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Ventricular Assist Device  In recent years, with the increasing prevalence of cardiovascular diseases and
Centrifugal Pump the growing demand for mechanical circulatory support devices, novel designs
Hemolysis of ventricular assist devices (VADs) have received significant attention. These
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Single Volute Casing
Double Volute Casing

devices must not only meet the physiological requirements of the body—such
as providing adequate blood flow and pressure—but also minimize blood
trauma to ensure hemocompatibility. Key challenges in the development of
VAD:s include reducing the overall device size, minimizing blood residence time
within the pump, and lowering hemolysis levels. This study investigates the
design of a centrifugal VAD featuring an impeller with a diameter of 38 mm,
designed using the Gulich method in CFTurbo 2023 and CATIA. The impeller
diameter is approximately 27% smaller than those reported in previous studies,
contributing to an overall reduction in pump size and enabling its application in
space-constrained environments, such as implantable heart assist devices. Two
different volute configurations—single volute and double volute—were
designed and compared. Computational fluid dynamics (CFD) simulations were
conducted at a rotational speed of 2500 rpm and a flow rate of 5 L/min. The
results of this study demonstrate that in the double volute configuration, the
average shear stress decreased by 21.7% and the hemolysis index was reduced
by 22.2% compared to the single volute design. These improvements indicate a
more optimized hemodynamic performance and reduced blood damage in the
double volute configuration, highlighting its potential for safer and more
efficient ventricular assist device applications.

“Corresponding Author

Address: Department of Biomedical Engineering, Tabriz University of Technology, Tabriz, Iran
E-Mail: niroomand@sut.ac.ir

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License


http://www.ijbme.org/

www.isbme.ir [ ol ol (So5  gwdige (yol 130

.ijbme. | A P80 1 S Sl gLl Y- A-OARA ol Ll
www.ijbme.org SS9l by <l st gé A OOOS
Y“A - Y"A 5‘f’f }ﬁ.l-}’ ‘Yl :O)LD-A:J ‘H :0)30

Graliiomo b gy (o oS Gonds piilw ooy 09938 (397 by il 9 (250
4\3@9& 9 G @9)19
T 38 ol ] T e oSl dng i | ol ol

Ol e Gu st oSl ¢ ( Sibgy o 00Sild ( SCilSogu 09,5 (5 SO 69;:..2.31.5_‘
Ol s o iaio olSails o S  owdigee oSl «SilSoga 09,5 bl T

Ao wlaxivw

10.22041/ijbme.2025.2063734.1987 : Jious sawliss

VECENYIY VEFIAYD 15,55k VEFIYO el j oo
oAS Sl sleejly

Los ol (S8 sleoliws 4 5ls g L8 sbos low foud (lidl 4 az g b Sl sl Sl o s SeS ol
ilod,S Cdo 03 as |y g0l axgi 8 SoS slocey 0 g slo >l (8 sl o Slae G9uy il oy
S8 (gl el 03,5 (5555 1y 8 3 Shae gl s 5SS 4 5L el ] 23S 95
@ 9 )kad oz 5l o (Folglen lajls (Gl & At aie) (0l 0 f5e la)Sal, 5l S s GRS
G| (e a5 ail glisS @ Wb bcws ol >k nl pogdle sl yuali |y calie 5> A W

BT lacwy (b o pwlul Gl alez o)l a5 el (Glosgaze o |, g FHLPE VP EPUETE N
55 Sl (18l 5 ey S35 50 (155 (5, B il oy alS olfiuss slal (el 4 s alSgs (Sgyl> alaios
Sl 48513 () 2 9590 (HASWS oy o (AL (ARg (nl 5005 o) LAl 23 (g5 il
YA L |, CATIA 5 CFTUrb02023 sl 3l 1o guds® oot 5l ooliial b ] alyy &
3 S eS LYY Jobas (g ks (glls andllas oyl o oals b alyy ol onls Al e
ol yie oy Sl IS jralS a4y jhad rals el el iy Sldlas o eals (3155 slediges
l cals JB BBSLS sl asile (golul cosgame b sloo IS o T 51 oolarwl oSl 4
Sk a5 Gojl 5 ST g3l (oS 99 )0 caey alaions (nl oo 35l oo a8
o ce iy ;0 Slawle SV Kol 1 oolainl b bacaay ol ol 0058 )5 annlio g oo
A aes o lid g ol el cwl sl (gileanlh aads  XJ D oo g ands 0 0 YO
YYIY 5 5 liae 9 2oy VIV Loy i odaw 5080k Jlade a5l g0  Jg3l> alatons )0
Soolinng a0 Slas sasaolis a5 ol adl, ralS BT Jgpl> alaase 4y Cond wo s
il (b onl 0 S G55 slocasl 5 anee

Jomo (5o g5

Ol e e i olKils ( Sy s 00Siild « SilSagu 09,5 ]
niroomand@sut.ac.ir :Sudg sl Cows

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



YYV VYA YYO OFF 5l ¥ oyl ) 690 « o) Sy oo (S p G

colin 23 5 led el 4 [0l Wb B S sl
bl slacudgaze 5| (Ko il 93 (A5 a1z
51 sLas b sl a5 ol o] ol daay ol (b o
ol el ooy bl 2l a5l a4
ol ol Ll el ol 5 Shas Laa> gl Slygs sy
SS9 GlPl a0 g Shn A R coge
3 sl glgil (g3 glacaml (ials jslats 4y g o
oS wlazs 5 15 oolital 300 5 b hay Ko sla ooy
5 oo Sy g C8) oy bols gl on izl
Ivvare] sss 5o 5l

oS W G55 slacan] S @ (2855 5 28 gy
S yile 5 5y97e Slogaey 9 WS o0 18 ooliiul 55
s W oo sl s ey wibas oyl il
b igyese ,1 4 iy JLad slml gl Jouts ile slocey
oy lad g @ Sl S Glaghy slails 4 4y
Lol (gm0 ey Cad (g Fcamlie 43S Sondy il
Slacwy ;o S (Ghgs Sy Jdo 4 nl poogdle
i )0 g Al JelS Lhp AT Gl e le
IYAYY] sas o ) 6508 B 95

yebie a4 (FDA) 4o 5 1 lojlw (Y-VV Jlo o
o S e Gileand slaghy,  gsles bl
ol 5l esliinl a4 (liie G55 5 (e S lacey
Sl 05,8 Vol G Gt mls deJue
o ol addllas cpl VAl 05 s)sle 5 1, Janaws
bsgi ool B yme slne ooy 4 bgyye g0 slagsluad
polas do g sluans 5170V jo oS sl ylis mls .l FDA
Oelen Sl e Blzil S edgaze 15 Gy gy e
ST ) L2 L R ATEPNET SV SR VI NI P IR WP SR S Y
Sllee SVl Sealis Ghs) 4 cadanlze glace o
Ollas (2lei 0 weadg Soslail oy polie 9 (CFD)
Sl el ol osaline ooy (2955 55eeed )3 Ol
S Jaaz 50 g jlwand 1o solatwl 0,50 (g03e sla I3l
el 00

legslwas jo oolawl 550 (goae lo,lnl ¢ Jga ()
k-0 SST ( Sl la Jow fyu 5o om0 o (lis |y calises
sl plgae ar Jlaal s oSl g andls | oolinul op i
] o0 Sl LI goiaSs

