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DESIGN AND DEVELOPMENT OF A NOVEL
ROTATING MICRONEEDLE SYSTEM

ABSTRACT

As a novel physical transdermal drug delivery method, microneedle can overcome the
shortcomings of traditional transdermal drug delivery, which has great potential in medical
application. On the other hand, there are still unsolved mechanical problems in the application of
microneedles, the mechanism of which is unknown. This would result in some risks in the use of
microneedles. For example, the nonuniformity of the human skin and the uncontrollability of the
force applied in the manual penetration process will cause the micro needle to bend or break. When
the microneedle is directly inserted into the soft and uneven skin, the pre-depression and puncturing
instantaneous rebound of skin will lead to the inaccuracy of the penetration depth. At present, there
are few research on the mechanical properties of microneedles. There is no microscopic mechanism
model to accurately describe the interaction between microneedles and skin. The existing
microneedle equipment or products cannot achieve accurate and controllable penetration depth.
Therefore, it is of great academic and practical value to study the strength, rigidity, piercing force
of microneedles and the interaction between microneedles and skin. Because the rotary motion has
great potential to optimize the mechanical properties in the process of acupuncture, this project will
introduce the rotary motion to improve the comprehensive properties of microneedle. We aim at
reducing the force of micro acupuncture and improve the accuracy of penetration depth in a
controllable way. The research work is as follows:

(1) In this paper, a comprehensive mechanical model of micro needle penetration process was
established. We proposed the critical force limit judgment criterion of microneedle under complex
stress and gave the analytical expression. The fracture mechanical model of microneedle
penetration skin under rotating and non-rotating conditions were both established. We also gave the
explanation of interaction mechanism between needle and skin.

(2) Based on the finite element method, the simulation analysis of the stress state of the microneedle
was carried out. It was found that the maximum stress of the microneedle under the pressure and
torque occurs in the side wall of the needle tip, while the bearing capacity of the microneedle
increases with the increase of the radius of the needle tip and decreases with the increase of the wall
angle. The bearing capacity of the microneedle decreases further under the combined action of
torsion and pressure. We built the finite element model of skin and carried out the dynamic
simulation of micro acupuncture into soft tissue. The results showed that the rotating motion can
reduce the puncture force by more than twice, which effectively verified the theoretical derivation.
(3) A rotating micro needle acupuncture test-bed was designed and developed, and several groups
of pig skin pricking experiments were carried out. The response of pricking force with displacement
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and time was analyzed. It was found that the larger the feeding speed of pricking without rotation,

the smaller the pricking force and the pricking displacement, and rotation can effectively reduce
the pricking force and the pricking displacement by more than 50%. Based on the above theory,
simulation and experimental research, this paper designs a new rotating micro needle system with
roller gear mechanism.

To sum up, this paper establishes the mechanical model of microneedle rotation into skin. Then,
it obtains the micro-mechanism of microneedle and skin and develops the finite element simulation.
It also develops microneedle penetration test-bed for theoretical verification and finally designs a
new microneedle rotation system. The above research work is of great significance to the field of

precision medicine, such as percutaneous drug delivery and subcutaneous tissue extraction.

Key words: microneedle, rotating, insertion force, precision medicine, finite element simulation
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N FREESE . BEAh, ZIIRIR/NE S RSO BT VAR ) (clamping force) K/
Ry MRIAGE IS S X2 Bk 1724k SHRIR RO ISR & 5600 . JEAL, EHRAEH L 2847
I 5 K FL i R R DI 0T, BRI 250 (2-1) P foyering JIVEF 200 NS B4 21
Jr e B AT T AL AN B P AR B S IR A, AR R R AT, TN
&mmﬁOMmmmfﬁﬁn¢kkﬁaﬁﬁ*ﬁﬁmﬁﬁﬂﬁﬁTLjiﬁﬁﬁﬁ%
R E RURE T R B AT s sh A, R TR TR B AR R RE e, R R RO
Fotts mess HIAHT Lo Forir pmoss MR AE T AT AR KA HU A1 finsorcions T I M I A4 BB 6
BN RAE I B, T B2 B AL AE N RINALAS , B Rz, 3z, B B o £E T8 BRI R 2 5
FH T I SR 1 R JER R T A WA R A 2 RENEY TR AR SRR L Z S ftifness

29 T 70 1T



- > A Y
%/ SHANGHAI JIAO TONG UNIVERSITY %ﬁﬂ}jﬁ&?iﬁ%‘l‘%éﬁﬁ’\]iﬁi‘r_'ﬁﬁﬁ

PR ) RASIRIG TR, X R T 2.1 Tz, Bz i R

DRI, SR g AT 2 ) SR N ASE 2 A Dk 78 et U B B U A LS4, AR
BRI o [, RN TR BTN GLRS 0 8 5 5t T LR ARAT R e RO
TrEEERE S BORRI T3 22 Ve AR RN T s VIR G, Bt LUR 8 Hr ipth 5 18 TR S BN
M o

2.3 WEtRIURE

T (R R RS e R T IR R T BN F7 3 K BRI R R AR R LR il AU RALE
T A7 AL 108 e 11 5 SR B SRt DR AE JUN B AR S A A e A i AN i 2 W 2 i s b
R TRT I 56 P2 AT P58 T A S B 5 T rP il 5058 G R P A 77 2 i el Tt (K RHARD,
FEAR/NEOAE I 0 T BT RE A AR AR T BRI 2, G 2R B0 0 W 2R e 8 P e N N AR, T2 f
NEHR G -

T 4 i I8 Zh e SN RIS RE RS, Skt 032 0t L AR 19 B 2%, PRI — T N %
X R RO A HEAT 70 M, WIAE S5 8270 B v mT DLERIE SR %5 B2 JER i 7 3718 T B - &)
730 & AR A FORX s AT I B, N 2. 2 P, BB ) 32 F0 15 B0 il
A ORsAP), #&F7) (F) VLR THER SINRBEEAE (T, fEt LRRARONE &
AR, BHREARAD,, $HREARAD,, X BTN GAR T SOt D B AR BE 2 4l
(xT71D) 22tk

—DI/Z_DZ/Z D2/2D1/2

>

r

P D

—

P "x
A 2.2 e IR AR

2.3.1 JEaA

T ARG AT G54, 24K 2 0l 17 i 0t I, T g 2 SRR AR 25 1 46 25 JR AT 11
B PHPIRG, TikgkakE, BkAET K, —BRAEERARSZ AT AT g
23 T RIE TE T R4 5 BT AR 78 P 180 5 205 M R R O I S0

e e S A — T, FEDRET S M AR R B T R AT (R 0 5 T Mg AR Ok R it
PR G EEAE HhR,  BARSA T — A AT ARCO). Buler 24 2CIM B TR 5501 i il (s
R, DO “KAT” B R AR R U S8 5 TUM 4 M 0%, HIX AR “4ifF” 5
Mo KT RS M, ZEAT BB AT AR ELGI R R 5 76 38 B AR R 55 B 2 Al
RAR M. AT I bR BTSSR R R K A, A R (2-2) /St I K4 E
CFFHH, Co) Semfi i sk,

010 o 70 11



& ";n---w *\'3:: SHANGHAI JIAO TONG UNIVERSITY %ﬁﬂ}jﬁ&giﬁ%l-géﬁﬁ@iﬁi—l—_’ﬁﬁﬁ
2
C, = 2nE 2-2)
Oy
7N qj :
E—MBH ) IRAS B
o, —HHEH IR
FF R SEBR K40 B e A 20(2-3) TH 5
L, KL
SR=-¢=—" 2-3)
T'g T'g

J
H

Le— RO BRI SRR, € XL, = K - L

Ty SO B AR T ) SFE R, B UM =D/4;

L—Tet S B

K—Tict i [ 52 280, X F P&t (pinned-pinned) K o4 0.5; X — i [&] 52 — i
A AT (fixed-pinned) K 4 0.7; X TP [l € T (fixed-fixed) K A 1;

D— T4k Y EAT .

XITEA D SR, W R ER SR E R TR, Q-4

Db - Dt'
Dequivalent = Dtip + % 2-4)

NHEAIEA ARG T I A BT RIER . 5452 Buler 230, W13{(2-5), % SR
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1T<Dt +(DbL;Df)(L —x))
R EUEIR, o(0)5 R, RIS i 5 oK
@-8)4 1 A G ) Sy g, AT e 51 B A HE T A A m) 25l R B oK )
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=
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ST HER Dot Bk BEHISME NS (x) = xR cot o SEFR |, 3X HLRZHEMIR 42,

R VRIS, 1 AR R R 9h = %nR cot ot

MR ITRFRIEA N
_ mMGR? _ 4Gtana B2 520
Fn—cone_mco'ca_m (2-29)
MAEZAEARRZ AN, BRI T TR KL AN -
y(x) = 2h [R sin™*(x/R) — x + /(x%2 — R?) ] (x> R) (2-30)
TEHALEZE R ZV\]E'thjj/\%ﬁjﬂ
o(x) = —a ZG}; m cosh™*(x/R) (0 < x <R) (2-31)

Hrfr, cosh™*(x/R) = 1/ cosh(x/R), XHo%brAfo,,, VAT HRIE, W EXFR
H B ) LRI ). TR oy, BT SR %, A DR AL T RcsE 21 1) s 5 B0 i%
8 745 3 BT HE TR 1877 1) A 7y
BRAEZE R B B R AR N4, I Reon Bn, R EIREL 0 AR, WA He 5 50 A Ui =X
(2-32) 7.
G cota ] G cosa
P = ) osh G/ Reg) ™ = =) ohG/Regr)
() B R) DAHE T P T BE R R BN I
Reon dr
T—L ,u(Pn(r) 2T — )r

sina

(2-32)

) G cota chon r? p
=2m T
H (1 - V) 0 COSh(T/Rcon)
GR3,, cota (1 x?

= 2m a-v) J, coshxdx

GR3,, cota
~ 0.51202271#% (2-33)

ﬁAamm=%§mm%%¢ﬁ,w&ﬁ%ﬁ%%ﬁﬁﬁmﬁ%mﬁ@MWﬁ%

R
T(x) = — = 8.192352y Fn ‘g’;e( ;"" (2-34)
P

B E VFEAI S KI5 40 T IR R S5 A
; 75D (x)?

”cr:[1 303853;1Ram] o

HP R o BN R BRZE HHEF B HIA, 72 R 2 Bt s 2 45 6 IR o0 B3 Hr ik T
MR AR A T ) 242, DT BT RAE T — &4t 3B 5 — R Rlo7 ik, KA
L FH R M B T AL B ACET AR AL, BDAC B A 2R R 24 S U P A I N b )3k

HETE 52 JI R BRIV TH 52 SR AL (03 FH 26 A — 9, 3 FELAR HH — N B A AN T~ A28 1)
o, WS R BE A BOK RN AR T AR AR, WU 249\ Dy 3 48l 3 T D T, U A
ST SZ AR, T 2 B A /N BT A AR /N IR I gk, Rl 52 0 4 ik T AN A AE T Ak
Wi FHHETE 52 A

(2-35)
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2.4 WMEHENBEN T

2. 4.1 J i J 8 BRAN S KN 43 #r

R (2-5)F(2-6)45 tH T fdt il 7L ) R 2, R TAS R RSF R R JE
JIHI A B AT BAR 53 H7

Bl 2.4 45 T =FOANFERET BARKAE TR, X RUE i BRI AR B 43 50l sk BT
EA% 50 um, 100 um, 50 um, TAHEBEARE 50 um, 100 um, 100 um, BEFR4R5045 0 T T i
' A28 (KD M 0.5,0.7 #1 1.0 B} Euler #1 Johnson A Z70 A45 0w il S35 K E AR
(&I

PENE MY X10Cr13 &AM, MOEHAEBTRIE T Matweb W5k, HUNA R JE RS )
Noy, = 275MPa, #IRELE E=200GPa , XS TiZAAF, BIVISEIEN 0.58 f& i) M
71, Rz, = 0.580,.

MK 2.4 PSR A B IR ARG RIS ERENER (KEHD &4 TH
VI, 5 EAE Y] SN A E K4S . (transition SR, A LUK Euler F11 Johnson 23 205 B 4
SRR AHIE A — 2%

Dup=50/1 mem=5011 m

D;,=100 mD, . =1001m

K=0.5 Euler \
\ K=0.5 Euler
\ = = =K=0.5 Johnson 18t \ - = —K=0.5 Johnson
35 \ K=0.7 Euler 'x\ K=0.7 Euler
\ = = ~K=07 Jonson 16 \ ~ ~K=0.7 Jonson
\ K=1 Euler \ K=1 Euler
\ = = =K=1Jonson ] 14 = = =K=1Jonson

04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2
Length(mm) %103 Length(mm) %1073

(@)Dyip = 50um, Dygse = 50um (b)Dtip = 100um, Dpgse = 100um

D, =50y mD, =100y m

X
\ K=0.5 Euler
\ = = =K=0.5 Johnson
25 K=0.7 Euler

\ ~ = K=0.7 Jonson
: K=1 Euler
\_ |= = =K=1Jonson

0.4 0.6 08 1 12 14 1.6 18 2
Length(mm) «10°3

(©)Dgip = 50um, Dpgse = 100um
Bl 2.4 Skt i iR R 324 L I

YK E RN, Blhn 400-800 um, Johnson AT 4G H i #h /73N T Euler

AASHEHME, BE Buler AXAFIEN, HAriHHEAREHE TR FFE, SR
FEECRIS, Johnson AXBAEEH, HAMS M EZHET 0, X SHTHIE S /R
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XFFZAAERAEL, A5k RSN T K AR LUR, i it ) 35 22 1 Johnson 2 X035,
H T AR BIFEET R FATI , AK JIR PR IR B2 A K, W& 2.4(a)(b) T EAE T, fkdt R E
1ZR100umbt 5 KK SZ J14E 12N AT, 3R K/ 1) 772 Ll 2 IS FEA 2 R AE R . 3
& M ENR BARN Soumby, BEARAK IR 14 KR T %

M (2-12), TS AEEH I AL RIS 52 IR ) ) Al ) D PR, T B8 B ARt e
RIS FE AR T BT R T, TR AFAE— M AR, PR 2k 00 I A FH 044 BE R £ 23 ik 2
XTI X BUR Sk B B 5 3.183MPal®l, e AP TR AR, BR
N 50um, FTLA 3.183MPa (¥ 58I ST U INTE ELAR N SOpum B R A4Sk 2R 1f, {E AT 7 M 51
EH A — e Mo, T RE =M R AAE 15°, 30°F0 45°,

Kl 2.5 JBoR T BEE e RSEIAR 40, 78 _BRVE A 0 AT b 1 e KN 1 A A B A
B 2.5(a) I 285 S o0 i Tl i, Tt 4 BB B8 (R385 0, BB P i 7 A P e R g A 88
TXUEBA T S A BT R D RE D BE S . [RIE RN 1) 5 R RV ) ) O RN, SR P
N AN, BRSNS s M LR B 45°0F, BT iR T BB AR R, IX
Ty TR UL T 8 ) e R HE T B RIIE R .

