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Fig. 1. (a) Clot samples of different thicknesses Lo (diameter Do = 20 mm ) and compression test platform; (b)—(e) force displace-
ment curves at different concentrations ((b) 10 mg/mL, (c) 15 mg/mL, (d) 25 mg/mL, (e) 35 mg/mL).
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Fig. 2. Error bar analysis of stress-strain curves at different

concentrations.
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Table 1.  Error bar analysis of different concentrations.
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Fig. 3. Experimental force displacement curves and stress-

strain fitting diagram.
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Fig. 4. Schematic diagram of two-dimensional thrombus

model.
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Table 2. Physical property parameters of the
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5,8=—5,y=—-1%&MT, - A7E 1.25 x 107 s,
2.5 x 1055, 4.346 x 105 s F16.0 x 107 s I ZgEHR
BN I o, BEARPREY AT, 40Kl 5(a), (c), (e), (g)
BN, BUELE R, 4.346 x 105 s I Ze s th B34
SRR 3R, T 2 = 8.1 x 1074 m B s BE I
[ T HLWEAE R F138 %) 0.50 MPa, BA L8 G iy
PERAE, TR 5() B B whii R SeAL 4B
FIEENE, PRI S 0.37 MPa, WE 5(h) fix.

BUnE 4 s A, B, C, D (z =1 x 107%, 5.5x
1074, 8.1 x 107%, 1.36 x 10~® m) PUsi, T/4—3T/4
JEIAPY 4 A A5 R SE B AR T Bt R ] A4 A2 £k an 1] 6
fizs. B 6(b) s B A, R RTE T/4 i
IR ER Ve 2 A Y AL O 5] R ER S NIV
71 (0.37 MPa) /S TELL (O ELR AL . B MY 4 22 W
AR RSB HIRE C S KA (0.5 MPa) HY
MR RAN BEA, WA 6(c) Fias. Z 5w
T 2R AN AR, AR R A IO ) (B T s, Al 6(d)
JioR. 25 B PR, AR 58 A8 RN B KW T T
CHEAN =81 x 104 m, A b bk
ST

FIA ASF(CF-¥IBEN FF) >k B it AL v
PEAEAL AR ) i AE R

I
ASE= B (26)

K Ep-], BP0l EX a2 mm 4 0E &
B /NS W (1l

Bl =- r

P
., Elptl=——r, (27
Tneg [p ] Tpos ( )

HP P = prax — pimin SN 18 28 B[] B3 P 5 K S {1
/IR ZEME, Theg , Tpos 4 IS TH] B P 111 403448
FNERFR A FREemf ). ASFE {1 Fifi 8 55 ik 1) B
TAGRE T LR | B wh b R O . ASF— o0
{5 ASF B Hh oo 0t 1 Jf 2 2 388 3] > B0 R
. — RGBS G AR T B 218 R
BARE, 3 ASF LA RIHE T0g5 K. RAE =g
AT IHIFERL, (HR A EAE R 5 AT M) v o e Al
PERGRE; RIS B RME, 24 ASF B0t JC55
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g 0 (b)
<« —4| Opmax = — 0.12 MPa
S
Z 8t
~
& —12¢ . . . . . .
0.5 1.0 1.5 2.0 2.5 3.0
AR/ (1073 m)
= G max = 0.25 MPa (@
=
Al
N
8
b L L L ! !
1.0 1.5 2.0 2.5 3.0
MsbR/ (103 m)
—~ 6
a‘f 4 Shock wave Opmax = 0.50 MPa  (f)
ERp
0 0.5 1.0 1.5 2.0 2.5 3.0
AEpR/ (103 m)
t=6.0x10-5s (g) z 4 Shock wave Gumax = 0.37 MPa  (h)
- 2
2 9
< R T
E —1F ' . ) . .
0 0.5 1.0 1.5 2.0 2.5 3.0
/(105 Pa) AR /(103 m)

B 5 THAEBIRE R R B E (R f= 20 kz, BEALIER n = 2, BAL RS k= 1.0 MPa, EL WS R ME 8/y =5, 8= -5,
y=-1)
Fig. 5. Schematic diagram of two-dimensional model wave propagation (Frequency f = 20 kHz, hardening index n = 2, hardening

coefficient k£ = 1.0 MPa, nonlinear parameter ratio 8/y =5,8 = —5,y = —1).

