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Abgteact: {n ag effort o impgrove and sutomale the Puid
dyraatie desipn of rotary blood pumps. a coupled com-
prational Aated dypamics {TFR shape apbimization
meathodelogy kas bezn developed and inplemented. This
program eouples a Auite sloment Fow simuistion with &
gradent-based optimization rouine 0 mohfy sytomatic
catly the sbape of an mitial candidate blood path, accord-
ing Lo s varioty of desired Jaid dynemic critera. inchuding
shHear stresy, vortichtyiciroybation, and viscous dissipa-
tipn, Prefiymingry cesuofs have lod 10 both niumtive aod
pereipptLt it ve (pansformations of the initial bleod fow

paths for both ternat andg exernad flows, This applica-
tion of computer design opeimization offers the abitity o
expbore o reich beoader desipgn space much more effi-
clentiy than would be possibie with traditionsd parimeric
rruerirds . I 1% bedinved] that this CompiEer toof £an assist
devatopars of rotary bood puings in desigoing bMood.
wellyd components thal penimize thrombosis and hemo-
Pygid while simulsaneausiy providing maximum flaow
serfortrance.  Key Words: Comgsuitationasl fuwd dvisam-
Ws——fdesiam optimdzation-—Shape optimization—Blood
trauma-—Artificial organs—hathematicnl models,

The desire Lo develop s rotary blood pump that
simultaneousty satisfies the competing reguire-
ments of satisfactory hydrodynamic performanse,
minimal shear versus exposure Hme. minimat acesel-
erasion forces, absence of cavitation, acceptable
physical size, and maximuam efficiency loads to a
chalienging problem in design optimization. The
camventional design process wsed in biood pump
development has traditionaly relied heavily ot
parametric empirical analyses and trialand-crroe
methods. The process of fine tuning many design
pararmmetens is A thne-intensive and Ishorious pro-
cess, and the successes achioved o daze imdesd
begsr testimony o the ingesuity and persistence of
the inpovators in this feld, However, future efforts
io redesign these devices or to develop new devices
For differeny applications will necessitate repetition
of the entire arduous empirical process, In addition
to its cost and inefficiency, this approach cannot
grarantee the best possible finaf design,
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Advapced computational methods, sush 25 com-
prutational fwid dynemies (CFD), offer an opportu-
oily 4o pactiafly facilitate this design process. They
cen permt novel concepiuat designs 10 be explored
and evaivated pror o cxpensive prototyping and i
vitre testing. However, for these technicues to re
ceive practical application as & degign too! in the
early stages of blood pump development. further
advances will be neaded on at least thiree ey fronts:
improved madels to dascribe the governing physics
of tleod Jow, Improved criteria for relatimg the bulk
pheromena of serformance and bocompatibility to
the microscopic festures of the flow, and aulomated
atgonthms for updating and refiming the desigs
based on microflow features identified {1.2) The
focus of the curvent work is 0 address these re.
guirements by soupling computerized numerical
optimization with CFD analvsis into an integrated
How optimization methodology.

Reasearch in zerodynamic design has been simi-
tarly motivated {o couple CFD with npmerical op.
timization o supplemesnt empivics] design fe.g.,
items one and two tom the above Hstd, thus par-
tially automating the design process. The extansion
of this concept 3¢ Mood flow, however, has ver o



be accomplizhed. This paper describes the initiat
development and implemeniation of such 2 coupled
methodology, specificaily intended to evolve flow-
optimized blood-wetted components of rotary
btood pumps. This program integrates a finite ele-
rreret Flow simulation with g pradient-based optiss-
Zation routine to modify automatically the shape of
initial condidate biood paths, according lo a desiyed
index of performance. or “objgctive function.™
This program provides the option for selecting com-
binations of objective functions from a variety of
flaid dynamic paramelers which may directly and
indirecdy cause Mood damage. sech as sheat stress,
vorticitvicircujation, and viscous dissipalicn.

MATERIALS AND METHODS

Formulation of the optimization problem

The gensral apphcation of & chgorous theory of
mathamaticsl onlimizeiicn 1o the destgn of & rotary
higod putny system reguives the ideptification of the
fotlowing ingredients: an sppeopriate index of per-
formance, or oijeckive function''; & set of design
parameters that define the design; & mathempazical
model, or sirmulation, to predict performance for a
given set of parameters; amd 2 means for adjusting
the parameiers to improve the performance.,

This gencral description of the problem may on
compass a wide range of featires of the blood pump
design, The concentration of this current study,
however, is restricted 10 the aptenization of the
shape, or geometry, of & flow path o minimizg
Biood cell trawma and thrombosis, Accordingly, the
chotce of objective function, design parameters,
and system model most be chosen to reflect these
airms . These are desoribed in the following sections,

CHejzoive function sefection

Bt is generally sccepled that the critical fow-
related concerns in rotary pump design are 1o thax-
imize hydrodynamic performance while avoiding
adverse treatment of the blood ¢lements, Serendip-
ilously, flow featires tesponsible for biocompatibil-
ity should alse promate good hydrodynamic perfor.
mange, However, the converse 5 nol necessarlty
true (3

MNamerous basic experimentat studies have dem-
onsteated that high stress lavels can resuit in direct
or deinpved destuction of blood cells (47}, Az a
result, fow conditions leading to wrbulence, jet for-
mstion, cavitation, emd rapid acceleration should be

avoided. Additionaliv, regions of retarded fiovee.

gones of recircufation and stagnation—have been
demonstrated to bear sirong corrsiztion with the
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tdeposition of blood elements within prosthetio de-
vices (8,9, The combination of elevated shear fol-
lowed by separated flow delivers a particularly per-
nicions Uons-two puneh™ {10Y with respee! to
thrombus formation. In such flow Selds, platelets
are sotivated by shear exposure and subseguently
introduced into a low shear environment in which
they are free to form platelet segregates or attach to
adsorbed profeins on the biomarerial surface. Re-
chrvulation zones or wakes following o fow separa-
tion podnt {e.g., at the trailing adge of an impeifer
nlade) can further exacerbate blood damage and
thrombosis since cells entrapped within them may
b axpased to higher concenfrations of platelst ag-
onists for extended periexds.

