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Abstract In the field of topology optimization for
fluid flow design, there is a specific class of formulations
directed to non-Newtonian fluids. One prominent case
is when the fluid is blood. In this case, in addition to
the non-Newtonian effect, the damage caused by the
flow to the blood (i.e., blood damage) should be taken
into account. Blood damage is essentially given by two
types: hemolysis, which corresponds to the breakdown
of Red Blood Cells (RBCs), and thrombosis, which
corresponds to the formation of blood clotting. More
specifically, in terms of thrombosis, blood clotting
is formed by the aggregation of platelets and RBCs
Furthermore, in order to model throm-
bosis, there are essentially two approaches — platelet
activation (initiation of thrombosis) and platelet
aggregation. However, the computational cost of the
second approach is still considered impractical for real
applications. In the topology optimization field, hemol-
ysis and thrombosis have been normally assumed to
be indirectly minimized by considering the shear stress
(or even energy dissipation or vorticity). However, a
recent work has considered the direct minimization
of hemolysis from a differential equation model. In
terms of thrombosis, the stress levels for damage are
10 times lower than hemolysis, which means that it
may not be sufficient to consider only the minimization
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of hemolysis in the design. Therefore, in this work,
the topology optimization is formulated in order to
take thrombosis into account, computed by a platelet
activation model. The resulting formulation is also set
to consider hemolysis and relative energy dissipation
(as a way to indirectly maximize efficiency). In terms
of thrombosis, the shear-induced platelet activation
model is here rewritten for a finite elements approach,
while also considering the necessary adjustments for
the topology optimization formulation. The topology
optimization is also formulated for a non-Newtonian
fluid model for blood, and the optimization solver is
IPOPT (Interior Point Optimization algorithm). Some
numerical examples are presented considering 2D swirl
flow configurations and a 2D configuration.

Keywords Fluid topology optimization - Thrombosis
model - Hemolysis model - Blood flow - Finite element
method - Automatic differentiation

1 Introduction

When designing blood flow devices, one important
aspect is the minimization of blood damage, which is
essentially given by hemolysis and thrombosis. The
first mentioned blood damage source (hemolysis) is
related to the breakdown of RBC membranes, which
releases the RBC hemoglobin content into the plasma,
and whose excessive occurrence may lead to renal
failure (Garon and Farinas, 2004). Among the causes
of hemolysis, there are the advent of high shear stresses
and the exposure times of the RBCs to these stress
levels, since the amount of damage caused to the RBCs
depends on the exposure time to the higher shear stress
levels (Behbahani et al., 2009; Ghattas et al., 1995;
Garon and Farinas, 2004). Other effects, which are
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normally neglected, are chemical, osmosis and thermal
effects (Apel et al., 2001).

The second mentioned blood damage source (throm-
bosis) is the formation of blood clotting (thrombus), by
aggregating platelets and RBCs in vessels (Packham,
1994), and is normally initiated by the body to pre-
vent bleeding, but may be caused by abnormal condi-
tions in the blood circulation, obstructing healthy ves-
sels. The three main factors that lead to clotting are
alterations in the blood flow, abnormalities of the vas-
cular wall, and alterations in the constitution of blood
(Behbahani et al., 2009; Bagot and Arya, 2008). This
way, thrombosis can be caused by high shear stresses,
stagnation /recirculation, and the contact of blood with
surfaces with low hemocompatibility (Behbahani et al.,
2009; Ding et al., 2015). If blood clotting is formed on
the surface of a VAD (Ventricular Assist Device), it can
compromise the function of the device. Furthermore, if
the thrombus dettaches itself from the surface it was
formed on, it may negatively affect the blood vessels of
the whole body. According to Behbahani et al. (2009),
thrombosis is one of the primary causes of death for
patients with VADs.

The mechanism of thrombosis is directly related to
platelet activation and aggregation. In fact, in VADs,
platelets activate and aggregate (forming blood clot-
ting — i.e., thrombus) due to mechanically induced high
shear stress levels (Sheriff et al., 2013), requiring pa-
tients to take anti-coagulation medications, which may
also lead to bleeding (Fraser et al., 2010). Platelet acti-
vation is closely related to the initiation of the forma-
tion of blood clotting thrombus (Yun et al., 2016). Since
minimizing the platelet activation minimizes the risk
of thrombosis and lowers the dose of anti-coagulation
medications (Fraser et al., 2010), it is an important as-
pect that should be taken into account in the design
of blood flow devices. In high speed VADs, the shear
stresses acting in VADs can reach up to 800 Pa and
extremely high shear stresses may act for short time
intervals in the order of ms (Soares et al., 2013; Kini
et al., 2001; Cheng et al., 2004). These brief durations
of high shear stress levels may be sufficient to activate
platelets and/or sensitize them (Sheriff et al., 2010). Ac-
cording to Soares et al. (2013), this sensitization means
that the previously stressed platelets should not return
to their pre-exposure condition, and should activate at
higher shear stresses (Sheriff et al., 2010; Soares et al.,
2013). According to Soares et al. (2013), the entire shear
stress history must be taken into account to capture
this effect. Another factor contributing to thrombosis
is platelet aggregation (Chopard et al., 2017). How-
ever, according to Fraser et al. (2010), the models for
platelet aggregation are complex and computationally

high demanding, being therefore unsuitable for evalu-
ating platelet aggregation in real fluid devices. It can
also be highlighted that this means that the currently
available platelet aggregation models are also unsuit-
able for topology optimization, since this computation
would need to be repeated at each optimization itera-
tion. Therefore, only platelet activation is considered in
this work for evaluating thrombosis. In order to measure
the level of platelet activation, the Platelet Activation
State (PAS) index is normally used. The PAS index
quantifies the contribution of platelet activation to the
generation of thrombin, which is the protein responsi-
ble for activating platelets (Brass, 2003; Monroe et al.,
2002; Consolo et al., 2016).