100 300 |

——y 15° S e

oy, 30° —_—y 30
" 250 max

80 Tamax 45 1 “amax 45"

90

70

60

o (MPa)

max

50 % 150
E

40

100
30
20 1 50
10 1

0
200 400 600 800 1000 1200 1400 1600 1800 2000 50 100 150 200 250 300
Length(s: m) Dy eelie M)

()BE R 1224 (b) BT BRI AZ 1L
RPER (ie - INVVIL: LA

MIE 2.5(0) F IS R M AT A, A TET R EAR AN, SRS EAR RIS K 2 B3 FRIRR
I RN T HOAEL, IX U T T ELAR G I 2 A5 H AR T RE 48 K R, ARt AR\
RS, RN AR, X558 2.5()F HEH REF— 2 R RE R R R
FRIE BBIE RN, SRR B T3 i T A1 e

[ WL S A AR, #E A SCHR 4R 35 1) 3.183MPa 14 B2 JBRBEL 7B, e K 1 2 B AR
W ANE AR R AR ST, I ANE AR RHE R LR (1 RAFERE, TR A B KM
Tt FREAR SRR 53, (EX T LRAE S ADRE, BIansiens . 2220 as, E DA
Eo s R A R B RS, AR AT e RSBk, BATE AT A
3 B e L 77 I BTN L ) 85 K BB BEL g 5 CA3RE S Bl B4 NG A A o 48 R R AN B 5 1R T 51
T PR SR BARBEIR o

2.4.2 BRI IRE B AR o A
A K UL 1 B BRI T HLEE 09 V) SR AT HET 452 18
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BY) Y FRXALY
e/ SHANGHAI JIAO TONG UNIVERSITY HREEME RGN SFE

FRAE - —T /587, # Euler A1 Johson 2 215 2 P 4% i &R AR I P K AR LU AL IESE, A Rk
Z G 2.6 Fin, B 2.6 5 H T SRR BLAR S A TN B #l A% PR AR h 28,
WA, HAuesI N TR B e RS BRI ) (kb Zms s I yERD,  BLC S 8UE
e BTYNRR B B 05 230 900 09 B P M R Frormar T Ferpriceion . PN RS 73 3 9 TG T
EA4% 50 um, 100 um, 100 um, TRFSEAZR 50 um, 100 um, 50 pm, F4AH T =FAFE I
Bt o[ € R4 (KD FREDL. H, thab Bk AR REARE ARS8 X10Cr13 B AN
B

SRTEE AT CUR I, S EUIR 1B K IE R R a6 4 K T 3808 # i = ), Btk e eo
I Bl IE R R ISR, R i — e R B RN ) 2 R A . WA LE, BEE
TR R3S 0, FE RS2 e il 2R 280 0 B8 0 AN T AR, I 2 Bt 1R A 3 ORI CEF AR BRET TRD,
AT R MR R 2 B .

Dup=5°f'l measg=5°“ m D,,=1004 mD, =100 m

K=05F

buckiing K=0.5F . ing [
LEE] — o K207 Py g 23} —K=07 me:
ie o % K=1 F paang K=1 F g
\\,\7\ =====F normal 22 (e F normal
R = = === Fer friction — — Fer friction
o 4 21 S
Z o4 z
8 g of ~
£ 03s i & il
s 19|
0.25 18
0.2 171

0.15 5
200 400 600 800 1000 1200 1400 1600 1800 2000

16 R R . R "
200 400 600 800 1000 1200 1400 1600 1800 2000
Length(y m)

Length(y. m)
(@)Deip = 50um, Dpgse = 50um (b)Dyip = 100um, Dpgse = 100pum
) D“p=50,u mease=100;A m
pmoc- K=0.5 F g [
| — = —K=07 Fyy g
0:9 \'\\:_\_ KA B s
T =====F normal N
===== Fer friction
08t —~
z
o7
(=}
w
06
05

3 . . R . " " . "
200 400 600 800 1000 1200 1400 1600 1800 2000
Length(y: m)

(©)Dgip = 50um, Dygse = 100um
Bl 2.6 ThEHEEMAK I RESIBEE R KA T

T AN E @R e R IR T, RTHER 5 — R RHRER IR (Castable
resin), J&—FPHET AL FHILE 3D FTERGEFIBT, BERME A E=220MPa,
0y,=11.6MPa, 1, = 0.50,. W& 2.7 fizx, 7004 M 1 xR RABEAR 200 pm, 200 um,
100 um, THFEBEAE 50 wm, 100 wm, 100 pumZMMEAE BI& 7168 D BERET K B A1k
ik .

AT LUE B BAR R I 68 a3 5 LA AR AR — 8, & KRR
BHEMIER, BAREIIGI#A FE K. HR, XS IAEL, DU RFIEHR BEAARHN
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100pm A, AR R E # SRR AE 1eNLL L, Tk IE AR A K e #h 74X
0.09N LA, 29F 20 £ R

SR EE ] 2.6(c) AL 2.7(a)(b) 7 BT vl UL, SRR e 51 2 i BY ) R AL X — B 1)
Zeox 5 St it ) MR AFTEAS /R, JUHIE 2 Dy, N T Dpgse s TERUEHK FER/INI 5%,
RIxAG — B BE i 5 B VIR B SR AR T e it g, X R 78 i dh AR a4
BIUIMR & e kA, T ELAEAT LA B R 5 R A

JiE# 5 R A B V) R S O BAR ELEEAR DG, RIR T Sk NI AR 4 T = &
K%

Dh‘p=50'“ mease=200'“ m

D,,=1004 mD, ., =200/ m

» 18
K=0.5F i 0
0:05 K=07F,
: T T budding 0.16
008F N\ =1 Fiading
A =====F normal 0.14
0.07 = ==== Fer friction
0.12
__.006
Z 8
5 z
8 005 s o
[S) 2
" 004 £ 0.08
0.03 0.06
0.02 0.04
0.01 B Uk 0.02
” X X . : : "
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000
Length(y m) Length(ze m)
(@)D¢ip = 50um, Dygge = 200um (b)D¢ip, = 100um, Dygge = 200um
D, =100/ mD . =100 m
0.1 ; . . .
_— == K05 F g |-
e K0T P g
0081 N\ K1 Fuging | 1
0.07
_.0.06
<
8 005
S
w
0.04
0.03
0.02
0.01f

0 . . \
200 400 600 800 1000 1200 1400 1600 1800 2000
Length(y m)

(©)Dyip = 100um, Dpgse = 100um
Bl 2.7 #ARAORIMET & 188 1B R RIAR LA

2. 4. 3 BARAK IR 1 BAS AR A
B =5 br A LUK B, BT ) Bt 0 3 S o T AR (R 2R T RE T, R R T
e —FE B 2.8 s, Hh S 400pm, 600pm, 800pm, 1000pmAll 1200pm T
FIAS R BT K, 3 SE 4 S BLAR 9 S0pum A 150pm, AR & 2% K 8L 0.7, 2 #71)E
MR T IR g e BT DRI AN JE R 77 B A ST RS AR BB . X BURE IR 1] R AR
FIRE BN 70 FF 26 1o LA SR FH RO AR A R S R B A A -
MR ] 2.8 734, FTLATSH LR R4
(1) FEOE )RR SR 05 ) e 4T S E8UR fR J7, BRIRE 1)JE 2 AL
8 A KA
(2) TESINIEIZSN )G, T EEEA A )5 800 BT D) R R AT RS T 2R 80k
A (B, 5 Fouckiing 38D, JEHAEEH KERAT RN AR, X5 B~ R FF—

cr
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@) X FAILE
TS SHANGHAI J1AO TONG UNIVERSITY AR M R SH &
B, SR BT X PR A R s 6 B A LA 25 A4
(3) TR B i 45 JES R LA A B T 3G K, TR 7K 168 B K B i 18 R et /)
T A AR m T, J H Bk @ I R m e
(4) XFEEZ R/ MK wT I BEER B (Castableresin) - #8} 3D 4T BN, ASEFHIE
SRIE N 30 5 LA L, RIETAE SRR B R, AEFEAPRL AT LA E N RIAR SRAR AL ;
(5) 5l IR PR J3 AT AR AR T A PR s 77, (E A AR B R AW, &S
UL SIERE A B 4 5 AR KA il 7.

D;,=50 m k=0.7 D,=150% m k=0.7
0.2 T T T T 0.4 . .
= L=400 buckling
0181 |~ = = L=400 bending il
L=600 buckling :
016 |~ = ~L=600 bending G = L=400 buckling
=== =800 buckling 7 03F 4 k2 /_,.v" = = =|=400 bendl‘ng 1
0.14F |= = =L=800 bending 7 A L=600 bucking
= =1000 buckling 7 ok P LiGOU bending | |
_.012F |= = =L=1000 bending v _ 5 & — =800 buckling
Z 1=1200 buckling 7 z ; o = = =L=600 bending
8 o1t L=1200bendng| - 8 02fr A X L=1000 bucking| |
AR (] P=—— £ normal ‘ 5 // = = =L=1000 bending
fri i ’ L=1200 bucklin
0.08 9
0.15 p L=1200 bending | 1
---- F normal
oosy = wwe F friction ]

011

0.04
G e e .
0 e e e ssmsmEEEREREEESE 0:::::::::.—.».aa;-a;'..--=-= L
50 100 150 200 250 300 350 400 150 200 250 300 350 400
Dbase(“ m) Dbase(“ m)
(@)Dgip = 50um (b)Dyip, = 100um

&l 2.8 W AEAORM R J1 R TTREF R IR AT

2. 4. 4 AR RAAGE AT xF L LA 26
1. HePRAw A 1E

5 2R R R g RIS T AR PR ), AR A AR AE W RN A, W2 2 30% )
FERE ] B 0 B SRR AR K ) o TAE—EJE N, X ASBRBR i /N B T Bl N A )
WA RS E

TR VBE T il 5 1 B2 I R R S A R« ﬁﬂfﬁfiﬁ%Fn, /%Fn sina = Figter» F,cosa =
Frormar 73 5 A FIAERT RIS R Sy A ) g 73 8. ARANI(2-12), AT RAAS 23k AR} s
1) 1 2215 K(2-36) -

i GyT[Db3
o = arcsin y —@ (2-136)
Hor:
A =/(32E,L)? + (4F,D,)?
Dy
tana = =
ana = or

B2 BEAL I o AR ECBUNAEER, BRI o i RIS NS R AR AR A, e PR 2 T F T4
WA TN 5 BRI BRI [ G 2R, I — 9 I S (0 el 0 R T B A R AN PR3 ]

2. Jok i AT B SR 80K B R ELAR 0 BT

AR L5 (R BT 5 5 B8 e e BE AR IR A e K 1) s g 6 S 50t P I 1) F SR R
R I AR N, KPS ST AR I A AEAE s, RV T B U7) SR 28R e i 2R 2%
HATRESE A A, NI T EA 17 AR RLERE LA 26 A
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N/ sancinl o ToNG UNvERsTTY R M R AR’ S &
EIX—, REMEHKRL N —EEE, #ESA HAE R E . HA &%
ﬁﬁgﬁ%Dequivalentﬂ%%% °
(1) BIEF,,, = Fguer MIRBETI 51, BUI AL THATHN B
e 2 Buler AFG&E A &AE, wx(2-37)

21m2E

SR > C. = (Dpgse + 2Dpip) < 12L, (2-37)

y

R THEAE A, n2-38) iR

4’481'0Dt2- L2
Fncr = Fruter = (Dbase + 2Dtip) =3 “1_[72;7 (2-38)

WH CXEEGE) Hk BN EEE, XN SRR o 05 sCA A PR, LT Be vt
DX T8 A B R AR I ELAR o

AD _ 34 4815Dt2ipLze Hum‘u/aﬂjﬂﬁﬁéﬂ: "
~X Ver,Euler — W?E A (G Regie:

a) é/lDbase < Dcr,Euler - 2DtipHTJ" /ﬁt%%)ﬁ@ @9%%[’ FEuler > Fncr (%E %E;}ﬂ%%
RO
b)  “Dyase = Der-guter — 2Deiphths W5E% FEHIEERAL, Fruger < F,, CEALEEKAUR
it
(2) %[‘I‘?‘Fncr = P}ohnsonﬂ@%%%/ﬁ’ ﬁtaﬁﬁ—?%gﬂ]zjl\ﬁi
T 515 i 2 Buler & 2U&E FHRIZAF, 1x(2-39)
2m2E
SR < C. = (Dpgse + 2Dpip) = 12L, (2-139)
y
HtEAE i, X (2-40)Frw
3t,D%, o,L%
Fncr = F]ohnson = (Dbase + 2Dtip) =—F - (2-40)

4o, mE

2
_ 3T4Dfy, | oyl2

A
?Dcr,]ohnson_ P 2E )rlu

a) é/|Dbase < Dcr,]ohnson - ZDtipHﬂ_’ ﬁﬁ%%[ﬁ‘@ﬂﬂ%%{’ FEuler > Fncr (%E %E*ﬂ?ﬁg

REO:;
b)  FiDpase = Der jonnson — 2Deip S, WICH BRI Fpuer < Fo,, CellFRAUR
JeE D o

MF =N AERE s FRERD o quivarent TEIXFHHEZ ST B BT 40350 1 3 2200 A
o, BARRUERINDyase + 2Dpipy» FEFIWIRRIL AT, T REDpase + 2D4ip TDe MK FR

2.5 WERIAGIZRERE

N T DT RN RE 1) F14AT 05 25 RESET AN R P2 8] A ELAE R A2 i A
R, FEARIBIN AR, B T ETRIAG 25, Sh 5l 3 B I e & 1 R S BUS
PERzE R, BLRAMNREFARBLEGE N #E IR E ZE RN, PR R B R R 2 R BH D A2 1R
HE . [, BRI IR 54T 95 BRI, 25 2 ) LT T AR AN 2802 K
Ao B2 JR TR AR FE A 2 5 ) ARG, XS B RIPH /12219 IR A . BRARAE 2.3 49
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@) X EAdr¥
N SHANGHA A0 TONG UNIVERSITY RN RGBT ST A
1, Boussinesq [1] & 1 B ia FH T 8 37 57 R IUT IS s g IR RY, G e A I A ] B G B 2K
P ZE R, BB B IR EE, KRR AN FREFEZ TR RN E RN, K7t
RN FE DL S 5 R AR B R AT LB, S6oF T B G SR - o et #2408 7 w45 Y [l py LA
H=9'8

EHATRIBE T, BRI 7 i 55— b, o 27 32 B2 WA BLAR FH 51
LR T A FERB I, XA R ATY U SR N, (HS2RR ISR N
RREIEA 22, A, RIS BB T 006 SR I H , I SR A Ay () e % b

ARERALI; AR I, B F BB TR REOY SN A, 82 1 #kJLFTE
RS A R PEAE AR AR, T IX R 2 2 T B 2R M A RBE 7k AR TR I R . IR
(=% jvﬁ%ﬁé*k/\ﬂﬁ§2ﬁ< {2 TS bRt #2 5%%f$”$ﬂﬁ0*ﬂ74ﬂi4\Vﬂ*ﬁﬁﬂk.j’%ﬁﬁﬁi%ﬁﬁ Cf g
TR, TR A A 30 I X T AN RS B R AT S SR AR Y, B DI AR PR O VA 0 R
Frem A0,

fERE 8 759, Mahvash Ml Hayward F|HBEE AW R 1225 N T —ANEH FYIH] 717
TP 22 ARASE Y03 P11 73 0k AR I AR AR T 7= A AR P9 AR R 0L B8 ) T AN T 2
B0) Wl 121 s a2 S Y TR ) A 1 i S o | B/ e =ess s T TIPS B e WS VA T
RE T VR IRE SN T 2

M RE & 76 R B I T Wi R ) = AR MEBE g AT ) 0 A, Horpr, Bt (fracture
toughness) 1EA— AN CHEE, B T AMEIBH IR R TT, —MEHRIIRAEMEY R
FIZ40, Bk, EADI RIS T E E T NS B v, X0 HR
RIS TR T HE R

2.5. 1 Wi HHERIA Wi R 7y AR
B, TR RIS BN BeZ T, W 2.9 B, SR AR STR SRS PR
B BRI N AR (8] g 7 =

2000

| /\/ noth

i
1
1
{
1
i
1
i

=)
8

Force/mN

/?EH:.‘

o
(=
o

time/s

B 2.9 BERIARBrEE

MRIEE 2.9, G FIRIA SRR LT LA BL:

(1) ZIBE B WEHRA R REMIT UG, 52 10T R8N, — B SE R4 1B 2R
I, AR RERBIE, BRI AR5, AR ROHE AR KAE 5 AR
P IERIH L

(2) RUERIAFBL: BHEAINITIUIE], R RELZ 17 A R A IR, A
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RIS ARLRE , BEE RINIREERG N3 /) g K, 12 R BEE I8 sh A4 M4 1k

(3) MnithFN Bl XBIPUEARE R EHIEE T 1L, BT BRSBTSk

DI RETR s BORRAbAF (AR REIN b P B (K BE i e 7 AR W T RN 3 BT I 2248 1 B 5

(4) HHETBL: BTS2 I 02 i BRSNS Ak A7 AR B FRORE T o

RSB RNERLZA R WA g S, IR T AR D SN 48 S A T MR R Y
FRIERAY e o 1207 iR R AT IR T RE R I A AT R 7, TSRS R
RERBNCE, WA T B 1R B R T T A RE R, SRS il el

MREUE A s R R 71 X IR R ok as, LR iR R 7 Bk T RO B
B A 2R o WIVEADRHE AR TR I R T RSO AR BLE DR AP AL, (HAE R TAR T RS AR B L
DREZN . MY IRE, RECRBE 2 FERER R T RE%E A AR K.

