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Abstract: The ureteral pain caused by kidney stones has long tormented humans and seriously affected their

quality of life. However, currently, in clinical practice, due to the lack of quantitative analysis of the interaction

between kidney stones and ureters, urologists are unable to develop precise personalized treatment and pain re-
lief plans for different patients. In response to this issue, small-sized kidney stones were taken as an example

and to analyze the interaction behavior between small-sized kidney stones entering the ureteral lumen and the u-
reter with a fluid-structure coupling finite element method based on the coupled Eulerian-Lagrangian ( CEL) al-
gorithm. With the established ureteral pain model, the ureteral pain caused by small-sized kidney stones was

quantitatively studied. The finite element analysis results indicate that, when the stone diameter is smaller than

the inner diameter of the ureter, the stone will dynamically contact the ureter under peristalsis of the ureter
wall, causing dynamic stress on the inner wall of the ureter. The stone moving speed will increase with the peri-
staltic amplitude of the ureteral wall, but the contacting probability between the stone and the ureter will de-
crease, and the contacting stress on the ureteral wall will decrease as well. The stress results were input into

the ureteral pain model to calculate the corresponding central transmission neuron cell membrane potential. The

model results show that, the change in the pain level over time was similar to the trend of dynamic stresses o-

ver time. In the case of alternating stress changes, the pain level would not decrease below the pain threshold

0 5l

as the stress drops to 0, showing inconformity between the pain level and the stress level. The results can be

.

combined with existing medical imaging technologies in clinical practices, as well as big data and artificial intel-

development of personalized treatment plans for precise medical clinical strategies.

ligence technologies in the field of computer science. The research provides a theoretical basis for personalized
and accurate diagnosis of the condition of stone patients, quantitative evaluation of patient pain levels, and the

Key words: fluid-structure coupling; coupled Eulerian-Lagrangian ( CEL) algorithm; ureteral soft tissue; neu-
roelectrophysiology; quantification of pain sensation
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Fig. 6 Schematic diagram of kidney stones with different sizes in the ureter lumen
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Fig. 8 The 3D CEL finite element model for stones and ureters
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Table 1~ Constitutive parameters of the urinary liquid

quantity value
dynamic viscosity u /( MPa-s) 1073
initial density p, /(t/mm?) 107°

sound speed in urinary liquid ¢ /(mm/s) 1.5%x10° 031
material constant I ol32]
material constant s 03!

Xt T PRAE A BE , ey T[] IS RE R B v A R AT O 5 R SRR AL, B DA TR SRR - R A R A
BUAHR F 12547 o SR A TR A3 I A R R AR T Fung REAL , JHC I A5 RE RO

=7(e(7 -1),0 =A0990E62)0 +A_E. + 244 EqE., (7)

z222° " 22

W,

Fung

Hdr, C A, Al B A, AMRIBEL E,, 5 E. R 18 55115 #Y9 Green N 7E . Rassoli 25 18 i3 %} A 2846 IR
AR PRI, AR (7) AR SN R 2 PR, AR SCKER 26 2 A A KA 2 B0 s i bk A8 B i 1

1A,
Xt T PRAE R A j‘:l R HE Boltzmann ﬁﬂ)ﬁijﬂ,%ﬁé’ﬁiﬁﬁjﬁﬁjui‘éﬁﬁy
[e(T)] t do ()] d
a(t)_fg(t—ﬂ% =J0g(t—7)%£d7. (8)
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F(8) R AHEL PR, 3 (QLV) B A R I L HP | o (1) R Cauchy IV 1, ¢ Fonbfa], 7 Fm &
THHRIP ARG e (1) FRELNAE o (&) FnBERTSPEXT N B Cauchy BT, g(t) FnPrisibnsh k%L,
g(t) AL Prony R /RINE .