Some numerical prediction models for platelet
activation are based on the same formulation used for
the numerical prediction of the hemolysis index (Fraser
et al., 2010). For example, the Giersiepen-Wurzinger
correlation (basic correlation used for deriving the
hemolysis models) can be used by changing the coef-
ficients (Giersiepen et al., 1990; Sheriff et al., 2013).
Some models that can be converted from hemolysis
models to platelet activation models are: linear damage
index (Giersiepen et al., 1990; Sheriff et al., 2013),
asymptotically consistent damage index (Giersiepen
et al., 1990; Sheriff et al., 2013), mechanical dose
infinitesimal damage inder (Hellums, 1994; Nobili
et al., 2008), infinitesimal damage index (Sheriff et al.,
2013), and power law damage accumulation (Alemu
and Bluestein, 2007; Sheriff et al., 2013). In this
work, the considered formulation is the shear-induced
platelet activation model (Soares et al., 2013), which
is not a reuse of a hemolysis model with different
coefficients. It is able not only to capture the effect
of the shear stress, but to capture the sensitization
effect of the platelets, in which the necessary shear
stress levels for the platelets to activate increases if the
platelets are exposed to high shear stress levels for a
certain time interval. However, the original formulation
of this model is highly non-linear, which leads to
numerical convergence issues when solving with the
finite element method (Eulerian approach). For solving
this problem, the original model is rewritten based
on the mechanical dose definition by Hellums (1994),
reducing the non-linearity of the model (mechanical
dose shear-induced PAS model). Furthermore, an
additional penalization term is included in this model
for topology optimization.

When considering optimization, some blood flow
devices that have to deal with blood damage during
their operation are blood pumps (which may be part of
VADs) and bypass grafts. In particular, the mechanical
interaction of the blood flow with the device gives rise
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to the necessary stress conditions for blood damage
(Garon and Farinas, 2004). It can also be noted that
modern atraumatic designs are said to be able to avoid
RBC breakdown (Behbahani et al., 2009). Yet, even
when the damage is sublethal, the RBC damage should
still be reduced, especially when considering middle
to long operations of the blood flow devices, because
the hemoglobin level of blood can rise even under
minor blood damage, and may deteriorate the patient’s
condition, possibly leading to the failure of multiple
organs and dysfunction of the kidneys (Behbahani
et al., 2009).

Among the existing optimization methods, the most
generic is the topology optimization method, which
may distribute solid/fluid over the design domain and
achieve any kind of formats and inclusions. Historically,
it was first considered for fluid flow problems by Bor-
rvall and Petersson (2003) through the pseudo-density
approach. Various more complex fluid flow modeling
have been considered throughout the years, about
which an overview may be seen in Alexandersen and
Andreasen (2020). One important aspect that requires
specific considerations and adjustments to the topology
optimization formulation is the non-Newtonian effect.
The non-Newtonian effect is present in blood flow
mainly by the shear-thinning effect (Gijsen et al.,
1999), which is time-independent and is given, in this
work, by the Carreau-Yasuda model (Gijsen et al.,
1999; Pratumwal et al., 2017; Leondes, 2000). In terms
of topology optimization for non-Newtonian fluids,
some designs that have been previously performed
are: roller-type blood viscous micropumps (Zhang
et al., 2016), centrifugal bladed blood pumps (Romero
and Silva, 2017), arterial bypass grafts (Zhang and
Liu, 2015; Hyun et al., 2014; Kian, 2017), aneurism
implants (Jiang et al., 2017), Tesla-type blood pumps
(Alonso and Silva, 2021), and viscoelastic rectifier
design (Jensen, 2013).

Antaki et al. (1995) were the first to consider the op-
timization of blood pumps with Computational Fluid
Dynamics (CFD). The aspects that were considered
are: minimizing the shear stress as an indirect mini-
mization of hemolysis (Behbahani et al., 2009); min-
imizing the energy dissipation as a mean to improve
the efficiency; and minimizing the vorticity so as to re-
duce the flow recirculation. For hemolysis, in centrifugal
bladed blood pump topology optimization, Romero and
Silva (2017) consider a simplified version of the hemol-
ysis index which is closer to the real hemolysis index
(Montevecchi et al., 1995). The real hemolysis index,
based on the solution of a differential equation from a
hemolysis model, was previously considered in Alonso
and Silva (2021), from the asymptotically consistent

damage index model (Farinas et al., 2006). Although
hemolysis has been previously considered in optimiza-
tion in general and, more recently, in topology opti-
mization, thrombosis has been hardly considered in any
type of optimization. This is attributed to the previous
historical absence of validated models for thrombosis
(Soares et al., 2013). However, it can be highlighted
that thrombosis corresponds to stress levels that are 10
times lower than hemolysis (Sheriff et al., 2013; Travis
et al., 2001; Soares et al., 2013), which means that,
for reducing blood damage (hemolysis and thrombo-
sis), it may not be sufficient to consider only the mini-
mization of hemolysis. The minimization of thrombosis
has already been considered indirectly by minimizing
the vorticity (Romero and Silva, 2017) (or even the en-
ergy dissipation). However, so far, no previous work on
topology optimization has considered the inclusion of a
real measure of thrombosis, which is based on the so-
lution of a set of differential equations (a thrombosis
model), in the topology optimization formulation.

Therefore, the main objective of this work is to
include a thrombosis model (mechanical dose shear-
induced PAS model) in the blood flow (non-Newtonian)
topology optimization formulation. Furthermore, a
hemolysis model, which is selected as the asymptoti-
cally consistent damage index model (Farinas et al.,
2006; Alonso and Silva, 2021), is also included in the
formulation. Therefore, the objective functions consid-
ered in the optimization are given as: minimizing the
relative energy dissipation from the viscous, porous and
inertial effects (Borrvall and Petersson, 2003; Alonso
et al, 2019); and minimizing blood damage, from
the hemolysis and thrombosis values, both computed
from hemolysis and thrombosis models, respectively.
Some of the numerical examples consider the use of
the 2D swirl flow model. The use of a 2D swirl flow
model simplifies the complete 3D fluid flow model
(more computationally expensive), by considering a
2D axisymmetric mesh. It can be considered when
there is an axisymmetric flow with a rotation around
an axis (swirl flow), being able to model, for example,
bladeless blood pump devices (Tesla blood pumps).
The modeling of the fluid flow is solved from the finite
element method, while the material model is given
as the traditional version of Borrvall and Petersson
(2003) augmented by an additional inertial effect
(Philippi and Jin, 2015; Alonso and Silva, 2021). The
design variable is assumed as nodal. An additional
penalization scheme is also considered for the non-
Newtonian viscosity (Hyun et al., 2014; Alonso et al.,
2020), enforcing a low shear stress behavior for blood
within the modeled solid material. The finite element
method is implemented in the FEniCS platform, the
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sensitivities are computed from the adjoint method
(Farrell et al., 2013; Mitusch et al., 2019), the optimizer
is the interior point algorithm IPOPT (Wichter and
Biegler, 2006), and MUMPS (Amestoy et al., 2001) is
the solver of the weak form of the problem, for the
equations that are linearized for the Newton-Raphson
method of the simulation.