Behb, ] MahvashP™ 38 B B, L GEln i 2 b i) 1 AR it B A0k
i, RO R R T8 SONETERI R AL A5, K4E B a1 B SR
SRRl AN S Al s DB AR, R € B IERTT , ERS eI/ MR ZL 21
(AL, W LASE e R A RE B T R RE B RECR . TN RN T

[t] [tedt |

B 2.10 bR AR R E59]

WP 2,10 fir, RRIERTEdEN, FERIGEJALE, A ZahBlx + dakb, YIHGTH
PR AR SR FE— M UM R dA
J B p ek
dll au
ey Ry
b GERII = U —W,, U= [ o, de  ARAERE, W, oErFTstish. s 1 5
bt RGE S AL AR 2B ] AR U AR A R . X P AR BRI T4 0. 41k BiRE
WIS TR A R S A (BB BLASR M (L0 1R INRTAR o
TR ) 2.9 w1 A [ B SR LA 4 17

(2-41)

(1) MBS FRRLGRE, dx =0, W NEATHESMETIHE N 0

IR RE A2 B RIT A RIS B AR, B LRSI 2 — A 3t e, Ay
BRI R dx = 0.

FESCRERE R RN T NK,, e RREBOR Il DU F) 5k Hk . s SN 2P =
fal Ac CANSERRIEAR XKD, SRJGHERN ST SE0 TR EEUS T, NASES AR A J7
RSN LR AR BT RO A BUFEMERS, REUR A JERIRN A8 MR T3
20 A AR FIRCR AU R R A . TR
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NSme® swuancHAL A0 Tono UNTVERSITY SR M R GHEH 5 F &

J < K.p™ =K, (;—Z)m (2-42)

HorbmB AR ARZR MR <. BERRECR T B T RS0 TR AL E R BT [, H
RHEATELEIX— 5.

M) = J I, REGARE. A o8 BRI 2k, Jd™ e 23 Py RS0 T AR T 5 1Y)
BEfE, RADRABRICRIZ FENEERE. BrRvEL —FrbelE, R T Bkt
T, =iE YRR R RS T ECH IS Y R RGO T I RE RN, RO BT . PrUAA]
ATS Y MR IR T 7 AR 2 AT 5 (1 71 4 K (2-43) s

m’]c
anC K_CAC (2—43)
(2) DIRIERERLIARE, dU=0

UL, BATZE A AR ARG e, ey R R vh, A AR REAS K R 22K
AU AL B IR G BREEET RALAZ o« BA TR REY R ARBL AN ATE BT AT Riw A
NERGUNTESE, WA RS A &

dA = w,dx (2 — 44)
i
_dn_ aw, _dx _f,
J=~Z&~ "aa ~haaw, =4

[FEE ) = RIHMEINN R, WInT AR BB ar (R T gk ekt 4y, AWk
AR BT 7 1) 71 a0(2-46) B
fa =JeWe (2 —46)
TR € ST PR RS0 e T 2T FH T A0 e e 2 Hh A P i R ) S <A« 7 I 3
W], G DIATRE L E A, SR Re BRI W RINE > ). TEWTR ST A A
HHF (2.9 dff s 1 A2, R H (2 — 43) TR, EIEREREh, o gt i s )
URZH (2 — 46).

(3) RINTFEF R IR L)
(2 — 43) T F TR W 2 2 B Sk B 5988, BRI 2.9 w1 31 2 I 7R,
Ji R 308 05 2 T 1) — o A 15 VO«
Q) HEk N A B W A B R 5 — A BA AR R, M 2T,
W7 L A
b) MRLTEY IR T HEEARET, ReRRCE T N, FERRAM G ERLE T MK,
BENK o
VX PG DLEIIS I, B IX AN %A 5202 — 43)BRRER, WBRITIG T 55 %
I (B 2.9 AR5 1 A1 2) a(7-39)FTw.

m[R1K, A
faz = fo/ / e (2-47)
1K, “Ac2

T BRI AR Rl Nt ] AR AR DI AR, EIRXAEOLT, B8m (i 2) B %
(2 — 46) 5. XA TRREMERAY RGN 71, XAV 5 RS UTAR AN E NE E
TR
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2.5.2 I 5 M Hi N W R 2

YD) B BRI T DL R B AR B T BT AR R DA AR T 5
FEC P P30S VAR BB 2 1] () R B A SR T o R e BN i R S R Y, WERR SIS R, T EH
ZURZARFF b DL S e g RAU PR . se B3 77 #2 an 2X(2-48) 7k [McCarthy 2007]:

Fdx + dU = J.dA + du + dTI' + dR (2 —48)

Hor:

Fdx—1F FIAE T L0 3 FAE dx BB R 3 R o B S i 3

AU—EREH N BT A& A7 AL KR b AR T B8 (9 an Ttk /8 330

Jo— WP, FeLLdAJE s Wil A2 AN AT Iy

dA—RGURIEE; 0T 5% NafR AR, dA = adx', Hodx' RRERE;

du—E A7 I P B T 2 B AR e A AR A . ldn, fEFARIIVIESRE A, B AR
RIMZ E W, ME— (&N AR B2 B T AHLEDIEI 7 10 LA . o — 5T, fE ST EL,
FIT 7 A P 2 THI R 52 2R 7 JE 45 5 AR 4 Shergold (65 VR 7Y v fifi Fi 1 1 B AR IR 8, AR RE S9N
IRFE R LB AT, I H 2 BSHI46 72T I 1) 3 ELAR T 5

dT—EBB MR A R B, 3X 2 W] LAY, AL — Bk B ist, Rkt &k =
FEAE R JUATTARF R

dR— 72 BEYE I PUSET T i) Ty, Rk AT LLAPdx, H RN TSR AN ZH 232 T 1)
MK T, EREFSEAT, BEEE LS AL AT A FRWIE I, PR AR R E L

e REE B, AR TR . BT A GE TN S, R 2 T 4
G SR REAU B TR SER BR AT 5K R AT IR, bdT i h %, —
It BHE FEE TR o

IAERTIE R, BARGA, R (2-48)IB My — AN a7 5 2 fik g 25 ] L -

Fdx = du

J 71 A] LA 8 e 2 R BRI A

WA R AEET AR J Bl A s i BB AR /D, BRAEAR N FE R ARG AR Ak, WITE Wi T 72
, AR BAVERE BRI Judu = 0, M AT LLIE I 2 (2-49) SR TR 2 77

dA
F=Jog-=Jea (2 - 49)

FTSRAT 0 A ] T 2R S ARS E 7 AU BRBEAT R AL R AR B DI B F A, X5 (2-
46)PREF— 2, BAT T ERIE.

PATEBL, AR ERE, RE R R A LATHIS T B ZhE B
[F1] B 2 2 R AL G, W R BT MACF) BE R X AL AU P A5 0, B R e A MR A P
BEDIFIRAY . MBCKKMATRERSHEH SN & SEECRIM ERZE, RV RER
LA — B BEETHIPNIE, B DASERSE RSN e A B R HERI BRI .

DRI b A BB P A A B oK, JEE AR 2y, SRQ2-50) A T A e shimt o, T
B Al 1) o 0 O D Rz JER R b B A ik A, 076 ity D AN e 18 B VE I B 40 0 T
f M rdx =4 (2 — 50)
x=0

M SINFeRIBsh 2 Ja, Wa I ERA T ARG O R 2%, LA 2R 2.2 i e
B SRIHAEAND N, HIEE KA B R H LA R BEAE T, SEHE AR R h T e A1
Jyt i (2-51) fs.

[

oW = fxtan dx + f(fa,uP(r)an dr)rd(wt)
x 0

ty t;
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Xt a
SW = J an dx + Znﬂwtpuncf P(r)ridr (2-51)
Xt 0
Sjiia
X, a
j E,dx =] .A— 27wa)tpuncf P(r)ridr (2-52)
Xty 0

FCrb 2 FR T DA 38 0 B o R P A PR IR T € P AR 0, Ny T TR IX LA — [ 5E
fH.

2.5.3 JieHe et BEA R MRRIN J7 ) B i A

I A ST RN IS RE 5 B A E LB A, I i 3X(2 — 52)BEAT 704, % T i
HRAE RIS R PC B HEAT T B AR (X BLAT XS A R e, BT THT 6 38 7 381 s
SR PRI % 18] AR BE AN S R -

a) H/NNATE, MRRSGn IR ENE/N, SR RIAR

b) 55 BRI BOAH R0 FT U0 s e SEAN TR 5 R A b D B AR 5

C) TAET RIBGE AR T HEAT BOCLRS /0N, TRV BE F 3 1) L 050 B B2 JRAR T, PR Lk B R AR T

U

Hx, ME25 SRR WS BRI AR R, — D e ks D) R ALY, T
B AR BT R AOBE ), AR R Q-D T feueting M frrictione INABEFEIBENZ 5, A
ARSI TN ZELLN T4 SRR — [l 17 s /32208 1 BE R R 2R KR & e e BRI R 5 73
JERR B 0 e i ) ARt T A I e B PR B 26 T O, T TR R eV PR 17 AT 1 B Bk
LRYEL TR, DT REAR 0 B (el ) R

MBE R A7 BER T 18 5 N1 5l Ja R et RN AR B AR IR, 216575 RE e
BRI ANBEGRSE T T SR R, sl 2.11 R

Work = E(h, friction, v)

1

| 1
1

| wmegm | | hEtsiEz, 3l

: FrEETER FER Eﬁﬁﬁﬁﬁﬁ:

1 l l |

1

I D i AmdEr

! ; BERRR  ostemaie |

Bl 2.11 BINREIEZh% BB R AR

FERINERE A, — 07 AT AT 0 s 30 B PR R B AR e PRI N, ] P e 2 ol et 6 B Ak
R RS RE R, AR — € IR, A7 BT SE PRI . T e iz 5l 2 51 kS B R R AE B3R
AT RS, WA AL, 20 AR REAN B RETT RAZ L .

NHSRIE=FASE AR, X R BT N I 32 AT B VR R -
(1) ZKteiRahfi

PRBNRE R PR R A 2805 2, BT RN IR R i R it A il 1) AR R IR3h, B
e AT FEAR 70% RN TP, SRECARIR AR RS0, T s AN R A LIRS AL
T R IR, DR A AR AR S B AR R AR, B ERE Y

a) MEFE BN SR A FRBIZ S, 2N B A 3 2 NI 5

b) ek iz sy R IR B 512 2 (a5, cavitation) X B2 B AR A2 4 /N 23

IR, A5 R Bk 10 5 PR BAEAG 5

C) MUt 5 Btk 1] AR, e SRR AR /N B A3

(2) FKLb Az

27 U 70 1711



- x 4 M/
e %/ SHANGHAI JIAO TONG UNIVERSITY %ﬁﬂﬁﬁ&giﬁ%l-%éﬁﬁl‘]iﬁiﬁ'—'ﬁ%ﬁ

fil Az (REAZ, thixotropy) $8 K1Y 52 RIBTUIAE FH AR A/, i /R F 452 L i A A2
KWE (SRS, — BT R A, fEIRY, IR N R AT R .
il AR 1 BBV T, MEERIARAL, B R 2 HUA R T A R RO SR 59 AL 2
BB T WUIREEH, AR D WA SRR, BEE BRSOkl . T B2k
FETEFE T 1 F R IR 2 2UANB A BY DI AR AT, AT RASKR P R B i 4 100 54 AT A e -

a) NEFE B VB BRI 1 fik T B R AL ) R 544

b) JiE e s R BRI IR B G AN B R L 5

C) e 51 7 B K PO A1 52 PRI

(3) k&

BF 2R BT B RT ST 800, (H DL 3 s g R K H AT — e R, EEFRIRAN
MNARAZR I fE v, R EA W IER:, fets G R H AR BRI A 85 7 Bt R
U IR, Ju L e ot JA B AL 2R R s, mT DA Bt B4 R s ok — 2 48 7 8 3L

B RER SRR, AR LU 1R B A ARG 7RSSk b, IR 2858, 7RERk
B ED JLZR N TE S — AN R S0IR 7 I IR B (10067, R TR 1 1 B 58 2 1A Sk e °F-
AR, SRS A A SR EFL I Sk, ARERIHTE A & b, TRt — D158 T 51k 5 AL
Z B IR EE & o — HLEESL T4 Sk SRS S, £ kT — Pz sh Ot sl 3D
R AT AR SKki2 3 1 7 Tl sh 4 41

M E 4T AR e 2 5 Bt 2 A UM Bl v B3k 07 Tl ik RO SRR, X R S 4 2 3 80
REI “ AR AR TE R, EBPE I AN (0 B R BRI S 4 20 202, T B AR 2D
UEAN, BRI EE Sk e RS J5 B AE SR, 252 AL SUVE AN 2 ST RIIORS . AT A 5 23 20 20 4of o e
JUor o IR, T 2R T Rl AR SR GG FREE (1, R0 RN 2 [ j R AR B A U2 R .

