FLSEVIER

Contents lists available at ScienceDirect
Engineering

journal homepage: www.elsevier.com/locate/eng

Engineering

Research
Intelligent Manufacturing—Article

BT SRR R AR T 75 AR5

a,b a,b* a,b a,b a,b

Iy ©

* State Key Laboratory for Manufacturing Systems Engineering, Xi’an Jiaotong University, Xi’an 710049, China

® Shaanxi Key Laboratory of Intelligent Robots, Xi’an Jiaotong University, Xi'an 710049, China

¢ Xi'an Institute of Optics and Precision Mechanics, Chinese Academy of Sciences, Xi'an 710119, China

ARTICLE INFO HE

Article history:

Received 4 April 2019

Revised 14 June 2019

Accepted 12 July 2019

Available online 21 November 2019

AT AT = AE AR L TAVARYUAR S ) = 2SO N TR SE, Pl 1 Pk T 24
FI6 B0 A = A4t I 7 AR A = 4RI B0 T ik 1 77 vk BT okt i AR i i
R Z 4R BE R 4w, IR D R AE 15 SN IO TE = 4E TR B SR A, T sk
DUEFE S B BOE = 4n 1, BFFEN RO R 7 ARSI SR A T8 fF, I 9 0e S B geE 12 1
SRR A R ALEOCIN U7k 5 S B AT S . AR G 2 S A DG R T VA AR
EE, AW SE B AR T 5 B 77 VA 7 ED6 T bR 2 AL B AN IS stk Si Il =4 gk, Jf ik

§§ﬁ1 Bt T B A HEPE KB AR 38 SR 5 (0O N T 7 5T LS B e T thefle, 30
v . I [R] A7 Bl AR

:\gﬁfﬁfﬁ%ﬁ © 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher
%%1‘/‘5’7% Education Press Limited Company This is an open access article under the CC BY-NC-ND license
WotnT (http://creativecommons.org/licenses/by-nc-nd/4.0/).
=R

1.3|= HERA SR A AE =4 T4 -[17-18]. NohZE[19]UFHA T %4

TEE 204 B, Boshn THEAR O &/EE 8 11-3].
DI#I[4,5] FTFL[6,7] SCEEHN T-[8—10]Ffil &5 #4) il it
[11-13]% 2 /M R 1S BN . BE HOE I TR AR
B S, FN B IR AR K 2R 0 i
AN E i A, R BT B T AN PR E 1 S O
IITHEARBA B L. ARMIREAE N —Fhn] DUPUd
T b A2 O GBS B AL ™ b, AR R R T I
L, SfEgrhn Tk, BavrEs, A
TR shAS RS AN T B . o) B, R Adun T.UA
Je RAENEE 5[ 14-16].

= AEFOEIN TP 2 & WA U 2 RAIE O £

* Corresponding author.
E-mail address: liubin1110@xjtu.edu.cn (B. Liu).

AOE T EARIERF RN T &, WOt S AN TR E

Frdat = His s G AT AME, PRIEAE AR AR ELEN
T E. WangZZ[21 % K 4 2 o te, BEIR

EIZREOEM T, B A =4 R MmN TS, shaiiE
R WAL B A LIAF I TR EEFRZ —.
SHEHMIRE N =4 TR e T H A A RE
FI0[22,23], kAR R R T ) SEBL S T N A2,
X e — R AR IRE A LB . XiaoSE[24]1 8]/
= YR FEIR BN [F) SRR PO S5 AE AU i T L B RR
Z|E % . Diaci 55 [25] A = 4R g et . R b

2095-8099/© 2020 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

: Engineering 2020, 6(1): 68-76

: Xiao Li, Bin Liu, Xuesong Mei, Wenjun Wang, Xiaodong Wang, Xun Li. Development of an In-Situ Laser Machining System Using a Three-
Dimensional Galvanometer Scanner. Engineering, https://doi.org/10.1016/j.eng.2019.07.024



2

PRz e B E % .