This paper is organized as follows: in Section
2, the derivation of the fluid flow models is briefly
performed, alongside the definition of the non-
Newtonian fluid model; in Section 3, the thrombosis
and hemolysis models are described; in Section 4,
the topology optimization is written for the blood
damage models (hemolysis and thrombosis), and
the Brinkman-Forchheimer model; in Section 5, the
numerical implementation is described; in Section 6,
some numerical results are presented; and in Section 7,
some conclusions are inferred.

2 Fluid flow equilibrium equations

The continuity equation and the linear momentum
(Navier-Stokes) equation are used to model the fluid
flow, whilst considering incompressible non-Newtonian
fluid at a steady-state flow regime and a rotational
reference frame. The formulation also includes a
porosity model and is mainly presented for the case of
considering the 2D swirl flow model, but the necessary
changes for considering a 2D model are also mentioned
(Munson et al., 2009; White, 2009; Romero and Silva,
2014)

Vev =0 (1)

pVvev = VeT'+pf —2p(w/\v) — pwA(wAT) + f () (2)

where v and p are the relative velocity (in relation to
the rotating reference frame) and the pressure, respec-
tively. The fluid properties are given by p (density of
the fluid), and p(4y,) (viscosity of the non-Newtonian
fluid). A body force acting on the fluid per unit vol-
ume pf is also included for completeness. The inertial
forces from the rotating reference frame are —2p(wAv)
and —pwA(wATr), where A denotes cross product. The
radial position in the fluid with respect to the rotation
axis is given by » (in 2D swirl flow, it is equivalent to
use s, which is the position of the fluid). The resistance
force of the porous medium, which is the additional
force term considered in topology optimization for mod-
eling the solid material, is given by f,(«a), where « is
the pseudo-density (i.e., the design variable in topol-
ogy optimization), with values in the interval between

0 (solid) and 1 (fluid), and T is the fluid stress tensor,
which is defined by

1
T =2u(Am)e—pl , e= g(V'v + VoT) (3)

When considering the 2D swirl flow model, the
definitions of the differential operators are changed to
their cylindrical coordinates counterparts (with respect
to the usual Cartesian coordinates differential oper-
ators). The axisymmetry assumption of the 2D swirl

ov, __ 0O _ Ov, _ Op __
flow model means that Zp = T = S = 25 = 0,
leading to:
s=(r, 0, 2) =re, + ze, (4)
v = ('Um Vo, Uz) = vrer +v9e9 + v €, (5)

Z
Cylindrical A v
coordinates Q ?2
Ve Vr
Axisymmetry 9®(l" Z) _7«

Fig. 1: Illustration of the 2D swirl flow model.

The resulting finite element formulation is further
detailed in Appendix A.

2.1 Non-Newtonian fluid model

The non-Newtonian behavior of blood is mainly led by
the shear-thinning effect (Gijsen et al., 1999), which
is time-independent. The shear-thinning effect may be
considered through the Carreau-Yasuda model (Gijsen
et al., 1999; Pratumwal et al., 2017; Leondes, 2000),
which is given by (Cho and Kenssey, 1991; Bird et al.,
1987)

i) = poo + (o = o)1+ (Wfm)) = (6)
where a is the Yasuda coefficient, n is an exponential
factor, A is a time constant (characteristic time), pg is
the maximum (low-shear stress) dynamic viscosity and
oo 1s the minimum (high-shear stress) dynamic viscos-
ity. It is possible to compute the shear rate magnitude
(scalar shear rate) 4y as (Lai et al., 2009)

Ym = V2e€0€ (7)
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where € is the viscous stress deformation tensor € =
1(Vuo+VoT), and “ « 7 is the inner product, as defined
in Gurtin (1981).

3 Blood damage modeling

As a requirement for computing the blood damage,
it is necessary to compute the shear stress magnitude
(also referred to as scalar shear stress), which acts on
the blood, having an important role in blood damage.
For this computation, there are two main approaches
(Arora et al., 2004, 2012): stress-based (based on the
shear stress computed in the fluid) and strain-based
(based on RBC distortion and viscoelastic deforma-
tion).

Since the strain-based approach requires the com-
putation of a tensorial equation (Arora et al., 2004,
2012; Barthes-Biesel and Rallison, 1981), which may
pose a high computational cost, the stress-based ap-
proach is considered in this work. The stress-based ap-
proach considers immediate deformation of the RBCs
— which is unrealistic when considering physiological
conditions (Pauli et al., 2013) — and does not take the
residence time (i.e., the interval of time in which the
RBCs are inside the device, affecting the RBC shape
distortion) into account, which is normally small for
blood pumps (Pauli et al., 2013). These assumptions
mean that the stress-based approach should lead to an
overprediction of the blood damage (Pauli et al., 2013).
In the stress-based approach, the shear stress magni-
tude can be given as (Tesch, 2013; Arora et al., 2004,
2012; Alemu and Bluestein, 2007; Wu et al., 2005)

T = V27T, T = i(3) (V0 + Vo) ®)

The equations in this Section are presented accord-
ing to the 2D swirl flow model, but they can be con-
verted to the 2D model by omitting the “27r” (or “r”)
factor in the equations.

The local thrombosis and hemolysis values, which
are Ipas (local PAS index) and Iy (local hemolysis
index), respectively, are considered with 15 degree in-
terpolation (P; element) in the finite element modeling.

3.1 Thrombosis modeling

For numerically modeling the PAS index, a local defi-
nition of this index is required, which is given by

T
£ (9)
Ttg,full

Ipas =

where Ipyg is the local PAS index, 7y is the rate
of thrombin generation of the activated platelets and

Ttg,full 1S the rate of thrombin generation of fully acti-
vated platelets (i.e., the maximum thrombin generation
capacity).