Bascd on this collective evidence, it can be sur-
mised that design optimization of #Mood-weited
companents should seek o minimize shear siress
versins exposire time, boundary layer separation
teading to rones of 2lagnation and recirotdalion. e
bubesee, excessive particle accelerations. and neg-
ative pressures leading (o savitagon. [n the gurrent
work. three principal fluid dynamie objectve func.
Hons wers ipvestigated that may directhy or indi-
rectly retate to these adverse phesomena, These are
integral of principal shear stress gver the domesin, £

fr= | dV ()
ipterral of vorticiny mngnitude
fzﬂLEI?KvéldV {7

and index of viscous energy dissipation rate;

1
fi=®= [ sDDav o

Here, v i5 the vector quantity representing the three
components of velocitv, and £ is the strain e
tensor equal to Wprad v + fgrad )7L The iatter
itepral quantity represents the viscous shargy dis
stpated gver the domain of the fow field! thes,
directhy relates to ¢fficiency and indirectly retates o
viseous healing, both undesirable conditions with
respect 10 blood damage. The funchon imvolving
vorticity is intended Lo indiregtly indicate the pres-
ence and mapnitude of any recircubation bubbles
thal may be present in the flow. The integral of
shear is considersd as a more direct indicator of
global blood damage, but it is likely o preferres-
tibly reflect Aow within boundary layers or “hot
spots” within the Aow fieid, Each of these abjective
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functions was studied mdependently, noemaiized o
the area or volume of the domain, and i linear
combtnation.

Sysrem modetudTFTY solver

For the purpases of this mitial shndy, the fow of
Blood was dassumed o be governed by the mcom-
pressible Navier-3Stokes and conservation of mass
equations:

Pe g i
P T ER {p) A div(Tpdd)
diviv = £

Here, pis the fluid density {1,083 gloc), and | @5 the
fuit viscosity, The latter is characterized for nor-
mal hlood by an asvinplotic viscosity, u eguals w.,
equals 3.3 oPs, Use of this equation assumes that
blood can be treated s o single-phase homogeneous
Hrearty viscous ek,

Singe the flow equations defiped over complex
passapes by poally found within rotary Blood pamps
do oot rexdiby lend themsealves 1o a closed-form so-
lition, a numedcal approximation of the flow felkd
was soupht, thus enabliing caloulation of the dijec.
tive Functions. A Galerikan finite-slement program.
talored Lo shape optimization. was wnitten foe this
pearpose {11 This program uses guadratic vetocity.
linear pressure elemenis within a mixed farmuolation
of the steady eguations: these ¢lements are known
to b sizble and produce approximations of optimal
order. The resuiong noniinear alpebraic syytem iy
sojved by 2 Nawtan-coniinuaiion method, Anbabyvii.
cal gradients of the objective funciion are computaed
wsing a direct differentistion method.

Ogideizalion Sraegy

The guiding procedure used (o mc;daf} tiwe design
based on the evaluation of the objeciive function,
b, to determibee the next move™” i the design
spaoae can be selectad from saveral families of avail-
able algonthms (12). Metheds that do aot explicitly
require the gradient of the objective fuaction or
constraints, so-called '"direct search™ methods,
were ariginally eppiied to this problem,. These ware
fater replaced by two different gradient-based meth-
odg that were found 1o be muach more efficient a
mathod of feasibie divections {13) and a soquential
guadratic programming algorithm {12}, Unlike di-
rect search methods which rely on enumeration of
the design ipacs. these gradient-based algorithms
reguire, and exploin. estimates of the Eocal derva-
tives angd curvatures of 1he design space, {e.. the
“sansitivity T of the olyective funciion to the design
variabios. Although these sensitivities asre com-

moniy ebiained by fintte Gifferences, this approach
would be fur too rime-conseming for shape optimi-
zation of compiex shapes found in rofary pumps.
Therefore, these desien sensitivities were faund by
analytical ditferentiation of the flow equation at lit-
the addittonal cost bevond the flow stesulation ()

The outline of the gverall shape optimizanon pro-
gramy is depicted schematically in Fig. }. An Inital
geometry is provided o the CFD solver in paramet-
Ac form. The resufting Sow feld §s interprated
termes of the obiective functions. which in furn re
flect the desired design criteria. If the optimat cons
ditions are not satisfied. the design parsmetars are
updated secording to the optimizaton procedurs,
with the assistance of the design sensivviges. The
process 15 repoated unbl an omimal geometry ks
regched,

Specific cases studied

Due to the difficulty of sodving the rge nonlinear
optimizaiion problem of g fully three-dimeasieaal
Impeiier pump, (he shape optimization algorithm
was igitiafly applisd (o two simplified geometries!
internal flow within a two-dimensionaf channsl and
exteensl flow agver 2 pericdic biade cascade,

Two-dimensional Aow channel
A representative flow path within a rotary hiood
prmyp invobves the shanoeling of bleod through a
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