H A0 = 4R8I T R G KA EH =4 &/t
Jo ML =4 RAFRy, FEFET = 4E R g BiEg
T TR B A& R AR AT AR N LT B = 4T3
LB, 7N AR IECE I T AR AR T A% I S bR TS5 N
P25 I TR AR R R — 35, DRI, 4 TR/ E
ZREALIN TR, RPN R IR () 200 T & TAE
Wi 2s, XONSERRIN TR T 5 2 MR 75 SR 5 ) A,
BT 2 LFmRIRE. RAmTHEA, —#E
T8 HARAE AR EdE AT I & I S A T Ui, AR Tk
S A TR S U HA BTt 9t N FH [26-29]. 547N T
FARRHF WO =4n T, HALHEBEE TN K
—PRILSEEL, AT LA AR Sy UL B RN
ML, REDBW RN TAERMIRZE. FIHEH
PRSI 28 45 4 e T LAEAT = 4E| 8 [30-32]. Diaci%
(25142 T —FhrE o B TR %, FIH %
SABALIEAE A — AN YU T AR AN T, XAy
R = B BRI TAHSE S, BEAT EFHMm
8T =450, AT RS TR LG, 8
R H I 2 o AR ) S I R DL R T R R
AR EE VAN

& G 1 2 45 106 = 4 & R R it B0 A% B
KA BB TEY AR KT [33]. ZhouZE[34] H Lk 4h
Myt 2l ek sh, ERKE. SRR BT A AR
ZEHIAE0.3 mm A . LiuZE[35] LS5 /& T B
30 mm 75 A5 [, 38D A A SR T A (AR R
ZETE20 pm BAPY . Li%5[36] FH 245 14 6l 5 2 100 mm
BISE M, HmE R 2ZER ]l mm. F8L b, HRAMN
R RS, MEES. SRR ERILRKE,
/IS BT AR ATLA 3 R0 () 0 R 25 AT DA SR ASAE X e il

HRT, 0245 1 e I B AR BT 78 32 LA FE I A
B, KLU DR BURIAE R AR bR o DB 1) V2
Fefih, FERIEET UHES MR TR IREAA F 2
58 () B A S AL A A P ANE] . sk artl
TRUR AL A A E R R R, WERENE
DERARBUTE I S L AR [37]. KO E 002 [5] A Hes-
sian i PRV 381247 B m R OIS JE o XETAR A8 A i
FEQFEAHUbR 2 FOG T 10 07 F2 A5 B4, HdokF
TH 77 FEAR 8 A2 ME A, WD R B e Aeh FEE 428 o) kAU 6
TR 4 45 K] D' A R A s o (1) R ) A8

AW TR — B = 4ER RS e — D S5 AR LS 2
T =ERAIBOCIN T RS, 8 R AN TR IR TR
BERGRIAATVE S S AHEFT T E TR AE T3
BUSEEL T O AR T F IR B 1) 4 45 1) Ol = 2 ) B A
Ry @i v BE b s R CRAE I SR T () 5% ©—
BT Z4EB00 R TR A . 5 — R LG
BIPFMLL, AT 75 AR AT ZD6 T AR E
WA EHOMIB S EOL T, KBl =4k di i, WE
111 B R AP (1) /| 5,

2. 3%

2.1 T AR I R 45 M0 =4kl & 5 v

K1 (a) RAHFe b B T H R IR ) £ 45 M ot = 4
DA, AZA AR o AR AE DU AARR JR 1 AR BR R
O, XVoZon TRBANER Op-xy,z,n AHNALFRE R O Xy ez
EURAKE R O-uv, WHIREAIS R 5 M AP RE ST
BRI, AW FCRS-03%8, £E1 () W, arilh
PRABE y Bl S SR8 B0 SO R, ARG o Rt S AR AR
B8 Na(0, 0, H), A H Aa s At FLAL R 2 b 1 R
by o RONIREEFII I ZRBOG I I o 21, I sU7E THE SR
AARR BRI AERR GG N D (xy, y1, 0) Rle(xy, 1y, 0), FERTIETE
PRGNS 2] . S AL 2 R 3 S
ZHER, TEZRD ALK W AR E LA
U [39], mIf53I0 (1) a1k

Xc
u=f,=+c
{ RSN

v:ﬂ%+q v
b LR ¢ NE AR WA TE]—mP, (X,
Yo, Z) NP RAEARNLAL RS R A AR, (u, v) X RI) (R
FAFR R A MIAAAR . T ME— B E IR RRME, 1B
BEDANLFORE, WAL TR — BISs
A4 e T B 73 92K G G O T HEAT b R R S O T 5
R, 110 38 I AR IR 7 A ) 01T T A T LUK i 47 1 £
BotEdIREIAC B I BT R, Bk B -0
SRR -035 8. RS-0 5, fETE T AR AR
HoG P KL (a) =4 sta. by ¢, JHAEFALPR
CORls R IO -0 B, AEIRBE AL AR & o1 I
2R H oy P, AU E L e B AR N aCx,
0, H), DAL, AFHRBIALER R A SR = A IRILZR I R



y-axis mirror of
galvanometer scanner

Industrial camera

Three-axis
motion platform

c(x, ¥,, 0)
(a)

B 1. BT IR AR A G B T (o) JRIAEAY, (b) Si)de .