BF RN T7 208 2 B 1) T 7E — AN 7 1) BB S ) RG] e e (Bl ok [m] g )
(7, LR T EOK B MR Ik bz R BT 5 16 77 B R S s S i B e e, AR —2H SR
Qb7 AR R A, S R e, B TR SR e L R A RO . U, R
EENH 2 TR IR B3k, T RMEAR /AN Bz B 2 3 30T I X 2H 2R R Sk U
KB H

BRI TR B 2 IR B A SR, (E2 T A e P, e IR 2
MFEF 71 3 BT R SR B SR BE . 456, SRS B sl, 38m 78r i 5
JRBERTE 2, AN 7 B2 AT B84 K i im N 77, RIAT A6 75 52 kA A5 AR

2.6 KREINGE

AT T A B R 0 DL EE AR, SR G5 RE T BRI R T A B 32 R
ARBAER, FFgnthh AR N I A0 B R IA . AR E QIR T 51 N
Wiz sl Ja W R RUm PR IS 0, S5 SRR R SE (45 I S IR, e et 1 7R
TR T o IRGERCE 032 T 1 DRI 5 0 26 A AS SR X AR T e T B8 LA 2% A1
HIZRALBEAT 734, NPT R Bt 3R 4t 7 BB TR 3. BbAh, AEIEEAL 1 R R Rk
RIS A AR, OB AR BRI LB SR O T Rt ik . e, BERTIF S s T B
RINTT AELH, ATIAT T iz she 1 RN R B e
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B=F WEtERRRINBRETZR (7 R

3.15|8

BB BT AR SR, XTI RE 52 70705 3 AR T RE T AR 2 pL B R
177030, IR B SIF R IR AL T iIRTE . AR, Kt PEE5HRTiiER
FBL SERRR U R EAN R 32 0 DL N IR AT ARG B, (RIS ikt 55 BB KA EL A
REEAT U5 S EAH AT SIS B0 Rl AR L RE R

3.2 SR NFEME

3.2. 1 HEWET MG I &

FEIX =T, HIEE A Roi AT B, BT (R 35— 55 B o b 00l i) i 0 A e e
FFE S ST ZR A N RIS OL, F BT TUR M AT 05 b, 1 Ja 5 TR
ERIIEDL, 2B 2.2 s, (EARTE AR B FIPER 71, AR AT s o i
AL E SBR[

FEIX 5, IR HETE . iR B AR Y RS A A0 LA Dy = 10um,
REBEEDpgse = 200um, FEFFEENT750um, HTFRmEAIER /N, B CLA] O R T A
EVEHEIE o BT i BN TR B FR s iR K, R sl N 7y, — Mok i 58 4
(AT Sk 2 CASE /NN FTRIN BBk 2w, (B S A0 (R4 S A B 25 5 SR 38, It DALR AR 1 43T ot
TRHE RS B A EENRSE L.

HT ABAQUS 2016 @A AL an ¥ 3.1 Fra, APRHE MR 28 — 5 prR B X10Cr13
EEHIAEM, JERN S NG, = 275MPa, # KR E=200GPa, W3RN /jo, = 485MPa. X
F1 C3D10 45 f R DUTHAKR BT, BoeH 73597, i R AT IR B &AW, £ RHRIE
JIAE T B CET TO0 AR B il i) )32 30 B E B, 7525 R8I ) RN 3R TTHR A [ B A FH ) et T £
FFTA B BB, BRI ImEE 4 1.

B 3.1 A RTRA

1. b 70 RN B0 1 H

XHEFRBEIN 0.02N WIS 5104 577, 7T LR B BRI AL AR AN R At ] 3.2 e
R MBI 3.2() AT LLE H B KA FE 0.04902um, RAEFERETE13L01 B, MELF£T 3L RT,
LR AR EEA 90.04902/10 = 0.49%, JU-T- 7T LRI fCEE HORE I, Tt B i A 72
oA R BB RSB RES » o TAE R 8 IS I, e Sk iy Bt B R AR T e,

029 71 #7001



VY FXALY
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B T B S R TE Bz A T ey R A oL, B LR Sk R BB 2RI B2 R IR 461052
KK 3.2(c)T4 H T UK 1000 5 )5 FI07 A5 REAART &, S AAE N MRS .

M 3.2(b)F A LLE Hi K Mise 779 250.2MPa, KT H g IR B /1275MPa, {H 245
O AR F IR, I 0.02N X T MG THE R UL AR BRI — 1 7 o RIS R 7
SIATIRGL, B KPS HA R AEAEE SRR, MR TEEr LI N o — sl 1307, A BB Nk R
IR HE I PRI a5, DR R DATROIU A T ST S 1R 2R 38U e AN R T S THI PRI BB 481, 1T 2 Y
BT S THI I e AR BT

(a) hiFesrAi (b) Mise N 11434

(¢) JHCK 1000 135 )5 A7 4 3 Aii (d) K 1000 55 Mise B ] 534
A 3.2 0.02N E A TR ESE R

3.1 45H T A 0.005 £ 0.5N 3 6 HAFEIR S5 AFT, FEHALR A ECR N 45 2R,
FTATATLLE R 008 0.03N Wi, sk CEBBEIRR Sy, o K AEA T8 BEMEAR
T, MRINE 7179 0.05N IS, St A A Wi k2. BRI IR 2 R, 3 28 Hs (B #ORH %
BAG, @K T 3 Zm R B A, KRBT AT, &Sk KON, RS
ZEER T, R HETE R 52 JI B Boussinesq i) @ fiA FHH BT )
BRI Sy iEAT T BR AR, AE(2-35) I A 4 B iR AR 0 RRIA S, RO HETR AL
Bk 5 R R A R e e 2T I AN e g R I B R IR, R ReiE s EoR A AT

& 31 AREATREHTESR
EAIN) BRI (um) 5K Mise . /] (MPa)

0.005 0.01225 62.56
0.01 0.02451 125.1
0.015 0.03676 187.7
0.02 0.04902 250.2
0.03 0.07353¢ 375.4 CJE D
0.05 0.1225 625.6 (%)
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MEEE 3.2 LR, BN A IHFA R AR, X 58— E RGP IR AM
Fidro EEFPREAT— B8 AR, ER A EAR L T AR 2 I 5, At 2R o U
S5 KRR

2. JEJJREHAE L FEE R B4 A A

XTEFIRTN 0.02N W335 53 A5 e 77, ARG ACET RIS 52 21 PR e i 1 5|\ [ BE R4, 6
B 3R (2-26)T1 5 83.14 x 107°N - mm, 7] LAG BITEH BRI AL RE AN ) 23 A an P 3.3 Ffs o
M 3.3() 0] AE R KALFE N0.1077um, RATERET 6T S PO S0 B, M T4k
RF, A AR T 451 °90.1077 /10 = 1.077%, 39R T 1T DLZBE S it (R e o fcet 4%
RIIRLRS 70 A RN BB ARS8 S 3eRAS, — AR B B T 55—, AR I 4T i
KA X 5B 3.3(c)gh H TTBOK 1000 £5 5 105 A R M RT A, B SkAE g & 2B, [F
PR ELAR T A BT, 2 il o A B m . Mg il s, N KR L
FIRFF A FITEEAE,

M 3.3(b)FF A LA H ok Mise B /14 591.4MPa, L4 KT H K%M 77 485MPa,
YLIATE S NI J5 B R LR M E R B DL, BT (7K J0 88 D1 KRN o [FIBST W82 8 g 20 A7tk
B, BB FEARAEACE SR, &R ST BE AL, (H 28BN SR TH R IR ) 5%
iz W HER, MM K ZEPERE R, I HXFER AR R aESE, 75 FimikIH R
R — M E— R B 827 53 A o DR AT PPN G PE XA 2R & D BIPE R R o IR A )
MBMEIR,  [F B RS AL AW mT LUK IV L5 5 AR S il

(c) JHUK 1000 i Ja A8 43 Ai (d) K 1000 %5 Mise B )53 A
B’ 3.3 A mEIE FEER s B4 R

R 3.2 45 7 A 0.005N 2 0.02N 3% 4 shAFEE 20T, SRE ARG 55 KR
FHALR B RN JIHIEE SR, BATATEAE R0 0.0IN [AIFf£FE1.57 x 107N - mm{H4E
(I, BT At LB B S BB AT 5 K 2 R AEAN T I BBV, T A 7379 0.05N [ i,
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T A A T R R o B A T g A T BRI, 24 7309 0.03N IR A4 HE BB A4 k)
J AR, AT 51 NFHREL G KRN e (R T 8E T 4 0RIX R HETE AT O R 70 A, =43k
BRI ELAR ORI, AT RE A=A R 1 45
&K 32 AREAMHEEA TGRSR
JEAMN)  HEN-mm)  FREF(um) K Mise M) (MPa)

0.005 3.925 x 107° 0.02692 147.9
0.008 7.85 % 1076 0.04308 236.6
0.01 1.57 x 107> 0.05385 295.7 (JE k)
0.02 3.14 x 1075 0.1077 591.4 (HrEd)

3. 2.2 AFRE LR 52 705 5

FE b, BB B AR Dy = 10um, 12— MAHXHR/NME, BRI LUE 1R
A, L0 HRMR AT, TTUE BN 7R 2 B P e AR AT ISR AL, AT IR B
PR IR BB I RS IR R AT, BRI — 45 B A 18] A s T U AT TR AR AT 15 243
B, RII U RSERAR I RE IR, JF 55 — s B i HEAT XS B

BT ABAQUS 2016 AN A LT RUT AR, it i BEAR SR N 750um, B3 ikt
i ELARK/NHEAT 00T, MPRHE R IRR T X10Cr13 B2 AR .

1. B JI1E R R 0 5 b

JE 138 ST INTE ST TSR3 T, [RIRE XA AR 0~ T 34T 4 F B0, T AR T £ B b
), AR RS IR N200um, & R THFIA 719 0.05N, B 3.4 45H T =FA A
BHRISE (Dyyp 23 4 10um, 20pum, 50um) (K145 SRR 7707 B0 A 45 2R -

(@) Dyip = 10um (b) D¢jp = 20um (¢) Dtip = 50um
B 3.4 ZFARSHRRT RIS EEER T ARSER

MRAE L 3.4 5 IR T LLE Y ASF BRSO RSTTR , ST I 3 ) 73 A IR DA SR AL,
B RN 740 BAE R0ty (R I 3R T, 5 L RO R0 R S0tk . 4 it o BLAR I N2 5, flckr
ARITREIIRRIGIN, KT 205 AR N 10pum BIEr, KR DI RN T, i 5
SEARREKSZ 0.05N K 17, AR BLAR N 20um IR 7E 0.05N ER R, SRR 1R
225.3MPa, R HIEARRL ), FTLCA K2 0.05N [ 7. XS T2 B AR A 50umi
RV, BN IR 32.23MPa. X 6B N 10um B 20pum 49200 EAR G I 56, 5k
AR N IR R =4y 2 —, 1 M 10pm 3 In B 50um S B FLA5 AL, B kB 1148 N I R
ML) =tz —o UL S RST (R8G5 X B8 A e AR 1 R 5 TR SRR R P o

K 3.5 45 T EHREAR D HIN20um A5 0pum s, fEVURARFE FIEF R, fE i KA
BRI HA EAR . ] UAVE M R IR, i E S R 2 LA, Tk E
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5/ SHANGHAI JIAO TONG UNIVERSITY HBEE S RGE TS .
JEJTHIME R, PRI ET T A R TR R 22 AN T K. AN, A AN AT 2% ) — R, A
B S RAFIE RIS 0pumisy, )25 j kBT s B0 32 R, PRIMGX A R BE R B 7K e ) 7 Holh
B

0.12 500

0.02 // ”/Mﬂ_‘

0 0
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Force(N) Force(N)

%

e

m,
14
=}
@

Displacement(;: m)
o
=
o
Mise Stress(MPa)
n N [
3

=3

o

i
=]
=]

8 8 &

(K& (b)Y KR S)
& 3.5 20umM50umitRR~F B REHRP I ELE R

Bl 3.6 45t 1 53— PR JUT 26 AR R B R /) 40 A 1 100, BEE A3 BLAE Dy = 50um, IS
HEAR Dyase = 100um, {ERTEREN R J128 0.1N. M ET 2 BT HI 4, XM BT
JOFARY, FEERE R R T B 2, DRI B ) 23 4 8 G b AR ANl b R A% 3 . mT DU 2]
NS = BRI AT TR E BF, AR s ot /. Aok, @ e R W o A
A DUE BN ) E AR AR R, PRIHOX 2 T B 28 50 R I8 48 -

[F) B e JE 8 AR AR AR S SR B — 2, XA 5| B A 7 T Re T AR AL, AR LA Ex
BEM R T84 . BEM TR A2 R B SR M. B 3.6 RS HER AR N
51.84MPa, fiAH L2 BT EAR A 200um i, KN SN 64.46, 1X iR 2 BE M 5 KR, 22
Ui N e R AR, SRR ] R AR

B 3.6 Dy, = 50um, Dyge = 100pumisst N1 B4R

RN T EATRI S BE A BOVE R, B 3.7 45— R R N BN ET R T S B
R, HIRERFCH LR TEE . B IERTEERIIN N 0.05N, 4R BAR Dy, =
20um, JEIBE AL Dygse = 200um, (H 2 B K AR SRR FE 750 um BIARL R 20 50 R A
300 um, R4 N EEE R FE . WS LE BT LUK B, B4 A AR TR EAT R 4, AHLLEE 3.4
H FRE SR ELAR N 20um L, B30 A0 JLF- %A T A&

P 3.7 H B BE AN 16.70°, B KR F10N 396.9MPa, 1 & 3.4 R R FREFR ELAR T
RO, HEEH N 6.84°, KRN 1A 225.3MPa. 454 UL A HT, TTLAE A58, B A O

2 33 7 70
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I P e i v ) SE R B, DR I 2 0 B 45 ) R AR AR

us/standard 3DEXPERIENCE R2016x  Wed May 27 18:20:13 222777 2020

3.7 ERTERRME AT RS R

2. JEJIFHHAEIL FIVE R 0T B b

W B IR I FE T BT IR TR, [RIRET BT AR B~ THIEAT 4 E LI, BFORTHAN I
ITZIR, EHRH200pm, ¥R AL 728 0.02N, XN AR (E B 02-26)4 Hi . Kl 3.8
BT ZRAFRERIT (D B4 10pm, 20pm, 50um) T 145 FEBEN R4 B4 A1
iR

(@) Dgip = 10um (b) Diip = 20um (¢) Dtip = 50um
&l 3.8 ZMAREHRRT MM EE MBI RERTHRER

WL AT 3.8 g BT LLUR I, FEARIRSHRI BN, H R A S (R4 F 25 SR 33k
(R 53 AT R, B KR A #R IR R R MIBE, H R IR A, 5 E—T i
FEEA IR . R 3.3 45 H T IX =R oL~ AL g RAE .

x 3.3 AERmERMEEE AL REATHESR
RimEAR(um)  JEAMN)  HEN-mm)  HFALF(um)  HK Mise ) (MPa)

10 0.05 3.14 x 1075 0.10770 592.9 (WrzH
20 0.05 6.28 X 1075 0.05711 172.7
50 0.05 1.57 x 10~* 0.04007 58.98

IIMTER 3.3 P IEE TR, SR R F) R DA, T A e ELAR I KRS R
FEARZ M K. BRI R, (HICIR R o KA T B2 i KN K I 2 25 s RPIR S
M 10um B S0um, FKBIJRANT T HILZ T, BRERERALL T — MMM
W&, B EIRATERARE S R 1%L, ARTE RS R E AT DL 22 AN Tt
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3. 3 HERE ST RIN T IZRN B IR TR

N T RIS RE Pl 5 B RBOAE AR T, AT T BRI B BR AT PROCAR T, A
LB SEBR RN RE o BT BRI Ay A PR B AR R %, R BRI BR A 2R e 7 A e id A
RARH

3.3. 1 BRIk o i ST

FERAE N N SR B2 B, HE BB AT L BRI 5%-15%, J& T APkGs 144
BHERAH L, ARG R S AN S HREE T U B A AR
2, RN EA T NHET B BRI E )R DhRe ) v T IRIE S A B %30,
S JER D0 20 R 8 A AL HEE AN A, F 00 25 ] ) R 28 R A BT LRGSR BE AN, AR BT BE 45345 A
W X FE T HE RS ) Rt AR LR R, X AR A T DA S A B 3
AT TR o

Jz g b FHAT Loy AR f72 2 (Epidermis) FL B JZ (Dermis)« 2 2027 (Hypodermis)
AR, M 3.9 FR.

