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Study of Respiratory Lung Motion Using Particle Method Simulation
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A simulation technology for respiratory lung motion is developed by using a

particle method for solid mechanics. A motion model of the rib cage, a motion model of the diaphragm

and a lung model are constructed and combined. The numerical results are validated by comparing
with the medical images. Overall agreement is good. However a problem of sliding between the outer
surface of the lungs and the inner surface of the rib cage is not solved. As the applications of the

particle method to biomechanics, lymph flow in the semicircular canal, and swallowing and
aspiration are analyzed. To improve the accuracy of the particle method, higher-order spatial
discretization schemes, Arbitrary Lagrangian-Eulerian method employing the above schemes in the
convection term, and wall boundary conditions using polygons.



B X C—19. F—19—1, Z—19.

1. WFZERRMA L PO 5

KiEIE A vy a2 Z AR nEgiiko v
Sal—YalrFETHY. TN ETHRN
# # IZ Moving Particle Semi-implicit
(MPS) £ &4 ST b ka1 BER L
W2 Cx Iz, BB A v 22 0E
E LN T R e il O KREE 2\ <
<, Fi2, ERAEBOL Y72 ) A4 XE%<
G AIT b E N NI R AR TH 5
EEZLND, TDEH, ZHET MPS /%
Z AW ERIRAT & L CEICAEKR D FEA~D
WHE{T-> T 7=,

HARTIEHN AR AOF THRBIELT
FEHNL L IBEIEOHESER R HENA T
Do BliDS A D BERRE T, BRI R
WCEORNER L, MiBARBEILTLE D
fosd, BEBICIREZHEFT 5 2 L ICHEEN S
ST, MOMREBEIZHEER VI 2 b—
var TEDL oI, Il G
WEALE T, L BEICHRA2ER X
LI ENTEDLLHITRD EHFFTE D,

2. WHEOHEM

% Z T .MPS T L 2 BT 2 VT,
fiti O PR PER B A R R < BHE T D Hilr &
BRI %, BARMICIE, MeT v, HEREO
EEET L, WEIOEEET VAL, 2
NoEMAEbLETHORERMEBEIO >
2b—a rETH, 6T, RiEOFE
WE 2 LSS 57008 bicEd 5%
WERIZRIFTE AT 9

3. WFFED ik
(1) flieT v DBR%E

Jlii3 2k & D —fk7eE iR L L CET L
b4 %, JBRIZEE O CT B SAERT 5,
[ ) T 2 0 1 B R K SR IR S A i o o s o
BELOPRIE— A V=<,

(2) MR DIEENT T L DRI

RERR IR & R D IEEIC K > THiAZ BN
BT HZ L THERMNELS, 22T, 8
Wl & s oEE T T LV EBRE TS, EH5
HEHEHRIZIESN T, B ORI T
X557 5,

3 EHEGLOBICLSV I a2 —T3
VD PR

CT 2k B EME®RT —2 & OHBIZL D |

AW FETCHBELEZY I 21— a9 D%y
MR ZIT 9,

(4) RLFIEDEREEAL
RE 15 O s FEALIT B3 2 S HERY 20 T 5
w2179,

4. WFFERR R

(1) e T L DRFE

CT @ [E A #i{%(DICOM #) % F T, H
FHOMARICHE > THiTET VERETE D

CK—19 (Jtm)

kolicLiz, 2. =7 4 VO
ST, A R LI Lo TA L= iNE o 22
TR AR CHLD 5 K 9 2B &2 Nz, i
WiZEbEH IR FEENSTEXS L9 L,