RN e B BRI LAA R R, BIVRTARE = s 2 AR AL
AAER R DI RE, el (2D .

AX+B-y.+C-zz+D=0 (2

X, 4, B, C, DI HITRERN AL, ks =
MW, WAL (D 53 (2) B3 3D

fx 0 c—u Xc 0
0 f, g—v||y|=1]20 3)
A B C Zc -D

HT LT 45 5 R AR R DGO EAE— RAEAHDLAR AR
AR ZLEBIR (X, Y, Z), ARIEAYLIN S (ROVTE:
FERE, TOAPPREERE) A BT T ALRR R (X, Y., Z,)s

FN I EG P
Xw Xe
Yo | =R |y.| -T (4)
Zw Z

2.2 W= ERRE T

AW AR LR IE T LA 43 Fo6 5 FE 2k
SER Y = YR B T IE R R L, G5 AT m AR E TRk
PRAIE 5 BE 7 1) RORE BE o 125 4 1A EE R 3R 1 S v
RO FE BE B B AR 2 AL bR R R IR R 3R 22 TR 5%
2R, REMTARYE SEBROG O 7E BB AR AR 22 vh B A7 B E 1% A1

Light plane

b(x,, ¥,, 0)

Three-axis

motion platform f
» TN

FISEPRm R, R AT (5) PR,

Z=f(x,p) (5)

W, ZRSEbRE s PRZIT LB mEs FE B x FE
FEEBp R . ARUFFEH, HLRBORHRS 1 B %5
FAE R By ET AT, HoAR RS 7 )i T AL BR SRl
M, WEL () Fiw. mEFR e, @it =z ra
1) Z 13z Bl R 18 BE 254048 2 H 4R WO I #-AT 5 €

o BV OB, K 2RO A% E B R 01K ' 0
SORFERE L, T RGO 5RO TR AR R
WP 3R 22 9 Py 58 SUTE B 9 01 THT P9 (1) HoAth e
5 RUES GO PR MR R ZE NP, RO WS FE 25 AH
IF) 171 7 AN [T 5 AN TR 1 AR 0l 0 5 8 R 0 Ak
e PG K2 NP, Rk, R R RNAELE
WIRKFR:

P=P,+P, (6)

K2 (a) #5E T 60 MR R ZP, 5B R
Ex (=30 mm#30 mm, 5 mmisE —K) X R,
ME ] BUE AR R Z P 5 2 W06 #2 B B x B A 4L
X R, B2 (b) FrE T PR EEPL, 5EE
(~15~15mm, %5 mmbzrE k) KRR, MEHRALL
Eifh, BEREPSEEAAEIFMEIERR.

SEBRUFE A, AV P iR AP +P, B T A5



4

e AR, B3OSR Z. BEREP, HH
Jelis B x = Z AR R =4, RKIL=F KRR
AN —AF, B, e ZER, e K
2 () 1, IRIFLLBFOC I PR B x e VESEE T S AR R
ZP, RARKBRAHOCH B EREP, 5P, =P-P),
P BRERZEP,. LB R i N K3 1 il 2 E 15
HSEFR i Z

2.3. JuofE BT %

FELRERPDCIE R G, ek arh L2 eI
SO RGN RS B o AT 70 15 SR A B DB B R AR
MO MG EAT AL L, B 5 R K B E R 2k
S EEAT IR . £E— IO T SR IR R SR O
IR K K maxr SRJEHIRE — I HIMEK = kX o, 0 <k
<1, fEREMILHBKEERTKRBER, RKiHES
LB C SRt WHTH KT BMEKH B R
AR A, (=0, 1,2, ...), MNKKEE g (i=0,1,2,
)y B ALE U

500
400f
3001
200f
100f

-1001
—2001
-3001

—400
—40

Pixel distance P, (pixel)

-20 0 20
Laser line offset distance x (mm)

(@)

IS
o

U= Z?:]gi X Ui
S8

HI K S8 FE O iR RSR IR O 2 B R, B 812k
BOLAK SRR, B ZBO6 IR EE 7> A AN
SR TR, WASK BRSO AL E B
SETARIR KR ZE, $Em T OGO IR

7

2.4, JEALIN T

M P HUE, ARHE2. 1 AR A W] AR B Ak AR
M =4k, R E HEmBoL 2 e & T AH
WL R E o BT R TS A AR A A4 S R (1) = 4E T
UL S AR B AR bR R AL 2%, IAE =4k S =i b
HEAT =400 T R BB AR B, B AT S R AL = 45
T

ERBNYE FRIN RSB )G, FFR A TR %
BE BT R RS AN B, A R = 4E AR

BN L4584 A TR A AR I LR E A 1525
60

~ 40}

5

£ 20

N

o

Pixel distance
L
o

—40}
-60 . . .
-20 -10 0 10 20
Height Z (mm)

(b)

E2. GEAPR RN PR R 7. () FENORS, SO IR R %P SEREO I Ex Mo R B (b) LBOGmMBIE A N0NS, Jo iR R%EP,

SRR RE.