(a) — - (b) —
pmax = 0.37 MPa — f5A (1x10-1, 0): o, [ Gsmax = 0.37 MPa
at ’ {10 4 {10
I — HA (1x1074, 0): uy
iR i
3¢t {5 _ _ {5 _
[} [} L
o f £ 2 mE
0 | 0 |
£ R oz
3 S50 <
5 : & :
1t {-5 % ot {-5 %
' — B (5.5%10-%, 0): o,
ol ASE =164 110 1t — B (55x10-4, 0): u, 110
N P fErth 2k
15 20 25 30 35 40 45 30 35 40 45 50 55 6.0
Ha) /(1075 s) Ha) /(1075 s)
(c) 6 (d) 15
Cpmax = — MC (8.1X1074, 0): o, Nl Cpmax= — MD (1.36X10-3, 0): o,
51 0.50 MPa — ¢ (8.1x10-4, 0): u,] ¥ 0.37 MPa — 5D (1.36x10-3, 0): u,
ol — P sl — G 110
_ T 5 _ —~ —~
] - ]
z 3 EOZ Ll {5 E
& of {0 & = o
Z = 2 Z
> o1t < < T 10 <
o 1.5 = © 3
0F  JASF =100 ot ASF =100 .
-ir {-10 _1l
y . . . . . . . . . . 110
4.0 45 50 55 6.0 65 7.0 60 65 70 75 80 85
i) /(1075 ) HE) /(105 )

Bl 6 hdiiiE L& (ASF = 100)
Fig. 6. Shock wave evolution diagram (ASF = 100).

KIF, 7 PIA% RF R Az < Aok (WU FEAE 58 ASF = 100 2 it P A Al 1 {0 F 5 Ao o o e o7
JE), THF A B ASF 3 R 248808 K. AU N xase = 8132 x 104 m, QA& 7 PR,
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120 60
100
50
80 | .
5 =
S oot g
< 140 o
40 b &
20 Tasr = 8.132x10-4 130
TrHp = 8.215 X 104
0 , ; ) ,

0 2 4 6 8 10 12
H5H/(104 m)

Kl 7 THD H1 ASF ${bf Ak 4 1 25 1k
Fig. 7. THD and ASF parameters vary with coordinates.

55— 7 H BB AL IEHLE /30T, th TP RELE
AR S ST R 12 ) S VS DG 5, TS RE S AN BT
ERUS b I B 51 A THD %L, i
T IR I A R 5 L Rk 1Y LRI i 2 e i
8. THD 5= T

N

2
THD = | > <j’> x 100%, (28)

i=2 N
LT LI AR I — s I AR 0 i i
2

b (z,t) = Z ;i sin (tkx — iwt), (29)
i=1

Hdr, o WEAES @ (2, ) B3 RERY & UGR IR 3R
TRIRAE, k= N/2n FUEEL, w = 2nf HAME.
W5 522 5 A% I LA, 2% A5 0% 4 AiF 4
& 8 . AR A, B, C, D 4y THD {85357
} 33.65%, 46.14%, 66.63% F1 38.79%, & H ATt
JE FERRRE. NI 7 BER, 5 A IS T B A
(AL E N 2map =8.215x 10~ % m. H kA1, THD

BORT ASF BT N7 149 A A i 22 SE s /N T 1.02%.

— A (1x1074 0):
THD = 33.65%

— M B (5.5x1074, 0):
THD = 46.14%

— JHC (8.1x1074, 0):

THD = 66.63%

MDD (1.36X10-3, 0):

THD = 38.79%

©;/1010

f/(10* Hz)

K8 ZZ% kg

Fig. 8. Multi reference point spectrum comparison diagram.

SRR, 14 £\ 25 kHz %% 15 kHz,
THD %0F1 ASF Zo6H i YA R 22 0.57% 2
1.97%; M85 n K =E 6.2, 122 [T+ F 2.05%;
B/ HLAEIE 2 40, e KiR2ETR 2.55%.

4.2 MEHFREMAEITIE
4.2.1 ASF # R AR #MEF18

R AT R, A T (R f = 15 kHz, i
AEE n = 6.2, FEALREL k= 1.0 MPa, WEHB/y =
40,8 = —40,y = —1) '~ THD % H1 ASF HO6 N (1)
A bR R 25 i KL LA 1, B 5T N A A BE R X
ASF SENAG BE RS2, Ik 4 prgl. 15at 1k
MRS EON 6000 14 F 52100 B, i A B zagr
HIXFIR 2 1.09% FEZE 0.19%, 8UF T ASFE{H
12 5 AR IS s A I o P A 5 S A e 1
K (24 min — 11 h 44 min), "4 5 EAERE ASF E7
Tl S S R IR 29 R, (B % B R B ASF
B vh i A AT R .