Lno yy Judg 2 conds 3B (s 2 4 (53 )3 Ko g pnd
g0 (699, 4o basg ol iuli8l as ansl o g aSly

doddo —)
e §l)siS )0 LS e slagslen 5l (S (8 2l )b
D cadd Gl Jls o sl yob 4 )] gouis a5 ol
wd iy Johe 5o ohlas 51 7Y a5 was e olis b
w3 oo Cewd I 03l Jlo gy Sb (8 bl
09> 505 8 Ske 8540 5 yrag S o lie 22lS (sl [Y]
el 55 45 358 e solitin] (SaS  SilSe Sl |
Glosng Caonl 51 (LVAD) o 5 by oS slogany
;3 LVAD a5 wlools olas oladllas Y] sias Jls 65
CobeS 2P BB b 4 Ko Sloys slahy, b anslie
908 @ azg b [F] aisue sgn ) ollen (S
(Sloyd Glacasgaze 5 (Al B)lse bl slacls
J& 50 F5e Sy Kol & olae 4 LVAD 5l oolasul
Iv-0] ol 3 s
Sloys Bas 4w ¢l (LVAD) o i sy SaS oy
(b (g 4 (b 1S o0 I3 eolinal 3550 Lo
S byl b5 oluyl 4 M hlew yo 2l Oleyd s
Vo & b Olye @ e opl s B wigy il o
L, ahal cls ol o b 5 SVsb sl Sl g 03,8 Jos
LVAD (3,5 ) 5l o )lge (F 0 50 085 oo o0l 2
45 3 5 092y B Wig 4y (g3l 5 A8l Sgnge 8 5 Slee
Shles )0 (iizmed 05d 0 00l Dbk 4 (b Ll pl oyl
G99y el @siier (Sl LVAD L (ol b 4 (B oS
Lol Sgdiee 48,5 Ll o ol pleys lsre 4
(S5 (Sl Dlias (Ahb o culil Gla il 5 S
(VAD) (stha SeS' slaceey ohgts (9% (50,5 s
b s @l e el (93 @ 00l slacal rals
celbial bz slassl s oS8 L (Sl lalad
b o Slas a5 05 s> lacam] 4 e Wl
@ Ol Lol (al Gaipe 51w o0 e |y 05>
Dyeal 5,5 6 lal ool o sladl g oyg5 olias!
A6 o3 0 Slee 2 a5 Lol ol 90 0153 Glagay 5
S (9> 09> b i 9 V2B (55 5l asjlee )35 o
GRS By 50 Yok Do sl e &S was e ) Sl
SOk & e g 485 10 (Vb e 5 LALVL (SO
PP 00 093 b S (e )3 09800 508 slaglS
JHs 5o (iS5 gl slml b plyz Gml ce s b
Gl 5l S boaa] ol als ozl e Gl ey

DO 598 0 gune 55 slocres (>b 5o bl

t Hemolysis

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



K g 5 AESS Jgile (sloalaimo by iy S8 oy 58es caoy 090 0 bz St g (P 00lile ol YA

OSSP P PN - NSNS P WP PR BN VS A 7
owtf‘j‘o d.:‘j).‘ 09 ol L_S)‘JJ‘O‘) alas] e uﬁlsu?
VY o sly 5 4z )0 VIO (g99)5 arsly b ass 7 Juls
SHIY by, 512l e5 e e (sl 09 4z o
2 485 50 50 (s (Jlw Slyiedr 9 g 0b oslital
S a5 e ey (gilalely alasd o aS ols lis gl
Lulys onl ) 508 Sl JsdlS o 58 Jlail g 0092 4z g L
gy (gilwaingy 4 adlas Gy ) Ke 5 o 0,10 042
50 e T LYV] sssls o Goldie o Seniy y5le o
oy 0 8ee p ) ooy (2gy3 argly g laaks Gioms 4l
Silwtesd Gosbo sl az )3 VA G V7YY (29,5 4l g 420
as ol plas b wals b)) o2 sleiolesl g so0e
20 VY (295 dgly 9 42,0 WVF i als b gy

el Ay gl o Slae
@ gy B o p & glasdlhs o ol Ses g ol
S5 Seata yile lacey 3 oS Glizl I (S Gl
wp Jdon (b jolie 4 hagh Gl o Sl (8
mly sro o5 0 aS ddaii 4y ahis olb b,
€5 90 w0y by gl Jon sl g 090 ouds colail (el
o OA legarma . 4id )5 1L )5 050 4253 5 oy ) ala
O 095 UsS Ly 5 E9ite (295 9 5999 bl b Al
Silwdnd AT 13 ) 3550 (olad Conden 5 s
ANSYS CFX 17.0 lila 5 51 solicil b bao s ol o ,Shos
& ooy ) e @l mijlel Glp g 08 pldl
(FDA) somie YL (s5,1s 5 136 lajls Lawsss ooy 6 e
oy Jedoy e cgode Julow 5l e g0, 8 ool

oy b anslie 10 55 ol (2208 8 Sdee g ol asle g O]
(578 Sosialesl plmil (6l 285 18 b5l 0550 oy
ol s b sl g (b (Sgien s bl
797 4sly 9 42,0 YO (63959 4usly b lop edg a5 ol
e oo (b o & akaly 5l colaiul b aS a0 00
3 Cadlyy gan Sy ol el asle 1y o Slee o s
a2 0 (Lo, Ve sgu>) 298 BB Liliél iz slo oo

IYAL 0 3lony FDA g 10 ooy 40 S JS'
Slageoy ;o oolitul 5550 slaaily oty Slo sy
pas iloass >lhb sbaes b 5L O)e0a Gows b S
Ol 2l 4 e ( ik g5 (nl o (VL b 292
Selgyied 003l Jhals azs )0 5 leans o wgerme Jlw
s ial3l o0 Shas 1 ol ez gl el 005 ay

o) 0500 Sz bobas ol 50s 5 (B i SRS
diold Glis 5 03,5 (g 1) (g3l abaime £95 90 (izeen
o Jao gl s Caams 3,5 g5 3 b igplo aliions o
L] ass o ool (6 208 (s s
lasslwars 1o oolazul 0,90 (g00e o lnl— (V) Jouo
55y Jsls slael) cilisee 3lagios 55T dasgs o plovi
(! LesT ol ousS” L

lxndys 2obly
Gl s (o cllisgeST e Bl sas — yosS]
S RNERR TR QIR RO I
OR9 518 08 #Wu& oo o
s ol el ol =l 5 - (o Gl
el =
(1) 1,35 (VF) L, ooy >
“S e, (OF) (5 ol ol el = S
e I
) Ghled o)l V) kol =S
(Y) oot 3,55
() J),0ali%a ((V8) Jlasl SIS (5!
) e L

plol 95 (soiey o Slae 35 Bua L (gloo i Silallas
Sl g oy avasn (giluwaigy » Boss 45 Ceul 003
alises glail o moghy ol jo Llosgs 35 reie ey alirame
95 o> 4 9y Slooyy ale 5155 0 5l 52,5 9 (559700 oo
[Yl\] .ulef )‘JS WP O)g0 W Lngo)" 9 e A
Wlyn >l slp S epe Glogls usd (b9, (mizen
Wy g dlyy ol oled alols deo,y bl glas 36
ssb a5l by ey 5 3959 dusly 5 g oy lass
5 aiws ol [PF=Y] wiloa b)) 5 Julos Sslotiacan
1958 g o655l lals LrelS jo cege i Slalas
g 4Bl 9> pondlesl (b slagass alS (b
5 S 2l L GBS Slagasy anwg Gl ) ans;
Loyl (25,5 5 53959 sblsj 5 o slaws 55 (ol 2 opdle
3095 Bl sleals 5 cwy (Sgyue o Slee
o el )bl [Y0] sl ad 31,8 b5l g Julos o550
oolS sy sl il CSleSh mje jo SloaisS s
Ll 095 ol @ sl il leaige 9 5o Jlaso
Ival el 69,0 ABSLS (lacesy croul 5 5lsly o Slos
b 28 e s cg0as addllae Gy b 9 sl