N
g(t)=g, + Zgieﬁ/”. (9)
i=1

Horb, g, FR B R st R4S TR 1 B Y- 13 7 5 WL ) 1) LUAEL, g, RN AE R I RA st F v o, I 220
TR g, 5 g, TR ITF LR

N
g+ g =1 (10)
i=1

ARG (9) N = 2 BFXF L PR EAT T R IAR S Se g, 15 B0 3 Ps BRI E 2008 T MR
5 NH PRAE A ) G5 R0 L S 2H IO A3 T 2 B LAAS SR IR 3 o A S S Rl i i PR A 14 280
1.
R2 AKHIRE M 4 B4 Fung AR AKY 2434

Table 2 Constitutive parameters of the 4-parameter Fung hyperelastic model for human ureter!**]

parameter C /MPa Agono A Agp:
value 0.405 6 0.709 1 0.185 6 0.889 2

Table 3  Prony parameters of the viscoelastic part of the ureter in the 3D CEL model

number of terms i g; k; T, /s
1 0.28 0 5.63
2 0.20 0 69.65

A T4 0 SRS 2 kb BRI, 45 6 SRS 22 IR B ) ) BE AR BN e, = 0.5 557 ) R 42 ik 1)
PR A S A 22 ) VU] 152 G P A 1 4 e 5 5 R 0 A MR AR A B K B S
ERREEE R p, =1 g/cm’.

Xof - PRAE UG SRR , 275 SR 22 ] P A GBI , BULIR IR 1 L ESE A, = 0.2R,, = 4 mm X T RE
G , B SCHR T R IR S 2 R RS R AR 1 4~ 60 £, 45 A O BT R[] ARk B
BRI A = 10R,, =200 mm , 75 BV PR AR SRS LUAE B = R, /A = 0. 1.3 Tk, 75 220 2 i
B I A U L L i PR A BRI S R FE 1 min Z AR 1~5 RPY RSN T 1 He SHSCHER[39] R
FASIR 1 Ha W AR AL T 5 PR A IE ST, 25 5 T I sl 1 1 B Ay b, AR S A e i DR A8 s s 1 A5
A 1 Hz, XN MR R o = 27 rad/s (1T, 0 LAAS B S0 ¢ = A/T = 0/ (2m) = 200 mm/s .iff
—4 RS TR ) Reynolds 035238 11720 Bl Re = 1, £543CHR[ 37 ] P XF R 31 Reynolds 20 5E X,
Al SRR ZERGE B EEE v = R, c+B/Re = 400 mm®/s KT IR BUEE Bl p, = 1 g/em’® ™ L5 b HEST 1K)
=4k CEL BRI SEMESEN R 4 iR,

XTI T AL E I (4 A PR TSR | T8 T5 i T 1 A9 10 5 4 14k R T E = 4k CEL AR Hp g AN B 2 Ay
XEFRARTRD | Bp LATS B ST SR AL bR , 13 T2 R il A AL b it I i A 45 F A I, 78 ABAQUS Hr & 37 Ry ikt Al
FRZ, WE 7(b) P AR R TR S, T AR RR I A3, BT LA 24 SR A G (AR I 4/ 3 T 1) 9 1) 3k
JER 0, BIFEREARAR AR r = 100 mm, LA J% z = 0 mm, z =— 520 mm SR B = AN b 249 5 3 A i g 3 UG
FE 6 =0° LUK 6 =90° WP N REINSE T 0 XTRRIAI RS A BEZ R TR a1 B8 Ry O, IR 2058 r il I =
AR A 05 F45 A, i T HAE R SCAHRIR, AR AR S % 5 EA R, REE, 203 H i & 1) i 1 88
0,20 Ze r il Sz B FANIRE Ry 005 , T BEAE A5 BE PRI A5 it bt Jin A7 RS -Aof (] o 4% i 785 B 1B g 4 Bt =X
(1) Fin i BT I 5% YT 2, 75 48 HH 02, i PR A RE I 0 2 32 22 2l WILZ I WLEF 4 e 4 5 47 7k 5 |
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AIILPALJZ o5 L 205 172, Al 10 a) Frzn. AT, FATTARE L DA J2= A9 P58 188 R A i PR A B w6 8, A
K 10(b) B s 9 IUZ” 45 5 56T Ry At A bp R0 an = (4) Bz B4 ) #8347
R4 =4 CEL BB REMESEL
Table 4 Datum parameters of the 3D CEL model