4 WAREOT ASF B2 (EE f = 15 kHz, Wifk3840 n = 6.2, BIfLREL & = 1.0 MPa, (A 8/y = 40, 8 = —40,

v=-1)

Table 4. Influence of grid number on ASF (frequency f = 15 kHz, hardening index n = 6.2, hardening coefficient k =

1.0 MPa, nonlinear parameter ratio /vy = 40,3 = —40,v = —1).

K iRZEAR
i PR oo avD B T ‘ w}SF /m e
% pyc 7763 64-core processor X 256) (ASF = 100) ((wﬁq _ z?SF) /x;\EF1> /%
1 6000 24 min 5.48x10™ —
2 17000 1 h 49 min 5.42x10 1.09
3 24000 3 h 39 min 5.40x10 0.37
4 37500 6 h 45 min 5.39x10 0.19
5 52100 11 h 44 min 5.38x10 0.19
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4.2.2 THD #3Hxt e B if48

H e R B WR 2N THD B, &%
FHIA T80, BOR TR A5 THD 009 (e AL bR
HEAT AR X 1R 25 3 B, SRS N 6 15 & 30 T,
wppp FAXTERZEHH 0.76% 2 0.19%, N5 5 fr3,
TR IR S R R R A R WG YR
LT FFT s 280, EHRBIMTRE R, B
AR AL

5 FAEECT THD AR (R f= 15 kHz,
Tb35%k n = 6.2, L RE k = 1.0 MPa, H{H 8/ = 40,

Table 5.  Influence of fundamental frequency multiples on
THD (Frequency f = 15 kHz, hardening index n = 6.2,

hardening coefficient £ = 1.0 MPa, nonlinear parameter
ratio 8/y =40,8 = —40,y = —1).
52
7; % if)ﬁ - AR IR 2=
i (e —em) /) /o

1 6 5.26x10* —

2 12 5.30x10* 0.76

3 18 5.33x10* 0.57

4 24 5.35x10* 0.38

5 30 5.36x10* 0.19

4.2.3 R IEAGH T

TEMII TR (% f = 20 kHz, RIS n =
2, L RE k = 1.0 MPa, JE£kES R IHE B/ = 5,
B=—5y=—1, MIEEE 6000) f KN 1 kifi%s |
FEAL AR 9 Fi7R. 76 (T/4—3T/4) WHEN, @
W L EEHR A it T 1) AR R, AEZMR00 S 3500 TR
{F B A% A BE 2 R 3 3, T I DI ol e s B i
{8, BEJS vhili Ptk A Re AR B, e RN 7 R A
BEAL R HE 25 0. 0BT R B 3E T THD AR E 0 1Y

55+ | — Owmax (THD)HZE
— Ow-max (ASF)HHZL
5.0 -
s 45t
[a W)
S 4.0¢
<
g 3.5
3.0 Og-max (THD) = 0.54 MPa
Og-max (ASF) =0.50 MPa
2.5+

0 3 6 9 12 15 18
MsbR/ (104 m)
9 I A5 4 kAR B KON g I A R 1 AR AL

Fig. 9. Variation of maximum stress with coordinates.

WL F) (orep = 0.54 MPa ) W35 T ASF fFA
(oasr = 0.50 MPa), 22 5%k 8%. X /&K 4 THD
PAEA BT b A P P A A v A% 6 1 i 2
R SFERLI S PR, bR 28 P B ) 7
A0 RS AR AE TT DL L S HK I 1 TR 174 g
71, it THD S2i s st 5 75 52 80k shil iz, nl
R A T I T i 1 B, SRR A 1 g

5 R A WREA R RAE
A3 AR 77 B B

BT S HE T 1Y AT AR R B RO E A A Oy
(K 3 PR, [ SEU0R f= 20 kHz,
LS WML/ y=5,0=-5v=—-1TF,
X e B P9 i B B A S I A 10 . 24
LY FAWE M 10 mg/mL # = 35 mg/mL, whi
W WAL B BT 91.7% (zap = 2.38 X 107% m 4iE
JE E 4.4 x 1074 m). AN [F) A B B B 1 107 7 il B[]
FAE R anE 11 s, B £F de 8 AR E Y BTt
e KN 128 K, RN 10 mg/mL BEH Y
0.3 MPa 25 & 35 mg/mL B4 0.48 MPa, i
138182 60.0%.

