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Abstract

With the high incidence of hepatocellular carcinoma, the mechanical performance of microwave
ablation needles critically affects treatment precision and safety. This study employed finite ele-
ment simulation to compare four needle designs: hexagonal polygonal, annular groove, surface
dimpled, and hexagonal cutting-edge configurations. Key parameters including reaction force-dis-
placement curves and stress nephograms were analyzed. Results demonstrated that the hexagonal
polygonal needle required the highest insertion force (maintaining process stability) but exhibited
significant stress concentration at the tip, increasing tissue injury risks. The annular groove design
reduced tip stress by 21% through surface optimization. The surface-dimpled needle achieved the
lowest insertion force (34% reduction from baseline) with operational stability, suitable for low-
force scenarios. The hexagonal cutting-edge configuration maintained low insertion force (<2.5 N)
while demonstrating optimal displacement control. Geometric-structural and surface-feature opti-
mizations effectively balanced mechanical performance with tissue protection, with annular groove
and hexagonal cutting-edge designs showing superior comprehensive performance. These findings
provide quantitative evidence for clinical needle selection. Future research should integrate mate-
rial biocompatibility and microwave transmission characteristics through multiphysics coupling
optimization to enhance therapeutic outcomes.
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JF g A2 A ERVE ) 5 B E AR S BT I R B 2 —, AR E R R RIBET R I N R 1] T
F 20 P e 8 P v s 2 A L B A R A S T AR AU T W ) S Bk . MR YR R R B %, Hi
T @R (Microwave Ablation, MWA) RS FHLGI M. WEI7 8GR B3 KR IS, B
SO PP S At /N TR P bR R o O B T B [2] [3]. FERGBIE A R, B Sk BOHERA E AL 55 Rtk a2
SEIRTT IR 2R, R R E GRS R BRE PR AL (IR T . K IAE . B IS a7, &Sk ks
s AN JC N EE[4] [5].

SR RO AE IR TT T A B3 IR IR R 35, (R I SO v b B A 75 51 3 1 IR T R AT A
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MIEERIBETE, SR AR A UG P ] DL, E RN 24 1 I PAC R AT 7 400358 i 5 g e ) 2 )

SR AT AL ROR Z 2 AR HIsem, AAEHRIB JURRAM R B 1SS . A7 FEM
RSB F VT TEARACHE T E T, B s s Lk S HL M E/ER, MR LEE s g m
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INE S S EREE, JCHAERK A RN, B Sk T AL RCRAS 31 235 2% 9] Beigi S5l id xSk R 1
BHATEOEMZ], WA T A RIR SRR S RO R, S5 RR I, SOEERTH AR B E TR T A Sk 1
] 75 S B, et FLAE L 2R ] AL R R [10]

TEER S U BT 7 T, B LR BRI A T Sk B9 £ B AT ELAR RE 08 8 B T L 2 AR e 1, ek
NG R A R 7y, AT BRARZE 27451455 . Abolhassani 2538 i3 A BR 7o 0 AR 14 LB AR R A
N SR F0 AR R e, B IS D B SR B AR AR S IR, T Rk £ S
IR R S FIAR T, BT PR AR5 [11] o Jiang 25k — 2B 2047 7 4 Sk JUART TR 0 2 il A 5 1k )
o, WERCRM], B UAA S RS SR AR N S ELAR, AT DA 2 $ T L 2 e R b R e T R
HEFE[12]. Wang &8t 75 AT KL, Bk B UK S48 ) AL G823 V1A 6, AR st ]
DASE SR TE A 2 (0 B B ME AR B ME[13] . BEAh, TR AT M a5 M R AL R o T AR i 2 . @
i PR AR S A SO R AR, BRI — IR SR AT AR . WS A M B 4 )8
G4 BEVE GRS, REPRAMUSE & 18T Sk 5 BE RN IV, 38 REAT Rhe e Sk i 75 n] L.
A BR 7573 #7772 (Finite Element Method, FEM){E Ny — Rl 8 BUA 07 R, FE8F LBt L #E &
FEEEEER . it FEM BV L/E gl fE b S ZIA BEAER, RERERE B 20 AT AN [F) T Sk 5 A4 1) 77 2
REIEFIR. ) o0 A, INTARAET Sk B vt s 28 JIBE D FIZH 239100 . YAMAMOTO 45(2019)F) H JE 2kt
PR TCHEA M T et o AR IBEL AT, B6AIE T FEM ZER B 2 3 o A Rk [14]. ¥R 2248 A FEM
JIEE LT SRt BT R RL A e VR RE RO REMA, AR AL BT Sk S MBI T 3 SR IR SR

