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a. output displacement of V-type electrothermal actuator
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b. output displacement of U-type electrothermal actuator
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Fig.1 Comparison of U-type and V-type electrothermal actu-

ators integrated with amplification mechanism
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L—the length of the inner and outer hot arms, L,—the length
of the cold arm, L,—the length of the bending section, M,—
the gap between the inner and outer hot arms, M,—the gap
between the inner hot arm and the cold arm, L,—the length
of the outer hot arm electrode, L,—the length of the inner hot
arm electrode, L,—the length of the cold arm electrode, W,
—the width of the outer hot arm electrode, W,—the width of
the inner hot arm electrode, W,—the width of the cold arm
electrode, H,—the width of the outer hot arm, H,—the width
of the inner hot arm, H,—the width of the bending section
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Fig.2 Model of a U-shaped electrothermal micro actuator

with two thermal arms
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Fig.4 Influence of the width and the length of the bending

section on the magnitude of the displacement
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Fig.5 Temperature distribution and displacement recovery curve of the safety and arming device
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Fig.6 The maximum displacement and maximum temperature distribution of electrothermal actuator at different current
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A 23 [ b3 A B A S5 i 30 SO ERR T A (2) O AR s

2 WMERENHHEMIHNHEES ST

21 EARMBESHIEE

AN 5] Jik e B ] A 98O % 4 o T R AR AE 25
T o BT OGO R A R BOR LR R R DR AL S
T2, 53 56 9 RO RO be ik i 17 0
30T, LA 4 TR AR R ISR B LA [6) 2 80T OB e ik
& R I R ) AR AL R

YD Ik iR R R A R R) 2 B A
PRI I A Ay e 307 Bk o, G R o 9 R 5 48T A 2 ] Y
KRN,
o(r) = @,e (1)
KA, r R REDEHR PO IR, um; o, BRBOCH I
B2, ) em™ 0, R R R A 42 um o

SR EOCH L, R EOBTE R T 1 R
AR RO R I TE AR SR B B AE
W WO BB B S5 IR EE I B 3K B 04 (3 S i o
FANAER S s TRE A, AR IR R 2
THR &gz IR pon T KROS5 AR A
PR A Ik oo i 45 22 BsF ] /0N T 3 B2 3k 30 F- i Jor 75 2 1
A i), £ AL 1) AT S ABE 7RAS f VE S RO 1V i
P SR RO A AL B L RO S A R 1
FH BT HL 22 48 A% R 40 03 B A8 Ak, — 2 U A5 Y
Ty A Bk e ik =X (2) Fna (3) iR

aT, 9 ar, | _ :

Ce at - ax(ke BX) g(Te Ti)+I(X’ t) (2)
aT, :

Cyl =8(l-T) (3)

KX TR FRARE KT NRERZRE K C,
TR KTem T G RIS ) K em ™k
HPRSE)K -m™ g i F 5 Mg ZRiEE S
B,wem?-K',

KOO — TN H 5 B 7 8] 1 BB &AL 38
55 0y BT AR R SR S R R 5 AR T A )

CHINESE JOURNAL OF ENERGETIC MATERIALS

AR AT R . BRSO ARG 5 R R 3 B0 I
£ R 1030 nm Y £00% , A5 0L 80O Y ik e S BE Ry
240 fs, B E 3K 1000 Hz,

Wotm T f B e A Soh AT . W BT TR A
RS EWMFE Fin. b &EEX 1030 nm B #EOL
10 W K R B DA B RS R4 5 R 0.078 mTU N 0.744

®1 BHEZHE

Table 1 Parameters of nickel material
) ) » thermal )
melting  evaporation specific heat . density
parameter int/ K int/ K /) (kg-K)"! conductivity /K 5
oin oin - (kg- -m™’
i i B yweme 8
value 1726 3003 440 91 8900

22 HMARMIBRBFESH

R FENER OGS REP O I T 2R R 5
W, A 52 F HH COMSOL Multiphysics 415 5 84 3517 45
H, TS B Y g0 B OGBS OG5 0 B ik 4 R
15,20 ps BF B RE N R BE 40 A, 45 S &8 9 Fir s o f
Pl 9a AT UL, g BB I T A& v, BRG e DX A K, T iR
Y TR 2 2 ROM R B I TRk i A A 0 i AR
B A5 1), P 9b o KRN OGN T ik B ook RL IR BE 43
A, FLFRGZ e X AT D) 2 AN, DR A] LS JLART IR AR oK
il -

