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Cutting force model of biopsy needle based on cutting of elementary
cutting tools

GAO Li-ying>®, ZHANG Qin-he®®, LIU Ming®®, QIN Xue-mei®(a. School of Mechanical Engi-
neering, b. Key Lab of High Efficiency and Clean Mechanical Manufacture of Ministry of Education, Shandong
University, Jinan 250061, China; c. Cancer Prevention Center, Qilu Hospital, Shandong University, Jinan
250012, China)

Abstract: Objective To establish the cutting force model of biopsy needle from the aspect of cutting mechanics
and to reveal the relationship between cutting force of the needle and geometry of the needle tip. Methods
Based on the traditional theory of metal cutting, a mathematical model of biopsy needle geometry was estab-
lished. The needle cutting edge was divided into a series of elementary cutting tools (ECTs) with varying inclina-
tion and normal rake angles. The oblique cutting experiment was performed on the soft tissue cutting setup and a
functional cutting force model was developed based on these ECTs. Results The force model could predict the
cutting force of biopsy needle well. When the bevel angle §was 30°, 45° and 60°, the experimental forces of 18 G
biopsy needle were 1.33, 1.38, and 1. 56 N, respectively, while the predicted values were 1.29, 1.43, and
1.52 N, respectively. The relative error was less than 5% . Conclusions This cutting force model of biopsy nee-
dle quantitatively describes the relationship between the cutting force and geometry of the needle tip. The results
can be used for the design and evaluation of new needle, and preoperative planning of needle insertion trajectory.
Key words; Cutting force; Biopsy needle; Soft tissue; Mechanics
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(b) JUfsiz

CIEIPIR NS OiE vk
%(@) =r - cosf
y(8) =r-sing (1)
z(0) =r(1 —cos @) + col &
(n/2 <60<3u/2)

CIEIDIRINIOE =y =y p
%(0) = (r—1t) *cos @
y(8) = (r-t) -sing

2
2(0) = (r-1t)(1 —cos @) (2)

(-m/2 <86 <7/2)
0 U] E— R A%,y ,2) 7E XOY 1 E4L
HET . & A RAE TR, r 4tk 5h
7,0 EHERER
Bk BEJREAR /N, B Mt S8 JE X YT H £ BT
DI T 53 A TC T Ok BT AR B B 70 A
H—FMEREL . A AEIZ T I B A2 s AL U I
TJ7e), M &
§ = { - sin @,cos @,cot ¢ sin @} (3)
1.2 $tRSFLETH
P BEZFE U1 70 J1 T 5 & 2% 1 8 1Y
e, AT e IR 1 Dl E AR, e 2 b
AN U S AR - : (1) AT TE A, $HERAT
A, Hopk & n, = {cos £,0,sin £, (2) L0 P,
Y bR B S FEs A mEREN I, K
EiRRE v=1{0,0,1}, (3)UIHFiE P, it tIHl 7]
6B S S U T I T AT P, -1, T

ccot &




SiE,%. ETRTTIEDEIRERSIE EE
GAO Li-ying, et al. Cutting force model of biopsy needle based on cutting of elementary cutting tools 79

S A, A AR

n, = s Xy = {cos @,sin 9,0}
(4) B 11 P, : 2 VIHI 71 SO E T YIHI 2110
i, Hikm &y s (5) 3P P, -3 UIH] 7%
ERIFRE TN V1L AR P, EMBZMT
M. P, k&

t =n, xtv = {sin @, — cos §,0}

B2 SEZLRFERIEIGENEX
Fig.2 Reference planes and cutting angles

1.3 $tRUIAIRE
THES A 9 UIE) 71 53T P, (BRI, ZETTH]
-1 P, hERARE . MR s S e Ay
A Ao
R y, AR A, SEiE P, %A, £IESF
1P, HEERARE, MR 15 R m E sk A E Dy
A ’)’o’;H\:':F':
I =rxv={cos@,sin 9,0}
m=rxn, = | — cos @sin £,
— sin @sin &,cos fcos £}
LA y, AT A, S P, B, 15
i P, FEENE, WM& S5EE m [E§ ARy
R ’)’n’;H\:':F':
n =sxn, = {cos § sin £,sin @ sin £ +
sin @ cot £cos £, — cos @ cos £}
A B, ST R, TEIESCF I P, i EE AR
1o W& m A& LRI B A B, .
FT VLB AT, R v ST A AR TR E B 1)
B2 T TMESA A BTH v, By, LA B, 1A