parameter value
inner radius of ureter R;, /mm 20
outer radius of ureter R, /mm 36
amplitude of peristaltic wave A, /mm 4
wavelength of peristaltic wave A /mm 200
wave speed of peristaltic wave ¢ /(mm/s) 200
kinematic viscosity of urinary liquid » /( mm?/s) 400
density of urinary liquid p, /(t/mm®) 107°
radius of kidney stone R, /mm 20
density of kidney stone p_ /(t/mm?) 2x107°
upper ureter middle ureter lower ureter
0.87 = old
= Em young
g
= ]
=
5
£ 0.4
=
k=
s B
1 i
epithelium lamina muscle adventitia epithelium lamina muscle adventitia ~ epithelium lamina muscle adventitia
propria propria propria

(a) i PRAFBE 53 R 454 o L 2

(a) Proportions of different layered structures in ureteral walll 24

r 2

0'& Az puscle 1Y
(b) EREFITES S AL At

(b) Application of displacement loads on ureter wall element nodes

10 =4k CEL R R iRAE BELS i LR 287 A1
Fig. 10 Application of node displacement loads for the 3D CEL model of ureteral wall
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PRAE R AEFE AR 0T FoAT T H SO T PRAERE 15 R A S K A, T AAE RS LT 45 A sk e

VFRGE B E = 1 7% 18 PR A S A= A ZE I A FRAF Ol %t T4 BE R JC it S E m 255 NS IRE N SR

VXM, U = 1.8 il M iy HAR TC i N ERMES B S AN 5 B %0 T4 bRAE UG 3 T 35, i R - R

3 24 AR 0 R M s AR R B ST AR SCHRC T I S AR SRR 1 Hz, BT AR LR ATT

Gt PR (0I5 B s X PR A BE 1 0 ) B 540 (38 SRS RS2 B TN R 5 s 1Y T s AN SR ME S, O

SIBUF SRS L @ = 0.2,0.4,0.6 HEATA FRITIHEEL , TS SIUE 20 i B X BE I ) R 454118 SRS 52 .
F5 = CEL BB R TC I 24

Table 5 Datum dimensionless parameters for the 3D CEL models

parameter value

dimensionless size of kidney stone ¢ 1.0
Reynolds number Re 1.0

dimensionless thickness of ureter wall n 1.8
dimensionless peristaltic amplitude of ureter wall ¢ 0.2
peristaltic wave number of ureter wall 8 0.1
dimensionless density of kidney stone i 2.0

3 iR 51E

mE A 3 T 45 A AN S R E AR BIRER R B € = 1, 3840 31 ¢ = 0.2,0.4,0.6 47 T
A

B 11 R @ = 0.2 B 5 A 7 i R A BERE ShAE R (i - T i 26, o7 DUB 7 ¢ = 1 s A, I s I 0 i
AT BIREE G FTTERI LB S5 A A TEIEIRES (B EEBLZN) 78 = 1s LUR, L LB =4FE
Bt B A s ol B 2B T =k, RIS A S A BRI A T =K.