X T REMHOE MR AY 2 R 32 2 A R e S
M, FERL R, A A% I BE IR F 0.9 T, WA i 55 & A=
Be i, BERE LSRG T 3RO R AR I SR B
&EE T,=7810 K", i WM EOLHON TR 4R
B 0L Il A AU AL, X 4 JA R IR R R R IR R Y
AR AT SR E 10 R, B 10 AT LA
LB H T ARG BRI K28 5 ps, A E]
Ul R B IR R 52 5 1 s/ 19 28 Ak T R R R
MR, B4 m TR 5 M EN, ™
HOA B OE AT RO I T R b b R IR B )

N XK 2024 % F 324 H 148 (83-91)



88

Bz, FE AL X RS AN, R 2

Ay, PG R DCn] LA W AN T, X TLART RN o 42 71
PR, RO N TS 2 (AR A A PV I8 AT E
LBV I TR DR T A ORE B4 BILAR 1 B ARG 2
gﬁ‘zo

lime=1s surface: temperature (degc)
x10" um A 152x10°
3
13 =10
1.2 1.4
1.1
1
09 12
08
0.7 1
06 pmmm——
05 0.8
04
03
0.2 0.6
0.1
0 04
0.1 v
- g p . 300
0 0.5 1 x10* um
a. nanosecond laser
time=20 ps surface: temperature (degc)
pm A1.84x10°
18 10
16
14
12 15
10
8 1
6
. 05
2
0
2 0
4
05

S la,
CR=Xe <)

¥-9.78x10°
pm

-10 0 10

b. femtosecond laser
B9 AHOLS WO T 88 b iR & o) A
Fig.9 Material temperature distribution during nanosecond

laser and femtosecond laser processing

80
——electron
50 —lattice

N W B
[= = =]

temperature / 10°K

—~
(=]

| —

0 5 10 15 20
time / ps

10 5 A TAT AL~ R A9 Sl 2 18] ) 22 e L A

Fig.10 Variation of electron and lattice temperature on nick-

(=]

el metal surface with time

Chinese Journal of Energetic Materials, Vol.32, No.1, 2024 (83-91)

3 MERARNMLEIRIES ST

3.1 FAXMITExFLE

it — AR AR T2 S5, 5T R RO i TR
RT3 FE RS L RRPORT R A 5 9 Wk
18 WY1 T X 0.3 mm B & B8 47 T T
Jo R RS, AR 11 TR G Bk g R SO R O
ITERFA .

a. nanosecond laser processing platform

|ndustrial
2 ter

Working platform — —

b. femtosecond laser processing platform
B11 oL T A
Fig.11 Laser processing platform

SERME 2 Fros o B 2a B9 98 B0 UIE N
AR SIS W AR R A I i 2%
T A ) A, HL R b AR B GO . 1A 12b
RS HOEIEIIN T AT A L G BT DL A R DR A0
TSRO L, CR O YT EIA G LT B #obe i
AR , I ELIR BN W) B TR TAF I 4 4
K12 ABOLIIAR N 9 W I RRREOE AR EOL DI HI
BEROXS LLIET, th P11 AT LA Y iR O D1 %0 ) ) BE 47
TEFE AR, R HOEMIBEEI 58— {3 C RO
DB G AEATE BRI P N o 1 SRl o K
LB BTN T, ZRUVEE MRS AF A TR,
TR MY PR UISE R A R EE .

IR I AN IR, (R A AT R, i
GV BRI s . ot D 3K B R A BN TR A
Rrybenh, HAFRES BEV) o0 09 B s  BF R 2R 5 BB T
PEZICR A T AR B a , 5R ) CRD Bk o 0t A% B 2 AT
300 RN T, B O IR 9 W, U1 EI
100 mm-s™, Bk i 58 B2 240 fs, 45 1 13 7R,
A et

www.energetic-materials.org.cn



T WO I T R PR L BT S T

89

a. nanosecond laser b.

B 12 NEEOLE KO TR S

femtosecond laser c.