N

M

~AMinmntt
ANMmMmmRt)t

MM
\\\\\\1\\\\\\

Height Z (mm)

Pixel distance P, (pixel) 20

60 30

10

20 Laser line offset distance x (mm)

B3, SihrmEZ. ARLKBOCMIIE B T MR R ZE P, RMOC IS BE S x =3 2 [ )56 R = 4TH .



BB =g il B0y AT =R R B0 . B
B MEFAR AT A R PR B 5 AR =, PR
5 AR B R v FE AR P S E AR iz AR R R
o TR EM BTN, 5 ZEiE AR
FHATH . PR s SO SR AE AT R AL B IR kG
HESRE N T, AW FUIT A 1 AR R A0 Ao

3. KBS PN

3.1, WA

AT 5E 48 B Scanlab intel iSCANse 14 = 4k Hi k4%,
He 52 FE N 255 mm [ f-037%5, TOVAEINLE FH vieworks
VH-5MG 500 543 &= B E AN, 22 e A IRge 55,
553 % FHHU-TRON FV 1520, {#iiF T {F 5 85 ££350 mm
W, M 7E200 mm X 200 mm A& AT . O BESR A G
K680 nm B R IEIE I 1064 nm G EFEOE 28 (RFL-P30Q).
SRR AT = iEs 6 b, wE (b)) B,

3.2, SRS VEOY
TR 5 JEUAL 0 T 0 BE 75 HE ) SR AR AE A5 0

5

TIHAEBEZEALR, AFFREH K80 mm, %
20 mm, HrdAEEE N3 mm. Smm. 10mm. 15 mmif
P S EIR[E4 () [T HRR E N, 45
JEIEIEE 0.5 mm, FHEHREE 14358 95000 mm-s
AHMLER G B 250 mse 20 R FHAHNLAN . 782 KOG
[H1 77 R T7 5 CA R 45 v FE bR 8 TR AT 25, &4 (b)
RNEEG A ETNEEARMA RN R, AR T
B EREEAE R N T HEHMENA 482 2061
MW (kD 5PN, 985 ROt Finss & e
FrogE Ml (O7iE2) ISR B, 2R AN B 7%
32N & B -2 SR e B AR A R Z EUR AL, E5 (a)
VR R T 12 IS )T 38 SR Bk vy B AR S PR AR v FEAE 1 L
s S (b)) AWMITEER R ZE L, HHMEPLA. 4
Zx SO T 7 B AT F A R 22 B Ay 7 1) RS ) AR AL
KA, H I G R ZE RIS, RS EON 15 mm
Ab, RZERCOKR, I mmg T R BEAR E TR E )
S RAE R E T A FARZE MR ARREAE £ 0.2 mmPTE I,
ANEEFHE AL E R AR AR Ry M ERREE R T
B2 S — A R B e — A Ry E A bR, St
PRI E R R LK 9(79.900 £0.154) mm,

(a)
El4. brifEr Gl E . () FrfERE el (b) brfEmE apradui s |,

16 T - . T v T
14t ——Method 1 —_——

12} —— Method 2

c ——Ideal value

E10r —

R

g gl

< p——————

o 4F

(0] e

T ot
of == -
2

50 40 —30 —20 10 0 10 20 30 40
y (mm)
(@)

50

(mm)

.

Erro

(b)

0.6
0.4r

e
02

_0_25 MMMWM "1

——Method 1 |
—Method 2|

-0.4
_0.6F \‘ﬁ .
-0.8t+
—1.0f N‘\’\
-1.2 . - . . . . . 1 .
-50 -40 -30 -20 -10 0O 10 20 30 40 50
y (mm)
(b)

E15. KHIAS [R5 VEA B 6 9 - 255 B PR S LR 2 U . () SRR VE AT AP35 Br s AR (o) IR Tk 22, ik 1 AR
BN S KOG, T2 AN SN2 BO61 t J7 i:45 B i vs 72 7 i



6

PR T MK 80 mm AR &, LRSI R R,

3.3. St FE A S
3.3.1. F W) 1—A A s FE G B 42 in 1

9 T AE AT R TIT R = 4E R AN T R KR T RE,
W T X bR v B G M BT R B . I TR R
. Z4EEAnT, HEZTSBWR.

AR, HARR E LA 8 FH MatlabAHAL bR & T2
FAHHATHNbRE, BB S, 465, TERENSE,
W T AR bR RS IR AL bR F O TSR BIR 85 3 Hey 77 1R 3
AOGITERMAAS AT, w6 (a) frw. KHH2.2
TR D 7 B bR E T VEIEAT R AR E

IR, RO B WO RO RO
TR EHOG, I 95000 mm-s™, TALAHHLER G
[f]950 ms, [AIB%0.5 mm¥#—iE Lo, MLk
Pinp, b andsAs 28— iR ZeEos Bl anE 6 (b) Fros.