70
! Cr=10 mg/mL
— Cf=15 mg/mL
— Cr=25 mg/mL
60 | — Cr=35 mg/mL
X
=
bl
Q
a) L
= 50
H
40
0 2 4 6

AsFR/(10~4 m)

P10 AN [R)£F 2 3 vk BE6F THD %0052 0
Fig. 10. Influence of different fibrin concentrations on THD

parameters.

X U B R BE BE R R AT 4 3 1 M 2R B S
SEHR R IR, 23175 K o il A BB R 9 TR B I
B, BETTHR TR S e NE M B, XIEA
A AR AR DR E 1. S RRE 2 2, SRR
AR, SRR B F T, POk AR R
TR MR TR, SIS JEE M R 452 G 1] i
2, e H MW IR I, pToek
AA S I B AT, W BESR T 40 A% .y S I
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3.0 F(a) | Ozmax = 0.3 MPa Cr=10 mg/mL
2.5
2.0
1.5}

1.0

0./(10° Pa)

0.5

3.5 4.0 4.5 5.0 5.5 6.0
A$E) /(105 s)

_(c) Op-max = 0.4 MPa Cr= 25 mg/mL

0,/(10° Pa)

3.5 4.0 4.5 5.0 5.5 6.0
il /(105 s)

4.0
3.5
3.0
2.5
20F

(b), 0z-max = 0.36 MPa Cy=15 mg/mL

1.5}
1.0}

0,/(10° Pa)

0.5
0OF
—0.5

3.5 4.0 4.5 5.0 5.5 6.0
18] /(105 s)

5 1(d) Opmax = 0.48 MPa C; =35 mg/mL

0,/ (105 Pa)

35 40 45 50 55 6.0 6.5
i) /(105 )

B 11 S 4 kRO TR (a) Cr = 10 mg/mL; (b) C; = 15 mg/mL; (c) C; = 25 mg/mL; (d) C; = 35 mg/mL
Fig. 11. Effect of fibrin concentration on maximum stress: (a) C; = 10 mg/mL; (b) C; = 15 mg/mL; (¢) C; = 25 mg/mL; (d) C; =

35 mg/mL.

Rk 2 AR D R AR T8 7, AR -1 AR il £t T
B, 5 380 v I AR X0 el I R, S IR AR X
22 [] 1) o 2 S A AR T W A8 i, WEAETAS . T
FLBR AR REARAT A S ik FEBE P BLBUR AL, AR 25
T F3 2V 1 2 8 5, 199,

T FSHOEE (W% f= 15 kHz, JEZHE
BRWAE By =5,8= -5,y = —1) BRI AL $5
Bt oA AS bl D BT AR, A 12 R, W
1) - v o) IO A b 48 H R BEAIR, Bl o= 2 BRG]
1.8 F1 1.6, i A B 2rup = 1.10 x 1073 m
FEJSZE 1.2 x 1073 m 1 1.44 x 1073 m, Fx K S
KN $Em 0.21 MPa 43l $2 /55 2 0.24 MPa #ll
0.26 MPa, [ iR%5 53 B A A7 75 o Br T 24U
TR S0 75 (1) LA R AR ] B R I 05 | 2 A e 2 19,

RG] 10 H B LR AR AYAS [RIHR BE T ks 0t e
FERLE, LA 11 FORTRIMe B iy f KN /), THD
G 21 Y B v B o o D B A N R K
INE 7 5 e S 2 T ASF IR EAT X HE 43
Mr, WA 13(a), (b) Fizs. WK 13(a) Fis, BEE K
JE 3G, F 2% F ASF 8 5 H THD H48 & {7
() eh A AR 22 R 2.06% FE 2R 0.55%, 156
AN TR) e 32 58 B b 1% A 3 38 R A 2, I JC I B 2=

St A 13(b) BT E R EE R A, THD M
Fo i 7 B (E A ASF B RS X 5 8 it
G R ED

XN ASE LA IR, THD B4 5 FE R

Tshock = Co + C1Cr,  Cr € [10,35] mg/mL, (30)

Oshock = Do + D1Cr, Cr € [10,35] mg/mL, (31)
H, Cp=149%x10"*, ¢, =875x107%, Dy =
0.24 x 10, Dy = 6.71 x 10%.

ASF MG H

Tshock-ask = Co + C1Cy, Cr € [10,35] mg/mL, (32)

Oshock-asF = Do + D1C, Cr € [10,35] mg/mL, (33)
Hrp, €y =150x10"%, C; =8.67x1076, Dy =
0.19 x 10 , Dy =5.97 x 108.