ik
| s-¢l
A(&,0) = arccos ———— =
sl el
1
arccos (4)
V1 + cot’ £ sin” §
| I-ml
,(&,0) = arccos ———— =
7 HNEX
arccos | sin £ (5)
sin” & + cos” fcos” &
|1 -nl
(£,0) = arccos ————— =
vte L
arccos +/cos” @sin’ & + sin” @ (6)
| m-rl
(&£,0) = arccos —————— =
p.(¢ IR
Arecos | cos @ cos & | (7

sin” & + cos” @ cos” &

X (4) ~ (7) & T EHRUIEN I E U BE
SrATHLEE, B I THBA A HTA y, GEIH y, DARHE
i B, FIR/MIUSRHRTI S € BIThif 6 AR, 55t
Skt r BEHRBER © Ko

2 EKSHIHI 2R

2.1 BTIREMLASE
BT T RIS T A T R H AR (VI 7)) 4 AR
1, =R AR J) B A TR AL, JLATEAR
HEREHRTT RIS —~RIVAT T BEMA &, 18
DIyl AR, & T T AT I . AR
X WL KR T BUR S o] B
G AT DA R — 0 B 5T ) EL A BT 7, 2 8 O
“ 2 T ARG RATIE TI R YIE) S o
BRI T1 3 # R n BRI H, B El s
MR R %,y 2,0 = 1,2, ,n, B—EBILII R M
Wi RO R BV, W oT T AR 7K
b, =
«/(xm _xi)z + (Yin _yi)z + (2 _zi)z (8)
2 (1) A (8) TR BT A £ R BT
JIRM T, B
b, =r» [ (1 + cos’ &) (cos 6,,, — cos §)° +
(sin 6,,, - sin 6)*]"* 9
p(4) FIK(6) SKRAG B — 4 F A AL 1 TI i F
AEHTA BRI SR UIE) 71 23 F) R BT ] B Al =




EREYNE $£274 E1H 20124527
80 Journal of Medical Biomschanics, Vol. 27 No.1, Feb. 2012

ﬁﬂﬂ{)t,-,)’n,bi} o
2.2 $TRVIEIAMZ HIER
2.2.1 ¥E7KWE A AEKER  EHIH A E
F(A Ly TKEMNKER —RFHITI] R E
YIRS AR — ST T B I 7, R =
JTARL M [T A B K B BT T LRI &
ﬁﬁﬂ[lﬂ .
f( A ”}/n) =

a+S bA' + zm“ Ay, + idm (10)
2.2.2 4RHl Az REA STFH T &N
I 1raR U 1 R &% 850 ) B 3047 U i es-B0 )
J1Z A TERUE LS5 T A 7T K U ) sR B VI
T o, /)

Fr= [Ax,y)dr (11)

IR AR P B T T BAR /IS, DI HI R4 4 R Y
B AR BT ) HBR ZU K 2, 3X 5 ZU IR B F) 4
FAMTERRBEKAR, NTTE/NIE T . %8
BRI HI 5 B0 ) B AT HI B 16 i 2= 51, X
(11) FRLALLHIE T S, RS E

F, = sj]f(A,yn)dr (12)
A (4) IR (6) AR (12) B4R 11 T )

ML AR
Freote = S[AOA(E,0) y,(£,0))dl" (13)

MOE RS N, b, BRI (13) P
dar,Bp.