I3, REOGO I R =Y S e KK FO
AR B e 0 mE6 (o) LR, HWE2. 17
Je2 25 HR T VR A AR I TR T M=

SIR4, INLRZERR: BidOpenGL B/RA =
Yoz, FFSANFLRMERGHINTHEE, BEREd—
EMER PR e =g S T b, ERIRE
Mol FRREbRm TEZE, WE7HR.

SBIRS, ZHEJEAIIN T N T ASHER bR R, fE

o

File Edit View Settings Projection Laser Axis Scan

S & "I

EH R TAGERAR, BORIE VAR BRI AR ZI 2R,
wmEe (d) Fin, JEAINTEMEZRS R EE 3.
AW FER A C# winform V- & ¥ & 7 5470 T8,
WETHIR, BEEARMLEE. SAES. A
TEIZ. ML E AT PR R A sn L s¢
K. shliRen T, 6 =iz s 656

3.3.2. ) 2——KRZEMRI R ER I L
KAGRIMNRE 2 — T HEHRRE, HTFH#M
N2 B2 BEA S KA, W3R n A7

E6. AIF I A I LISt 54520 () FINUbR e FE Pk
BLARR R G SRR RXTHET T (b)) —IREOEKE: (o) 24Uk
PSR I B, L 2 2 o0 S B B (1060 (4D FEARHERBR I
I T PR S B SR AN T 5

3D point cloud
load show

Projection pattern

load show

Projection generation

B T, b‘ calculat
Projection paraneters
Rotate/r D
X offse/mn [0 |
Y offse/nn
X pixeldis/an [0.05 |
Y pixeldis/an [0.05 |

B 7. =45 T S



BEAT SR B4, BE— B AN A B A R B0 — A
FOFEBCRI AR AT, K8 (a) Pros, JHINTLEsR
WK (b) Prow. W aF ORUERE N L &AL Az T 4R 8 hn L
Y S VAR ET v B A RIAT,  JE 75 e R PR TR
K8 (c)v (d) XA &R — M AT I i B 45
RIRFEH EBOY %, BOY R B TN, |/
AR AR A LA B AN Tl B, o EdE. A
INTRCRFT LA 1, LR se %, ol BBk,
JERE N T2 58 B — 4 1 A7 B AR S 5 B b i et
KR

3.3.3. =) 3—— NI B L ARG R ER N T

9T B R iZ 00 &R gk T e T AR B
oA N 2R 1A) R ) AR, B — AN A &N
(40 mmx>40 mmx11.5 mm) 1ERNIN TS, IRt

B8, R E N TS E R o (O BRI I AEbR F A
(o) AR IR AN L AR (o) (d) “HEM AT B .

(c)

7

17K AR 5 5%, @I A T R R EE B AN R
TN TR R, A AR WE9 () PR, L
I 43 5K FH 40 pm 1120 pm (19950 T2 A1 #E, 0 8cR an
K9 (b). (¢) FTzn. 24 L2k 40 umhs, JnL
PSS, M TR EE 9120 wms, Jin T.28 2 [A]
BB A2 B IR AT G 2 WA I, I & 15 3P
N T2k 55 A (46.08 £ 1.22) um, SZBRZEE FE 2 51N
(40.04£0.72) umA1(120.11 £0.02) um, 5¥iH R4
. RPIZRG R AN LR .