6 %

A 5 30 1k A8 S L R P I A S 4 A A
T I AR B R $aR TR S ep i it
SN ) 1 2 AL B e B TR R, RS
.
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25 | n=2.0 (a)

Tghock = 1.1 X1073 m
Oshock — 0.21 MPa

0./(10* Pa)

—10F

—15
0

AsFR/(10~4 m)

5 10 15 20 25 3

25 n=1.8 (b)

Zehook = 1.2X 1073 m
Oshock — 0.24 MPa

o./(10* Pa)

—15

Aehi/ (104 m)

0 5 10 15 20 25 3

Tshook = 1.44X 1073 m
Oshock = 0.26 MPa

o./(10* Pa)

—15

Aeh7/ (10~ m)

12

0 5 10 15 20 25 30

A i .,
Y | Tghook = 1.1X 1073 m
o
< xT
L= 3x10"3m
y A ; ,
' Zghook = 1.2X 1073 m
o
< > xr
L= 3%x10"3m
A : _
! Tehook = 1.44X 1073 m
° >
< xr
L= 3%Xx10"3m

ARy e B o R B K

Fig. 12. Schematic diagram of shock wave in the middle section of the model.

5F(a) O EEEEHE (THD)
— &4 (THD)

A EREEE (ASF)
= — RIEHhZ (ASF)
Foar Q
&

8
2
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A 13

5.5

(b) o HHUEHE (THD)
5.0 | — RIEHL (THD)
A R (ASF)
— WUAHhZ (ASF)

4.5

4.0

3.5

Oz-max/ (10° Pa)
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2.5

2‘0 1 1 1 1 1 1
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2T 2 45 1 o B2 o e el PO AL B (a) RN T (b) B2 R

Fig. 13. Influence of fibrin concentration on the location (a) and maximum stress (b) of shock wave formation.
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34 2 A T R LS LR BT A I 2
P i 4 B KN I ) R BRI b o TR . M RE 2R
BRI THD BOFHE 1 AR R A

R ZE T ASF B0 THD U2 . 2554|530,
VR4 ) 11 o BT A 8 ) B R 254 2.55%
DA DL THD SO EHe 2] 7 5 KA N 1.

3) VS T A Y8R e BT o B B
SRR TTHsE e, S5, MG A 4 VR IE Y
P, v O S B S 2 91.7%, e KN 13
2 60%, 43 B2 H T AHR LA A
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Abstract

Ultrasound thrombolysis stands out among various treatment methods due to its safety and high efficiency.
Although the cavitation and mechanical mechanisms behind this technique have been well-established, the effect
of the concentration-dependent strain hardening properties of thrombotic biomaterials on ultrasound-induced
shockwave effects remains a subject of concern. Furthermore, the extremely short time window for effective
clinical intervention requires precise spatial localization of rapidly formed shockwaves and determination of their
energy thresholds for optimizing treatment protocols.

Considering that the main mechanical properties of blood clots are dominated by the fibrin network, their
stress-strain relationship is significantly dependent on fibrin concentration. Based on the results obtained from
quasi-static compression tests performed on clots with different fibrin concentrations, a power-law constitutive
equation capable of characterizing the progressive hardening characteristics of clots is proposed in this work. By
incorporating the changes in wave speed caused by strain-hardening characteristics into a third-order nonlinear
ultrasound propagation wave equation, the dynamic characteristics of shock wave formation during ultrasound
propagation in clot media are studied via numerical simulations. The results show that the significant stress
discontinuity prior to this process is due to a sudden displacement change caused by the progressive hardening
of the clot. In order to accurately locate the starting position, the average steepening factor (ASF) based on
threshold limitation is used for localization. However, this method is severely limited by the problem of mesh
convergence, and the improvement in finite accuracy leads to an exponential increase in computation time. In
contrast, the total harmonic distortion (THD) using the extremum of frequency-domain energy for localization
is less sensitive to truncation errors and provides computational efficiency advantages. Parametric analysis
indicates that a maximum localization error between the two methods is 2.55%, and the peak stress determined
by the THD criterion is much higher than that determined by the ASF method.

Based on experimental fitting of constitutive equations at different concentrations, numerical simulations
of wave propagation show that according to the THD criterion, the increase in fibrin concentration from
10 mg/mL to 35 mg/mL delays the formation of shockwave by 91.7% and increases the peak stress by 60%.
Corresponding fitting formulas are derived. Through real-time THD feedback and acoustic field parameter
adjustment, a theoretical basis is provided for rapidly localizing and flexibly controlling shockwave effects in
clinical ultrasound thrombolysis.

Keywords: ultrasonic thrombolysis, shock wave effects, increasingly hardening material, average steepening
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