A
nanosecond laser

femtosecond laser 100um
—

sidewall morphology

Fig.12 Comparison of morphology between nanosecond laser and femtosecond laser processing

B 13 REMEOE I TR b

Fig.13 Femtosecond laser processing sample

P13 0] LA RO N T A FE 5 3% 16 2, D)
3.2 IRENMEEEINIE

H R R AL VE S AT AT M DR SRS A T S
BE14), HmR R IE(NEBE R A 5.6.7.8 A)XT
B AR ALK i AN R EL 3 S 3 A s A 8 I R
Xf AR WU R 2 J5 B A8 g 1 B0, JF 0 & T 2 AR ALY
RIS , SIS A5 RN R 15 Brs , ) 5 18 6a B 1 EL4
AT T XA HT o

P P15 AT A 2 ) 25 R % 2 PR AL 7E i 2
8 AHLILES , AT LAFE 1 s N SE W B i AR BV o H T 58
55 b B oh 4 2 AL A A il AN R ORE K R AR AE

Display
. Observed piece
Industry camera =

Light source_

B 14 AP NS &
Fig.14 Test experimental platform of safety and arming de-

vice

CHINESE JOURNAL OF ENERGETIC MATERIALS

AL AL 0 T ) e Ah , SE e IR kB e, S 5] AR
2 M 2 v LT, = 3505 B n 8 7 FL R /N T O L4 T
S50, P DL S 25 s N T LA R . F R g K
FEAE Y T E L R A AT IS S g
FLTE AR 3] 8 A, A SO AP 45 1 1 (] s 2 6 B8 75 oK o
H T R 2 70 23 i IR BE A 215 °C il it LR R IE , 5
B R 245 2 o 1) R % Bl P IR Ol 24.9 °C L1 s
Z WL B T 26.5 °C, 515 8 2 42 fik 1) 35 S 3 HRL AT
e B 253 CLIEH 1T s Z IS Ao i
53.1 °C, ¥ JE & R 2K

1200
—e—experiment
1000 —e—simulation
E
3.
S 800
[
&
g 600
% “
S 4004
200
5 55 6 6.5 7 75 8
current /A
B 15 R Hh 0 RS DS S5 07 X L h 46
Fig.15 Comparison between the test results and simulation

results of the output displacement of the sample

A et A 2024 % F 324 H 148 (83-91)



90

Bz, FE AL X RS AN, R 2

3.3 WARSRERIE

AR LA R IR RE B W 18 16a TR, R HE 2R %
3DATERIAE . FRCZ R R &R N T A5
M) B AA 7 A% 8 5 91 v B/ D VS B R 5 Al 3 B e
Tirf e 9 446 4 R, JH RS A o 5 A % B AR S AT Ak A, R
FH BT B 76 JRS A P 3 0 T [0 52 i A B ™ ke 35 Ak
BEADEBEHS R RO I AL R AL DL K5 R TR
AL 5 TE IS AR ™ A 2 T R A B I K RS SR
o S AT [ A, PR AR A P JE T R A [
E TGRS 58 MR P o SR 4 T e B AR T
RGBSR K T R 5.

b. after detonation

a. before detonation
Bl 16 JC I fi i PR ATLAL B b D) RE 1 SE
Fig.16 Experimental device before and after detonation
YL P AR CR, | AR S RE B G R B I S R A
PEOK AR B 5 | 2 Sl 1 A | LA 4 T i AR
X A g e HE AT A o B PR AR ) BTR A i Prex7 740 3¢
A VAR B A IR B Y NG-Cr 7 R B A e g T
A R A MR B R DA REAS R . AR A
18 25 24 Js A v AT 4 0K 22 LS A AR Y D A . 2
2R R S @1.0 mmx1.0 mm), 3 ) 25 24 %% fE ol
1.93 geem™, (2R CL-20 %24, ) ] He e A 1l
B, BT 25 AR 3 mm 2L R 3.5 mm, 3 24
237 50 mg, A E L LN 1.67 g-cm™, K E BN 4
oo IS 0L ARALR R S A8 16b BT, b b g
A W g b MR (B R R AL I 25 R 51 T HL
S TE YT il MR, R WTIR R LR BAT R 0 4
el ke I BE -

4 4
TR K T AT KR R R R AL B kR
SR AW 5T %) I F O T A R AR 3E AT T 38T

SYERERITE S5 T
(OB T3 AT ol RO A5 28 1) ] 4 &2 AR

Chinese Journal of Energetic Materials, Vol.32, No.1, 2024 (83-91)