03,5 oy 2 1y 093 (Sliim 0g )5 Lawgi ol )b ooy

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



Yya YYA-TYO AFF 50l Fo)lad NV 0,00 o chun) (S (owdigeo (S i \B:)

anllas gl 4y slitwl b ool pogdle LFV] w ssliczul (V)
A0k ple dlyn by slasi (Kes 5 by log
Ol 9 (Sgyoue 005l ploe orwlia Jols b ol ad S

I¥Al 55,5 )15, sdsen
60 [2gH,pe

M
n | Wopt

dimp. =

AESBS 593 ey ey (Sed e T (V) Al yo oS
oy w0 Popr 9 50 con p oo d g30ae lade Hypy
&)U Ll gilwand jslateds (ipgh (nl )0 0l ge v
YO+ plp iy & Wope s Hope M polie «So5glg 508
Al aid 8 L 0 VY gog e Av adBo jo g0
ol CATIA § CFTUrh0 2023 (sla l3ile 5 1o b o1,k
5 BT Goile (69 Sy 90 0 oy abrases Cowl 00l
388 Canlonys,F anlie Koo, L g (b alSge gl
Sl oals ools HLiS Y g Y o S

gy i i)
Wy 73> 2 )

9 AEST Jgjl> abaasme b gt yile ceoy —(1) JSC2
Gdmdw slaop ol (slaily

==

a4y

alFss Hgyl> alrises

Slailyy g alEgs Jgsl> alaioe b jeuiy il oy —(V) IS5
G ooy Jalis

Aol as oad as 3l o Sal) Sy plsredr quey S0
Ol el )0 g 3 Jlew )0 Sy G Gl cels
Gl 00l 8IS a5 oyl e

Vs Seoliys 51 oolizal 4SO 14705-8 s ikl 5o
il ke 4 ey (b al> e 50 (CFD) (Gllrs
Iral cosl ouss arog Gilie slag b crn (oo s
e sty S g 5y b b ol ol 0553
slizl »oo)ly (Sasliogyiee slagys pals 5 SasS
15 el 0351 camy S lenily Ltlil Az o g A3
alS (lS L cloelSins ofgds ¢ lBSKaS sloo IS
oz ozl SRl 5 Clls Slge a4 b & ey ol
Olgs Slabd (cwml 5 ey RalS b aSly S o0 SWS
5 S Sl Gule (55l Grae a5 4 wlpe
gy olliws o Jsb (2l

clodliine aliims 5 alyy dwiin >lb dil, ol o
O S Cowl ool plodil slasgS 4 (ailS g0 9 ST g3l
Olej 5 s GBS mmlin (S3alg 528 Lad 5 03 el
3 e e g a8l falS ey 53 (95 Bk
«S>oS olul 4y lojed  oliwws 00,5 Lads ool (glosgase
Bar omly S 5 cbe (Selusgaee 3 Shee
s drgi sladie; Wi oo 45 039 gl (ul oS
Skl g YL gl b (o ST slacaey 5l o
adly i bl

o g, 9 Slgo - ¥

oy (> lb -V
B 35505 5055 Slaeay 50 ally sloais awain ok
bass slal 5 JS& gilwainge 35l oy 0 8des 2 0L
#zg B b ) bow (Sypue o Sles Wl o
ofles 4y oliws Baa L« jioghy (pl 4o LRI REEN Sgats
L Jolae (Soiedsnsed lld oo (o S5 oy oslhas
94880 p S0 (pem> (20 g Sadee Tr (6399 )23
b sl el ploie 4 aiBs 50 ;50 YB- + g0 Sy
VYo Jobee g)lid ades o b 5l CBan ol a8 5 a5 o
655 ol ablige ooy (e )0 e Sl
e 0 a8l arwg oS 5l 5o, Lo \C-*Jsf

akaly 5l 50 alyy angy had s gl g o T 2l el

t Gilich

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



K g 5 AESS Jgile (sloalaimo by iy S8 oy 58es caoy 090 0 bz St g (P 00lile ol vy

Slply ol aS sl ol 5l 95 (g5 o k€ Jow go,lg0
rbin Lo by o Soe Jlow olas pwsige sloo )8
IYOYAEYFE] o5l o

llan ;5 o8 i slms, gm | Jon ol raiasd
Sy WISl (oK gyl g 1€ lojl ags ous alox
O oo gy Gl 51O Jgez) el ad)S 18 Az 00
5 S g 9,0 451 ol el sl sy
Jds o Joe ol o oolaiwl ko —SST - Sxasl Jowe
5 3 r sbobyy B, cwmgim YL Ul
9o oy goae Olllas o (o9 sl yiolos
S Glagaey oz ) (Seilegn oo )5 )0 ohsa
Iva el cul ools (las 095 51 s 550 Hlons o, Shoc ¢ 3
Ssb sl SVolee Jlow Glyr p pSle SVoles
S5 bangie 08 51 Vb jalgin; dae @y 4z b a5 anibos
yokate s ko — SST Sl Jow ol yos 4y S¥olae oyl o0
05 soliiwl b, axas] s, 5 gds g jleans

1S yg5 dmmle —F—Y

S 8dee 213l )3 s Slaat s 51 (SG (lsie a0 236 o>
reiins jobo 4 a5 318 13 4z gl 3500 (8 SeS slacany
i G s (S o Jlael oy Do gy GBI 4
oo aboe il 55 (b 5 (liee e s B
s 5 b (2l dlml 53 (58L5 caey daia ()
Jhws b sl o5 Jlow Cnlses a5 iblio ;0 0539 450,10 YL
Ol Gl See by (I8 Sl Sy g0 G <S> b 0
Sl A g ped sladsdS S cel Ll
L¥8] 55 5 cols 55

6518 Oley 5 SBB GeB (s A G BLI ) Ol 610
Q_ﬂ alos )'| ol 00 45‘)‘ Godxio gl Jow (i cod
colyo daiolej] ol wlal 5 a8 col Sl Jae daJow
‘5‘).: 51.»0‘ quﬁ) 99 o odg‘.))f ) L)] (5‘)4 ‘SC.LA:LA
ksl Ghgy 9 SHLSY By 1958 sezg S e omn
O 0 a8 ol o solaswl (651,3Y be, 5l e g cpl ,o
R snp Sige Sl e Jsb jo (Shp RS Dlpess
oasdsl)l Jaw 3l 2B g ol awlne (gl 0,5 oo
U“JB) [fV] S o..\:v..))f oslaul Y)—wj‘ 9 Y))s.m .la.....'j.'