Then, the PAS index Ipag 1, which is here referred
to as the total PAS index, may be expressed as

Artg
Ttg,full
fFQ,out Ipas(ven)27rdl oyt
- fFth (vo1)277dl ot

_ Ttgout — Ttgin _ Ttgout  Ttg,in

IpasT =

Ttg,full Ttg,full Ttg,full

frn . Ipas(ven)2rrdly,
B Jr,, . (ven)27rdly,
. gﬁr IpAs(’U"n)dF
B Q

(10)

where Aryy = T'tg out — Ttg,in is the variation of the rate
of thrombin generation of the activated platelets, and
Q is the flow rate, which may be given from the outflow
or from the inflow:

Q= /F (von)27rdTou; = — /F

out in

(ven)2nrdly,  (11)

The mechanical dose shear-induced PAS model is
a mechanical dose-based version of the shear-induced
platelet activation model (Soares et al., 2013). As in the
original shear-induced platelet activation model (Soares
et al., 2013), this model is based on three effects (sen-
sitization, stress level and stress rate), and also on a
correction for platelets that are not activated. An ad-
ditional term is included herein to penalize the PAS
index inside the modeled solid material. The terms are
described as follows:

1. Sensitization effect: The sensitization effect de-
pends on the current level of activation (PAS index,
Ipas) and explicitly on the total shear stress accumu-
lation of the entire history up to time “t” ( f(f Tmdt).
The form of this term has been experimentally deter-
mined (Soares et al., 2013) based on experimental data
from Sheriff et al. (2010), which shows that platelets
that were exposed to high shear stresses showed sig-
nificantly higher rates of activation than platelets that
were not exposed to these high shear stresses (Sheriff
et al., 2010, 2013). It may be given for each pathline
from:

t
S, :/ Tmdt
0

Alpas,s = Cpas,sIpasSrAt
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where Ipas s is the PAS index contribution from
the sensitization effect, S, is the shear stress history,
and Cpags,s is the proportionality factor for the
sensitization effect.

The corresponding differential forms become:

DS,

= Tm 14
Dt (14)
DI
% = Cpas,sIpasS: (15)

2. Stress level effect: The stress level effect is based
on the Giersiepen-Wurzinger correlation (Giersiepen
et al., 1990). For the case of platelet activation, the
Giersiepen-Wurzinger correlation adapted for each
pathline becomes:

Alpass = Cpas,siTo: At™ (16)

where Ipag s is the PAS index contribution from the
shear level effect, oy is the shear stress level exponent,
and a4 is the stress level exposure time exponent.

The original formulation of the shear-induced
platelet activation model (Soares et al., 2013) assumes
an infinitesimal time step (At — 07%), 7, being
time-independent in eq. (16), and considers the power

1

: : D(I;Tﬁxs) | +—1DIpag
rule for derivatives, or = s lpasee  =HAS
Therefore,

DIpassi ™ o ag=1
D = Cpassamm’ Ipas = (17)

As can be noticed, there is a clear non-linearity
present in eq. (17) due to the exponent of Ipsg. To
avoid it, the mechanical dose approach (Hellums, 1994;
Nobili et al., 2008) is considered, which, particularly,
makes convergence more difficult. The mechanical dose
approach is an approach that rewrites the blood dam-
age equations, and has already been considered in the
formulation of one of the existing hemolysis models
— i.e., the mechanical dose infinitesimal damage index
model (Grigioni et al., 2005). In the mechanical dose ap-
proach, a mechanical dose onf PAS from the stress level

is defined as ADpag s = Tt At, which, from eq. (16),
leads to

Alpas,si = Cpas,sitADPy 5 o (18)

By assuming an infinitesimal time step (At — 0%)
and 7, being time-independent, the differential forms
from eq. (18) become:

DDpas, st &=
LT 1
—D¢ =7 (19)

DIpas,si
Dt

DDpas,si

Dt (20)

a;—1
= Cpas,s1atDplyg

3. Stress rate effect: The stress rate effect consid-
ers a formulation that is analogous to the Giersiepen-
Wurzinger correlation. The resulting formulation was
found by Soares et al. (2013) to correlate well to previ-
ous experimental data:

AIPAS7ST = CPAS’,ST|7.—m|6SAt(St (21)

where Ipyg s is the PAS index contribution from the
shear rate effect, §, is the shear stress rate exponent,
d; is the stress rate exposure time exponent, and 7, =
Dgg‘. As an observation, Hansen et al. (2015) considers
Tm to be small and, therefore, neglects it.

The original formulation of the shear-induced

platelet activation model (Soares et al., 2013) assumes

T = DDz;"‘ = 0, leading to
DI . Dra|%
PAS,sr o Tm | °t =1
—pr = CPassd| | Ipas (22)

From the exponent of Ip4g in eq. (22), which poses

a clear non-linearity, and from the same reason pre-

sented for the stress level effect, the mechanical dose

of PAS from the stress rate is defined as ADpag sy =
3

Trff? At, which, from eq. (21), leads to

AIPAS,ST = OPAS,STAD%AS”ST (23)
By assuming 7y, = DD2tT§" = 0, the differential forms

from eq. (23) become:

s

DDPAS ST DTm L
— = 24
Dt Dt (24)
DIPAS,ST o Si—1 D-DPAS,ST
Dt - CPAS,sr(StDPAS?ST Dt (25>

4. Correction term for non-activated platelets:
The original formulation of the shear-induced platelet
activation model (Soares et al., 2013) also considers
a correction term for non-activated platelets, which is
analogous to the corresponding one in the asymptot-
ically consistent damage indexr model (Farinas et al.,
2006), and consists in multiplying all the effects by
(1—Ipag). Soares et al. (2013) also suggests that other
saturation terms, such as a sigmoidal function (Gom-
pertz function), may be used instead of the linear cor-
rection (1 — Ipag). When considering the mechanical
dose approach (Hellums, 1994; Nobili et al., 2008), this
correction is not required for bounding Ipag between
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0 and 1; however, this correction may be useful for the
sensitization effect, which means that it is included in
this work.