Sweat gland
pore

Hair shaft

B Basement
membrane

‘Sweat gland
duct

Subcutaneous /
layer Capillary /

/
Touch receptor

& 3.9 KA RE =R E

KR (NBEHHR L ZEEZ850um — 150pumU) & FsAINE, F 8BTS
G FEHEAT P 5T A Ml A BERRE B Dhfe , HN o AR ZANE 72, Horh B4 fE gk 47 518
SE W HHT AN AR, I N 2 ) A 3 A R # R, SRS 1R I RS - d5 2 B A D A o
4if, JERARZE (Stratum Corneum), BIVURAE ) A FALZ0Y, B R HEH TR A W 2R 1) i L 2L
way. BRE (NREFREREE N150um-4 mmU?) @i fS0R E i A3 3L FE M
SERISCHE, FEFLOIRE R, BORICE (BT 2g 4. WK B L3 2 Ml A4 fD I, IF
T IRIR IR A 41 5y B % AEHES (G FAHLE RN 60% 2 80% ), B MM M s RN A
B RAEAR IR K /13 B RSV R N2, R B IR GV R, IR 40 B AE A %
FAR /N A, B AR SR I 2 B, e R E B DR SR AR A A RE AR bt
U721, e KA B &5 2 2H A 5 M 00568 g A B B2 st sk 5 40 UL IR A 2R R R 2, e 1 SRR P TR &
PRI AR A R T AR A AR K

FERAMN B EI 1458, HOpEWmmiRE g, ——MEA ARG Aot % m
PERIPPRIUS . FEROUR B b, B kAR T, R, B H A S I F, Rk

2 35 7 #7001
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IR B EE A LR =R — 2, EAK=ZREEKR, ¥R & R E L)
Jie AR, X EESEG IR IE LI 1A IE AR B B R /4R KA FE % T B R T v R AR
BRFZ (UK NERAD . I H BT RS — BRI KRR AR (B, 5= K
ORREE R TR (), I BOEH 2 IR0 TR =72 5E KA, S50 B JBk 77 2 1 o ey
EHEINE . &G, BT M . T8 A2 RS 28R R B, B R
A AR Z 5.

Ty —J7 A& T R RZH 2R v] SR A5 P A 3 A PR A, 7E S50 = 305 T e beka 25 ) Bk
AR B JRFEA AR AZ AR N M o PRI, 5T H AE FH B Bk, bl A& el RO, AR
VIBR I NARH IR . VP20 58 QAR 7 G SR /N B3R IR 23 1) — PRV UCRR 12 4 FL At
Je BN Rk EATY, /N BB IR N 2 R JRAE R A1 AR ) 0 2% A AL Z AL, 3 8 =
MNFEEEHM, MR & T R - SIS SRR e

BRI AR G R M2 52 “1” B, S DB B SRR AR, N N AR BE
R SR A A ) A S AR, B )RR R F T IR SR AR 4R hr B RS, B JaE Rl
U, R T R A2 5 v ] M AR R A B gl P R R R R AE AT AR T IR 0 e e,
Ogden A MRS, Mooney—Rivlin %1 neo-Hookean #5%4 . Crichton!”ZE 48K ] L F)
BN 6.62umAl 1.9062um B BRTEARE AT T IR WS IR 955, &4k 18/ i
B JRrb BRURE PR A BT )2 T R RN L R (R s M R B RORG S e 5, IR Ogden AHIIERLSEAT
A, RILE R BN ok (VRS EE )y 7.33—13.48MPa). Crichton AR ZH{E
Chen8 FIAHF 78 H g 51 FH >R T 34T U N B IR B BR G 4 o Flynnl V57 7 — A = 24
TR BRI gk 2, oA A UZ R A neo-Hookean #2781 B 7 /2 & H — N IEAS & 7 =7
MRS AR, BN HZUN A Yeoh A5 78 50k 53 4 Joi 4 [R] AL AR AU

FEARS G — 8B WO B bl B2 AR 1R 2505 1) 25 [ [R) P R s e A, LAk 77 G
RNAF R R FE R, WIAE Abaqus U ELEEE o H FIRB—MARIBRYEE L0 AR, AN
JEE 5 R 1A A B, X g — Fhid S el 7

L7 JBK 7 2 N 1 A IR 9 AR R R (0 BRI AR ZR ), KB E R A
SRR P A AT e 4 1) Ogden AR, H o A7 5 2% FE ek B0an 77 A2 s

N
WiAads) = ) 2 (A + 28 + 25 - 3) B-1)
pP=1

y
H

W — BRI AL e
= BRI BT DI
a — BRI e R 5L
R 34 BRI ERSH

i HTER R HEJ= B

JELFE (um) 20 80 1500 1000

S A5 5 (MPa) 0.752 0.489 7.33 0.034

T (g/cm?) 1.3 1.2 1.2 0.97
fifl & R« 8.68 2.9814 3.2876 /

Ja BT AU R BRZ 15 Ve SR 3.4 P, R AZBURARKRT Ogden B,
M2 ELAE AR ER . A B IE ke By 0.45, PEBEREON 0.4,
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3. 3. 2 AT PR TAE R [y i 57
1. BAL 5 k%

TR 7= AR RORIRERE, R AR bR 0 i 2 oy, P MER B JE I %
PR R A B Z B TR IR, IR EER L Z . AR ST e s, R B R
PO, A AT AR T . BT SR B A R Y, B 2 Rl (Reference
point) FE], FrESLHEERHIE 3.10 PR,

W& A C3D8R — P ME4i il AR 4y, [FINS =5 G ks 4L Hh 4% (Distortion control)
g om yb IR 4E ] (Enhanced hourglass control ) 25 il i) A\t 2 WXk )3 /- HL AR . 76 H Al
R R, BTN UM T2 B RS B A, RSN B4R 4mm, = 2mm Y EIAE, 7R
e ] ik X IGEEAT A AN DA DR T SRORE B2, 38 A I Y ORAUE IR 12

Bl 3.10 Fet RN FARR

2. Hfph. LIRS

BRI EZ IR BA surface-to-surface ZJ3, FHik 4RI T [ ik £ Fr A 15 fi(node), 7l
RRRBNII5, WA 0.6s, RO R =ANHHE, 0L 2mm/s BRI, % EAN A g
A

H T 2R3l /10 b KRRt e B3GR R /N, RIEH 7 RE4 BN EAR, E0R
WETHERS AT T, RS A BRI R . 7520 v DR LU 4 T80T 1, R) S b 4 T
HITE, S E/NIRRASE RS RSN 0.00001s (58T RSFHERFE), B8 EI TR
AR (BT RE T S A A R B B R IR N R o . RGBS R
HH i B/ BTG A ) R B PR m AR AR e M, D BN TE]

3. HIuRRK

IR R PRI AE I e 1t 5 R AER s MR IR A5 31 1 S8 50 B IE ST, (H B B H ATk = 58 %% (1)
IR AR, LEGCET NGRSO b, T R e v SIS B DR A 2R ) 4 W i A AR K F I
M, I8 AT LR B MO 0 — FOR R AN Sk B B R RAT . SR, YR TSR
JE ARV (1 von-Mises JEARAEN]D, 45 J) GEFE & von-Mises B /7)) it BESRERS, [
R CXAFE REAERLEIM R AT IR e, R, A RIS SN 45 e 1 2 3k 45
RIZEE D kR TRENBRY R, KR PMEMB Sy BRI e R, RI AL
A RE R RN = AR ST H AR, SRTT, AR JF AR W aa 6 2 5 T B CREAVIER ),
Raundy g (FIn gy AR, BAK B 28 AR g i W — 0 0 g T QA 2 7ERG
EYIAVE I G S (o A7 BFE O o [RILG,  TUIN B B 235 7 X A R B ) AR 43 AT AT 56 8
IR, DRI R RO Ga (I (B A AL bR, AR 8 Fhn] 3l RIAS ] 300 30 5 2 [8) 1) e 5 BT 20 T

AR LU I8 B 75 0 A IR IC BTG E R, FEEF RS R, & LR

237 T 70
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FEFH R SR S5, B TTHMIER, AU BTN L FR B SR AL A AR BOA

e | S
_______ WREE
_ERERE N\ mEEk
BT 2 | N s
o bt \
i 2 3 \ Y
I mEs
MR AR L
BUENE  owme s
BRUAER s
B 3.11 BT R A0 r v T

a) FAPEALIE: {KHE Ogden AMMERLBEAT #EAT, ELBIE B JE IR /15
b) ZEMEAR: ZRARATRIENBIEIRAR, ERENEN AR B I E N AE, X B BIR

SREL, BOAITIE, HENBALET B
) MIBEIRAL: FPRKIEELeEid, ABITERAE (Z T AR i, SHAFRITRG
d) RICRA: FRITER, BRI
R34 Per T B TR AR S HUA

& 34 BRBETHRMSH
= HTER R HE=

Ji HR B 71 (MPa) 50 10 15
WA N S (MPa) 60 11 30
BT RE (p)) 0.035 0.001 0.006

3. 3. 3 F IR T R #r
1. e 6 RN S R FA 5 )

SRR B AR K N 3 A BEAT R T o B0 e S B R o B DL, R
Ea I b D NG R CIPAE 74031/ NSNS i T e 1 K /N 2 e 2 2 i VR a4
Wt [e1 1) A ) 2 BRI ka3, 057 Ja B o A BE ARG E » AT AN B B fik T - 4 10 13415
3 Y AN I B AR B o

T A ekt B e e Ia s RIS, [RIAE AT LU BRI L JETT, BB N 77 7 A 2 B0
BB, I HBEEE R s, N7z B FRE B 1 iR B 3l (HIXRE £ 3h 3 2
THEHE S, MNIFEn—IFaamtAr, 1A AR TCHERe R e A4 B WU R A R
WERIH, oo R AR, SonE M AR E gl Er, BRI RSN .

BBAh, WG EE AT R BN R . TENEREE BRI, RS AT M AR T
25 LR AE IS, ST BRI R A b O A B2 ARk o (H 2975 R e e A1 I
Fefubii b ST MR MR U B A R AR P 1 AT 5 B 2 1) £ JA 1 EE A Y % 1
BRR ISR L 21 T AR KA1 o

B 3.12(a)% 1 AT RIS R P B 52 B Bl ) S B, 3008 2mm/s BER TR N AL
50rad/s FUEEEENEBLXTLE, W LATE B EHRIAAFE — B R 2 B 5, 9 gl 1R R

38 Ui 70 17T
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E MR FIRE I RE AL A AT T IR T, RIB TR AR 7 20 44.7%, IRWIEHISIE 1 iEfeis
BRI RIS o« BRI el S 2R EEIE G, TAEA IeFE OIS L T, 12— fE
IS [ F3AS P B BB TR AE 20% ) X TR IR 3

1 o
" '
K 020 N I ‘ ‘
L 1 ‘\‘ L
18, yd @
e L om Y N W ‘”
£ 7 AR »}“‘m
" - ! i
s ,// 1 :
" | 1
— : . : o &
0.00 010 0.20 T?r;na o0 | s I
T T - LS T r - -

2mm/sEIEFIA

I
I
I
]
_aw of
1 ~——
i
I
|
|
|

Force
ER)

2m m!silj); %SOradlsﬁﬁ.*ﬁT\'m : w MSM - ) - \TU';E R R T R
()%l 7] 775 EL (b)R 1 J1 % Lt
B 3.2 R A RER

Bl 3.12(b)ib gy T AT R 25t b, AERERT I AT, ORISR LA S
M STz, R BRI, AR 2 BT AR TERY B T BAX A VORI, (E S TR T
% S5, TRaE BB R J1 s, TR AT BEE IR N BRI IS, 8 m) SR T IR B R T 5 2
ZIANIE, AN A ) () 5 o ARTETRSG 2640, B J e A B K, 5 B E X Bt A &
I RERT, e R R ) AN R A

Kl 313 24 T RN R A AN AR T B et EE P, B s T B (R IR, T LR B
TWEREIE DL, HIBE T 08 R TR TR IE DL, B hy > hyo PSSR IR 2R T 5 ft 42
il r S AR O, BARTE IR N IMIRAAR RN IR, iR R JE K, R AR
B R AL E AN E MR, & S SRR AR T

B U5 BRI M T AR RV RE I (RN F1%6F EE, Rk BILBE 35 3 3 () 48, TN ) RN 3,
H 238 R 3 — e R, AFEARE/N (B0 100rad/s 5 200rad/s)

(a) L liEHe (b) 1T e
Bl 3.13 RIBLALAE AIZRTFE A FOXT Eb

2. B SRR X R R 52

PR R RUBAE AT SRRST B, A RIIRH BT Z T DL, BEE R SR RS
FER, HAR TR TG K, (B TR Sk th WA 7 2250 KR T4 REAT 280 5 Bk, 181 3.14
XL T SumERAN2pum AT 5 B RIBH s N (RIAE A% 5 T A 25 SRR AE AT I HE (R 26 A R aEAT I

039 o1 70 71



AR R RIS FA

(a) Spm (b) 2um
3.14 EFR RT3 R A AL R ma

LRI, SpmBHRIVRIBAL RS hy KT 2umAH R IIALFS By, (R B2 0k 2 THT AR 1T RE 22 T
WARRL IR, RRE RN

3.4 KEINEE

AFIIL ABAQUS HEAFHIILATELAMT, XA JLT 24 T 6 2 A SE A 1 L
HEAF DT IUAT, SRR 4 S A H T B TR (S0 - A LR B, AL T S
AR SR FT R R0 TS, REREIEN T IIBRER 2 A9 B4R OE T 16 % Yo
T FH RS AT RS T R R R, R AR (T R e
BT BRI 007 2, L MBS ER A DR A GLRS . S T HeS 2 26 RN
RRER AR R 5, TERTLE T 6F SRR LA AT R0

240 T 70 7T



NS SHANGHA J1A0 TONG UNIVERSITY SR M R GHEH 5 F &

FME HEEME RN KR SSR S

4.15|5

BETF AR SR P E AR AN F T, AN TR T SE IR R R TUAT AR R BRI R A
A, BARR TR R T RN B E L AL AR SRR IR L o A TR e
SINSEBMMETIZ s RE, 8 S LA e iz sl R I RE A R (AN, X i SCIIR ) e
PRI BEAT AL T -

4.2 LR R

4.2.1 R IATRISLEE & it SR

AT R e RN SER G T T R, R4 EIE 4.1 For. Hd,
T (P B EEIE S 73 0 e P 2D gk R LBEAT OBl 3E4s B s bt gL CR RO kS
HULD 5 22 K03 G WL EAT B, BT ROIER: B R B i 55— D E LR AR e s L)
ELERRATER RSN, Wee LIl AL SR R E AR 22 AT & b, B R LA Al it
ITEZIE).