TR DR, 3R T 3 T 32 0HL AL il R D R A F K B
(14 2 AR AL AT #8508, I H 4 Jd AR S 1T I il & T R
GIRAE

(2)XF AR 20 U BBV f 03K 3 25 50 1Y
A BRITA B4 AT e B, 48 AR W] B30 T, U AR XU F
IERAT 2 B B LA B TR] BRI | i B 0 RS R, K B AR
— Y PR R i R K

(3) 43 5 FFA Ay BD A CRD O R AT T SRR T
b g AR O A i XK, B A AR R RS
%, WG BRI L, CEBOGIN T/ FE 54 H b %
SR

(4) 05 B 5 5250 25 BE R B BT 38 11 R 1 3t 19 4 ik
HL BB AT 28 T DA 7E L S T S B K i L S
I ELRE A S bm AR, T T /0N Ak o]k & 30 AR AL
BT, I S T 4 4 AR SR R v i AR AR T2
PE— 4R Tk TR SR A B

B« O P 22 L T R R 2 O B o R
B-&

B E k-

(V] WS, Bratte, sk, 45 . I 09 L il o) B 8% B2 AR R )]

FREM AL, 2023,31(6):527-530.
CHU En-yi, CHEN Jian-hua, ZHANG Lei, et al. Basic prob-
lems and technical development of initiating explosive devices
[J]. Chinese Journal of Energetic Materials(Hanneng Cailiao) ,
2023,31(6):527-530.

[2] ZHANG Y, XIAO Z, LIU L, et al. Research on the Output
Characteristics of Energy Conversion Elements under External
Excitation[)]. Micromachines, 2023, 14(3): 549.

[3] ROBINSON C H, WOOD R H, HOANG T Q. Development
of inexpensive, ultra-miniature MEMS-bascd safety and arming
(S&A) dcvice For small-cabliber munition fuzes[M]. US: Ar-
my Tank Automotive Command (TACOM) Armament Re-
search, Development and Engineering Center (ARDEC) Fuze
Division.

[4] SEOK J O, JEONG ], EOM J, et al. Ball driven type MEMS
SAD for artillery fuselJ]. Journal of micromechanics and micro-
engineering, 2016, 27(1): 15032.

[5] ks . FRAh/NAIHL 5 E BT BOCHEBOR BT (D). R 5t : M
HIET R, 2010.

WU Zhi-liang. Design and Research on the key technologies
for small electro-mechanical fuze[ D]. Nanjing: Nanjing Uni-
versity of Science and Technology, 2010.

[6] PEZOUS H, ROSSI C, SANCHEZ M, et al. Integration of a
MEMS based safe arm and fire device[)]. Sensors and Actua-
tors A: Physical, 2010, 159(2): 157-167.

(7] Eprs, ST, B Ede, 5. —Fh A ESUZ - MEMS 22 {- HL
MR KR I ). FREMRE, 2023, 31(3): 229-234.
WANG Ke-xin, HU Teng-jiang, ZHAO Yu-long, et al. Design

of a MEMS ignition device with a double-layer barrier

Sttt

www.energetic-materials.org.cn



HE T OGN T8 R R ALK BT 5 TR e 91

electro-thermal safety and arming device [J]. Chinese Journal nology research for electro-thermal actuators [D]. Hebei: Yan-

of Energetic Materials (Hanneng Cailiao) , 2023, 31 (3) : shan University, 2006.

229-234. [14] BRE . GIFRHOL S 408 BB B 0E 5 B2 K ol TR 5
(81 KM, SR L ARBIRE I GE AT XL LBID]. Fn: B ot [D]. PRI : IR T R4, 2014,

TR, 2011. HUANG Kai. Interacting process and microstructure machin-

ZHU Shan. Analysis and realization of fuze safety state recov- ing on metal materials by nanosecond laser ablation [D]. Har-

erable function [D]. Nanjing: Nanjing University of Science bin: Harbin Institute of Technology, 2014.

and Technology, 2011. [15] KIRAN KUMAR K, SAMUEL G L, SHUNMUGAM M S. Theo-
(9] R, 2588 . 3 T W Bk 2252 3l 1 22 2 IR 2 W]k & B R BLR retical and experimental investigations of ultra-short pulse la-

()], 5 4%l 244t , 2010,32(3):39-42. ser interaction on Ti6Al4V alloy[]]. Journal of materials pro-

ZHU Shan, LI Hao-jie. The safety state restoration of interrupt- cessing technology, 2019,263:266-275.

er mechanism by slider keeping movel]]. Journal of Detection [16] Z=RLE . 2T COMSOL Y J Ot e il 304 REFR U & 5 505

& Control, 2010,32(3):39-42. D] Bt MOl R, 2019.