I 6z, MOEROHEEREZ, TOEH
WG A2 BT D L TERTE X Ak
ZBRZFE L. Hioh b MR E) 2 2 EfG &
LTBIELTWAEND L) g2 ER T
X5 Lo,

(2) M 3EEYE T L DB
fasioEEET L E LT, TTHEOIIR
ZE G 2 JeIERCT 2, RIS, HaHE & 1)
B OHSENEERT S & L, Z oAzl & i
[EWMROEREH®B LY 525, bbb,
BB E OREIERIIAR Ny RVER) & A
v "oy RVEBIOMASHEE LT, £
FNOEHBHORE S ZEMEBR LV RET
Do LU s, REFATIINE KA
MR L LTH - TWADA, EEIZIT A3k
O FICETE T 5720, SRET L E L
TAREENAELTLEI WO HERD S,
WIHRIRIE DIEEYE T VA2 ERR L=, W5,
T e B 0 P 358 & i i U 7 5 I 4 2 1A
WESTWRW, F2T, — KR A NEET
BRI TR 2 ERR L, A &I E
STWDLERG DI % BERADOERE LT
EF AL L., Bo TWOARWERSIT—KA72 A
RET VOMBEREEZEE IG5 2 & TERE
ORISR L=, £7-. BREOMEHME
WX VER Sy & 2 D WERSY D 2 FREE N B
HE Lz, T272 L., MEREOER IR
HIEN 25252 L TEHRLTEY, EEL
OMAELERITBE L TV,

3) EHEBGLORBICLSIYI a2l —T3
v DY
FRLOMET v, MEOEEET L, HEE
BEOEENET L EMAEDLET (K1), M
DOIEREBE DS I 2 L—3 3 U &2{To 71,
B IO R ORE I ENE 5 T
T, 22 b7 A MZXY HOEES MR
2T, EHEE LY BEID BT X DR
K72 B OB OWT, I alb—v 3 v

1M BB, 3 X UM E A DR ET L



AEOL L HEER A R LT, RES. IR
KR & KRR DB TOBENT XL - TIT
>77,

BRI R 2 b— g URERITIE A
BaE L <EBR L, $FR2, o B Crire
HRBENIH E D RE 72, Mo THECIIk
MR D EENZ T WK E T ~D R X B HE)
NHNTZ, LLARS, FEik TOEE
7 —BNE)NoT-, T, I a2l —v
3V CIIOS N Z EFONEICEE L, M
MEEE S5 2 & THiZEI L TV B8,
EEIZ A 04 i & ERO N IZ3E > T
H-0THDH, BURTRHEREZHE LS
B hm OB OB 2 I a2 b —va v
THZEITELLS, ABOBETH D,

(@) KiFEOmERBEL
FAT—RBH LR/ N REAIC, T4
I 7RRE RO E D D AT O 22 [0S B CZE Rk
Oy EFHE T E D M7 A % — L (SLSMPS)
ZRAF LT-, S5, ZHETHLLRTY
HaL Ry P AX—LERAEICBONTYH
B AL, ZOBEIFI 0Dk THE
WHEEDZERI Iy 25 Z LN T& b, AF
ExERWTT A NREOZE BB b33
HULHME 2GR L, im0 OBCRMEREN S
HBNTNWDHZ EaER L (X2),

ZOM, EROERKE A X — 2% E O
BB T AL COIEET /T VA
A T —(ALEVEEMEE LT, KRFiEE A0
%l EEBECRT L TESELRBREDS
WEHEREE G B, 6k, R BN GE
EENTWIEEFMEICOR IENAHT
HDHZEWREINT, Flz, BERITZHIE L
T 3WITLEHEIEIR Z D EICEHE T 5729
2, BEET R 2RI TITR AR Y 2 TRET
X DEEBI RS OS B #1772,

(B) TOMDOAERDNFE I 2 b—a v

i OFERPERB BN DO AR FT I 2 b
—3 a3 T, AMFFEEDORRIZE SV TR T
EEEA Uz, BRI, = EEN0 Y
VHEDRNDY S 2 L — 3 B LU
TEL#EBEDT I 2L —2 3 ThDH,

1p
0.1
0.01
0.001
0.0001

le-05

Relative nodal supreme error

le-06 |

le07k

I
0.01 0.1

Averaged calculation point spacing h
X2 @R R TR (SLSMPS)IC B 1) % %8
] B A b oD L TR

5. ERRERLE

(MEstam ) (G 9 1)

@ T. Zhang, S. Koshizuka, K. Murotani, K.
Shibata and E. Ishii, "Improvement of
Pressure Distribution to Arbitrary Geometry
with Boundary Condition Represented by
Polygons in Particle Method" Int. J. Num.
Methods Eng., &7, (2017).