BT IAT T B F Sk Sk 4 5w ARAG BORIE T, ASHIT FE T 0T S ipl v R A o B Sk T AR AR A 2 1 1)
A, B T VR R Sk, B ASUIRIHER Sk 7588 2 R Sk IO MRS S RO SR I Y s T3k ol
i P IR e S LRI S R RI R T e, B RS s FAE M A R R i m] L, DT 184 S T Y bR
SENIRE FEFBRAE 22 A o RIS UE IR SEE T CR,, AR AR = 4E @A FRIC b 77 ik, X Yk
Sk GG AHE A SR D122 M RE AT T XS Ee b BRALES R, AR ke R fR e e
BEL A 250 A5 7 T A B BAR 5, BENE T R0 /D LB 055, B i s T MR (96 T RS B RN 22 Ak
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2.1.1. AIEIEETk

PG (RS B8 1 PR 67 o 1) B P A T SR DI 454, X 1T 6 5 SO A5 U (0 B T S S, AT
RN P 5 S5 Hs, BEMEr kAT . AT SRR — I, AT T S 2 e S 2 T (S e T
Fraok I aE i m S, W R R ROR . R SL BT, 390 S 5 T 2R AV BE % 18 K R S T,
TR REA A R S S S AR, AT Sk 7B 75 AR P I B s SE N I o R R A SRR IR 2 A
DIEP S, R DL A Sk i R S TR . Sk R S R B R, TR R A A R R R

Rtotal :1_ﬁ(1_ RI) (1)

Hep, ROGZESMIFINRS R, n RS HEE. FE RN I g, BRI AR, B2
WK KRN, HOMUIEI SR AT B T3 e S S IR SR, AT S Bt Sk (K R RCR . B4t
¥ Aoyagi <5(2020) UM TT, NI 22 14T SRAE F R R b R DL BUR A RIBL 77, FARBU f rE
Il 5 K A4 A T AR AT R AR BE R 0, DT B vt 2 0 [15] o

WRYE LR BRI, AR TR T RAN YR AR ek, Wl 1 s, Bk UIEIA R
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a =25, GEEUE THBERE FHEME 146G SHE N RENE, FIH Solidworks — 4 i AR A A TR 1 2
Hille AT AL R Sk 5 e FARGEMERE, R T (AN AR S, MR Sk S SR E R R
G, WE 2 frx, HRSFL2=3mm, 4MED2=1mm, WFL{% D1=0.3mm.

Figure 1. Six-cut surface needle
1. AYIEIE Sk

Figure 2. Schematic diagram of the six-cut surface microwave ablation needle structure
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2.1.2. REEmEk

BT UIRIHAE S TR RN T, ARBFFRERH T 7S5 2 e S M5BT 7 R El 3 FioR).
ZA TR S S 2 e e A P B T, R LA AL AR S SR T A SRR AR T
e FLAE ML 32 BEARBLLE . P TR T 405 W O A 1 Sk 3R T 1 75 2 S S e, (R s D e A Sk 3R T
7R A N U AT B S, AT 50 T BI85 5 30, G ekt 14 Sk rE A UG I R 8OR
R4 Aoyagi %5 (2020) IR 7T, 75k 22 T Sk 78 3 Il AR S DI B THT Sk R B0 H B AR i 28 U BEL 7, s
AT BT, AT DO S SR BERE T BRAE 2 il L /7 [15]

Figure 3. Hexagonal multifaceted needle
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BT RS, AHE IR OB Al ] 14G SHE VR BIEAL, FIH] Solidworks = ZE G AR 113t
AR X /NAR 2 AT Sk BT E B8 1NN B AR I (0 A, A0 4 PR, BRI RE R
5 Bl R S ff e N 25° 0 BARZEHI RSN 3 o, kM a =257, RIS GHM RS L2=3mm,
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AME D2 =1mm, WFL4E D1=0.3mm.
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Figure 4. Schematic diagram of the hexagonal multifaceted microwave ablation needle structure
Bl 4. 7 RS EEERE S SREE

2.1.3. IFRMIESk

wE 5 Fivn, AFFIRE T — PR RS s v A Sk, B EET SRR ST\ AR IR A i, 3
SRR 7 I8 PRI 20N, R v R T R S AR T I o PRI () B T R R T A I SR ML . AR
P U A T 5 RO FR I, R S I R BRI R, BRI AT, (AR A S R A
JE TR, SBRGATRE . MITEMAERE, BT IR IIPE T UTRRE, NS85 I E 2 /91 St 1 Ak
KA 2 RS (multiple scattering) AT 5 (diffraction), M HE & [E1(5 5 B0, (it ke G
INIE WAy W[16] [17] 1X— PR Al I HUH BRR IR, UM 58 B 5 R R FE 2 18] )26 & ) LI I Rayleigh
BUF AT Mie SRS AL 3R AT AR PR 18] [19].