T
401 ! 3rd contact i
: Ist contact
1 T >
|
20 ;
g I
£ I
>\< 1
01 |
|
: S
l A
|
-20 ! 2nd contact
0 I 3 4

time 7/s
B A1 R AIRIE L @ = 0.2 WHAEFiE B 10 0B ]l 2%
Fig. 11 The displacement-time curve of kidney stone movement under @ = 0.2

Bl 12(a)—12(c) R T KA = UAE Mo R (B ], 45 1 76 PR A i i A7 8, DA B A B2 fk T b fe K
FR AT LR S AR Al DI LA, A5 S A RE R Al T A R R S ) B G R T A LA
RIS IO e R T2 I 7 AR AR, 2 i R R S I ) AR (AR 1 AR A £ W] 12(d) FR. AT RUE
SR Al Ty B K 3R B 481 MPa, MI7ESH IR 558 =AMl 5 K 320 IR (AR % 110 MPa 5
25 MPa 3X 2 RO AE T R 28 8T i RS (R 8 S e R0, T LA 2 ok BsF ) e R 7 T R A 5 485 4 ARV 1 4 PR A
fh32 Bl B S A O  (H R 25 MPa 93K FE 0 77 , i e 8 i i PR A OB R 38 2 2.31 MPa ™) | &5t i
PRAE VAR R PR e B4 1 5 B R
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t=1890s t=2723s

Ca) B 1 YR Ml X RO7 P 5 B A2 i AT ) e 22 0 5 1A (b)) 5% 2 R fh o 1o At A7 B Mo T Ay g K 2 6 ) = ¢

(a) The maximum principal stress distribution on the (b) The maximum principal stress distribution on the
contact surface of the ureter wall corresponding to contact surface of the ureter wall corresponding to
the 1st contact the 2nd contact

)
% —first contact
= - --second contact
<4004 0 |l third contact
v
w
5
w
2 2001
8
e :
s 0 :
0 1 2 3 4
time /s
t=3.960s
() 55 3 YCHEfloxT 7 f 5 BE 2 i (d) 3 UCHE S X 107 A4 6 B A e R
WS S NE I P N7 1 AL BT 18] ) 22 e 2
(¢) The maximum principal stress distribution on the (d) The variation curves of the extremum of maximum
contact surface of the ureter wall corresponding to principal stress vs. time on the ureter wall
the 3rd contact contact surface corresponding to 3 contacts

12 MR REGSIRIALL @ = 0.2 B, 45 A 545 RERE 5 & A4 BE N 1R S22 1k
Fig. 12 The changes in stresss states of the ureter wall caused by the contact between the stone and

the ureter wall under dimensionless peristaltic amplitude of ureteral wall ¢ = 0.2

R BESR SRR LY @ = 0.4 I, S5 41 is SR AL - TR AN 13 (a) FR AT AR fE 0 = 1s
PUR , i B R — PG B, RAERE s gid R, 450 SR QR T — X H ¢ = 0.2 I
TR AT LU B, FEAH TR B i8 s R rb 45 40 15 i PRAE A AR R A S ROV S bl e — 25 AT T4 ) 1 A BE I 50
PRIFLE @ = 0.4 I, 4547 5 BERE ful L A9 e K 20 = 181, A IET 13 (b) Bz, ol DL Y 42 fil i B K 3200
TIEIAE A 380 MPa,/INT @ = 0.2 IR ) Fe R 20 S H A 481 MPa X HEZE SRR B, 18 Ay RS G B R 2
—J7 W2 A 45 A1 55 % PRAE AR B W3R D, O EL 2 (A5 B T 42 fud 37 7 e 1K

