0
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Fig. 5 B-spline fitting accuracy of laser engraving position points. (a) Fitting accuracy of complete B-spline curve;

(b) fitting accuracy of segmented B-spline curve
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Table 2 Laser engraving trajectory of segmented double B-spline curve

) Constraint of fitting
Segmented B-spline curve

Number of

Actual fitting error /mm

error /mm control points Max error Average error
C(u) 0.005 Each segment: 7,8,4,8,7,16 0.00485 0.00189
H (uw) 0.005 Each segment: 17,14,4,15,16,15 0.00456 0. 00085
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Fig. 6 Fitting accuracy of segmented double B-spline trajectory. (a) Fitting accuracy of segmented B-spline curve of laser

engraving position; (b) fitting accuracy of segmented B-spline curve of laser engraving direction
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Fig. 7 Angular accuracy of laser engraving attitude point

3 JEHLHL PR A Al
31 BERE AL AR R

WOEZI RN T PR LR G TR B8 3 )
F ORI Z 2 WA R R O

B A A AL A0 4% O — A4S 2 H AR 2 9 R 1k

L1518

MLIR 2 25 h 2y 07 2% 29 3R Co) R B (@)
Fn s AR AL R GO ¥R 4 E AR AE o, .
]m’EI]

J“U =qv;, < v,
a=4v’ +tga, <a, , (5)

j=qv] +3¢via; +qj, <jn

iﬁEP:q S HLIK B 45 B BBk, g = (X, Y,
s )sugaa, A, AR A D BOBLIE b SE B
%’%ﬁﬂ HRE RN B ARG, I8 SR Y iR 2

HH
v; <%«/p? —(p; — 8,7 (6)

T, A a0 o, O i 2 A 24 i Ak Y il 2R

Ftt:0., NIRRT RIRE.
TRV 20 7 WOL B BRI R B & E T 04

AR B AT 2B, As, A T BORLIE K,
ﬂUbﬂTHﬂLIH? At GNERIREE b G X T8 w, 1Y
THEA R

At; :&, 7
Ui
L (P
m:u&ﬂ, (8
w, =C,vip?, 9
A C, M a Ry PO 20 R BE B A v () 25850, o] LA
T IR RS Cu b Rl d G IR X 4

?&ﬂﬁm%ﬁ1ﬁTU@ o S I R HE IR ARG
ZILTRIE A H F L HEIE b, KT 8% T4 5E IR
JRIEFE R i -

hi 2> hogin o (10)

S 220 R0 T e e /0 o LT )2 213 L T
B A IR X5 B H5 /N 19 D Ak B A, T 26 20 8 5
12 By 1 B v A R L 3 R RN R AR R A A

PEAT A AR . AT o TS I e /N A kO 0 4
=R Eﬂ]*mava — Al — Asa,

W 3k g W%K%%wﬁ%%%mAﬁ%
5o 1B, S 445 Bl A i BE AR K R R — Y L
51 308 =45 A L R 4 1 e /ML Ry E A oA B0 AT O
b o X R EIRCER A, AN E AR Ak 3 Y 2 SRS
I3 RN T2 A5 e PR, AT DL 2 B O 25 AR Y H
PR A Ny

A,
Ay =2nVi, ~
DRI 98 220 0 T 2 BO6 L R P R) AR 4k 1) T
|

, =na,As,

(1D

J :maxzv;2 —AuB —Ana;s

1002401-6



£49% £ 10 #9/2022 £ 5 A /R E M

.t Yy =go, < v, . (12)
a =qv} +qa, <a,
J :CIU? +3q¢va; +qj; <]m
U, ap,' A 7j1' 2 0
3.2 EOtRBEMANBHERULERGE
TR HU O 20 B B A i — Bt B FE A LD

il £, X e AL R B[R] G Ak i 7 BEA T 05 B ﬁ/,ﬁﬁwb

F 3. HH vy, HHAGE I ARG S5, AR AL
1B Ly
JO <0 K Vo
oSBT . (13)
0<<a, <a,
Vo = VUstart »Up = Uend