Figure 5. Annular groove needle
[ 5. IFRMES X

B 7 G A B RCRAN, TR BT T A SR S A R A I AR, AT B o o A e
B, A MRRE . AN, BT IRERAAAE, HSVE R R PR A AT MR AR, A
T Joy BN Ty SR A, P AIRZEL A 453403 LG o

Figure 6. Schematic diagram of the annular groove microwave ablation needle structure
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AWFFIEET 14G Wb AT EEE, Bkl iy 257, Rt 2SI A AN
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3mm, #MED2=1mm, NFLED1=03mm, HMFEFEE L3=0.4mm, [Mf#E3¥4% R1=0.05mm.

2.14. REMSEL

Hebard 5(2011)8F 78 1 Bl a4t sk, RILR M AR TT T DU 2 38 m e S 708 75 MG P 1 5 4
R B TEEN S R AN 5, 30T R B O AT, AMTIGSR T RS, (AR SRR R AR
BRI AT RIS, IHAERKIEN A JE NI B 20

FEFX— RO, AR T — @GR E N S Ak, wE 7 PR @ R kR
SIATE M A, SR R I HUR N, SR I S R, M R R T Sk R UR . Ak, R
T ARG T BT Sk IR RS, Wb TR ST, B T o R T RURE A

Figure 7. Surface dimpled needle

7. FREMREK

AW FIET 14G T E R Er 34T AL, Bk ATum A BN 25°, ELR W2 2351 0 A U 55 8544,
il 8 fiizn. SKH Solidwroks =44 A 1EAT =4 st, HARGEMSEaTE: B e~ L2=
3mm, 4MED2=1mm, WF{E D1=03mm, M54 R1=0.05mm.

Figure 8. Schematic diagram of the surface dimpled microwave ablation needle structure
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2.2. RURHRESTSKEFRIRTAEEAAR B RTHAR

2.2.1. Abaqus EYFIEFF VUSDFLD

A FER ] Abaqus A0 s T Rl Sk 28 i R 2 2R 1 0 2 AR A AT BUE AU kG B BADL 3k
SRR SRS 1K) 7 28 B AT RE S B 4%, AR T VUSDFLD 727 . VUSDFLD F12/7 Refl%
& SCMEHR Gy 5 B R ERUIRAS AR &, FRNG AR 9t (A1 B k) AU sR B & T IR A S £
Sk 2 AR A T LB AR F SRS R Jg s RS i,  RefedEmf e Sk 5 IR R 2R A ELAE
R R AE SRS 5 HOR B AR T AR L T BB A [21] « ZEAHIEFE T, VUSDFLD 278 H T e R
LIRSy NAFFIRG %350 8, VGETVRM TR TR MR EE S, H T B A e )
MBI AR, N i RS, NIPIRE T ER A LT A
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Figure 9. Geometric model of microwave ablation needle penetrating hepatic soft tissue
Bl 9. WogiER ST Sk 2RI AT BE AR A L LAY

Table 1. Material parameters of the model

* 1 BAMREY

2 JFF IR 2 2123] Tl v R Sk A b
AR R Y Ogden 2 FH M T
W, = —22740.362kPa ,
a, =1.911425,
—— w, =12578.797kPa , BECHIR =210 GPa PIEHR =120 GPa
o a, = 3.181289, FALL = 0.4 TIRALL =0.34

1, =10686.170kPa ,
a, = 0.7458704

35 (kg/m3) 1.1 6.05 8.9
KR F1(MPa) 0.1

AHEFEA, Dy 7RG T R Sk R IR A AR, SR ARSI TUATRE A . L AR A Y
KT =AM KRR, HRS A8 mmx5mmx5mm, W15 9 fis. A FE 1L T T
LTRSS, JFRE A ROE IR Sk 5 PR AL 18] AOFEARAT AR AR o AEMPRDTT, O 1 RAEAT AR A
GUNARLNETIEAT N, KT =B Ogden 57 o ik SR 2H 276 S I8 Rt A% o R B 1 25 ) AR R PR AR
IR, R AEA SR RIS UR M RFRAR XK [22] . =P Ogden #5754 B 8 4 iff Ffi i ixX P 42 2 1) 10 2
7R, PR AT RIS . =B Ogden AL /) - RIAR K R LA R A4 e
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o= Y (K™ - 5™)
i=1

Hrf, o NENTT, M ANEMKLIE, o M m OB R SE, 8RS, =F Ogden B AT
DA R AU I 4 2H 231 Bl v R B S 2 R o v FR AR 2 P i SRR AR TEAT 9o K i SR R0 I A e
MR TTERN TIPSR, DB R RO RS . TR 2L IT Y Mises N 775 E 25 RN
I, AZETCR MR AR R, AT SO VE R Skt — P B IR R L. PR 2 BB
BT MRS HOLE 1.