3.3.4. 4] 4——J) FHL & K R 2R IR A hn T

JTI AR MR E AR T DASEI R GF IR0 R, A
T2 e ) L P i 8 ek AT Ttk B e R A 78 b 4%
RJriE, PTUATETRRE, BEAT JTE TSR R A & K
U EALIN T, T HE B9 A AL AR R 45 14 7T LU 56
KITAE . E10 () NEA —E A =MmF
7], WL FE0.2 mmit AT IR, RS R
10 (b 107 LABA 75 2] T L /T JJTH S A ff, S B0 & 15
FIR) ) BB K10 (¢) ], i#idDigitalMicrograph# {4
M=K ERRAMER, 4% EF0.2mmK JJREH
PR RIE, HSEPRKEANL=L, 2 X (3-1) X 0.2, 3
HLNH R IR R K, LARHETIRE IR
MR (BRI, ARSI EAE 5 s R R
SEPAE WAL, RN TR SNSRI E R,
SEAERT ) ELEI10 (DD 1, JERAM T H 239 an & 10 (e
Fizm . BETH A 40 1 & ] DAvBeaff b A5 78 ) Bty 7]
T b o %0777 DO I Ak 4R B 58 K 1 1 250 2 AN
) ) HL 4R i

43912

5 oL & 0% G2k S5t I T AN A 1
K&, AWETUE ARG AR L0 A SL A DL

(e)

(d)

BE19. N LA BRI N TS . () I R I R 45 AL () I LZRIAIEE 40 nm AN TRCR s (o) ANTLRIAIEE Y 120 pm (1
IR () LRI ER Y40 pum 622 BRI S5 4L (o) N LR ] BE Dy 120 pm 65 AR ML ES 2R .



(a) (b)

12
10 , :
S <
. 8 WS N
E 6 RS %
E Rt A2
S 4 E D=\ >
3.726mm 2
A \ p >
9 q Ne !
y
0 A in
| UL = 16.362 mm WAL
2 4 6 8 10 12 14 16 18 20
X (mm)

(c)

BE10. 7] HE R R AU AN TS E R . () B —E R MK =ML T]; (b) B, (o JTTRR NI (d JE A0 T

(&) PRGBS AL N T 45

R TIRBARUT R AL ER S5iAR - R A 2R

Dimension In-situ measured value (mm)

Vernier caliper measured value (mm)

Absolute error (mm) Relative error (%)

Thickness 4.683 4.68
L, 16.069 16.14
L, 16.055 16.14
L, 16.059 16.14
D 3.726 3.80

0.003 0.06
—0.071 0.44
—0.085 0.53
—0.081 0.50
—0.074 1.95

D: hole diameter.

THOLE K OB B A e dEf s, DRI 75 2%
N PTHAT A5 8 K SRBOG T 72, A RR AT K=t
FL, UILiuZE[40] FHERE BEAR DL S AR L2 M A0 S I 7
AR E, Kiddeeds [41]7EMLEME EARS T 451D
RGPS, X LR E T EFIE R I H il SR
bR AR . AN FUH R IR - AR o 2k, AR bR AT
DL PR BERE s ], R 25 7 6 F s 1 22,
KRRl T LR 5 M e I X B AN T A &, AR G2k ss
e =Y, TS B EE B Rl A S I
FELE T VIR AT, AHIE 5T R AR EE T LASE I [ 4
BETIMNGSNS PRI IS EE, T8 T & AR 2

Ao PRI, I8 IREEHEAT e S5 B A R BRI %
Eagibfy 2
SRR AERE R B = 45 B A e S B
PEAED R L ER SR AR, SR H AT I = 4EIRBOF A =
HEMEERE Sy, W ELE A e @R = E S, X
XS R AR T AME . AR T VE R FRRCE AL
MARBL, AT Ay =4 R IR B I = e R, S
DAE=4EIN T B =4, AR, il A
SENLA BESEUIN T 77 ANF, ABE TR T5 5T 7 R
AN AL, I S5 AL & B AT sE A A = 445 S AN
TARAR AR AGUEHES,  SEIL 1A RO B AT N A ff g A



PRE, KK T B A AN 8] AR

TR RCRI, BT ANLA . Sh SR A HER,
W T B T AR R S AU ) AR R ZE B B BOR
SYEARRIRBEAEIN TN, R T AT A e A A
o SEE R A, MmN T, N rit—2DiR
e = YEN R, AW IUIR T A5G AR E W7
figp DR B — B TE T IR AE S PR R A vh iR ZE 2 R LA RO K
TR B e, BETTORAIESOLIR A R MR S br i T7 ik
FRAR 22 EEORIE T LR BGOSR th 200 O, HAML
DHERAE FBOCOSIAMER, HHIRZEA
FEL A

5. 4518

AW FHH — B =4IRS5S AL RS 2
TIEM TR RO =4 T 248, FIHAH
RERMA G T =4kl &, 24 7R THRMIRE
B LS aI SR, JE I AR & F1 v FE bR 8 7 AR
UEM ARG BE o I8 I SEIG R I5IE T BB R R a7 1% K&
SEAE .