5. Solid material penalization: An additional term
is included in the Ip 45 equation —i.e., in eq.(30), which
is presented ahead in this section. The additional term
is used to penalize the PAS index inside the modeled
solid material. This term is given as:

Sp = kpas(a)(Ipas — Ipasmat) (26)

where kpag(a) is an additional penalization parameter
for the PAS index, and Ip g5 mat is the value of the PAS
index being imposed inside the modeled solid material.
IpAsmat can be set, for example, as Ipagmat = 10714
(a small value). In eq. (26), when o = 1 (i.e., there is
fluid), kpas(a) assumes its minimum value, which is
normally zero, meaning that the rest of the equations
are solved as if this additional term did not exist. When
a = 0 (i.e., there is solid), kpas(«) assumes its max-
imum value, which is sufficiently high (user selected),
and acts to enforce that Ipag = Ipasmat = 0. There-
fore, the additional penalization term from eq. (26) only
acts in topology optimization, aiming to achieve ap-
proximately zero local PAS index inside the modeled
solid material. This is important, because, although
the velocities inside the modeled solid material are ex-
tremely small, they may result in zones with high po-
tential for thrombosis, which may, therefore, hinder the
computation of the PAS index, and the topology opti-
mization itself.

The complete differential form is obtained by com-
bining the five presented effects (sensitization, stress
level, stress rate, correction term for non-activated
platelets, and solid material penalization). By also
unfolding the material derivative terms in the relative
reference frame, DD—(B = 88—(2 + (veV)(), and assuming
steady state flow, the mechanical dose shear-induced
PAS model in the differential form becomes a set
of 3 linear differential equations and 1 non-linear
differential equation:

(VeV) Sy = T (27)
(veV)Dpas,st = g (28)
(0sV)Dpas,er = |(0oV)7n % (29)
(veV)Ipas =[S+ Se+S,](1—Ipas)+ S5,  (30)

where S, represents the sensitization effect, Sy repre-
sents the stress level effect, S, represents the stress
rate effect, (1 — Ipag) is the correction term for non-
activated platelets, and S, is the solid material penal-
ization. These terms are given as:

Se =Cpas,sIpasS-
ar—1
St = CpassiatDpyg 4 (veV)Dpas,si

51 (31)
Sy = CPAS,ST(StDPAS7ST (v'v)DPAS,sr

Sp = kpas(@)(Ipas — Ipas mat)

Egs. (27), (28), (29) and (30) are then solved
through an LSFEM (Least Squares Finite Element
Method) approach (Nam et al., 2011; Pauli et al., 2013;
Alonso and Silva, 2021). The resulting equations are
shown in Appendix B.

Since no boundary terms appear in the equations
of the LSFEM formulation (Appendix B), the only im-
posed boundary conditions are Dirichlet boundary con-
ditions on the inlet, which may consist, for example, of
zero inlet thrombosis (S; =0, Dpassi =0, Dpagsr =
0, Ipas = O).

Since egs. (27), (28), (29) and (30) are independent,
they may be solved independently and, therefore, se-
quentially.

Specifically for 2D swirl flow, egs. (27), (28), (29)
and (30) can be computed with velocities in the rela-
tive (v) or absolute reference frames (Vaps = v +wWAT).
This is due to the axisymmetry assumption, which im-
plies that the derivatives in relation to 6 are zero. Thus,
for 2D swirl flow, (veV)a = (vVaps*V)a, where “a” is a
scalar (Lai et al., 2009). Note that other cases, such as
2D bladed pump (Romero and Silva, 2014), do not por-
tray this correspondence, since an additional tangential
acceleration effect (6 direction) appears, which would
represent the movement of the computational domain
(* In the 2D swirl flow case, the mesh does not change
when under rotation).

3.2 Hemolysis modeling

Since the hemolysis model is also computed for compar-
ison purposes, the corresponding model is reproduced
in this section. The hemolysis index Iz, 7, which is here
referred to as the total hemolysis index, is given with
respect to the local hemolysis index Iy as

from I (ven)2mrdl ous B fpin Iy (ven)27mrdl sy,

o —
" me,t (v.n)Qﬂ-rdrout fFirA (v-n)Qﬂ'rdFin
¢ I (ven)2mrdl
- Q
(32)



Diego Hayashi Alonso, Emilio Carlos Nelli Silva

The asymptotically consistent damage index model
is considered to model hemolysis, and is solved by a LS-
FEM formulation (Nam et al., 2011; Pauli et al., 2013;
Alonso and Silva, 2021). The asymptotically consistent
damage index model is given as:

1 Bs
(’U'V)IHA’L = Cflt Trgt (1 — IH,L) (33)

The hemolysis model formulation, from eq. (33),
does not require an additional penalization term, be-
cause it depends essentially on the value of the total
shear stress magnitude, which does not induce high val-
ues within the modeled solid material. However, the
PAS formulation, from egs. (27), (28), (29) and (30),
depends on the shear stress history, which may signif-
icantly increase the platelet activation that occurs in-
side the modeled solid material. This high value inside
the solid material can hinder the topology optimization
process and may be reduced by the additional penal-
ization term.

4 Topology optimization problem formulation
4.1 Resistance force of the modeled solid material

The resistance force of the solid material modeled in
this work is considered for the Brinkman-Forchheimer
model, which consists of the Brinkman model (Bor-
rvall and Petersson, 2003) including an additional in-
ertial effect (Forchheimer, 1901; Philippi and Jin, 2015;
Alonso and Silva, 2021). Both models — Brinkman (Bor-
rvall and Petersson, 2003) and Brinkman-Forchheimer
(Philippi and Jin, 2015; Alonso and Silva, 2021) — have
already been previously considered in topology opti-
mization. The Brinkman-Forchheimer model consists of
the following expression for the resistance force of the
modeled solid material (Alonso and Silva, 2021):

f,,,(a) = _’f(a)’vmat _kinertia V H(a)|vmat|vmat (34)

Darcy term

Forchheimer term

where k(a) is the inverse permeability, Kinertia =
2__Cr is the inertial resistance factor, Cr = 0.55

#(m)
(Philippi and Jin, 2015; Ward, 1964), and vpa¢ is
the velocity in relation to the modeled solid material
(Vmat = (Up, Vg — WmatT, U;) , where wpay is the
rotation of the modeled solid material with respect to
the reference frame).

Although the Brinkman-Forchheimer model is con-
sidered in this work, the Brinkman model (eq. (34)
without the Forchheimer term) can also be considered,
as long as the optimization parameters are readjusted
to guarantee that the fluid flow is being sufficiently

blocked and the topology optimization problem is well-
conditioned (i.e., without excessively high topology op-
timization parameters).