Frete = Sibi 'f()tia’)’m') (14)
:Tittp,f()tia')’ni)gﬂﬁ(lo);kﬁ"o

3 HWEARYEIAR

3.1 £YRAKYHIRERE

e iRl WV INANG IRV E R 5 =Sl i)
i e AR SRR AR S R ST
HAGINSR, H AR EIN RAARERKE ., H0
AWK ST HI I SE PR R R T i 3RS
REHEE YIHI ) AR 2 B A S iR - £, 40
K3 Fras. BXshPLA % B P01-23S x 80,210 x 270
TS HERAPLERSh, [ E 5 EH R ] 60 mm x 60 mm

x 100 mm FRIZEAI 6, B4 G PN IR RS AT K L3 B 3
TR ARG AR /DR PR R R AR . DTHI 372 P 2
Yy G RE R R A A AU SR AR, EAR L T iR
LA BEE AR X 2 ZR AR B9 SCHE AR, (AR TR VI B o
R R SE UL MM B SRS . TIHITRM
BIRH 60 9. BHRRERHEIRE ATL N A HE
1/ FHEM R ARG (S SI1-250.25) ,x .y BTN
25 N,z &N 35 N, 7091} 6.25 mN,

AT 2

.
B3 HALYEIRREER
Fig.3 Photo of soft tissue cutting setup

3.2 REeHR

AR50 15 FH P A A B K 5 T R A 2 ) %
%o /NN ERER B XA 45 SR R, BT RIS
WEESE 3 h WE. RIS B HFARIE
T ) F B 60 mm x 60 mm x40 mm {4+
£
3.3 KBEAR

AP AT 7 B E RAT HEAT IR SR, B SR
FESTZR B &l 100 Hz,
3.3.1 a7 Abohl X% i A TC JT B X AT
AL TUIRI R DIH 1. BRI R #4710 ]
TIHl,
3.3.2 EXHAFHNRE SREHERTIM N
30°.,40°.45° .50° DL K 60° §) 18 G G4 #4728 )
IS, R AT ) A& aS I B 22 /1 7, P4t
#1710 WA,

4 #HRER

4.1 YIHIfAEESRIEITIBS T
Bl 4 BT AEFRTIA ¢ =307 i B m A B U1
7] BT R I AR AL T DI E) IT 90 A it



BYE,E ETETIEVIHNERSIIHE SRR

GAO Li-ying, et al. Cutting force model of biopsy needle based on cutting of elementary cutting tools

2o JHEMAAERT AR HERT I RN ER
4, B 5.6 S35 S TIGUF A0k 161 i FA v DI 70 89
SATHIER , B TR T A € SEmA T JTIBUH ANk T
B, M ITAL A 0 ARIRI , BORBISHRTR A € X T
EB/IN TIBT A LR o
4.2 BITITIEMINEAIEE R

A1l 4 ~6 R, BHAR DA A B o A 2R B A
B R g ) RIS BRPE (RIRRf o 0 =k - w/2) ,
BOERAT RUTHI PR BT R 4 0° ~ 90° 5 i b
XTREEI VIR 7] o 4354 30°.45° H1 60° &+ R YT HI 7]
SrEIRL 6 SEa  RIE(4) Al (6) B — a0 E A
i ARGl 17 1 D= 77 o 1 M B 5 A N
TSI R BUEFEERTA /N T 15 BT R, T
IR 16 LA R, HAEIfM IR | R,

—— I

75 L —=— A
< 60
i L
E 45
B
Z 30

15F

0 90 180 270 360

FRLA /(%)

B4 YIHIfER TR T 605 70 B 2% ( $TORTI A £ =30°)
Fig.4 Distribution curve of cutting angles along the needle cutting
edge (needle bevel angle § =30°)

F1 ETITIEBYHIAE
Tab.1 Cutting angle of the elementary cutting tools

81
751
——30° —=—45° —=—60°
~—~~ 60 B
é 45t
% 30t
=
15}
0 99 180 270 360
Fife /(%)
B5 7IRAESRIEIT LS ($HRTRA & 5504 30°,
45°F1 60°)

Fig.5 Distribution curve of inclination angles along the needle
cutting edges (needle bevel angles € are 30°, 45° and 60°)

75
60
45

30 4

R /()

15

E6 EBTRAEHRUIBN LN ML( $HRTA £ 534 300,
45°%160°)

Fig.6 Distribution curve of normal rake angles along the needle
cutting edges (Needle bevel angles € are 30°, 45° and 60°)