AW FITIEN RAE T Q5L GR L RGIETT
EAHEG, AT R I R 4 1) D' Y T T AN 75 B AT O
17 FE bR g, A 7 B8 I A0 A (138 Bl il SE I — 4
d, TEJTVEERE AR A E RS @i il&E
I T— AR i 7N T8, 54 1 RN S5 50
JEA

XA BE SR m I TAESS, A58 B s A in T
J7VE AT AT R e A, JE e T R v T () b R 15 %
(l1Camera Adapter) #EATFEE AL, BE T SLIN mrks BE 221
SiEWOtINL, fEfR2: TAEEATT .

L]
AW AR T K E AT R E R

(2017YFB1104602 12016 YFB1102502). KyT 223 Fif)
BN & FEit% (IRT 15R54) HI30#HF.

Compliance with ethics guidelines

Xiao Li, Bin Liu, Xuesong Mei, Wenjun Wang, Xiao-
dong Wang, and Xun Li declare that they have no conflict

of interest or financial conflicts to disclose.

References

[1] Yang L, Cui J, Wang Y, Hou C, Xie H, Mei X, et al. Nanospot welding of carbon
nanotubes using near-field enhancement effect of AFM probe irradiated by
optical fiber probe laser. RSC Adv 2015;5(70):56677-85.

[2] Cui ], Yang L, Wang Y. Nanowelding configuration between carbon nanotubes
in axial direction. Appl Surf Sci 2013;264(1):713-7.

[3] Cui ], Zhang ], He X, Yang X, Mei X, Wang W, et al. Atomistic simulations
on the axial nanowelding configuration and contact behavior between Ag
nanowire and single-walled carbon nanotubes. ] Nanopart Res 2017;19(3):90.

[4] Dubey AK, Yadava V. Laser beam machining—a review. Int ] Mach Tools Manuf
2008;48(6):609-28.

[5] Gao S, Huang H. Recent advances in micro- and nano-machining technologies.
Front Mech Eng 2017;12(1):18-32.

[6] Duan W, Wang K, Dong X, Mei X, Wang W, Fan Z. Experimental
characterizations of burr deposition in Nd:YAG laser drilling: a parametric
study. Int ] Adv Manuf Technol 2015;76(9-12):1529-42.

[7] Fan Z, Dong X, Wang K, Duan W, Wang R, Mei X, et al. Effect of drilling
allowance on TBC delamination, spatter and re-melted cracks characteristics
in laser drilling of TBC coated superalloys. Int ] Mach Tools Manuf
2016;106:1-10.

[8] Hong KM, Shin YC. Prospects of laser welding technology in the automotive
industry: a review. ] Mater Process Technol 2017;245:46-69.

[9] Sun X, Wang W, Mei X, Pan A, Liu B, Li M. Controllable dot-matrix marking
on titanium alloy with anti-reflective micro-structures using defocused
femtosecond laser. Opt Laser Technol 2019;115:298-305.

[10] Wang X, Zheng H, Wan Y, Feng W, Lam YC. Picosecond laser surface texturing
of a Stavax steel substrate for wettability control. Engineering 2018;4
(6):816-21.

[11] Pan A, Wang W, Liu B, Mei X, Yang H, Zhao W. Formation of high-
spatialfrequency periodic surface structures on indium-tin-oxide films using
picosecond laser pulses. Mater Des 2017;121:126-35.

[12] Li ], Wang W, Mei X, Sun X, Pan A. The formation of convex microstructures
by laser irradiation of dual-layer polymethylmethacrylate (PMMA). Opt Laser
Technol 2018;106:461-8.

[13] Shao ], Ding Y, Wang W, Mei X, Zhai H, Tian H, et al. Generation of
fullycovering hierarchical micro-/nano-structures by nanoimprinting and
modified laser swelling. Small 2014;10(13):2595-601.

[14] Yoo HW, Ito S, Schitter G. High speed laser scanning microscopy by iterative
learning control of a galvanometer scanner. Control Eng Pract 2016;50:12-21.

[15] Luo X, Li J, Lucas M. Galvanometer scanning technology for laser additive
manufacturing. In: Gu B, Helvajian H, Piqué A, Dunsky CM, Liu J, editors. SPIE:
Proceedings of the SPIE 10095, Laser 3D manufacturing IV; 2017 Jan 28-Feb 2;
San Francisco, CA, USA. Bellingham: SPIE.

[16] Yu Y, Bai S, Wang S, Hu A. Ultra-short pulsed laser manufacturing and surface
processing of microdevices. Engineering 2018;4(6):779-86.

[17] Cao BX, Hoang PL, Ahn S, Kim J, Noh J. High-precision detection of focal
position on a curved surface for laser processing. Precis Eng 2017;50:204-10.