DOI: 10.1002/nme.5520

® F Hu, T. Matsunaga, T. Tamai and S.
Koshizuka, "An ALE Particle Method Using
Upwind Interpolation” Computers & Fluids,
AHiA, 145, 21-36 (2017).

DOI: 10.1016/j.compfluid.2016.12.011

(® T. Tamai, K. Murotani and S. Koshizuka,
"On the Consistency and Convergence of
Particle-based ~ Meshfree  Discretization
Schemes for the Laplace Operator"”
Computers & Fluids, #5%4, 142, 79-85
(2017).

DOI: 10.1016/j.compfluid.2016.02.012

@ KEFz, JHiRLE, BIEH—, ook
ok, AL, IE—, "MslEE) % &
& U 7 B RR I oo @ &) £ 7 /1" Medical
Imaging Technology, #&#tfi, 31, 189-197
(2013).
DOI: 10.11409/mit.31.189

(=R (GH3 61F)

® s Koshizuka, "Moving Particle
Semi-implicit Method in Computational
Fluid Dynamics: Basic Studies and
Application to Industry" 12th World
Congress on Computational Mechanics
(WCCM XII), 6th Asia-Pacific Conference
on Computational Mechanics (APCOM VI),
Seoul (Korea), July 24-29, 2016, 152445.

[plenary]

@ S. Koshizuka, R. Shino, T. Okura, C. Chen
and T. Kikuchi, "Biomechanics of Soft
Tissues using Moving Particle Simulation™
6th International Conference on
Computational  Methods  (ICCM2015),
Auckland (New Zealand), July 14-17, 2015,
487. [Thematic Plenary]

@ C. Chen, T. Tamai, K. Shibata and S.
Koshizuka, "Simulation of Endolymph
Flow Dynamics in the Human Semicircular
Canals Based on Magnetic Resonance
Images Using the Moving Particle
Semi-implicit Method" The 18th Int. Conf.
on Finite Elements in Flow Problems
(FEF2015), Taipei (Taiwan), March 16-18,
2015, D-001.



@ T. Okura, K. Shibata, S. Koshizuka, A.
Nomoto, A. Haga and K. Nakagawa, "Lung
Deformation Simulation Based on Medical
Images and Motion Models of Diaphragm
and Ribs Using the MPS" 11th World
Congress on Computational Mechanics
(WCCM XIl), 5th European Conference on
Computational Mechanics (ECCM V), 6th
European Conference on Computational
Fluid Dynamics (ECFD VI), Barcelona
(Spain), July 20-25, 2014.

® S. Koshizuka, H. Ito, R. Shino, T. Okura, I.
Morito and T. Kikuchi, "Deformation of
Human Organs Using Moving Particle
Simulation" Proc. Particle-Based Methods
Il - Fundamentals and Applications -,
Stuttgart (Germany), September 18-20,
2013, a59.

® S. Koshizuka, H. Ito, R. Shino, T. Okura, |.
Morito and T. Kikuchi, "Moving Particle
Simulation for Medical Application” Proc.
5th Asia Pacific Congress on Computational
Mechanics (APCOM2013) and 4th Int.
Symp. on Computational Mechanics
(ISCM2013), Singapore (Singapore),
December 11-14, 2013, abstract 1471.
[keynote]

(XF) Gt 21F)

O Bk —, EmERh, SAEY, "kiik
AR FLEHAR (2014).

(PESEIA PEHE]
OiRyL G o)
OBAHRIL G 0fF)

(Z Dfth)
R B

6. WFIER

(D) W iERE

iR #k— (KOSHIZUKA, Seiichi)
WK « KR TR e Rt - #%
g%k =:80186668

(2) g sy

SEH Fn (SHIBATA, Kazuya)
WK « KEERE TR 7o R - SR
MeEHsS: 30462873

(3) L HENTIEA

(D Woet 14
Fi)Il F— (NAKAGAWA, Keiichi)