25 bz e Jsb )0 09 S b, Gl s3,5Y

3 Opitz

30 Goh opl yo ead (Ahb slacs slizl (saldS slal

el 00 dﬂ)‘ Y J5u\.‘>

oad >k slaces sliz! aldS slal - (V) Joox

P ks com y1 ol Al

G algy kb
£y ony Aliizea ko
ue ooy (5999 yhad
A Gy (79,5 kb
i aly » sloas slows
v <

(o dw Sjg0 ) ¥ wlyy ans glis )|

(&lsyy (75> 2 )

WSl SYsleo ~Y-Y
Jhw 0l o oS Lol OYolae () 5 (V) Yol
5 g SYoles o w4 aS eog (s 5 @SB RS

.
V.V=0 ™)
4 S
= —VP + V¥V P

P Dt
Mo Slivlsoun Lad P s o oy V ¥olee ol 4o
g5y ool 5o el Jloww aandls p g (Solind a5
e YO aieSems b (Hed Sl o ol 4 o9
A5 S yie g SelST V0 ateldls 5 asli- Bl

A3 § ROWPRVPLER 4
YL Ygors o8 S slocaas ;0 sy aSl 4 4393 b
aS el pY el atid] Syge a4 el Gl g 0o
Joe bl 005 pll aanl b lp b jlvand
057 helse 4 (S il 0l 2 (il Sl sl
Sholoe Sl Gl 990 88 (pians diin bz conle
g2 ol b )0 0)b ileand Coz Slle Gl 4
@l pbyr Plos ol 0 o5 (Ll 5 el (Sasl Jo
Sldolee 50 o Juw Gl jo 0,l0 dezg wrs &l aigs
seb 4 ) e lawgy a8l arwgs kw — SST  Jow wy>ge
sl oo 0 5Ll 5 (3380 51 (S plye 4 lod S
el 45,5 15 ol 5,50 ais] ol (g3lodnd
4 So35 (Pl 50 ko0 Jas sla Sy 5l oS 5 S o]

1 Menter

2 Heuser

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



23 VYA YYO OFF 5l ¥ oyl ) 690 « o) Sy oo (S p G

CBs L asid oyl L3b byl jekate 4 [FY YU ss oo
Slass b aslls iz @l o 3B cds jl leb! yizxen
Sl 5 985 515 (o) 2 890 9 Sy Dslie slaglell
sl wl)d cpl 102,85 13 a0 90 a8l Slaws I >
b bl !l baSis slasy 5 ials al> e 0 40 Loyl
Jolo loasil slass 3l bl Plisl coz ogllhe <o
el 5l Jols ol St 51 Pl sy p Sz 0,8
JSo 5o 2 sl loges LB o Sl o gl (soue
(Jedos pl 5l Jols ol ulal o cal oals ools lis ¥
A 4 G 1) oz a0 b LY RABYYS L slasiiis
Sl lasjluads plnil Cgz gy 40l Jlgieas
gy g wls s le cenlie Jobs Sl ol ol
2 Sl Slabre (a8 Gloj dilees HlEn (Slesloe
el 004 4@ IS YT+ g0 igh (pl 40 goue (gilwacs

140
120 0/0/0'_0_0
100

80

60

40
1 15 2 25 3
Millions

(MMHQ) 29,5 ,Lis

Sl slass

sleplodl slass oy g5 ,Lad Ol sy (V) JS
(a8 51 Pl (g ) 4

Sy bl 7Y
2L Oyse & 6 e Ll pd ey 3 Shoe (s3luand sl
69959 55 Lad Wlowd Jloel (29,3 15 (co> (2955999
5 (o ol JBlo hugie jLid Joleo) g e dee ¥
35 Sl 0 adBe p il 0 Jolae (295 50 (e (20
G pas ipe byt b ol pled coizmen Cesl o
a8 50 590 VO« wilgn (Slyed Sy g 0ud (S5l e
e &5 550 Ll (l a8 ol S5 3V el 00l (58
208 obr By Sednd Ll eass SL
15 5o Sldllas b e a5l s il oS sloay
B esliiul syee g8 B Glacer leans
bl SEds Jlel jshe @ nl poodle wilid §
2 ey Jdgn S SIS el g (sl
o958 Sh3 plp gy Jobe 63559 gl Jsb oy (5999

Oley g sy S slabaod Sl 558 dwle as
Slp Shy ! wS e wold 1, S cod 5508
S Spe ol Jleel by S g LB p G5 Gl alal,

el 00l Gy y13 Silg3 938 Jow
dHb

—— 1.8 x 1076, 71991, T0765 % 100 9]

38 oo ol3T yoglSgen o0 AHD/HD slas ) jo a5
Sl el 2 Jlee!l Gloy o T g (b (55 T 95
&3y » (F) dolae (5,5 JIL,S! 51288 o5 ozl alxe
bohas ples )3 @l 5l 65 (SNl G 5 Ol b3 o
03gdote ¢ SoidS walel el 00,5 o colaiul oL >
3 S w )b sleelliws jo cdlS e e ls e
Ol a4 sasla cul [FA-FA] el oas 3155 +/-8
&1l ks gla Jow ;o ColS g5 e dunlas (gl (6 Lo

] OAAT (A) dJaa‘) 3o as .)9.,..)‘5.4
outlet

HI(%) = z 1.8 x 1076, TL991 ATO765 ()

inlet

Gl —F-Y
99 (olB S8 ny S Jlw anels (gomaSin anlg o
e ©yge a4y (Ggslo alaizme g dilgp Jold Lol gl
§ 0Ty dwdid 4 daxgi b aload ganaSed 5 gl
J> 50 Jlow el (giladinnss gl oy (saman sl
ool o adgy gl s el s glagylodl 5l goae

GO (6 lwans —0-Y
plxl oo poley 5 ol YL loayjo 4 azgi bojg ol
bl Jdow slp (go0e (g5lwacs 51 solaxul ‘l.asd‘;..il.aﬂ
BUPR Y- ) ECORUIN P W g PRV @‘) G99y SO A swdige
ssliial sjlutns oLy ANSYS CFX 2023 is3la
Jelow jo a8 iy slace LB Jdo ay l58le 5 ol .ol oals
5 b 5o Slod S jsb 4 gy ;5 oemmy ool >
L‘ﬁ‘)é.é)ﬁfu_a)‘)é oél.é.l,.u‘.))}a GJB&ASL;LQW S
w‘w‘owu;oﬁuyow‘)}d‘f ;m.»a U‘Jj))‘
Seebas oz Pl S Gln 655 ssba s,
s, 8 4 B SS sbcwy o OVl

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



K g 5 AESS Jgile (sloalaimo by iy S8 oy 58es caoy 090 0 bz St g (P 00lile ol Yy

0032 late L5 blis aen ;o calaizes £33 59 50 sl bz
el Rl ogdge o Dy 4 LiSz gl
9 ooy (Seeliadgyied o Sles Ssue 4 e L y> byl
2 odle oo (25 Sl > 5l (56 65l 2l rals
Sl ploy (1alS crge (85 2 Slapl > el
b e eelel by Gl A ead Gy s 55
ATyl ol 0sbn ogmrme iy S lacasy
5 ,50os dguty 5 (Seoliudger lacuwl jialS 5 cesdiese

.JJ)L) —

(1)) (=)

4
3
2
1
0
0.005 0.010 0.015 0.020 0.025 0.030
R [m]
< Numerical M lab3a
® lab3b + lab2

lab 1
2

(&l :FDA & s 5O Ol sy Ao lie —(F) IS0
(CFD) Lo 6)L““L-“’ Ja.wy 0l Fon e a8 yun )5.';;‘[5

ik s (510 g gy b oaii g yuSosluil S pus ,95lS ()
O ey et by anolie () 5 [YA] (PIV) )3
2EislosT 2l 5 (o5lwand slaosls

Pressure
Contour 1

1.856e+04

| 1.752e+04
1.648e+04

15456404
1.4410+04
1.3376+04
12340404
1/1300+04

B 10260+04

| 9:2250+03
| 8.1880+03
| 711526+03
6.1156+03
5.0786+03
4.0410+03
3.0050+03
1.9686+03
[Pa]

alagors b ol e oy (o dyi Hlad He5lS -(0) S
S Sorl>

Selisn wrge G Sey (ol el oald 85 I )0 Gy
48, g Sl 50 4y (6399 ke 45 S pus by s oS
GalS s opdle 350 Lulid ol 5l solital ol ol sl
bl BB 5 yine 125 (oe 5 (oole Hla )¢ Glowlons aiy 50