4.2 Inverse permeability material model

For a well-conditioned topology optimization formula-
tion, a relaxation (i.e., an interpolation) is considered
between the solid (o = 0) and fluid (o = 1) materials
(Borrvall and Petersson, 2003)

1+q

a 35
a+q ( )

k(@) = Kmax + (Kmin — Kmax)
where the inverse permeability x(«) is given between a
maximum value (Kmax) and a minimum value (Kmin),
with the penalization parameter g > 0 guiding its con-
vexity, that is, when ¢ assumes a large value, the ma-
terial model becomes less relaxed.

4.3 Non-Newtonian viscosity material model
(penalization)

The non-Newtonian viscosity, from eq. (6), is penalized
inside the solid material as (Hyun et al., 2014; Alonso
et al., 2020; Alonso and Silva, 2021)

14g¢
a—+q

per, m) = pio + (1(ym) — po)ar (36)
where the fluid viscosity is interpolated between its
non-Newtonian value, which is given by p(4m), from
eq. (6), and its low shear stress value (fi9). The penal-
ization parameter (q) is set as the same considered in
eq. (35). When considering eq. (36), p(ym) is replaced
with (e, 4m) in the equations of the previous sections.

4.4 PAS index material model

The material model for the solid material penalization
of the PAS index is given as:

1+4+¢

a—2

a—+q
(37)

KpPAS (0[) = KPAS,max + ("{PAS,min - KPAS,max)

where KpaAsmax and Kpasmin are, respectively, the
maximum and minimum values of the additional
penalization parameter kpag(a). The penalization
parameter (¢) is the same as that of eq. (35). KpAS,min
is set as zero, so that the modeled solid material
includes the additional penalization.
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4.5 Topology optimization problem

The formulation of the topology optimization problem
is given as:

min J(u(a),a, Ipas(u(a), a), Ix(u(a), o))
such that

Fluid volume constraint: /
Qa

a(2rrdQy) < fV

Box constraint of a: 0 < aa< 1

(38)

where u(a) = [p(a)} represents the state vec-
v(a)
tor of the fluid flow simulation result (for a given
distribution of «), f is the specified maximum
fluid volume fraction, V5 = an 2xrdS), is the vol-
ume of the design domain (represented as ),
J(u(a), a, Ipas(u(a), a), Ig(u(a),«)) is the multi-
objective function, Ipag(u(a),a) is computed from
eqs. (27), (28), (29) and (30) sequentially, and
I'y(u(a),«) is computed from eq. (33). Note that
2rrdQ, (2D swirl flow) is changed to dQ, for 2D flow.

4.6 Multi-objective function

There are three objective functions considered herein,
the relative energy dissipation (aiming to maximize the
efficiency), the PAS index (aiming to minimize throm-
bosis), and the hemolysis index (aiming to minimize
hemolysis):

The relative energy dissipation objective function
is based on the definition presented in Borrvall and
Petersson (2003), but also including the inertial effects
for a rotating reference frame (Alonso et al., 2020).
There is a close relationship between the computation
of the relative energy dissipation and the pressure head
in the fluid flow (Borrvall and Petersson, 2003). By also
neglecting the presence of external body forces,

1
D =/ [2u(ﬁm)(V'u + Vol)e(Vo + Vo) | 27rdQ
Q

- / I (@)sv2mrdQ)
Q

+ / (2p(wAD) + pwA(WAT))sv27rdS2
Q
(39)

The total PAS index is computed by eq. (10), and
is modeled by the mechanical dose shear-induced PAS
model.

The total hemolysis index is computed from eq.
(32), and is modeled from the asymptotically consistent
damage indexr model.

The multi-objective function is defined for the
three objective functions. To leverage the influence
of each objective function in topology optimization,
the multi-objective function is here considered in a
logarithmic approach. Note that, when considering the
logarithmic approach, the objective function becomes
independent from the measurement unit. This can
be viewed from the logarithm product rule, since
In([constant] f) = In([constant]) + In(f), meaning that
the conversion between measurement units (repre-
sented by “[constant]”) of an objective function “f”
becomes a summed constant (“In([constant])”), which
does not influence the optimization procedure. There
are three objective functions (®ye1, Iy, and Ipasr).
Among these, Iy and Ipagr are strictly positive
(iie., 0 <Iygp <land 0< Ipasy <1). However, @,
may be positive or negative, depending on whether the
fluid flow device is pumping fluid or not. When the fluid
flow device is not pumping fluid, such as in channels,
no external energy is being supplied, and, therefore,
®..) is always positive. Fluid flow devices that pump
fluid should always achieve negative ®,, values. In
order to consider these two cases, two multi-objective
functions are considered, being one for minimizing
®.; > 0 and another one for minimizing ¢, < 0.
Then, the logarithmic multi-objective functions are
given as:

1) For minimizing ®,¢ > 0,
J = fscal [W<I> ln(q)rel)

(40)

+Wpas IH(IPA&T) +wgy III(IHyT)
1 d(q)rel)

q)rel do

1 dlpasT
Ipasr do
1 dI H,T}

dJ
% - fscal |:W‘1>

+Wpas (41)

W R
+ HIH7T do

2) For minimizing ®,¢ < 0,
J = fscal |:_W<I> 1n(_(I)rel)
(42)
+wpasin(Ipasr) +wygIn(Ia,r)
1 d(—P.q)
(I)rel dOé
1 dlpasT

Ipasr do
1 dIH,T}

dJ
% - fscal |:W<I>

+Wpas (43)

W [
+ HIH7T do
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where “In” is the natural logarithm, the weights wg,
Wpags and wy are constants (We+wpas+wy = 1), and
fsca1 is a scaling factor for the multi-objective function
(chosen in this work as 103).

In this work, when considering a single objective
function, the objective function value is considered di-
rectly in the optimization (i.e., the logarithmic function
is not used). For example, when wg = 1, J is changed
to J = (breb

The computation of sensitivities is performed by
automatic differentiation Farrell et al. (2013); Mitusch
et al. (2019).