B 4.1 JrEe it BRI SE 5 & BT B

TR IR I R 2 SR R B, e TR e B R e B P U T 12, 0 e B O EL
SRR S A B AR A R TR T A R], A R SR SE PRI E A i A
FERFIBZAMEIRAS TR R A5 R A T BRI H L5 BT

M G AR R KR R 2L 2 R B i 53 6 AR AR AR B0 & <7 TR A AT
POERE, IXAEASE R SO RFB > SEBL— R4k, AIME T8 S2i8 & B 8. a4
RILGURISERF R 73, BRI AL, SR P32 s [ 52 ) 7 sUORIE AR SE 36 & B RIARE -

EFETAET BRI SE 56 & KU P 4.2 s, 5807 R FRRZ, el Bt
WA a8 IR A e R B, AR R AR AN A 1 et . (EARIRAR R T, T T
— BRI T LRI 2R

FEARSC G B SEge T, 106 ORI B i 25 808 B, BL 5 B0 T2 0% BRI s i i 8 B
PIRIASFEIRERE, 58 B 12 B 5 N SR BB A e, B 53R A5 . IRAFANAL L, J% R AER

41 T 70 7T



@) X FAd L%
< %/ SHANGHAI JIAO TONG UNIVERSITY %ﬁﬂ}jﬁ&?iﬁ%‘l‘%éﬁﬁ’\]iﬁi‘r_'ﬁﬁﬁ

ML Ja , B IRAURAE [ 2 AL S 6 b, SRS AT REM ORUESH B3R 10 A1~ 8 DA S B
M5k 77

Bl 4.2 JrEfidt BRI SE 5 & ST R

4.2.2 LS 2 G

HELS BATURIBESE B L2 i ] 57 Bk s ALAN 42 Bk AL, BB EIE 4.1 s, XF
TLLALIE G, St b AL ML S A, T & R MBuE R, JERAEZRIXUL
FFE5H, IXFEORAE 7P B AN R R . eah, B TRt dt2h o7 mfniesh 7 R sk B, G
IR AMHT R SRR 2L . IR B TR RIS, R P R VR R AT, B ARAE T R B R A
ZHBE RKE FEAE 30pm, ZIRBRLAT IR I 4.2 FTR.

R 4.1 HHER G P ENSH
S MUK R iR PeEsms i

iR=)
- ©) (mm)  (N-m) (A) V) Q)
FM5756SFD04  1.840.09 56 0.93 2 24 1.32
17HS4401 1.84+0.09 40 0.4 1.5 12 1.6
R 4.2 BIREFTLHREG
HiE  BRUTRE 9 N
ik - R ey
(mm) (mm) (mm)
G1610 16 100 10 C7

4.2.3 ST

Frice MG D 2R MTS F 8l S AR B AR BT, fleE RS v EL AR 0.16 2
0.22mm, HBAKKSE 25mm, A11E 4.3 fros, B RAE — DT 22 R PSR A R ATk
WEN. WEMENAEIN, Rimed s 5 +o0el, M T EHAMpLE (MEMS) HR
BTl R BB R, 2 Bt RO A R, (EZ LA s AR/ R MR PR AT DA T B BT 1)
fat, RE A UZ KIS AE 1000um LA -
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B 4.3 25 TR EFR B RE I, R e eb R 3D 3T ENSE G 20 AT HFE P,
PAEREE S A 4.3 o N ERREE SR ITR, T AN ORRF IR, 8T B I A8 5

Bl 4.4 TREESRET IR FFRE

4.2.4 FREAL RIS

N T R BN BRI, TFE A EIE R A B o (H R o T Al i) 1 s
JUSERIIERE2E B BT 2 HE, BT A RE SRR R FE 0 0 /00 S s 22 B Ve e g ity 1B A T 2
ASCAE IR EAS T 100g FREALRRSS, W 4.5 i, REUEHN 0.7£0.15nV/V, HAF K
—/NHF LR, BT A A R AN RE R, BT B S S EGEE R A S
T MRE AL AT A E SR RGN, N TRIZ B S AN SRR LT S A
155, RHHXT711 BR/AT (A/D) HHgss . WK 4.6 s, SHER T REEE. F KN
IR A S AN L, LA 24 SRS B Th e . S8 Hh 3 IR SRAE AT N 80HZ,
AT LU A TR

TR E A IR SR FH 1 VR0 P S T ] 7 AR T 65 e, R 22— AT &
FAF IR0 R Sl 20 21, LERCet sl NGt R v, 308 e 0 Al ) 2L 250 ) A 52 7ok I W Al
EHZ DL, (R, Xt kv, A SCRA 2 Arduino HX711_ADC JEH I
HEREFT, B CE — AN ORI R M, THE AR A A HE DR 1, BT R ORI BTN 7 1
SRR, T 5 S SLhril & A

K 4.5 FREAGIRER &l 4.6 HX711 BB/t A

4.2.5 b

BRI RIN RS8R A Arduino UNO #4732 B2 i F 8 R4, A8 SCoop J 5K
W2 RAEFEATAESS, LASEI HALIE B A B2 5 R4 B TR B 3847 . 3 F R Arduino UNO
BR 43 A%t b 4 RO i 25 0 e LAz ), 3R 45 FEHL EH DMIS42 BRBhASEER RSN, Jied L b —
BB 45 & A4988 BRENIFBZ ], BL4 0.96 <7 OLED Ji#e s i A8 Al i /s i HLEL 8 . 7 [l Al
57y, REEERAFAE 4.7 Fis.

43 71 70 171
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eAuqg dejsoroly

oy iria d

(a) A4988 IRANAFI (b)DM542 BX 5 He
B 4.7 i ihet L5 & hlB

4. 3 ETRIN B BRSE8E

4.3.1 SEETT R KRR

TESEIRTFURRT, w50 T BB 2 AT b BE . BEASZIR R, SR T SR H i B 2H 41
HEATIVERIDIE], £ KM AR Z 5, H I B RS S A RFRAL R b.
FCVOR R B ST G 5 2 30 40 b B4, R e B, R B LA R e S B G A TE T R
PR Bea, FHE BUR L AERE B0 S VYA A G A R ORI L, i e A ] e 7 S 4%
=

7S (52 R SN 3 AR N RS R T, BT SC R ER VS 20 M R 25 P 3 A (2 S PN
Tl ZRTH A B ) B A, DRI SR AR R S SRR A RN R a2, BA
fotif fess e T IRSEBRIN FH AP #  LARE B 0T 2 B, X REA B TR e 25 AN 25 200%,,
(EASC T BFFEEREAE ) R IR, R e SR E T 0L, DABEAT S PR T o

AR S — 7 T IT F0 S S [R) BE 45 BE T 64 - B R i 7 % 3 5 P IR 5 1) 0728
e, 55— 7 TR S AN R T ) g e A 0L, 5 Je e e LN A% DL AT XF b, A
AT FE T T AR . AR SEIR TR R I T

4.3.2 i RET EHE B SEae 25 R K oy i

FEIX— /N, Py R T 2 B R AT SRS, B RE B R BERAIAE 2mm ity , TR T
JEWT AN LA 15mm. B 4.8 45 H T JolE s BLH RN AA e e [R50 N APAS [R] 75 S 1)
NS B o k4 7 2205 DL E R BE IR HTE 3] 10mm, {516 1s, RJ5 DAERE 35
FER O, SRS B FE T 0.5mm/s, 1mm/s, 2.5mm/s [ =FhES R R ISE R, FIRE
FEEE A TR R, R R T 160r/min, 200r/min A1 240r/min {4 g4 5200 o

(a) Thefeisash BRI (Y EES=PIPN
&l 4.8 T RIALR I EREE

2 44 T F 70 7
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1 BRI RE R E Pk B

B, MRINGRE PR AR ARG DT EE . B 4.8 25 TR R AR/
BRMA NGB, 7T PR 2245 R 2 BRI, BRASTERE RN a6 . BEE S RIITR N, B2tk
LA 5 Oy R T R — P IR, U1 AR AR BEAN T e, AT B AR IR AT L, (HATSORAE
AR BUN RS L, I 2.2 AL M Z, B Z5 1 [P AR AN

MR ERING, R A REEL R IR BRI AR TS DL WP AN o T RE S T A
W, BRI E D FIEAEE L b, IRt kb uah, 8% B BNk, 1
X S A R R ) S chr, 3 BUE RS IE Sem U BUE . ksl B2 e
FEI, A IR BT O Jo A4 50 (0 2 JER AL 43 52 38 Js A ol TR B Bk ) 20 TR 10 KTt el JH A 2l i
71, WHIEE B AL B ER, RE m 4, KR 2O AT RITEAR .

(@RI (b)EERINJG (c)H i
& 4.9 TREHRI ISR B Jokm Rz A L

2. JUNTH LTINS RIS B 5

Kl 4.10 454 7 0.5mm/s, Imm/s, 2.5mm/s [ =Fhfil N BE Ty 57 28 5 4 45 3, nl
DU B BARR A B AL — S H S5 2.9 800, E2TE . filf . NG AR AN oA W
Ky BRERINZ G, JAFAEEE ORI BT, SR )5 RIS 5228 1 R, RGeS
W E AT IG R R R, BRI, B S RS B 2 BN, B )R AR
BE ALRMNE RS KI, AR RRIGEER, 25502 [ IEZ RSB, 2
JER DRI A2 T4 R SR T AN P, O 380 B JER TRT B ALRS B A — B, X 8T IR
FEZES, Mg/ 2SS, HIX M3 7RG, 18K,

Insetion velocity = 0.5mm/s, rotation velocity =0
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Insetion velocity = 1mm/s, rotation velocity =0

5000
4000
-
3000 :
I
E 2000
£ I
e
& 1000 I
I
0 A
1 I = I
-1000 ” 1
4 5 6 7 8
; I
2000 B o L AR J
time/s
OYRINHZ 1mm/s
Insetion velocity = 2.5mmvs, rotation velocity =0
4000
WO T T T Tt T T ol & e e e e e e e e
|
2000 [
- |
E 1
g 1000 1
= 1
of I
> |
= 's 4 s & 7 8
Displacement/mm 1

B 1 e ————_—
0

time/s

()R NIEFE 2.5mm/s
] 4.10 A~ [ 3R\ B BE T FORIN 7 v J82

ER AR THI I 2% o S R AR — S50 i 0, (ELJS 8 OB A B v, 3 AR — S Hidis 43t 4T
s, fERIB R RE R, & re B R B R %, %A IR s B E IR A, B AR A
RS AR5, H 2 I G i 20 i 1X — B FE RO AL R AN K N AN 2 i, IR B SR B
Tl 73 A0 M fb B0l AL RS CRARBIR A B ) AT ELER, N3k 4.3 F1K 4.4 Fis.

£ 4.3 A FERIE B FIRIE /7 (mN)

5 0.5mm/s 1mm/s 2.5mm/s
1 149.7 248.2 247.3
2 228.6 263.4 261.1
3 146.6 128.9 234.4

R 4.4 AFRRINERE KRB AL (mm)

5 0.5mm/s 1mm/s 2.5mm/s
1 0.612 1.098 1.076
2 1.008 1.274 1.181
3 0.865 1.186 1.181

A LA BUREAE RIGE R BRI I AR RS B A 0 R e %, (HAT L%
Imm/s A1 2.5mm/s (7] ORI F FMEARZ AR, RN HIEdE BBl 7V Bkz5, A
VI8 HIBXFE RS 5 UM S, W REIR PR Z R B, M ERUR Z R AR R, &
KA 3 A7 R B e A F R TR TN, A 3 i
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3. N R X N ) RN A RS s

AL, MREFMERIA TN Imm/s ANZE, KT T ZF0AS R e RS #65N A A
FIREAT R AR Ak, IS RS ULIET T XL, W5k 4.5 FI3 4.6 fioR.
£ 4.5 FFEFEET FIRIE% S (mN)

F5 Or/min 160r/min 200r/min 240r/min
1 248.2 238.7 150.5 159
2 263.4 187.3 1125 164.6
3 128.9 178.1 67.31 153.9

& 4.6 AFRFE T HRIBALE (mm)

Fe Or/min 160r/min 200r/min 240r/min
1 1.098 0.961 0.686 0.695
2 1.274 0.828 0.564 0.639
3 1.186 0.905 0.487 0.684

IYNTER 4.5 Al 4.6 TTUUE W, MXTASTER KU, T8 2 A 38 & s A e #E E 1)
NFE, 160r/min I EAXEUK, RABSHCT R, HIEF] 200 DL ER, 24N 39.5%
KA, RIWAIRE R EL 46.1% 4, BORHE . BEAREAK F 200r/min A EHE R Z K,
{H2 H R KME S 240r/min A1, X5 RO PTER—8, YEEIAR— e En, ks
K Tl A 2 T 3 PRl 7

Insetion velocity = 1Tmm/s
5000 T

Force/mN
- ~

| L L |
0 2 B 6 8 10 12 14 16 18 20
time/s

(2)0r/min 5 160r/min *§ bt

Insetion velocity = 1mmvs
T T T

Force/mN

5 L 1 L L L
0 2 4 6 8 10 12 14 16 18 20
time/s

(b)160r/min 5 240r/min % L&
& 4.11 AR T BRI ST W RLX b
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B 411 450 T ARG R A BRI T it B, I B T A AL RS — B L
Y ECHE - T AR BB N ek iz i, 76 R 42U FRA st TR B 5 TEBe A AR K2 31 o
T BB, 1R Bl iR b B A 1B s b — B, e — AN RARE LT 4k i R R
P BB S R R, TSI NEiE R, MAstd RE A SR 1 BT, T B RS A
IR, BAR TR EAR IR IS R 2218, (B L et B/ £ .

Gy BT AR e 2, 160r/min $2 38 R ()52 JJ IR 2N T Jo ek, 240r/min F T I 4
/NF160r/min, WIER SRR, INTER G I B TR, SEAMWAFIEH L 5 E)
71, ERTULE BIFEMAS S B RSHME 5. TR 401 PRI A LR, nTeH
2.53 BB ARRER AR, RIS WIRIFHAT & T IR IR .