JPESWICPIRRETR

s sl g Sl g, S o &y 425
g lae lojlu (o8 SIS ooy dse) Ho (oo Slalas
Sy cww gz ye Joe So (FDA) sosis oYL g9)l
5o oad asll Jlee SO plee 4 Jow ol sl 00,8
Gode o ciu i SB35 U 09, 00 )15 4 alite Db
ol e e S byl elBiabeyl sleesls L oavslie o
9y meime gl FDA ez 0 oy 5l 5 (ragsy
Lyl s 50 5553k s e g luad .ol solaswl (goue
oZ> (20 9 4B )3 590 YO+ (Sl Zepu b Gllee
i como o, Gl cal a8 )T sll adds I P
Foghe WY 5o &8ly Slamio 5, » S pe slodidsn
Ival was 2l el oy (oYU maw 51 5wl

Gl ppear ool L adlhas (pl gooe mmls auslis
30 el oas yiiie FDA Lwg oS PIV) &l,8 ceyu
OS] a5 v co Hlis baidl cwl ool &l F S
slaools 5 goae (gjlwancs 3l oaw] Caws 4 s Sile
O oKioleD) 708 b Bb oKiule;D) VA o 2Kl
o3 Joo cawlio Cdo g colaS samoylid a5 Cawl yusie
Ival wab oo oolinl o590

=W -y

WJow Ol gl ey oy jLid ,gulS @bl (i 5o
S G93 liee 9 (D G @g e e S0 &5y
el 0dl 155 9 48,5 )18 (c) 2 3590

G Sl ey @ oy JLad ,euls g 0 Gla S o
i AET g3l alaime b oad >hb 18 oS
Sl oas ooly s alSgs  Jgil>

P A ey B Sl by bshs A 5V sla SO 5o
WSS gyl alaie b oad >hb o8 KaS Ceay (6l
Lo Vo) Canloads ools lis ailfgs Jgjlo alrame
bohas a5 098 oo onnlive LSS (ol & 4295 L (oL

1 Validation

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



Yey YPA= YYD OFF Sl o o)l 0 050 ¢ i) (Kb (omiiiigee (5% 523 G

Velocity
Streamline 1
4.507e+00

| 3.380e+00
2.254e+00
1.127e+00

3.914e-04
[m s?-1]

b s S8 cny S Jlw 0l 2 bghas (M) S
45'55.) ‘Saj)bd.]aw
6‘;} u.u).v aQ k:A-CJ-HJ le.(b)bﬁ é’)?" AR 9 q 6'.@&)&«.4 o
BESS Sgjl> adnass bonls 2lb o8 SIS slocy
aS e len .l oud ooy lis ailEgs Jgjl> alaaxes o
30, 50 b ol wad oo cdwlin b JSE pl o
DD 5 S g9 039 )95 (o (S8 G0Ny
JA@ 9 p.la.uo Aij) ) s G>‘y BRIpuet-gow 6le)‘o).g
90 2 434S Cowl QT4?93 FB ST i o lis 1) Jeud
bla S b azg LB Jowe ololecel b >lg o >l
D god 0ddlive )b > s j0 oS

Veloc
Vector

. 4.220e+00

3.166e+00
2.111e+00
1.056e+00

1.583-03
[msr1]

b ol SaS my S oy sl oy 55 (1) IS
SEST Syl alaions
Vel
o
32310400
21540400

1.077e+00

0.000e+00
[m s™1]

b ol S8 ey S e s lojlo aje5 —(V+) SIS0

Pressure
Contour 1

1.813e+04
1.705e+04
| 1.598e+04
- 1.490e+04
- 1.382e+04
- 1.274e+04
| 1.167e+04
1.059e+04
9.511+03
8.433e+03
7.355e+03
6.278e+03
5.200e+03
4.123e+03
3.045e+03
1.967e+03
8.897e+02
[Pa]

bz b (8 SaS Geny oy JLaS 585 -() S
a9 (S3l>

by cansl 02 lice LB 55 A 5V clo IS5 0 a5 jsb lan
Sosl ki jlaS (> o ey (25,5 4L 0 Sl
aais gLl a5 sl U 5l S i soliul wilSss
0aip3 )Lis ¢ g, o ol Cpl il ST Sg5l>
e 53 (Sl e 285 ol FeSlESs @)
olils fals carge Gl SRy o Sl gy TS
ax ;0 9 095 p odd]lesl A ot el s
B8, b e S sk 400 5 o0 S8 e Jleial als
3 alSgs abizms aigy (Soslidgen o Slae w50 by

sl G alaies b anolie

Velocit?f
Streamline 1

4.220e+00

- 3.166e+00
2.111e+00
- 1.056e+00

1.583e-03
[m s7-1]

b (8 SeeS ooy 21 Jlow b2 bghas (V) S5
WSS Syl alasss

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License



K A5 5 4I5S g oo b or ey S5 S o o 5,8 (55 o S 5 o il rre

Wall Shear
Contour 2

9.697e+01
9.091e+01
8.485e+01
7.879e+01
7.273e+01
6.667e+01

Wall Shear
Contour 2

9.697e+01
9.091e+01

S) (ol SoS ooy il (B A @i -(V)) S5

(s 5 909,

Wall Shear

Contour 2
1295402
1.214e+02
1.133e+02

Wall Shear
Contour 2

abbizme b (8 S oy (hp GBS 235 (V) UG
() 8693 (Sg5lo alaizs 5 (V) ST g3l

Single Cutwater

ol S ey sl gy S o jLid a5e5 (1Y) S8
AESS Syl abama b

slajloy phite @y g oo Glaals S e izen
Seeldgyoee o Slos 5 (L2 g lal eammsplis e
Slcwey (b 5o onga b Shy onl ol ooy osllas
o slpl,e a5 L ols ol coenl BB SWS
Sl & e algie ol ST ol 5 S,
gl (Spaliydgan Sl plo § S8 9> by i
245 el 55 gl Wibe oy (gl s (IS sy
Sigeds |y g9 Gl Wiy ead b gui Sy 90
aS Sglas ol b aisS Colom P! Blas b g oo J S
S SIS 5 ol Al 9d (Sgil> aladone b g Sy
A2 oo ylid og5

izl Glr a4 (o A5 i AT 5 la Sl s
9 9n9) slales ;0) &gy Jold (8 S5 oy iz
Wlfgs Jgplo alhaos g AT Jgjl> abrass (ol
Oy A5 a0 oo lis gl Judow ol oals ools i les
JLasl Jowe aily p sloo sy (6999 (>3 )0 (Sh 0 25 polie
oaisSlaz sload &gl ;o 9 Sgjl> alhdses 4y uil) alg)
=9 (':Jau ‘JJLM 30 09 o0 oupliv alaxe I ub).>
Rl 4 S $5omb G A gsbe sl JUls
305 oo (S5 sl ok

s JLL VAIYF L ol BT Sgpl> alaass jo (0L
odal Cawd s JLL VYIVY L ol a8 g0 Sg3l> adaimae jo
oaipslis @ilSgo alhiore (o Lhp (A eS lade .o
o 8les g sroge Slilizél gals (b ,m eSSy &l
G5 @ ol el oSy Gl Fogthe (Sealusges
b g CaS s iy SlaS s B LD p
WDae Yok lao )5 ;0 0hg 4 9918 ooy (S5 )85l
oy 63,8kes jee b IRy Sl (Bl palS 5o
atlie 5o ABSaS

el SLbL s jlad aje AT 9V sla S8 s
o> aasze b oo L?‘)‘b b S8 lace &ly
WSS Sojle alaions gly 990 oo cdalie 4 455 Lo
Jilis o il e o il alyy SLbI o JLid ajy
oo &ily p gelrm (p)lke LS @98 shils algs u Sy
i ) g el Gy iy el 4 e oS
535 on omg el SlSe s Shac