223 EMBSY. MBS BRFHRE

AHEFEH, B S E A  ER LS =0h, 0oh: BEERERIH S RS . &Sk
5T PN P R TR T, DA ST P9 A B TR T ) e, B AT DR Al ek 55352 L. 1T ABAQUS
Tk EAR QRN BRI A &, WU E LT — D ATREAERIAMT NI R H TR 45 Set-G, IR E —
AN WA T A AR T o AT I S e 9 N P Ak 8 B e ) S PO B fdond oo AE 4 S inp SCEFER, R
T 7€ XAEHCN “Set-G, interior” , MM Set-1 F¥) A B 1] €0 & fE AT b o FERMAT RIE X b, =
XA (32 T B A AT DR P A A R, ok P RO 30 B B R 5 2 TRip T Rt Sk 5 U -2 T 114
JEVR A B E N 0.4, PHE A B8 TC I A BEHE R BOBEE O 0.5 [21]

Figure 10. Mesh division of the microwave ablation needle penetrating hepatic soft tissue model
[E 10. UK HRRET 2R BT AR ER LA LR B IAE X 53

Figure 11. Schematic diagram of the boundary conditions applied to the model
11. REFFEMIAR Z G REE

BEX R Al Sk S AR AL SR, SR AR SISl 73 D5k DT oH SRS RE S5 2803 . e 10 P
s BT ER T R AZ SRR 73 BT 2R DX (B 82 g 4 rh X)W RO RS 4RAL 3 0.01 mm, #FEHAT 77 1)
ZHHERE 0.08mm, DISEHETFRACE . kMg B85 B IE KDY A 55 (C3D10M). AT HEHK
ZLZ R0 PR ) o tHAR R 55 BT Sk B (1 X3 5 38 B 4 A XA AN TR, SR T AN TR A S o A Sk S T
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Figure 12. Penetration force-displacement curve of microwave ablation needle into hepatic soft tissue: (a) hexagonal multi-
faceted needle; (b) annular groove needle; (c) surface dimpled needle; (d) six-cut surface needle
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ke 12(0) o, AR SK ISR T - A fh2e 55 2 1A kAR L, EEMR ZRIAAE T,
SORFTBAR . AE 3 mm K FRIGIAZT, I M SL KSR 7708 0.022 N, HONRE 2 Bk 822 12%.
BB BT B Sk MR R T o B 2o 1] 13(b) S, BRI B v B S8 25 /N i DX 4 11 82
T, KRN 2.50e-02 N, AR TN 2 A KR T £ 17%., X —2 KW, BN B THE
Bt SRAE o R R R AL S BN 5T, > T R DX N e R, B TR R Ay e R R, A
b 1 X AL A

aniE 12(c) Frar, R st Sk AE 3 mm (12 RIALAZ I, 2% /374 0.018 N, BN 2 T 41k i) 28%.,
BORTEIRE R S8 20 14% . RBIR M B B4 PR T R R T I =5 7, RIS TS RENS 4k R L df
MR E M. BB 13(c) o, MM B A3 5 Sk e BN 3 0 A SEIN 4 50, e KNS
2.51e-02 N, BN ZHIE SkiBD 1 16%. ZiciH R0t 7 B 1 8 SkRIm AN A7, G 1 R BELAI N T 4R
H, SRAE TN IR T AT

K 12(d) s, NDIRNIESLAE 3mm FRIMIEZIS, 327709 0.020N, BNk 2 Mt kg% 20%,
BOAE MBS > 2 9%, 3X— L5 R, NP RTH BT AHB T /N 2 1Tt Sk A% SEAR AN 28 0 71 SE A
FR, I ORRFBAF AV B 7 25 B 13(d) M s » /N D3 e T3 A5 Sk 2R b PO B 3 70 A B 342
KRR 710 2.60e—02 N, BN 2 B Kb 149 13%. % BT ReBEA R0/ Jeui XK 2 A e, [
I PR AR 2 /g, 38 1 T 5 30 0 SRR R B I 5

S, Mises S, Mises
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Figure 13. Stress contour map of microwave ablation needle penetrating hepatic soft tissue: (a) hexagonal multifaceted needle;
(b) annular groove needle; (c) surface dimpled needle; (d) six-cut surface needle
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