60°FF2% 45°8FR 30°4F2R
Mg (°)  EEIM/CC) ST+ JMefa/ () RRIf/CC) g I/ ()RR () i

0 30 1 0 45 2 0 60 3
8 29 4 15 43 5 24 57 8
16 26 6 27 38 10 41 49 13
2 21 7 35 30 11 51 38 14
27 14 9 41 21 12 56 26 15

— — 59 15 16

TR HEARE, 850 7] B R TMBUA BRI At/ BIRIRF 4 S

4.3 BuLJIRBTIKIIE NS EIER

B 7 Do B0 ) B (TEi A AL A 2050 D 0° Al

5 mm/s ARBRIF R KR T 5 T B 4 SR 2 ik, B
JIR4kgEdE sy, J1 R SR Z HIEIE T2 HiE K,

60°) UIHI AT BEZH AR f I DDA Ty M £k, TR BE Sy EBIS A F0R, Wi B U AR T . %))



EREYNE $£274 E1H 20124527
82 Journal of Medical Biomschanics, Vol. 27 No.1, Feb. 2012

Froafeedt sy  HA RN, BT J1 YDA AR,
DB 2RR T B, ek BRI HI B B T itk 4
BT B o= R4y, TR S8 S E] mafE A i
$31 NS

0 10 20 30
W4 E / mm
E7 WEAYHIAREER
Fig.7 Experimental results of soft tissue cutting

RE S AB Bril B 45 R - A BT T B K
B3 AR T B TR PE R M bR . X5 T 704
AAETERHAITIIE L A SHHEEADTITIIEAR
EFRANKAR, AT T1 712500, B B
AB B BG 2 B  B {H - BEAE iz ot ] B
ITIHI s SR 1 h Sl s on T) R AT )
X, AR A O A R AL TT R YR I =
RETXSHIFRL:

f(A,y,) = 0.1025 +2.738)1 +3.396y, -
4.8751y, - 6.981A% — 4.299y, +
2.291A%y, +2.694Ay, +4.083)° + 1. 651y,
(15)
H(15) K BN TR YT H) Sy A, R* =0.99, /& 8 45
T SEER S EH SRR,
4.4 EESHIAIA BB EFHTE

ERA F R AR MR 2 fim. T &R
30°F0 60° BT &1 A B9 27 M s 23 5 O 1. 33 N Al
1.56 N2 A 2y 30°5H I UIH| 7] 5 A 5 B R 7]
A50F A UTHI R A , R B9 0480 f R i A A R T4 R
DA/ IR o (BEFRUTEN S5 T &4 B
JCJT BT UIEI U1 s 2/, B S BT T)
BT AEA R, e 58T BN ITIKAE R X1
TIHR SR I AT 0 58RI Z B ket o<

127
—o— TlE

0.8

YIEI A /N

TIE4S
B8 suyKHATNESIRKE
Fig. 8 Experiment and prediction results for the specific cutting
force

AR EZHAP G LEE T S, S =
-1.478" +2¢,R* =0. 99, FREHEIY J1Z 8
Rl oh

Frone =(-1. 4752 +2¢) x

[f(A£.0),yv.(8,00)ar  (16)

R2 HRUHHMARBESRNE
Tab.2 Experiment and prediction results for the cutting forces of

biopsy needle tip

FHRWEA/(°) W H/N FME/N AR R %
30 1.33+£0.13 1.29 3.01
40 1.32+£0.34 1.28 3.03
45 1.38 +0.38 1.43 -3.62
50 1.59 £0.30 1.57 1.26
60 1.56 £0.19 1.52 2.56

1 2 AT, 2 BRI AR R T (L 5 i e (LA
Y — 2ok TR R s TR N RRERTAR v, 24
RUTHI IR B A&, R SO $F AR LA 45 14
(BHERTif € MITHIAA 6) RREL.

5 it

(1) EEREVIHIES L T IER 4T JIL
LR REA IR FRE T AR UIRIA BE MR T s
FHRH T A N v, JERTA v, DASORA B,
HrEHRUTEI T 43 A A, BT S 4T RT A € I
Tt 6 HR, SR RSB TNR .