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



Yo VYA YYO OFF 5l ¥ oyl ) 690 « o) Sy oo (S p G

VEFR) asmlb alyy mhw jo by 5 Sk
5SS g anils JIE (So5elesed (pal 0ogazme o (JSuly
w5 el el L5 Slalllae 5 ot b5 i polie
Ay oUlg BSLS cy waz )b &S s e La
wothe S5 )5k 5l b (e jo 5wl ) cnlie jLid

Cewl )“5)9’.')!

slagiogs boad (>lb I SLS oy anslio - (F) Joo

)A.>| 0l SO
5SS s oy oy
"Ji o | LvAD2 | LVAD1 »
" X
® &f}‘b 9 G"L‘) s °""!»Q'°l") S,
(292 0D 1 (18] ison | (YA] ol isan
gy ki
YA b oY 92 S
(o o)
S
5 5 5 e
(aads p» =)
TOC
vo- - vo- - Y- - 3R e
(4885 ;0 )99)
Led il
aA yod Yo D
(0522 yio shee)
s (Sl
VE/FR Be 3l peS ve 5 b G
(JSby) ails 5

Sxy g (6 5 azxs ¥

Slegoge 5| (S o)lsan iy S oy i (b
Ol yo el 00y SilSag o (Sijy (owdige 039> 4O pieo
YA B3 L e (o S ey ol alls S0 g
o3l ool L 5 55 5,55 4l oyieshe
>lb sy, a5 b CATIA , CFturbo 2023
)'| ,5955 AR Jobu GJ-L‘-% 6‘)“) axJlas u.»‘ 9O 0d
ool el il iy Sldllas jo ouls 5155 gladises
QT}looMIO&lsowW%owlgﬂU@)ﬁ
6,.1.9&@5 t5u°‘~.~""°‘3~ )...L:.: ‘(_gal.a.ﬂ [WERTRE L: 6L‘°°):‘)l5 )
sl jo Gollas o Sles caely g o5l oo pol,8 1) cuils” LB
alroste dwdie ),ul.: bl ke 4 casl says I S-S
O 22595 9 &8 sl lo )b > bl lis sla,quls
Q,,AL"A.UQG odds (b (gui Sy g0 e aS sl lid by
SeS ey Su e 0 Ses 6l 5l 09 ST e s (20
wialcawsds s ool (J ol b asiis o b
o kb o b alfge Sgil> alaime gl sl

Cutwater 1

Cutwater 2

oSS oy sl g BLEL o JLad w5 (V) Ut

6‘)‘0 6@0_«@ “)5..33‘;3 culiwe Y JB» )Q as Q;ULQ.Q
W9 Szl abaiss b gou Sy o Lol ooy LSy Lo s
5 9o, YWY Gl 4 cdp i b (oSl jlade
Gele 4 Cad do,0 YYIY e a0 C8B g5 ol
oaipslis a5 cl adl, elS GBS Jgjl> alhios
ol 9 7S G55 Sl 5 gy (Seslinog ;00 o Slos

Wbl (b

OML_?‘)-L’ ‘_ngbw 60)5.14)& 6L‘°)M‘)L‘ ML"‘ - (v) Jj"\?
al5ge 5 AT Ggjl> ahaione (sai Sy 90 50

g -
Sl Sl ol
ailFgo SESS
YA YA (racske) aily  5lad
s fleb
VWA Ve S
(o922 yo i)
&l - B Sl
Y/ Y/ 252 ot G e 5
(JSsb)
TR T
VYIV VEIYE 2t G e 5
(Jsb)
YRR YRR (o) iy jo 85 g5 5yl 5ae
[++Y [++9Q (So o) alrizs ;o 8B e lme

il (b GBS ey 5330 2Lyl sk 4
Alas 90 5 Jidgh opl ;o osslowsd mls le sl s
288 el Yo o VoYF lolo o 3l onds it
5 aily el il ool aMS ¥ Jaam 0 a5 joblea
S S gS IV g (nl )0 ead b (BSLS ey
S Jb o el i Sldllas o 0ul 3155 sladiges
A 5o pleSa ladae (oales )3 Glied Sy 5 (L (20
S Lid il el il solgiiin b Cansl 0 41 S
305 sl o] e a5 WS slomyl sge> e Loe AA Jsles
WJ ol b (ogu oo Vo) LVAD 2 (i

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



K g 5 AESS Jgile (sloalaimo by iy S8 oy 58es caoy 090 0 bz St g (P 00lile ol yyr

Sl 5 rige olilizél als ol > Sosles
wilbioe Hhb nl 3 oS So>

cilo aigze g ool b s GES gsl> aliimes
gy BLLI o JLas o el gy 5e8 Judo 4 Lol il oo S
45 29 o0 0l laBLL g cdd (59, b (Flad (59,
gy (pl 00,5 Olihd Jay pw Sl Eely wilgs o
Aoz 3l cny (SlSe (slizl plinog; Mgl oy kel
sl ool opdle s Jlis 4 1y banol 5 laglbl
b 2195 9 (255 5 slapl 2 JoSois dxins S5 SS (595l
o] Al e 45 oy sl YU s i lol,S
h c8B 595 Ol g 00,5 o)y (o5 sladshe 4 (Sl
(Sl 5 goladl sblie 3929 b eonlply wms oo (I3
sl Sasatly )o Casl (ySae G55 aliims 5l ooliul
oo (s Bl 5 (Seoliadgen o Sloe p gllasl
3,18 sl il S

s o)l me alawly 4y alfgs (Sl alaions ¢ hlie o
29 =l Gy s Kot pal 4 i lyy (ool
Syl 2050wy Sl (Sl o Slee as
Gl 1) banol 5 Ll s elus (sli2! SOl
Soe SYeb o 1) ey 60 Sles Lol o llE g ool
b abiios g95 onl g )lite (b (rizmen om0 Gl
5 el Glai pas 5l (LU slaab S Gl rals
SIS S wxge (5 slaghr ilesgac
5% peltae jsbds pal (pl s 5 (LB A5 alS g oL
b G Sy S5l 5 039 She B 9> 25 elS
i 5|

5 G)ele Glo Saory a5 Clils dxgi Wl wezg cpl b
ol b b e Lol sla il alox 5l adgs YL slaa o
Suglglas (alpd )0 (b Gl b digd oo Cgmaime (00 Sy
2 Jsb Gl G Sl eSSk
2L gl Gaay (Sesludgen gyluly )] g (60, Ses
Shiae g dinge lansS Oy AlSgs (Soil> alaime
2SR

&0
[1] Dembitsky WP, Adamson RM. Opportunities
and challenges for LVAD therapy now and in the
future. Ventricular assist devices in advanced-stage
heart failure. 2013 Oct 19:1-22.
[2] Cleland JG, Gemmell I, Khand A, Boddy A. Is
the prognosis of heart failure improving?. European
Journal of Heart Failure. 1999 Aug;1(3):229-41.
[3] Starling RC, Naka Y, Boyle AJ, Gonzalez-
Stawinski G, John R, Jorde U, Russell SD, Conte JV,