4.4, 3 RKIAACF BT RE T 08 B 9236 45 51 S ot
1. JRNGHEE XN T B

AN 3 P R B 9 3 TR AT &1 B A 3 A B T R TR R R R, el T AR R B
TEPEIE RO R AT TR ERIE B, 545 R G WA Z 2 BB, 15E S0 A0 A 2
MEEASFI B S5 (R 5 ) 548 . T 412 ST ST e sl R R 2 I DL BE A A 1 AR AL i
28, 4.12(a) 2 1E JC e G 1) = ZHAS [F) ) R B R B, 4.13(b) A2 7E 538 240r/min (1B 5
SHAFRIN R . (AR, B 4.2 B AR R R AT A AL
BT AN A8 T A S A R, REARARAE 20 T AN 0 21 10, Al ik (B stop) BA
K10 B0 =R, FHERARERA 10 BRI E, N NEEs T %2 AR,
AR BEAAR BB SEME, RN T T RS I KN R, ZEAS[F] ) S50 4L
8 P 3 B b 5T — B AT TR L, P PR R 2R T B A AR AR — B

4000 T

Force(mN)

1
0 5 10 10 5 0

stop
Displacement(mm)

(a) Or/min [ = 2H k45 3 FE Xof L

2500

/
/
2000 /

1500 [~

mN)

T 1000 [~

Forci

500

-500

(b) 240r/min | i) = 241 3t 25 33 Xt
B 4.12 R AR R3S B EA BRSBTS R\ S35t e
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€ HANGHAL JIAD TONG UNIVERSITY SR M R GHEH 5 F &

M 4.02(a) S5 R AT DU EILEL T A
(1) BT EARINRS, BB 32 016 BUR S S 2 4 52 AR 5% 5
(2) 2.5mm/s I, RIS ETHdE L B8, BRI AE R NI R i — AR 6 25 A%,
EEEERNEIEZ )G, ZONRR LT EONE, PEF RSN ZmE 7 54
PIZL, AT SR A 2.5mmy/s I fRlcit BRAF I BE BRI e 2, DRI HE B SR L I )
Wi, AEAR RN B A L L i 5
(3) TCHEFRINBIPRH SRR, B ERE R I BR R i 2, IX R
HOR, 52 77 ih 2 ) S BB [T 2
Forp P B — A T RO, T SR, 35 B AN R 3 ) o A B AR
R¥F—8 BAR B8 TSR, BE L3R mEtr 7 oadrihg, [ de] e
DR o SR AEHRAE AP S o i R R AR
M 4.12(b) 45 R AT U B LA FLEE -
(1) £ 240r/min R TR N BEFE RN, okt T 52 (8K 00 5 ik 2 3 L IR AT OG5
(2) PR, RIN ST EIT IR RN T i, TR e BTN, & AR K
TTERIEER, R TR 2R S, e AR AR 1 R
HY, 45 ok A R 25 BE S PRt 538 2T B A ZAEAT VI
(3) LR S TR (R OU AL, U B ek IE 3 A B R IR SR R T RS &

2. JREIEBh R R
K 4.13 451 7 #E 0.5mm/s A1 2.5mm/s T 240r/min HE 4 FIAS e 55 N B 45 L o

Insetion velocity = 0.5mm/s
4000 T T

—O0rad's
240 radls |

3500 -

3000 -

2500 -

2000 -

1500 [~

Force/mN

1000 [~

500 [~

-500 [~

1000 > :
5 10 15 20 2 30 35 40

time/s

(b) 0.5mm/s N KIHEFE

Insetion velocity = 2.5mm/s
4000 T

3000

2000 -

1000 [~

Force/mN

-1000 -

-2000
0

(b) 2.5mm/s N HIBEEE
B 4.13 SRR E T R ns s E
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PRI mT LS B e is S fE RN RE TP AR 3, BRI NIRRT, 51\ Jiekk
Ja R FTI) LTV L« foe KAR VA S 3 IS [ 800 P O AT AR K B35 - 0.5mmy/s (FIE4S TR T
BRI N BEE L v LUK B 57.1%, TAE 2.5mm/s (UBELEEE T, SR 70 R BEME B ] LAk
BNL) 47.4%, EREMREZ . A, R R, ERIs s R e 4L
IR AR IORIRAT, AT B TRk S

4.3.4 BRI RS EE R Kot

BTN, P ide ORI 41208 B N A BRI — 2 A0, wT LATIURIAE I 2 A B ) 2%
f b il FIRCR, DT FC VR 1 BRI R AR Y, R R W B HIR A SR AV T A
KRR, BB NIRRT R bR, B R S BUPAR B SR A = =

K 414 gy TR SO RERI RIS AT, 2ok 7 MR RIATE DT, Skt
SEATRIN JE 4 BT (11 B 15 00 7T BB S H AT T T P I ) e BRI ) T B AR 7 BE D B e
HE K. Bk, T PGS — AR B —— RIS

y [

\ 3

() EFE RN B AR A L (b) e N AR AR L
Bl 4.14 H/THRFERINFEOL T K BEHE BT LR L

NG BEAE AR SCR RN TR 53— A5 RE A 2w, A5 R TR 2 RO TLAORT 92 il
TG, A8 B R R AR T A AT BR AT i R KRN TIR BER L, [, e vl LA7E
HEARBLE RIS -

I B R T M1 B RE o M R AR B, BN B BR AR T SR B A 7 BRI 5 AT 1
RIS, TS IR LR AN AT — K I NS Ak BRI AR IX — Bod RE AT i 408 1
M A T4 mT DA S R 0 SN T AT IR BE AN B T I H LA Z o R, BN B kA
TR AR SRS, RN AR AR SRR (I R h AR SE IR, P A A A
MHRZE. Ja, EANRARIEEWRE TR ST, 75 BB RS AN PTG

2000

1500 [~

1000 [~

Force(mN)

500 -

() fmmeme———————————

500 L I i
0 5 10 stop 10 5 0
Displacement(mm)

() A R E T BRI 5% b
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2000

1500 [

=]
S
8

Force/mN

500 [~

(b) ARG L T BRI A% b
Bl 4.15 B B2 SE B R F7 0 L

FEATT B RS B s, OB T RIBE AN BB, [FRER - RN RE A
Wi NEHEAT BT, dnlEl 4.15 Fron. B 4.15()% 7 ASFEDRINEREE S BRI IR B, KRR
PUAE = RSB P B AT AL, T P2 0 5 AR T AR BRI )0 Bz 45 R, R RN T B
Hg RN CRAREEAEILSEE, 5 E—TMFED. K 4.15b)% H 7 AR IR T
RINFIRLL, X =LHHERFEAE Tmm/s AYIELE LN SE B, [RIRE AT LA BLE S 12 s A2 R\ it
FEF 50, BT AN R RN R T O, hefeis s BB E I H .

4.4 KEING

AT TR S TB W 7SR R R AR AL IR . 5
BOFIFSE B T — B RIS &, W] DUESE i ROt R BE Rt i 20 e e A E L A A%
SEIZNS A, I RN R AR S SRR ) 32 TR DL o A =M AS[R] R 1 57 PR
JEHEAT T R RIS, I T k2 3 P AT e 3k P X A B AN v L R SR, e
AE B IS E 1 BRI SR R RN RE A SRS o 1AL 35— D T AE T X B B 1A 52 T R
R, AR 2 T PIROL, 55— THAE T REFR RIS R v BRI AR Y, A B et An
BRI B, 3R T RAIRE RS . ELiGdfed, hTREas I EMALRK
K MR, PEUBKI AR RE R AR, DR BRI AT, TR A ) el S5
e, ARSI — IR E
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BT EEM RGNS

5.15|5

ASSCRT AT Q2B BRE L 117 FORSEI6 0 T BO e St LB AN L 352647 17 SR B4R
TR, T2 B2 25 2R e et RSt it 4t 1 e sSe B LAY . AT H R A T 1
HEH AN ANREERE, 2 A E TR it L ] B br ey e b, Beik— 3k B
RIRFE AT R GE, TESERBNERIZ 257730, SIS HEE)T

5.2 B

BT HEFERNERG , A SR TT— Mg e At 45 18 SIPRG 1 PT 4% B8 B e e Bl B E R B Bt
Tk, B ZARGHATHE BT, W R F R B S i, AR B,
RERZ™ b RGHAT R S B Rt

5.2.1 &/THRAIHT
R 7 12 B 1 VR BH R I FH PR SIZ B 43 W, A0 H TS 8 (A 7 SR A R
(1) Megg: WTLAUR/NRRATRIN 77, FRAEFRIN JTRERS PRFEAE 0.AN LR, SEELR AL E
10pum N RS AT 355
(2) FFAE: SCEUGENFIBERE RN, BERE s AR 1—500r/min il P 5
(3) mIEEME: TEFIKBIN LR R T REAE 5%LL T
(4) i AME: ATfRIESE /D 1000 YL
(5) MRES 1 WG AEr S A P IREIME, (B 1 208k N 5 B
(6) —3tk: JaLmE iR BT SR K
(7) K& P=MAMEFEN;
(8) Bz : AU S XA MBEA, T ORIEARL 8 4SS, 78 5008 247
9) i&: FiEH.
NTELFEATR, WESATROEEE, FRTHCSRIAG N BB 7
K, JFIZREEREHT, Wk 51 FUR.
R 5.1 REBSTHIRRB R

TR R GiR K HE
RRIANTT
AT
Z IR RS 2 et
B E
BEEHIR AN ) 4%
ABAEH. 5 S
ks IEH

—_ s s

a8
%

DNw N w oo~ |
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5.2.2 QFD FiEIfeiC E

MORBER P RE S, AR SREAT MR, B TRUR 9 TR REM
By WUREEE. B IERE . A EARE L. ARJJVEHE . MR . BORLEEE RSN
R+t

FET TRERRE R 2 555K, IR et R R E DIRERCE  (Quality Function
Development, QFD), 41 5.1 ffrin. &4 TRERFE S GBI P 75 SR 22 18] 3 ol 38 o 5 AT SR %
% (9), —EERXR (3) MFBHHEERR (1) FRREE, WE&HEE T8 TR S
PR, Fordp i ) ik 4 T BE AN )T P2 o T TR 3k R AT T 2 Tl R N A2 P s e £
AT CAHT TIRA, ELbRRGEMEIHIRES, WFEERER RIS R, el
R E IR E RS AR P s S48 MR IR E R SRR, BT
KENZAHEERFEREE), SR RS AT ds sl s 2 L A DK, &5, HE
PRUEEEAR & I ARENE, ToiR R AMERHIAIE R et 5y, #R TR B ARIIE 2 W H AR E N 22 4
P, PRIERIAGS 255 R Th i AT EE

A .
+[=] - PO N
YIERE A
< < > e P )
NIEIE 55000 %0
- b -

3
2
=

w | w | o | e
W F

B | 2
.| Y
- | WEEY
UARS

I 3 9 9 9

9
3 9 9 3

9
9 3 3
50 90 90 57 45 33 33 42
1 | 200 | 200 | 126 | 100 | 73 | 73 | 93
3 1 1 2 4 6 6 5

Bl 5.1 e et R4 QFD 24T

5.2.3 FERRITHMES D

BT R IR B RS VR B 25 T RS ROTTEIER, 7 LR B S
W, SEVEEE T RGHEAT TR RS RN TH SRR L WERRA . IR
W45 75 5Ky A i BT R Rk 2B A5 5 T X B T R R AT T . b, A
TR MRS bR B R R B R K ) R A R, WM R ST T AR, R4
08 Bl I A 722 it W -8 B 5 o e e T e R Bk AT e 3t

%5 53 T #7017
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iRt FRBLEERT RS

FEamiRnl: YDIBfEA : WMETk:
- e E-EAIEESHRR JMEBRYT EmEHIENEBER:

HATRE - BEEERYAS BtREFTRA: 2007T
o KO FRERFRESMINERDEE 200mm*300mm*200mm FREZEAT: 8007T
1STREIE: »  EHVTEEARZ10mm - [REBER: 155 RE
« IHEIREBEB /SRR + SHEFXE£9100mm*100mm*100mm +  FRHARIMASS W Erakie i EHREE e
- BtrI LB EEERRL ERBIF o BRREKE: FE
XERIEREER: +  E{KRRE<5009 S EREBR:
o ETRISREFEINSAMES  HliEiRE fFREmR2FHERS
- IETRIBE R AR RIRI S = - FTEMEFIESRESSEMEFEIEME (RISBER: NRERESEIRE
. LRTHRER hiFiR%El: SIEMIFE, SEHETEN (FOR
RSIRRE: « WERNBRTIRER RSB A [ERTE) - 28
«  ZEHp: -20°C-50°C - =¥I36h g e, BUALAREMEK:
« ER: 0°C-40°C + PIR%ErEIEIT10008 - REREEERNE: BT
« JREE: 100% - 125 EFMIAESEAERS=FRT AZl SHEEEEES (ESRSS
iR X ENEYA: 2EHH 6508)
« NITAZERELT REEm: HEGE, EMzESAE
- BEAEfRENTS {ERXZ_IA : 2DOF optical force sensor

& 5.2 PRIt

5.2.4 = hEE R 5 ES A

48 M TR I F O T e R 7 i SRR AT A RSB B, TR 2.3 B,
M= CREER, M. EEFD ME, UDhRRRE =Rl ra EE, e
ZIR IR, . HoA RS A TR I AN B o SRR T 1/ AR R AR T IE Bl e
FRRIH ., A R BB RS M . Hodh i g LR R TS sl JeRF BT, XA
S LT B AR L 12 B ) B AT I, B T HiZaE s s, A/
A A T A R VA R ER A SV R, 3 S s ) ) D7 V2 o R AT B AL PO 38 B A7
L, R BAT SRR M. BT T WM AR & B — S R IEAE, 1 BB ROV e 45
ARG, (ESR IR EERITER

o WARE | __
—_—— ?9;% HMEHRES Efreet
------ ~ &8 i) |
A | ) TAETEEARATL :
HIF T R TRIRYRIET IEEHaiEER

------------------ St S N—

R e A —
PR -0 M, || e T o RESORE

HarEmee
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AR e et B SR BT R, RS BRI R UE T RGBT, DRI
SIS PAT I EAT BT, HPB RN =7 %

Jrge— WRGUE E BT RE . AZ R N bt T KOy T Bl e, sl AN
PLRBIiER, JEITIREUREE AR R, SR B BRT R T RARI R &R . 127 M
AR BER, TEALE TR R Rt 4y Bt e el K, I ORIEE 1 iedkiz
2, EMBTRAR B HE, Jokifadt s s .

T WA ME B ST R R WA AL KA B E 3R R
AT ML BIBC & S RLEXUS TR . 207 R FECBRARAERN A, IK3)
Jr AR A L R 2, HAEA LR IR Bl U5 A —.

TE= B PATHUFIN 2B B HL B R RSN . %M 7 S R —oR
(R R —PATHLN, K e s sh At 43 is Bl (R HL AN 2 R m i AE [A] — AT i AR B AR B

5.2.5 MESIkFE

/N E RS BT B AR O I AT VAN SRR, FRAREL T A S R A LA
WK 2.4 Frox. B 2.4 ek ke B b5 o 5iE sk > LS IRE), et WRE) F L
IR b B IREN, FREEEEES EALIZE, B 2.4(0)H B RS B B IS B AR K
BT E—PATHI L, RIS it ss e s R EAZ .

(a) X E HH BE 533 3K 50 (b) B — 7 58
B 5.4 FMEBERREH R R

TR, BRI SRR AT O S, B e iioE Bk — N BUTHAE I A = %, ]
2.5 ffs, o35 R R AT, A A AR

BsHEE1.0
i 0.4 AT 0.6

PSR BIARA TSN R AR Ao
0.3 0.5 0.2 0.6 0.3 0.1

B 5.5 Be st sl B it 77 SR ETINAL R %

BRI MRS 2E BB 2 TR B = F@ S T 58, 3R 5.5 4a 7 =R 7 S IA PS5
R, HA eI B EHEA . S RA . W4 YE. RERE . TERAEPEANAE S N
AR REATIOBLR S, 0 = A7 RBAT VR . ek, TR =V i, EF R PUT
B, SR RIS 52 2P~ LIRS 7 5
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R 5.2 FEEBEHZ ST T REINARER

W EN  E B =7 s e ﬁ%ﬁ — = ﬁ%f, N
Eiv] S VP BH E0 VP =R o TP

MEEA 012 YL 20 8 09 60 6  0.72 50 7 084
fliEkA 020 ¥ 500 9 180 1200 6 1.2 1000 7 140
A4 0.08 4% Excellent 9 0.72  Fair 7 056 Good 8 064
L 036 um 10 5 1.80 5 8 288 3 9 324
AEEETE 018 4 Good 7 126 Good 7 126 Excellent 9 @ 1.62
S 0.06 Hur 50 8 048 60 7 0.42 40 9 054

5.3 ZHRALZ T

5.3.1 BRI

WERE T RGN EEAR BT T RN 5.6 Fis, HA 3L E=AE B, 700 e e
B, BT RO A FE R TR o KRR 3RS A FE I B EH R RS B AR B AL, K e
R Ia B A A B — A PR AR, e B B EE AR SS B pR RO [F] — NPT AR AR

(Roller-Gear) AT, FH7E 5.3.2 15 BARSHE. PIABHLD BIMSLIRS AN B HE Rz

Bl), IS SO E AR SRR b, R B S AR AIE, A FE A ) i 8 ] A A S
RS IIE S .