[10] LAI'Y, BORDATCHEV E V, NIKUMB S K, et al. Performance LI Cheng-yu. Simulation and experimental research on picosec-
Characterization of In-plane Electro-thermally Driven Linear ond laser ablation of 304 stainless steel based on COMSOL
Microactuators [J]. Journal of Intelligent Material Systems and [D]. Nanjing: Nanjing Agricultural University, 2019.
Structures, 2006, 17(10): 919-929. [17] JOHNSON P, CHRISTY R. Optical constants of transition met-

[11] WANG X, LU P, DAI N, et al. Femtosecond laser direct fabri- als: Ti, V, Cr, Mn, Fe, Co, Ni, and Pd[J]. Physical Review
cation of metallic microcantilevers for a B, 1974, 9(12): 5056-70.
micro-corrosion-fatigue test[ J]. Journal of micromechanics and (18] E&BZE, B, B, & . CANEOE B 4 8 B 35 i 1X (19 %L
microengineering, 2007, 17(7): 1307-1313. fERLL) ). #oEH AR, 2007, (06): 578-80.

(12] ZHaAR . BAOPLHL 5165 % 42 5 % R DR B e 8 25 M it (D). Bt WANG Zhi-jun, JIA Wei, NI Xiao-chang, et al. Numerical
MR TR, 2011. simulation of femtosecond laser ablation of nickel heat affect-
LI Yan-giao. Structure design of safety and arming device for ed zone[]]. laser technology, 2007, (06): 578-80.
micro-electro-mechanical fuze[ D]. Nanjing: Nanjing Univer- [19] EEZE. CHEOLS &R M EAEAEIBIFR D] R KR
sity of Science and Technology, 2011. %, 2007.

(13] Tk . dGBsh 8 09 £ e el i 5 05 A RS (D] WANG Zhi-jun. Study on the interaction between femtosec-
4t . 1 K2, 2006. ond laser and metal materials[ D]. Tianjin: Tianjin University,
WANG Zhi-tao. Multi-energy modeling and simulating tech- 2007.

Design and Performance of Micro Safety and Arming Device Based on Laser Processing

ZHANG Yun', JIANG Qian', LIU Wei’, XIE Rui-zhen’, REN Xiao-ming®, LIU Lan’
(1. School of Mechanical and Electrical Engineering , Xidian University, Xi'an 710071, China; 2. Science and Technology on Applied Physical Chemistry
Laboratory , Shaanxi Applied Physics and Chemistry Research Institute, Xi'an 710061, China)

Abstract: In complex environment, the micro safety and arming (S&A) device of initiating explosive device needs to have recov-
erable and anti-overload characteristics. Therefore, this study designed a metal-based electrothermal-driven micro S&A device
based on laser processing. The finite element simulation was used to analyze the action characteristics of the nickel-based
micro-electrothermal actuator. By adjusting the length and width of the hot arm and the cold arm of the double-arm U-shaped
electrothermal actuator and the gap between the arms, the influence of them on the output displacement was explored. Through
orthogonal experiments, the optimized ultra-fast laser processing parameters were obtained as follows: frequency 100 kHz, en-
ergy 113 pJ, and cutting speed 100 mm-s™", respectively. The ultra-fast pulse laser precision manufacturing of nickel-based elec-
trothermal micro S&A device was realized. Finally, the performance verification platform of the micro S&A device was built, the
driving displacement and explosion-proof performance of the mechanism under different current excitations were verified. The re-
sults show that the driving displacement of the processed micro S&A device can reach 1084 wm under the excitation current of 8
A, and the assembled micro S&A device of initiating explosive device can effectively isolate the explosion in the explosive se-
quence.

Key words: electrothermal drive;micro-electromechanical system (MEMS) ;micro safety and arming (S&A) device;laser process-
ing
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