K e, HATIEE) ) F AR 8, <1 Fom M
S XA 29 R L I AE BT DLk R B A T AT 88 1% Ol
R 50 0 AIZMER BRI HE L 500 M v HIR
R,

# 3 el bR LA 07 B AR

Table 3 Simulation conditions of optical

electromechanical collaborative optimization

Variable parameter Constraint condition Variable parameter Value Variable parameter Value
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Fig. 8 Simulation results of optical electromechanical

collaborative optimization algorithm
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Table 4 Optimization constraints of laser engraving process parameters

Parameter Speed /(mm +s ')  Laser energy density /(J » mm °) Duty ratio  Frequency /Hz Incident angle /(°)
K Praopti 100 3 80 5000 90
K pra 0-100 3-12 1-100 0-5000 60—-120

KM ENE L NS SHANE o, =1,7E 0~
100 mm s ' JEHEANLLL T mm o s AR R BGH
JE e R S A AR 47 D 5000 Hz, A A1 E R
90°, HH HE 15 5] fiE % RN 2 3R 1 X B G AR AN ET 9 Ca) T
TN . Bl SR BN N, o5 2 b Ok B R A
o B AR L WOG RE B % B0 46 1R FH XA B KA Bl
J 32 W 0 /)N 2R/ X JR) e /M 5 BB SR EE RS L R T
R /DE R, HaS i — b 2 & R E.

FENETZSHT G E MR A v=70 mm/s,
E=3]/mm’,7p =100, f =5000 Hz,0 =90";v =
40 mm/s B, LG RN E=4.16 ]/mm’ .y =
80, f=5000 Hz.0=90",

K AN SEALEE J7 4k, B OGRE AR o), =100,
A A wpe =1, HABAE o ¥125 0, I 7E 0~
PYEEINLL L mm e s ' R AR R B
S, HAp R A LA PR R4 5000 Hz, AN 90°,

100 mm ¢ s
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Fig. 9 Optimization results of laser engraving process parameters; (a) Optimization results of engraving process parameters

under equal weight; (b) optimization results of engraving process parameters under unequal weight
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Fig. 11 Optical transmission system. (a) Design drawing of optical transmission system; (b) hardware of optical

transmission system
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Fig. 12 Composition of opto-mechatronics cooperative control system
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Fig. 13 Software function block diagram of opto-mechatronics cooperative control system
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Fig. 14 Engineering prototype and laser engraving process. (a) Engineering prototype; (b) laser engraving process
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Fig. 15 Laser engraving results of engineering sample. (a) Primary engraving; (b) primary stripping; (c) secondary
engraving; (d) secondary stripping
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Fig. 16 Laser grooving and removing chemical milling adhesive of primary engraving. (a) Laser grooving of primary

engraving; (b) effect after removing chemical milling adhesive
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Fig. 17 Laser grooving and removing chemical milling

adhesive of secondary engraving
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Fig. 18 Secondary chemical milling results of engineering

sample. (a) Actual part; (b) measured result
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Abstract

Objective

As a new pattern engraving method of chemical milling parts, laser engraving is one of the important

processes in chemical milling for aeroengine casing. This technique can effectively improve the precision and the
efficiency of chemical milling. Moreover, it is greatly significant in improving the thrust-weight ratio and the

manufacturing efficiency of the aeroengine. In the laser engraving process, according to the numerical control (NC)

machining program based on the geometric pattern information and the process parameters of chemical milling, the

geometric pattern is engraved on the protective adhesive layer by laser ablation under the control of the optical

electromechanical cooperative control system. Laser engraving combines laser processing with the NC technology and
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a digital manufacturing process that has high precision and efficiency, digitization, and flexibility. The method can
also be used for primary/secondary engraving on complex surfaces to solve the engraving bottleneck problem of
aerospace complex thin-walled structures. The laser engraving research in China is still in its initial stage and mainly
focuses on investigating the primary laser engraving process parameters and the engineering application of foreign
laser engraving machines. Less research has been conducted on the key technologies and equipment used for the laser
engraving of three-dimensional (3D) complex structure parts, and many technical difficulties have not yet been
overcome. This work investigates the key technologies of the engraving process parameters, including laser
engraving trajectory planning, optical electromechanical collaborative optimization model, and adaptive matching
mechanism. The six-axis, five-linkage NC laser engraving machine tool is developed to provide a new solution to the
bottleneck problem of engraving in the chemical milling of the complex thin-walled structures of the aerospace.