TERTINFCHT N, 2380 7S B BB A AR IS, T S & A0 S B et N I A2
WS AR DL, % ETH S 4.2 R EHIISEER S wort T R R — B, A
A SRISAR FURI S bR S B = A A

nTETEE
T SIS x,
RTER

AL R IiEteEatl

HEREETIET

ANEHRED/
HABIERkS

et —
BE&iBA
&l 5.6 e ist R BRI HE

LT BRI e T RN, X BRI hie 25T — AW, R R
TN, AN EF U IE R = AR R B RIR SR, W 5.7 fons. 8 iazhi
BN GRS, PTG TE RO 100mm, 7T DA 2 ATE B R £ 2 40 PR
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¥ 1. FEIR 6 B2 DMEERE], WA BOERAEBERR L, 1N — BUWERRAE 3L
BRI, v TR AR, B SRR, IXAMER B AU

\
152

A C —_—
Bl 5.7 BEEH M BT I

B 5.8(b) At [ R £E 1 5 i s A TR #0 J8Id p MERS SCHE RO 3%, A5 T AR 1 —
BT ARG 6 B e e, THIAR b AT R 25 AT B0 S AH L A A

(a)iff 5 ALY (b) B S HEA (c) SCHRTHIBL
&l 5.8 24t A R TTHLA

5.3.2 JeiEdten AT AR Bt
fEBCHHT e R SR, R TR T4 (Roller-Gear) HUKI, 1l 5.8 7
R B AT AR A A R RS R A ThRE, 1 RS ST B —, fif
THTE, BEGE/N T SR E, SURED T B ) i,

NS R

(R NN (b) MR Kl () IEXLH
B 5.9 e A ST R

PR TR A K (U5 58) 70mm T2 e L U 50 e 4% A 1 2 dE 45 1) — R 2544,
AAARBF R, EE RO MATERE AR ORI 70mm), AR it 52
MBS RNASE, AR A TERE, T TIRE el (I TR A Re), RAER TN
Vo EARBLTT, RN EIAECN 23, T INRR A A SN 34, BN 1.
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A, st BN, AR NSy e CLORAER TN T D, Bl
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#include "SCoop.h"
#include "HX711_ADC.h"

/Ipins:

const int HX711_dout = 4; //mcu > HX711 dout pin
const int HX711_sck = 5; //mcu > HX711 sck pin
#define STEPPIN 9 //motor pulse

#define DIRPIN 8 //motor direction

#define ENPIN 7 //motor enable

© 0O N o ok~ 0 DR

,_\
°

int flag=0;

[
I

/IHX711 constructor:
HX711_ADC LoadCell(HX711_dout, HX711_sck);

const int calVal_calVal_eepromAdress = 0;

B R e
ok w

long t;

[
© N o

/ltaskl insertion motion
defineTask(insertionTask)

N
© ©

void insertionTask::setup() {
pinMode(ENPIN, OUTPUT);
pinMode(STEPPIN, OUTPUT);
pinMode(DIRPIN, OUTPUT);
digitalWrite(ENPIN, HIGH); //initialize enable
digitalWrite(STEPPIN, LOW); //initialize pulse
digitalWrite(DIRPIN, LOW); //initialize direction

NN NN NN NN N
© © N o g B W NP
-

. void insertionTask::loop() {
if (flag==0){
// Enables the motor to move in a particular direction
sleep(2000);
Serial.printIn(“Forward Begins");
digitalWrite(ENPIN, LOW);
digitalWrite(DIRPIN, HIGH); I 1ETF%% 1 P8 (1000 Ak
for (int x = 0; x < 1000; x ++) {
digitalWrite(STEPPIN, HIGH);

W oW W W oW W W W
N ok 0w PO
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sleep(10);
digitalWrite(STEPPIN, LOW);
sleep(10);
}

Serial.printIn("Forward Ends");
sleep(1000); // Delay for one second

/I Changes the rotation direction or rotates in opposite direction
Serial.printin("Backward Begins");
digitalWrite(DIRPIN, LOW); I A% 1 pE (1000 fik
for (int x = 0; x < 1000; x ++) {
digitalWrite(STEPPIN, HIGH);
sleep(10);
digitalWrite(STEPPIN, LOW);
sleep(10);
}
Serial.printIn("Backward Ends");
sleep(2000); //Delay for two seconds
flag=1,;
}
else digitalWrite(ENPIN, HIGH);

/ltask2 measuring force
defineTask(testingTask)
void testingTask::setup() {
sleep(10);
Serial.printin();
Serial.printIn("'Starting measuring...");
float calibrationValue; // calibration value
calibrationValue = 3.17;
LoadCell.begin();
long stabilizingtime = 2000; // tare preciscion can be improved by adding a few seconds of stabilizing ti
me
boolean _tare = true; //set this to false if you don't want tare to be performed in the next step
LoadCell.start(stabilizingtime, _tare);
if (LoadCell.getTareTimeoutFlag()) {
Serial.printIn("Timeout, check MCU>HX711 wiring and pin designations");
}
else {
LoadCell.setCalFactor(calibrationValue); // set calibration factor (float)
Serial.printIn("'Startup is complete™);

}
while ('LoadCell.update());
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Serial.print("Calibration value: ");

82.  Serial.println(LoadCell.getCalFactor());

83.  Serial.print("HX711 measured conversion time ms: ");

84.  Serial.println(LoadCell.getConversionTime());

85.  Serial.print("HX711 measured sampling rate HZ: ");

86.  Serial.printin(LoadCell.getSPS());

87.  Serial.print("HX711 measured settlingtime ms: ");

88.  Serial.println(LoadCell.getSettlingTime());

89.  Serial.printin("Note that the settling time may increase significantly if you use delay() in your sketch!")

90. if (LoadCell.getSPS() <7) {

91.  Serial.printIn("!'Sampling rate is lower than specification, check MCU>HX711 wiring and pin design
ations");

92. }

93. else if (LoadCell.getSPS() > 100) {

94.  Serial.printIn("!'Sampling rate is higher than specification, check MCU>HX711 wiring and pin design
ations");

95. }

9. }

97.

98. void testingTask::loop() {

99. static boolean newDataReady = 0;

100. const int serialPrintinterval = 5; //increase value to slow down serial print activity

101.  // check for new data/start next conversion:

102. if (LoadCell.update()) newDataReady = true;

103. /I get smoothed value from the dataset:

104. if (newDataReady) {

105. if (millis() > t + serialPrintInterval) {

106.  float i = LoadCell.getData();

107. /[Serial.print("Load_cell output val: );

108. Serial.printIn(i);

109. newDataReady = 0;

110.  t=millis();

111. }

112. }

113. /I receive command from serial terminal, send 't' to initiate tare operation:

114. if (Serial.available() > 0) {

115. float i;

116. char inByte = Serial.read();

117. if (inByte =="'t') LoadCell.tareNoDelay();

118. }

119. // check if last tare operation is complete:

120. if (LoadCell.getTareStatus() == true) {

121.  Serial.printin(*Tare complete");
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122. }
123.}
124.

125. void setup() {

126. /I put your setup code here, to run once:

127. Serial.begin(57600);

128. mySCoop.start();

129.}

130.

131. void loop() {

132. // put your main code here, to run repeatedly:
133. mySCoop.yield();

134.}
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DESIGN AND DEVELOPMENT OF A NOVEL
ROTATING MICRONEEDLE SYSTEM

As a physical transdermal drug delivery method, microneedle can overcome the shortcomings of
traditional transdermal drug delivery. By effectively penetrating the skin it greatly improved the
drug delivery efficiency. On the other hand, because of its small size and low probability of reaching
the nerve, it can basically achieve painless drug delivery on the premise of reducing skin damage.

Microneedle and microneedle array technology are still not used in large-scale clinical use in the
medical field. The most important reason is that there are too many unresolved mechanical problems
in the application process of microneedles, which makes the microneedles in practice have certain
risk. First of all, from the perspective of the action of the person on the needle, due to the unevenness
of the human skin and the uncontrollable force of the manual penetration process, the microneedle
will inevitably bend or break. This will affect the effectiveness of the drug delivery and the
remaining debris will potentially harm human tissue. Therefore, the microneedles must have
sufficient strength and rigidity to ensure that the microneedles do not break or buckle during the
entire process of penetration, transportation, and extraction. Strength and stiffness issues are two
basic mechanical problem that must be considered in the design of microneedles. When designing
microneedles, how to reduce the penetration force required by the microneedle to penetrate the skin
is also one of the keys to determine the success of microneedle design. High penetration force not
only means that the microneedle is subjected to a large force, which is easy to induce breakage or
flexion. At the same time, excessive penetration force may cause pain, thus making the microneedle
lose its most fundamental technical advantage of painlessness. Therefore, the study of the strength,
stiffness, penetration force of the microneedles and the interaction between the microneedles and
the skin is of great significance for improving the design of the microneedles and the comprehensive
performance of the microneedles.

Secondly, in terms of human biomedical application effects, when the microneedle penetrates
directly into the soft and uneven skin, due to the impact of the pre-pit and the instantaneous rebound,
the needle is generated at the position that can be reached under the skin discontinuity. At the same
time, due to the unevenness of the skin and the uncertainty of the penetration method, the depth of
the needle penetration cannot be accurately controlled, which affects the effect of transdermal
administration or subcutaneous extraction. If it is possible to administer the drug within the skin in
a controlled position and depth, the drug-carrying particles or cells can be selectively delivered to
different areas of the skin to greatly promote the effect. Therefore, reducing the penetration force
of microneedles and controllably improving the accuracy of penetration depth is the direction of
great potential of microneedle research. This project will study the mechanical mechanism of the
interaction between the human and the needle, and design a new type of rotating microneedle
system to achieve high-precision controllability.

For example, the nonuniformity of the human skin and the uncontrollability of the force applied
in the manual penetration process will cause the micro needle to bend or break. When the
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microneedle is directly inserted into the soft and uneven skin, the pre-depression and puncturing

instantaneous rebound of skin will lead to the inaccuracy of the penetration depth. At present, there
are few researches on the mechanical properties of microneedles. There is no microscopic
mechanism model to accurately describe the interaction between microneedles and skin. The
existing microneedle equipment or products cannot achieve accurate and controllable penetration
depth. Therefore, it is of great academic and practical value to study the strength, rigidity, piercing
force of microneedles and the interaction between microneedles and skin.

Because the rotary motion has great potential to optimize the mechanical properties in the process
of acupuncture, this project will introduce the rotary motion to improve the comprehensive
properties of microneedle. We aim at reducing the force of micro acupuncture and improve the
accuracy of penetration depth in a controllable way. This paper focuses on the mechanical problems
and accuracy of penetration in the current use of microneedles. By innovatively introducing rotary
motion into the traditional microneedle design, the overall performance of the microneedles is
optimized. Through a combination of theoretical analysis, simulation, and experimental verification,
this article explores the mechanics of rotating microneedle penetration and designs a single actuator
rotating microneedle system. This article laid the foundation for the medical application of rotating
microneedles and the development of new medical devices.

The research work is as follows:

(1)Theoretical aspect: This article established a comprehensive mechanical model of the
microneedle penetration process of rotating microneedles. Secondly, this article put forward the
criteria for judging the critical force limit of rotating microneedles under complex stress conditions
and gave analytical expressions. At the same time, this article established a fracture mechanics
model of micro-needles piercing the skin under rotating and non-rotating conditions and describes
the interaction mechanism between microneedles and skin through theory. In addition, this article
analyzed the influence of the geometry of the microneedle on its bearing capacity and gave the
geometric constraints to avoid the failure of the microneedle. Finally, this article clarified the
mechanism of rotating microneedles to effectively reduce the penetration force, which provided a
theoretical basis for the advantages of rotary motion during microneedle penetration.

(2)Simulation: First, this article established a finite element model of microneedle force analysis.
The finite element simulation analysis is carried out through ABAQUS. The micro needle
compression and torque under different geometric conditions are simulated and analyzed. We
explored the stress distribution and stress limit of the microneedle surface under complex stress
conditions. We compared the simulation results under the combined effect of separate pressure and
pressure torque. This analysis provided guidance for microneedle force analysis under rotational
motion. We found that the maximum stress appears on the side wall of the needle tip when the
microneedle is compressed and twisted. The microneedle bearing capacity increases with the
increase of the needle radius and decreases with the increase of the wall angle. When the
microneedle is subjected to torsion and pressure, the bearing capacity of the microneedle is further
reduced. In addition, this article established a finite element model of the skin and performs dynamic
simulation of microneedle penetration into soft tissue. We modeled the multilayer skin by
hyperplastic model. By setting the skin destruction unit deletion method, we completed the skin
penetration dynamics simulation. Analysis and comparison of penetration force and penetration
displacement verify the advantages of rotary motion in reducing penetration force and precise
penetration. The results showed that the rotary motion could reduce the penetration force by more
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than twice. In addition, this article also compares the effect of needle size on penetration force. The
simulation results validated the theoretical derivation.

(3)Experimental aspect: This article designed and developed a rotating microneedle acupuncture
test bed, which can easily and efficiently adjust the motion parameters of microneedle feed and
rotation speed and displacement. At the same time, the experimental platform can measure the force
of the punctured tissue during the acupuncture process. Based on this experimental platform, we
carried out several groups of pig skin penetration experiments. In this paper, three kinds of pig skins
with different surface properties were subjected to rotation penetration experiments. The influence
of feed speed and rotation speed on the response of the microneedle penetration force was found.
The advantage of rotation movement was verified qualitatively and quantitatively. On the one hand,
this advantage lies in reducing the overall force of the microneedles and effectively optimizing the
force of the microneedles. The rotation on the other side can reduce the deformation of the skin
during the puncture, help the rapid separation of the microneedle and the skin, and improve the
accuracy of the penetration depth. This article analyzed the response of penetration force with
displacement and time. We found that the greater the feed rate of penetration without rotation, the
greater the penetration force and penetration displacement, and the more the decrease trend. At a
rotation speed of 240r / min, the greater penetration speed brings a greater force response after the
microneedle is completely penetrated. The article finally found that rotation can effectively reduce
the penetration force and puncture displacement, which can be reduced by more than 50% compared
with no rotation.

(4)Innovative design: Based on engineering design theory and methods, this article innovatively
designed a new type of rotating microneedle system. We used a new type of roller gear mechanism,
which combined the rotary motion and the feed motion on the same actuator. It improved the
movement efficiency and simplifies the overall mechanism. This system laid the foundation for
subsequent product optimization and application promotion.

The follow-up of this article needs to evaluate the system in administration of the drug in animal
and clinical trials. In addition, the system also has great significance for scientific research, and can
be used for precise subcutaneous cell extraction or fixed-point release. Subsequent research will
also explore this direction. The above research work is of great significance to the field of precision
medicine, such as percutaneous drug delivery and subcutaneous tissue extraction.