5 Numerical implementation of the
optimization problem

The finite element method is implemented in the
FEniCS platform (Logg et al., 2012), which is based
on a high-level representation language used for the
weak form that considers automatic differentiation,
and on functionals later used for the finite element
matrices assembly. The implementation of the topology
optimization method is based on the dolfin-adjoint
library (Farrell et al., 2013; Mitusch et al., 2019),
which can automatically compute the adjoint model
for the sensitivities. The optimization algorithm is
given by IPOPT (Wichter and Biegler, 2006), which
is based on a logarithmic barrier for the constraints
(for search only in the feasible space). The penalty
parameter of this logarithmic barrier is based on
a line-search filter method, which avoids having to
determine its exact value. The fluid flow problem
in finite elements is given from a nonlinear weak
form, considered by solving with the Newton-Raphson
method, where MUMPS (Amestoy et al, 2001) is
used for solving the arising linearized problems. The
mechanical dose shear-induced PAS model is based on
3 linear differential equations — egs. (27), (28) and (29)
— and 1 non-linear differential equation — eq. (30) —
while the hemolysis model is based on a single linear
differential equation (Alonso and Silva, 2021). The
nonlinear differential equation is solved similarly to the
fluid flow problem, while the linear differential equation
is directly given from a linear solver (LU solver). For
the finite element modeling, Taylor-Hood elements are
considered, and the design variable (pseudo-density) is
assumed with linear interpolation.

Fig. 2 illustrates the implementation of the topology
optimization method. The first step is the solution of
the fluid flow problem with FEniCS, which is directly
followed by the solutions of the hemolysis and throm-
bosis models. These executions that were initially per-
formed for the finite element method in FEniCS are

used to annotate (“store”) the operations and their or-
der in dolfin-adjoint. Then, the IPOPT optimization
loop can be started. The IPOPT algorithm commu-
nicates with dolfin-adjoint to compute the objective
function, constraints and sensitivities: the sensitivities
are automatically derived from the annotated models
from FEniCS in dolfin-adjoint. The optimization loop
is continued up to the specified tolerance (convergence
criterion). In some numerical examples, the use of a
Helmholtz pseudo-density filter is considered (Lazarov
and Sigmund, 2010).

[Initial guess of the topology]

-_EmEmEmEsEs s s s s s s s s s s ke E o mm
1 Topology optimization § '
|
1 Fluid simulation (FEniCS) [ |
1
1 Annotate the 1
[] forward model | Solve blood damage
1 from FEniCS | @ models (FENICS) 1
1 1
' v
' IPOPT 1
Current topology |« Interior-point 1
1 optimization |« 1
] algorithm
dolfin-adjoint !
! \ A 4 L v 1
| Forward model Objective function, LI} Update of the '
1 constraints topology
1
|
. —1 Y !
1 Adjoint model Sensitivities
I No| |
1 Converged? 1
! FEniCS g -
[ ] Specified
1 Finite Element Method Yes tolerance [ |
1
L - L L

' Optimized topology l

Fig. 2: Illustration of the numerical implementation.

An adjustment is considered for the sensitivities (of
the objective function and constraint) by the volume
of each element, similarly to when a Riesz map is con-
sidered in the sensitivity analysis, having the effect of
leading to mesh-independency in the computed sensi-
tivities. This effect is particularly interesting when con-
sidering non-uniform meshes, whereby the non-adjusted
sensitivity distribution may be a seemingly less-smooth
distribution, and may hinder the topology optimiza-
tion process. In the case of the 2D swirl flow model,
the elements of the 2D mesh can be viewed in 3D as
ring-shaped, which means that there is a linear non-
uniformity in the model when comparing lower and
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higher radii. In the case of a nodal design variable, the
adjusted sensitivity can be computed as:

dJ
da adjusted
Z Vneighbor elements 44
1 ﬂ nodes of the node ( )
neighbor elements nodes
Vaeighbor el do Nnod
of the node

Average neighbor elements’ volume

where Vieighbor elements is the sum of the volumes of the
i of the node k .
neighbor elements that include a vertex/node in the

mesh, and npodes is the number of vertices/nodes in the
mesh. When considering the 2D swirl flow model, the
volumes are computed while considering axisymmetry
(i.e., that the elements are ring-shaped).

6 Numerical results

The fluid being considered in the numerical examples is
blood, in which the non-Newtonian dynamic viscosity
1(9m) is given from eqgs. (6) and (36), and the den-
sity (p) is given as 1056 kg/m?3 (Hinghofer-Szalkay and
Greenleaf, 1987). The constants of the models presented
in Sections 2.1 and 3.1 are presented in Table 1.

Table 1: Constants of the models presented in Sections
2.1 and 3.1 (Cho and Kenssey, 1991; Bird et al., 1987;
Soares et al., 2013).

Variable Value

a 1.5

n 0.22

A 1.902 s

1o 0.056 Pa s

Hoo 0.00345 Pa s

Cpas,s 1.5701 x 10~ "Pa~!s2
Cpas,si 1.4854 x 10~ "Pa~%ss~1
o' 1.4854

e 1.4401

Cpas,sr 1.3889 x 10~ 4Pa9:g0:—1
s 0.5720

Oy 0.5125

Aiming at better numerical conditioning for the
computation of the weak form, the functionals (cor-
responding to the multi-objective function and the

constraint) and the sensitivities (of the multi-objective
function and the constraint), and also for aiming
to improve the convergence rate, the Millimeters-
Grams-Seconds (MMGS) unit system is considered,
meaning that a 10 factor multiplies the length and
mass units in the solution of the equations of the
finite element method. The Newton-Raphson method
convergence is set for absolute and relative tolerances
of 10719 and 1077, respectively. The convergence of
the optimization is considered for a desired tolerance
of 10710 for the optimality error of the IPOPT barrier
problem (Wichter and Biegler, 2006).

The external body forces are neglected in the nu-
merical examples: pf = (0, 0, 0). The modeled solid
material is considered with the same movement as the
reference frame, meaning that vy, = v. Moreso, Kmin
is set as 0 kg/(m? s). The initial guess for the topology
(i.e., ) is set as a uniform distribution of a = f — 1%,
where f is a fluid volume fraction that is specified, and
1% is to keep a small distance from the volume con-
straint. The plots of the optimized topologies assume
the design variable (pseudo-density) values in the center
of each finite element. Rotation in rpm is represented
as n, and rotation in rad/s is represented as w.

The post-processing of the pseudo-density (de-
sign variable) values in the optimized topologies is
performed by separating the fluid part from the com-
putational domain (o = 1) in a separated mesh (i.e., in
a threshold approach), and by smoothing the resulting
mesh contour, aiming to ease jagged mesh-like effects
(caused by the finite element discretization used during
optimization) in the simulations of the optimized
topologies (Fig. 3). All of the computed values, with
the exception of the convergence curves, are computed
in the post-processed meshes.