Methods First, based on the laser multiple engraving process, a laser engraving trajectory planning algorithm
considering the chemical milling evolution is proposed herein to solve the laser engraving problem of the complex
surface on aeroengine casing. The basic processes of trajectory planning and automatic programming of the pattern
features for multiple laser engraving are given. The multi-axis motion trajectory of the laser engraving position and
direction is fitted by a complete B-spline curve and a segmented double B-spline curve. The number of control points
and the fitting error of the curve are then analyzed. Second, an opto-mechatronics collaborative optimization model is
established aiming at the minimum processing time and the minimum width of the heat-affected zone while the
adhesive layer is etched through. In this model, the bow height error of the trajectory curve, speed, acceleration,
and jerk of the feed axis are considered. Furthermore, the minimum processing time is equivalent to the maximum
feed speed. Third, an adaptive matching optimization algorithm for the engraving process parameters is established
to solve the optimization problem of the motion and laser process parameters. The laser process parameters that
satisfy the constraints under different speed conditions are simulated and calculated, providing theoretical parameters
for the optical electromechanical cooperative control of laser engraving. Finally, the structure of the six-axis, five-
linkage NC laser engraving machine tool, the high-precision optical path flexible transmission and positioning, and
the optical electromechanical cooperative control system are implemented. The six-axis, five-linkage NC laser
engraving machine tool is developed to realize the application of primary/secondary laser engraving.

Results and Discussions First, for the trajectory planning of the laser engraving position points, a complete B-
spline curve and a segmented B-spline curve are used to generate the trajectory that meets the accuracy
requirements. The fitting accuracy of each curve is less than 0.008 mm (Fig. 5). To ensure the fitting accuracy,
the complete B-spline curve needs more control points, while the segmented B-spline curve needs less control points
(Table 1). The segmented double B-spline curve is used to generate the trajectory for the engraving position and
direction. The fitting accuracy of the segmented double B-spline curve of the laser engraving position and direction
can reach 0.005 mm (Fig. 5). The maximum error of the direction vector angle by the segmented double B-spline
curve is 0. 0061 rad, which effectively meets the laser engraving process requirements. Second, the simulation
results of the opto-mechatronics collaborative optimization model illustrate that the energy in the heat-affected zone
exceeding the threshold is mainly considered in the low-speed movement section. In addition, the engraving speed is
increased to ensure the engraving quality (Fig. 8). The kinematic constraints of the equipment are mainly
considered to complete the engraving processing with the highest efficiency in the high-speed movement section. The
comprehensive balance between the engraving quality and efficiency is realized in this model. Third, to optimize the
motion and process parameters in the engraving process, the comprehensive optimization results under different
weight conditions are given, and the corresponding process parameters of the laser energy density and the duty ratio
under different speeds are calculated (Fig. 9). Different laser motion and laser parameters can be quickly selected
through different weight settings. Fourth, the primary engraving/secondary engraving of the annular thin-walled
milling cylinder parts of an aeroengine casing is realized. The accuracy error of the secondary laser engraving can
reach 0.034 mm, meeting the process requirements of the secondary laser engraving accuracy that should be less
than 0.05 mm.

Conclusions This study investigates the key technologies of the laser engraving process, including laser engraving
feature trajectory planning and automatic programming, collaborative optimization control of the laser engraving
process, high-precision optical path flexible transmission and positioning, and optical electromechanical collaborative
control system. The principle and engineering prototypes of the six-axis, five-linkage NC laser engraving machine
tool are successfully developed, consequently providing the key technologies and the equipment support for solving
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the laser engraving problem of aerospace chemical milling structural parts. The key technologies of the laser
engraving process and the six-axis, five-linkage NC laser engraving machine tool will not only solve the
manufacturing problem of aerospace chemical milling parts, they can also be widely used in the fine manufacturing of
3D complex surfaces, which will effectively improve the performance and the manufacturing efficiency of major

instruments and equipment.
Key words microfabrication; laser engraving; trajectory planning; optical electromechanical cooperative control;

optimization of process parameters; 5-axis CNC
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