[18] Noh ], Cho [, Lee S, Na S, Lee JH. Fabrication of microgrooves on a curved
surface by the confocal measurement system using pulse laser and
continuous laser. Rev Sci Instrum 2012;83(3):033106.

[19] Noh ], Suh ], Na S. Fabrication of microgrooves on roll surfaces using a scanner
and a telecentric lens. Jpn J Appl Phys 2010;49(5):311-33.

[20] Cao BX, Bae M, Sohn H, Choi J, Kim Y, Kim JO, et al. Design and performance
of a focus-detection system for use in laser micromachining. Micromachines
(Basel) 2016;7(1):E2.

[21] Wang X, Duan J, Jiang M, Ke S, Wu B, Zeng X. Study of laser precision ablating
texture patterns on large-scale freeform surface. Int ] Adv Manuf Technol
2017;92(9-12):4571-81.

[22] Yan H, Chen ], Shao J. Study on laser dots marking based on dynamic focusing
galvanometer system. Chin J Lasers 2013;40(9):91-6.

[23]Liu H, Wang S, Ma C, Wang H. Study on an actuator with giant
magnetostrictive materials for driving galvanometer in selective laser
sintering precisely. Int ] Mechatronics Manuf Syst 2015;8(3-4):116-33.

[24] Xiao HB, Zhou YQ, Liu M]. Experimental research on 3D ultraviolet laser
precision marking processing technology. In: Proceedings of the 2nd
International Conference on Computer, Mechatronics and Electronic
Engineering; Xiamen, China: Lancaster: DEStech Publications, Inc.; 2017. p.
516-20.

[25] Diaci ], Bra¢un D, Gorki¢ A, MoZina ]. Rapid and flexible laser marking and
engraving of tilted and curved surfaces. Opt Lasers Eng 2011;49(2):195-9.

[26] Li X, Lian Q, Li D, Xin H, Jia S. Development of a robotic arm based hydrogel
additive manufacturing system for in-situ printing. Appl Sci 2017;7(1):73.

[27] Lian Q, Li X, Li D, Gu H, Bian W, He X. Path planning method based on
discontinuous grid partition algorithm of point cloud for in situ printing.
Rapid Prototyping J 2019;25(3):602-13.

[28] Everton SK, Hirsch M, Stravroulakis P, Leach RK, Clare AT. Review of in-situ
process monitoring and in-situ metrology for metal additive manufacturing.
Mater Des 2016;95:431-45.

[29] Goda I, UHostis G, Guerlain P. In-situ non-contact 3D optical deformation
measurement of large capacity composite tank based on close-range



photogrammetry. Opt Lasers Eng 2019;119:37-55.

[30] Geng J. Structured-light 3D surface imaging: a tutorial. Adv Opt Photonics
2011;3(2):128-60.

[31] Salvi ], Fernandez S, Pribanic T, Llado X. A state of the art in structured light
patterns for surface profilometry. Pattern Recognit 2010;43(8):2666-80.

[32] Zhang S. High-speed 3D shape measurement with structured light methods:
areview. Opt Lasers Eng 2018;106:119-31.

[33] Perhavec T, Gorki¢ A, Bracun D, Diaci J. A method for rapid measurement of
laser ablation rate of hard dental tissue. Opt Laser Technol 2009;41 (4):397-
402.

[34] Zhou P, Xu K, Wang D. Rail profile measurement based on line-structured
light vision. IEEE Access 2018;6:16423-31.

[35] Liu S, Tan Q, Zhang Y. Shaft diameter measurement using structured light
vision. Sensors (Basel) 2015;15(8):19750-67.

[36] Li ], Liu G, Liu Y. A dynamic volume measurement system with structured
light vision. In: Proceedings of 2016 31st Youth Academic Annual Conference
of Chinese Association of Automation; 2016 Nov 11-13; Wuhan, China. New
York: IEEE; 2016. p. 251-5.

[37] Goshtasby A, Shyu HL. Edge detection by curve fitting. Image Vis Comput
1995;13(3):169-77.

[38] Steger C. An unbiased detector of curvilinear structures. IEEE Trans Pattern
Anal Mach Intell 1998;20(2):113-25.

[39] Xie Z, Wang X, Chi S. Simultaneous calibration of the intrinsic and extrinsic
parameters of structured-light sensors. Opt Lasers Eng 2014;58:9-18.

[40] Liu Z, Li X, Li F, Zhang G. Calibration method for line-structured light vision
sensor based on a single ball target. Opt Lasers Eng 2015;69:20-8.

[41] Kiddee P, Fang Z, Tan M. A practical and intuitive calibration technique for
cross-line structured light. Optik 2016;127(20):9582-602.