9O 09> ).».A‘SL..A \YF la ML&A O 09> )msLm YA ).3‘).3
&)l g s S8l (Sdgyae o Slas L5 SS Sgjl> sl
Olis allgd (S 55 (2,5 HLad SRl cul e o
&g Sl s eom b g s o] i ol e
ol dladms £95 ol SYL 203L 5 bz 5 ol

20lie (p jdn b (Ply 45 a0 o0 GLiS (398 S (o)
gl Jlail Jome ily py sloop (50959 SLbI )3 (b 15
sload Sjolme )3 rizen 5 (Soil> abaie a4 A,
(blie o aiie 5 eie balhase (9,0 b > caSlos
saalie Lo JUIS 35 ablie 15 (o 25 polie (o 558
oeals el 2y Al o i jmelS pl a5 ol
ol 3 5 95500m (G slolsl & 08y (SKlSe (slo]
2,00 (97 65l Sgnte 53 (soter SR b

WSS Syl alaame jo (JSLL VF/FAL ol aily o
L.»J.g‘).g 45[)’50 (5:9)1> aladso P9 J&mb V2IVY la ﬁ‘ﬁ
el s 4 JIKwb VYV

slayelb 5l (S plpedr (Ghp A5 Cuenl 4 azg b
ol 5l S selcasods mls «dlS g3 aul g o oS
Sles i sl S slacaw] e 2ol 48 55 55
SaS sy Dawaly oo S j0 ohad aje )
9 pled Gl g anlsSl (b (5519 590 2l ) ((ilas
LI FLION- 5| ES FOWERIN - B WO SHEURIT-L S € OV K
SISe gl sl S8 e el (iaghy cnl 5o
A el by e Ve e gl eads b gladlaases
e LoNY by aily  j0 OIS o3 e a5 o oo i s
@9}1? A.Lir.é?u)o 9 of++9Q ).3‘).) FHIgE L,>_>5)J.> tﬂa_é.‘?u)o
o3gaze aASyl 4y az gl bl o doyo /e Yl alSes
Sl Sl SeS el il lagesy jo L8 s Ll
ol yoead 2l glaciy sl ol (5155 78 5l S
b ol 18 o jlalinl jlre eogaste jo gk
5 AESS Jejl> abhase o OBl (8 SeS slocay
ofles 0 e 8 Al gyl alaise
Sl Bl Se lacun] (el (( Sealusgae
Sl bl slag s

Wl g Sgjle aaame (0 a5 aas o lis Jieghy opl @l
S 9> e g doye YV Lhy i ke e
sl yrals GlECS Sgjl> aladons 4 Cod wo s YYIY
&8 oty Seeliusg o o Slee casolis aS Cul

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



YYV VYA YYO OFF 5l ¥ oyl ) 690 « o) Sy oo (S p G

of computational fluid dynamics analysis of blood
pumps. European Journal of Applied Mathematics.
2009 Aug;20(4):363-97.

[15]Hund SJ, Antaki JF. An extended convection
diffusion model for red blood cell-enhanced transport
of thrombocytes and leukocytes. Physics in Medicine
& Biology. 2009 Oct 7;54(20):6415.

[16] Burgreen GW, Antaki JF, Griffith BP. A design
improvement strategy for axial blood pumps using
computational fluid dynamics. Asaio Journal. 1996
Sep 1;42(5):M354-359.

[17] Kobayashi M, Horvath DJ, Mielke N, Shiose A,
Kuban B, Goodin M, Fukamachi K, Golding LA.
Progress on the design and development of the
continuous-flow total artificial heart. Artificial
organs. 2012 Aug;36(8):705-13.

[18]Paul G, Rezaienia A, Avital E, Korakianitis T.
Machinability and optimization of shrouded
centrifugal impellers for implantable blood pumps.
Journal of Medical Devices. 2017 Jun
1;11(2):021005.

[19]Miyazoe Y, Sawairi T, Ito K, Konishi Y,
Yamane T, Nishida M, Masuzawa T, Takiura K,
Taenaka Y. Computational fluid dynamic analyses to
establish design process of centrifugal blood pumps.
Artificial organs. 1998 May;22(5):381-5.

[20]Qian Y, Bertram CD. Computational fluid
dynamics analysis of hydrodynamic bearings of the
VentrAssist rotary blood pump. Artificial organs.
2000 Jun 1;24(6):488-91.

[21]Warsi ZU. Fluid dynamics: theoretical and
computational approaches. CRC press; 2005 Jul 26.
[22] Untaroiu A. LEV-VAD2 axial flow blood pump:
optimized flow path design by means of
computational fluid dynamics. University of
Virginia; 2006.

[23] Murashige T, Kosaka R, Sakota D, Nishida M,
Kawaguchi Y, Yamane T, Maruyama O. Evaluation
of a spiral groove geometry for improvement of
hemolysis level in a hydrodynamically levitated
centrifugal blood pump. Artificial organs. 2015
Aug;39(8):710-4.

[24] Timms D, Fraser J, Hayne M, Dunning J,
McNeil K, Pearcy M. The BiVACOR rotary
biventricular assist device: concept and in vitro
investigation. Artificial organs. 2008
Oct;32(10):816-9.

[25] Punnoose L, Burkhoff D, Rich S, Horn EM.
Right ventricular assist device in end-stage
pulmonary arterial hypertension: insights from a
computational model of the cardiovascular system.
Progress in cardiovascular diseases. 2012 Sep
1;55(2):234-43.

[26] Yamane T, Kosaka R, Nishida M, Maruyama O,
Yamamoto Y, Kuwana K, Kawamura H, Shiraishi Y,
Yambe T, Sankai Y, Tsutsui T. Enhancement of
hemocompatibility of the MERA monopivot
centrifugal pump: toward medium-term use.
Acrtificial organs. 2013 Feb;37(2):217-21.

[27] Nammakie E, Niroomand-Oscuii H, Koochaki
M, Ghalichi F. Computational fluid dynamics-based
study of possibility of generating pulsatile blood flow

Aaronson KD, McGee EC, Cotts WG. Results of the
post-US Food and Drug Administration-approval
study with a continuous flow left ventricular assist
device as a bridge to heart transplantation: a
prospective study using the INTERMACS
(Interagency Registry for Mechanically Assisted
Circulatory Support). Journal of the American
College of Cardiology. 2011 May 10;57(19):1890-8.
[4] Ea R. Long-term use of a left ventricular assist
device for end-stage heart failure. N Engl J Med.
2001;345:1435-43.

[5] Wohlschlaeger J, Schmitz KJ, Schmid C,
Schmid KW, Keul P, Takeda A, Weis S, Levkau B,
Baba HA. Reverse remodeling following insertion of
left ventricular assist devices (LVAD): a review of
the morphological and molecular changes.
Cardiovascular research. 2005 Dec 1;68(3):376-86.
[6] Slaughter MS, Rogers JG, Milano CA, Russell
SD, Conte JV, Feldman D, Sun B, Tatooles AJ,
Delgado Il RM, Long JW, Wozniak TC. Advanced
heart failure treated with continuous-flow left
ventricular assist device. New England Journal of
Medicine. 2009 Dec 3;361(23):2241-51.

[71 Dembitsky WP, Tector AJ, Park S, Moskowitz
AJ, Gelijns AC, Ronan NS, Piccione Jr W, Holman
WL, Furukawa S, Weinberg AD, Heatley G. Left
ventricular assist device performance with long-term
circulatory support: lessons from the REMATCH
trial. The Annals of thoracic surgery. 2004 Dec
1,78(6):2123-30.