(2) WRIEVIH AR R R DI 70 LB S A LA
BeithlE TRARIHAK R RoT) B BT



SiE,%. ETRTTIEDEIRERSIE EE
GAO Li-ying, et al. Cutting force model of biopsy needle based on cutting of elementary cutting tools 83

—EHRALHNA V- 6 H TR AR T HA S,
FARSPE RN Ar T T BB TIR YT HI 1 25

Al

(3) RINHBITITRERGILHAL T #HRUTHIEK A

SURDI N2 R A, AR B S R T AT AR BT HI 20 L
AR EH R UIEN T BRI, BRI P R
2 AR AL SRt T B

SELHK:

[1]

[2]

[3]

[4]

(5]

(6]

[7]

8, B, RAM, & KEBESSI S TEESFHE
LRI I 0 i AR b 2 W (6 (i 45 1 43#r) [J].
b ) BB 4k, 2008, 22(3) ; 29-31.

Deurloo EE, Gilhuijs KG, Schultze Kool LJ, et al. Dis-
placement of breast tissue and needle deviations during
stereotactic procedures [ J]. Invest Radiol, 2001, 36(6):
347-353.

Roberson PL, Narayana V, McShan DL, et al. Source
placement error for permanent implant of the prostate [ J].
Med Phys, 1997, 24(2) . 251-257.

Okamura AM, Simone C, O’ Leary MD. Force modeling
for needle insertion into soft tissue [ J]. IEEE Trans Bi-
omed Eng, 2004, 51(10) : 1707-1716.

Chanthasopeephan T, Desai JP, Lau ACW. Study of soft
tissue cutting forces and cutting speeds [ J]. Medical
Meets Virtual Reality, 2004, 98 . 56-62.

Chanthasopeephan T, Desai JP, Lau ACW. Modeling soft-
tissue deformation prior to cutting for surgical simulation .
Finite element analysis and study of cutting parameters
[J]. IEEE Trans Biomed Eng, 2007, 54(3) : 349-359.
Mahvash M and Dupont PE. Mechanics of dynamic needle
insertion into a biological material [ J]. |IEEE Trans Biomed

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

Eng, 2010, 57( Compendex) : 934-943.

Mahvash M and Okamura AM. A fracture mechanics ap-
proach to haptic synthesis of tissue cutting with scissors
[ C]//World Haptics Conference: First Joint Eurohaptics
Conference and Symposium on Haptic Interfaces for Virutu-
al Environment and Teleoperator Systems. Pisa, Italy; [s.
n. ], 2005 356-362, 669.

Podder TK, Clark DP, Fuller D, et al. Effects of velocity
modulation during surgical needle insertion [ J]. Conf Proc
IEEE Eng Med Biol Soc, 2005, 6 5766-5770.

Shih AJ. Biomedical manufacturing: A new frontier of man-
ufacturing research [J]. J Manuf Sci Eng, 2008, 130(2) :
021009-021008.

U RS, 4R U 3e RO B R (M. B A g
KR4, 2003.

Moore JZ, Zhang Q, McGill CS, et al. Modeling of the
plane needle cutting edge rake and inclination angles for bi-
opsy [ J]. J Manuf Sci Eng, 2010, 132 (5): 051005-
051008.

Moore JZ, Malukhin K, Shih AJ, et al. Hollow needle tis-
sue insertion force model [ J]. CIRP Annals - Manufactur-
ing Technology, 2011, 60( Compendex) ; 157-160.

RPE, REB, MK BEREREY R s
B9 [J]. B2, 2009, 24(6) ; 452-457.

Wu XF, Kang GZ, Qian LM. Experimental study on biome-
chanical property of the skin in pigs back [J]. J Med Bio-
mech, 2009, 24(6) ; 452457,

LR, OFE, AT, % WK RIE IR A R Y 2
SR J]. BERAEY S, 2009, 24(2) 1123-126.
Jiang |, Bao FJ, Zhang DS, et al. Determining the ex vivo
biomechanical properties of porcine cornea with inflation
test [J]. J Med Biomech, 2009, 24(2) ;. 123-126.