BE—2, R BE SR BRI LUK B @ = 0.6 I, (7 EBUSE SRR WIS 41 2 BT s — 1 firiz 30, 18
REA TS RN 2 S PR AE BE S AR o 45 A e PRAE TP BOAR OO BN TR 14 (a) FIR SRS IEATEEE 0 = 1 s /2
A BRGS0 BT R ER AL, FEJS , 4540 B sl (4 I ik BU T B sl —ifaz 3, T 1 = 2.18 s ZE 473K
I v i ASD A5 A AN 18 Bl BT B A% - T 2 A& 14 (b) iR AT LVE 76 e = 1 s USRS A58
PR RERIEA AL SR 547 13z Sl B A R | LA R/INAT LUTHR 2978 190 mm/s | HEBHEIT
WG ZPGE ¢ = 200 mm/s .5 ¢ =0.4 Sz @ = 0.2 XN AYEBUA EE AT LA B, o (EDRR , 45 47 15 i PR AE BE 6 A= 4 i
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AR /I | ELAE A 128 2 18 1 8 A T B i sl 1% 90 ok AR 5 SR SR I, A I PRl i 25 )38 K PR
UGB PR, — 5t AT LAGE HEZS £ HEH R RAR , 55— L 2 s/ 5 A 5 A R Y 4 A, OB S i P RE Y
JO7 3 MR, AT 2 3 22 it PR Jra A AR ) A .

1204 contact . _

0 04 08 12 16 20
time /s t=2.182s
(a) Z5A BN R -] £ (b) EREF AT K EN ST =K
(a) The curve of the kidney stone (b) The maximum principal stress distribution
displacement vs. the time on the contact surface of the ureter wall

13 HIRE RS IRIELL @ = 0.4 B XF 17 (25 A1 1AL A% - 0] i 285 A BE R A I - 45 K 20 ) =
Fig. 13 The curve of the kidney stone displacement vs. the time and the maximum principal stress distribution on the

contact surface of the ureter wall under the dimensionless peristaltic amplitude of ureteral wall ¢ = 0.4

2001
=]
r
> 100+
0
0 0.4 0.8 12 1.6 2.0 2.4
0% 1=2.183 s time ¢/
(a) SATEE I BRI X & (b) Sifis i fifs-ml) 2k
(a) The kidney stone location in the ureter lumen (b) The curve of the kidney stone displacement

vs. the time
14 FREEREGSIIRIELL @ = 0.6 I N7 Y 25 4 7 5 M v (R YOz 55 45 41 38 Bl Y (S B - ]t 2k
Fig. 14 The kidney stone location in the ureter lumen and the curve of the kidney stone displacement

vs. the time under the dimensionless peristaltic amplitude of ureteral wall ¢ = 0.6
M EREE AT LUE 78 =FIRIE L ¢ = 0.2,0.4,0.6 (I THLF @ = 0.2 B JRATBE N 955 — £ )1 45
R FTLLEET @ = 0.2 I i PR-AS BE RV 7 205 SRR 25 58 P IR i ).
25 G PRAE B R R BE R 2.31 MPa"™ I AE @ = 0.2 I, {5 B T35 45 SRR WY i PR PR BE 1) B it B2
HEA T AR B I, AR @ = 0.2 ISR HCR fay bRAE A BE (B BB ) ERYER— R AR (K 12(d) )
R 2.31 MPa BT 29HCN 2.31 MPa HEA TR R 7 A A THEE R A 31U A 27— 50 0 245 3 AR 48
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B4 S PRAERE RO B IR X I BT B LU 15 (a) S5 15 (o) Wl LUR B, 4 BE 585 A 4T
ARIEAR B BN I, T 400 ERSHRAL V, TR A2 T PR BE LT, RO B2 MR IH 2 B2 29500, 22
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(a) Membrane potential responses of afferent neurons in the ureter wall caused by stones
B 16(): ~101
<
N
_ 1201
}__ . 30
2. 80 £
g ~N
s N 50
g O I e O L R N I e e S
“—
threshold of pain
0 =70
0 1 2 3 4 0 1 2 3 4
time 7/s time 7/s
(b) B HE (7 4R 53 951 2 BB s ] 1) 72 £ (e) T MLy “1 LA™ vV, BB H] 14 o i
(b) The variation of the membrane potential oscillation (¢) The response of “slow potential” V,
frequency over time of T-cell over time

15 /NI A5 i DR PR e o Ay i A5
Fig. 15 Quantitative calculations of ureteral pain responses caused by small-sized stones
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