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Abstract

Laser pipe cutting technology is gradually replacing traditional processes in the high-end equipment
manufacturing industry due to its advantages such as non-contact operation and high precision.
However, in practical applications, issues persist, including reliance on empirical process parameters
and insufficient dynamic performance of key components. This paper conducts an in-depth study
on the structural optimization and parameter analysis of the laser cutting head focus adjustment
mechanism. First, a mathematical model between the focusing lens displacement and the spot di-
ameter is established, and a “stepper motor-ball screw-linear guide” transmission scheme is de-
signed to achieve high-precision displacement control. Second, static and modal analyses are per-
formed on key components such as the focusing lens holder and the ball screw, identifying a reso-
nance risk where the second-order natural frequency (152.7 Hz) approaches the operating fre-
quency (200 Hz). Furthermore, structural parameters (lens holder wall thickness, screw diameter,
guide span) are optimized using a multi-objective genetic algorithm. While the stiffness is increased
to 586 N/mm, the second-order frequency is adjusted to 118.5 Hz, effectively avoiding the reso-
nance range. Finally, collaborative simulation of focus parameters and process parameters is con-
ducted using MATLAB to analyze the influence of each parameter on cut quality. An optimized set of
process parameters (Az = 18 mm, P = 2600 W, V = 1.8 m/min) is proposed, achieving a cut width of
0.287 mm and a 50% improvement in cutting efficiency. This study provides theoretical support
and engineering reference for the structural design and process optimization of key components in
laser pipe cutting machines.
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Figure 1. Change curve of spot diameter with focusing lens displacement
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Figure 2. Comparison before and after screw stiffness optimization
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Figure 3. Comparison before and after optimization of displacement accuracy

3. (IR M AR

Hbrek 3 UG E R 8% .

133 B g AR A SR T

AL G AT AR EAZ dy =18.5mm , CHEIEES L =120 mm ;
AL JG L2 AT NI &, = 586.2 N/mm , il /& > 500 N/mm [ NI B 2555

DOI: 10.12677/met.2026.152024 229 WU TR SR


https://doi.org/10.12677/met.2026.152024

NP EAR I KIS AD =0.0012 mm  (Az =5 mm i D =0.2900 mm, Az =25mm i D=0.2912 mm),
FEER N

RN ERA ST R ZE 6, = 0.005 mm , BAACHTFRK 41%, P4 T epttae k.

ZERIE T R H LRSS S8 A k.
3. BB ERUNNEMEI TS SRR K
3.1. XERBHNBROESITERAE

3.1.1. SR REJLATREE
RO IRIR I 3 MO T B BEARBEE . TRERZAL. BEL T

3.1.2. HRIEMSHRFHRE
MERIES BN T4 1

Table 1. Material property parameters

=1 MBS E

filies WM E (GPa) THRALE 1 = p (kg/m?) JE AR SE oy (MPa)
ARG 69 0.33 2700 276
RER AT 206 0.28 7850 355
HE&STH 208 0.30 7810 600

3.13. EtESEMAR

I A R AR A 3

S 1R PIEIE B SRR S/RS)ESI P=0.6 MPa, WiMEEd=1.5mm, MdiEs
=

2

F=p I iy (19)
4
HAp SR v =300m/s, FEREm=0.012kg/s, A F ~11.3N (FeEAEH T R85 i
[fl).
A IKEN J1(F2): RN T =08 N-m, ZALSHE P, =5mm, IKzh/):
r :2nT:2nxO.8

~1005 N 20
> B 0.005 (20)

BEYES1(F3): SRR £ =0.002, LA JJN=50N, E#EI.

F=f-N=0.IN 1)
3.2. BAFESNERSABERETTE
TR SRIEFFE ST
B B R RS T B 2

RGN R T R T P AT 5 6, = 0.008 mm , A2 eHE AR <0.01 mm AL
ZOR, Hpemh B aon:

DOI: 10.12677/met.2026.152024 230 WU TR 5


https://doi.org/10.12677/met.2026.152024

i iE 3

5(x)=23%x10"x* -1.1x107x (22)
x 9B 2 S PR ], ST mm, JRERZZAT: B SRR AZTE 6, = 0.005 mm , 2 A1 25 11 227% 5, = 0.003 mm ,
B S =62 +62 =0.0058 mm .
RALREWIRE: TRAEVTTHUL AR 35 WL Ko B B M E B3 615

1 1,1 23)

= +
K Ky  Kgy

B

—

K

total
RN K =1850 N/mm K, =586 N/mm « Ko, =3200 N/mm, £ K,,, ~342 N/mm , 321t
3.3. BRSO 5 R,
3.3.1. RESTERAE
SERIWIE A AR o, R IRB) 7 FE
[ M J{ii} + [K {u} = {0} 24)

HAMPARERRE, [KIINIBERRE, {u %, ﬁ?ﬁ@?%wnz\/z (A, NFHEAA)-
3.3.2. BESTERBIE
R 2:

Table 2. The first six orders of natural frequencies and vibration shape characteristics

2. BISMEIARE SRENFIE

B4 [t 4% (Hz) PRAVFFAEH IR KBV
1 86.3 SR B T i ) ) RE A A 5 41 B 7B TAESR (% 4)
2 152.7 ZEAT ) — B S IR BN (h AR L ROR) PEIT 200 Hz (7 267E)
3 215.4 BRPEGE SHNIEBIRED W T LRSI (B 22 4)
4 289.6 LERT I S R (P o R R K) 7B TAESR (% 4)
5 347.1 B 5V U S HLEE RS LB LA (2 4r)
6 423.9 S RE R I8 TAEAMAR (2 42)

Horh ZRr i A3 152.7 Hz SR 5K ARSI 200 Hz $#60, FAER e IRIK:, Fl g5 H i
METFAEIRIX 1] o

34. BT HESNGHRUESTR

3.4.1. it BFRE5EEIEN
W3 MU R e REGEEET; x: ZILHR: x: SN,

3.4.2. ARSI

K MATLAB £ Hbrig e 5K, BAERNSEASE: vy =4mm, x=20mm, x;=160 mms,
A 5 1 R AR A :

R IR (152.7 Ho)y N2 AT E 2 S thiRs), 5 TAESEEEE(E 4~6).

DOI: 10.12677/met.2026.152024 231 WU TR 5


https://doi.org/10.12677/met.2026.152024

BERLALERN IJ'?E HhA8)B 43 i

0.08 T T T
—~ 0.06 - .
€
=
il
Y 004 I -
bl
Ry
« 0.02 - =
0 | 1 | | |
0 20 40 60 80 100 120
B A E (mm)
SR AR AR T T L (8K 100£%)
T T T T T T T T T T T
B35
—————— FUATEAR
5 - -
0 — -
_5 — -
1 1 | | | | 1 1 1 1 1
-25 -20 -15 -10 -5 0 5 10 15 20 25

Figure 4. Radial bending deformation distribution of ball screws
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Figure 5. The sine function simulates the mode shape of the first sixth mode
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