[8] Hata H, Fujita T, Shimahara Y, Sato S, Yanase
M, Seguchi O, Sato T, Nakatani T, Kobayashi J.
Early and mid-term outcomes of left ventricular
assist device implantation and future prospects.
General Thoracic and Cardiovascular Surgery. 2015
Oct;63(10):557-64.

[91 Thompson LO, Loebe M, Noon GP. What price
support? Ventricular assist device induced systemic
response. ASAIQ journal. 2003 Sep 1;49(5):518-26.

[10] Genovese EA, Dew MA, Teuteberg JJ, Simon
MA, Kay J, Siegenthaler MP, Bhama JK, Bermudez
CA, Lockard KL, Winowich S, Kormos RL.
Incidence and patterns of adverse event onset during
the first 60 days after ventricular assist device
implantation. The Annals of thoracic surgery. 2009
Oct 1;88(4):1162-70.

[11]Apel J, Paul R, Klaus S, Siess T, Reul H.
Assessment of hemolysis related quantities in a
microaxial blood pump by computational fluid
dynamics. Artificial organs. 2001 May 1;25(5):341-
7.

[12] Arora D, Behr M, Pasquali M. Hemolysis
estimation in a centrifugal blood pump using a
tensor-based measure. Artificial organs. 2006
Jul;30(7):539-47.

[13] Grigioni M, Morbiducci U, D’Avenio G,
Benedetto GD, Gaudio CD. A novel formulation for
blood trauma prediction by a modified power-law
mathematical model. Biomechanics and Modeling in
Mechanobiology. 2005 Dec;4(4):249-60.

[14] Behbahani M, Behr M, Hormes M, Steinseifer
U, Arora D, CORONADO O, Pasquali M. A review

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



K g 5 AESS Jgjl (slmalaiono b iy S8 oy 58s caoy 09 L3 0 Sltend 9 (Pl odlile ol YYA

[40] Anagnostopoulos JS. CFD analysis and design
effects in a radial pump impeller. Wseas Transactions
on fluid mechanics. 2006 Jul;1(7):763.

[41] Gulich JF. Centrifugal Pumps. In Centrifugal
Pumps 2019 Nov 23. Cham: Springer International
Publishing.

[42] Yazdanpanah-Ardakani K, Niroomand-Oskui H.
Designing Centrifugal Impeller of a Left Ventricular
Assist Pump using Point-by-Point Method. Modares
Mechanical Engineering. 2020 Jan 10;20(2):371-80.
[43]Menter FR, Kuntz M, Langtry R. Ten years of
industrial experience with the SST turbulence model.
Turbulence, heat and mass transfer. 2003 Oct
12;4(1):625-32.

[44]Bardina JE, Huang P, Coakley T, Bardina J,
Huang P, Coakley T. Turbulence modeling
validation. In28th Fluid dynamics conference 1997
Jun 29 (p. 2121).

[45] Sahebi-Kuzeh Kanan R, Niroomand-Oscuii H,
Badri Ghavifekr H, Ghalichi F. Design and
prototyping of a magnetically and hydrodynamically
suspended blood pump via multiobjective
optimization.  Scientific  Reports. 2025  Jul
18;15(1):26171.

[46] Sahebi-Kuzeh-Kanan R, Niroomand-Oscuii H,
Yazdanpanah-Ardakani K. Design and simulation of
the right ventricular mini assist centrifugal pump.
Iranian Journal of Biomedical Engineering. 2019 Dec
22;13(4):315-26.

[47]Heuser G, Opitz R. A Couette viscometer for
short time shearing of blood. Biorheology. 1980
Jan;17(1-2):17-24.

[48] Wood HG, Throckmorton AL, Untaroiu A, Song
X. The medical physics of ventricular assist devices.
Reports on Progress in Physics. 2005 Jan
31;68(3):545.

[49] Song X, Throckmorton AL, Wood HG, Antaki
JF, Olsen DB. Quantitative evaluation of blood
damage in a centrifugal VAD by computational fluid
dynamics. J. Fluids Eng.. 2004 May 1;126(3):410-8.

via a continuous-flow VAD. Medical & Biological
Engineering & Computing. 2017 Jan;55(1):167-78.

[28] Moazami N, Fukamachi K, Kobayashi M,
Smedira NG, Hoercher KJ, Massiello A, Lee S,
Horvath DJ, Starling RC. Axial and centrifugal
continuous-flow rotary pumps: a translation from
pump mechanics to clinical practice. The Journal of
heart and lung transplantation. 2013 Jan 1;32(1):1-
11.

[29] Malinauskas RA, Hariharan P, Day SW,
Herbertson LH, Buesen M, Steinseifer U, Aycock KI,
Good BC, Deutsch S, Manning KB, Craven BA.
FDA benchmark medical device flow models for
CFD validation. In American Society for Artificial
Internal Organs (ASAIO) Platinum 70th Anniversary
Special Edition 2024 Oct 3 (pp. 317-327). CRC
Press.

[30] Demir O, Biyikli E, Lazoglu I, Kucukaksu S.
Design of a centrifugal blood pump: Heart Turcica
Centrifugal. Artificial organs. 2011 Jul;35(7):720-5.
[31]Fang P, Du J, Yu S. Impeller (straight blade)
design variations and their influence on the
performance of a centrifugal blood pump. The
International journal of artificial organs. 2020
Dec;43(12):782-95.

[32] Ozturk C, Aka IB, Lazoglu I. Effect of blade
curvature on the hemolytic and hydraulic
characteristics of a centrifugal blood pump. The
International journal of artificial organs. 2018
Nov;41(11):730-7.

[33] Kannojiya V, Das AK, Das PK. Numerical
simulation of centrifugal and hemodynamically
levitated LVAD for performance improvement.
Artificial Organs. 2020 Feb;44(2):E1-9.

[34]Jing T, Cheng Y, Wang F, Bao W, Zhou L.
Numerical investigation of centrifugal blood pump
cavitation characteristics with variable speed.
Processes. 2020 Mar 4;8(3):293.

[35] Wiegmann L, Boés S, de Zélicourt D, Thamsen
B, Schmid Daners M, Meboldt M, Kurtcuoglu V.
Blood pump design variations and their influence on
hydraulic ~ performance and indicators of
hemocompatibility.  Annals  of  biomedical
engineering. 2018 Mar;46(3):417-28.

[36] Jabbarifar M. Numerical study on hemolysis
induced by speed-changing heart pump. Modares
Mechanical Engineering. 2018 Apr 10;18(2):273-80.
[37]Han X, Kang Y, Li D, Zhao W. Impeller
optimized design of the centrifugal pump: A
numerical and experimental investigation. Energies.
2018 Jun 4;11(6):1444.

[38] Yazdanpanah-Ardakani K, Niroomand-Oscuii
H, Sahebi-Kuzeh Kanan R, Shokri N. Optimization
of a centrifugal blood pump designed using an
industrial method through experimental and
numerical study. Scientific Reports. 2024 Mar
28;14(1):7443.

[39]ISO. ISO 14708-5:2010, Implants for surgery —
active implantable medical devices — part 5:
Circulatory support device Arlington [Internet].
Geneva: 1SO; 2010 [cited 2018 Sep 18]. Available
From:

https://www.iso.org/standard/52779.html.

Copyright © 2025 by ISBME, http://www.ijbme.org - All rights reserved
Thiswork islicensed under a Creative Commons Attribution-NonCommercial 4.0 International License