Optimized
topology

Post-processed
mesh

r

Post-processing

Fig. 3: Post-processing considered for the optimized
topologies.
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The Reynolds number is computed from the maxi-
mum of its local value. The local value is given as

.m asL
Rews = Gm) o
p

where the characteristic length (L) is set differently for
the numerical examples: L = 2r.,; (external diameter)
in the 2D swirl flow examples (* “r.,;” corresponds to
“R” in the first example), while L = h;, (width of the
inlet) in the 2D case.

The pressure head (H) is given as shown in eq. (46).
When H is positive, H may be considered to charac-
terize the capacity of pumping fluid. When H is neg-
ative, the inverse of the pressure head (i.e., the head
loss, H' = —H) may be considered to characterize the
energy loss inside the fluid flow device.

1 / p |'Uabs|2
H=— — 4+ ven2nrdl,
Q [ Tin (pg 29

2
+ / P el o rdT
Tow \P9 29

where g = 9.8 m/s? is the gravity acceleration.

In pump devices, the isentropic efficiency is a mea-
sure that can be used to characterize their efficiency
(Rey Ladino, 2004; Sonntag and Borgnakke, 2013), and
may be given as:

_ Pideal _ Ahs _ gH
T Prew  Ppfin . Ppim

(45)

(46)

(47)

where Ahs; = gH is the specific enthalpy variation (spe-
cific work) of the corresponding ideal process (Sonntag
and Borgnakke, 2013), 1 = p@ is the mass flow rate,
and Py is the fluid power, which is given by

P = %w-(r A Vabs ) PUabsen27rdl (48)
r

The variations of static pressure Ap and total (stag-
nation) pressure Apr are computed for the Tesla blood
pump rotor example, and are given as

A = — from p27TTdF011t fFin p27T’I"dFin
P = Pout —Pin = fFout 2mrdl out B me 2mrdlyy,

(49)

f ( + p‘vabs‘2) 27T’I“dF
A o _ . Tout p 2 out
PT = PT.out = PTin = frout 27rdl out

fFin (P + p‘vaSP) 27TTdFin
- Jr,, 2mrdTy,

(50)

When considering the Helmholtz pseudo-density fil-
ter, the design variable value is filtered (cof) inside the

whole computational domain (£2), and then its value
outside the design domain (2 \ §2,) is enforced as the
previous value (a). Therefore, the variable o new iS
used in the equations, being given in function of the
position (s):

ay, if s € Qg

new = s 1
@ fnew(8) {a, if s €Q\Q, (51)

Three numerical examples are presented, for: a Tesla
blood pump (2D swirl flow model), a hydrocyclone-type
device (2D swirl flow model) and a bypass graft (2D
model).

For simplicity, in figures and tables, the values for
wg are not written in all of the cases, but may be cal-
culated by we = 1 — wpas — wy when not specified.
Also, if wp g is not specified, wpag = 0, and, if wy is
not specified, wy = 0.

6.1 Tesla blood pump

The first example considers the design of a Tesla-type
blood pump, which has been previously considered
for the hemolysis model in Alonso and Silva (2021).
A Tesla-type pump is a bladeless continuous flow
pump, being based on rotation and the boundary layer
effect to pump the fluid (* In this work, for simplicity,
this basic principle is referred to as Tesla principle).
Some characteristics of Tesla principle-based devices
in relation to conventional bladed pumps are less sen-
sitivity to cavitation induced by vibration (Dodsworth,
2016), and less noise level due to the abscence of flow
separation as in bladed pumps (Hasinger and Kehrt,
1963). When considering a Tesla-type pump as a
VAD (Dorman et al., 1966; Hasinger and Kehrt, 1963;
Izraelev et al., 2009), the nonpulsatile and continuous
flow can help reduce blood damage, which is given by
hemolysis and thrombosis, in these devices (Yu, 2015).
The design domain considered in this work is shown in
Fig. 4.
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Fig. 4: Design domain considered for the Tesla blood
pump.

The mesh is composed of 10,277 nodes and 20,240
elements, as shown in Fig. 5. The input parameters,
geometric dimensions and material model parameters
being considered in the design are shown in Table 2.
The specified fluid volume fraction (f) is set as 30%.

Fig. 5: Mesh considered in the design of the Tesla blood
pump.

Table 2: Parameters considered for the topology opti-
mization of the Tesla blood pump.

Input parameters

Inlet flow rate (Q) 1.0 L/min
Wall rotation (ng) 2,000 rpm
Inlet velocity profile Parabolic
Dimensions
Tshaft 2.6 mm
Tint 5 mm
Cout 5 mm
Text 15 mm
Material model parameters™®
Kmax 8.0
(x10%uc0 (kg/(m? s)))
q 1.0
KPASmax (1) 102

* The optimization considers a Helmholtz pseudo-density fil-
ter (Lazarov and Sigmund, 2010) to better stabilize the dis-
crete optimized topologies, with a filter length parameter of
0.0543 mm.

The topology optimization results for the PAS in-
dex are shown in Fig. 6. Higher wp 45 values than the
ones shown in Fig. 6 are not considered, due to con-
vergence issues. The maximum local Reynolds number
in the optimized topologies is 2.9 x 10%. The transition
Reynolds number is in the order of 10° in conventional
pumps (Sabersky et al., 1971; Wu, 2007), meaning that
2.9 x 10* should correspond to laminar flow. As ob-
served in Fig. 6, a tendency to create an inclined chan-
nel can be seen when higher PAS index (i.e., thrombo-
sis) weights (Wpag) are considered. Fig. 6a shows that
the inclined channel topology is even better than the
topology optimized for the relative energy dissipation
(wg = 1). This lack of a Pareto-like behavior possi-
bly means that the optimized topology for relative en-
ergy dissipation (We = 1) is an easier local minimum
for topology optimization, and the PAS index, even
while being improved, coincidentaly induced a better
local minimum for the relative energy dissipation, also
improving the hemolysis index, the pressure head, the
isentropic efficiency and the variations of static and to-
tal pressures. In the case of wpag = 0.4, by comparing
with wg = 1, the improvements would be -4.7% (rel-
ative energy dissipation), -5.4% (PAS index), -12.0%
(hemolysis index), +3.0% (pressure head), +2.5% (isen-
tropic efficiency), +16.8% (static pressure head), and
+14.2% (total pressure head).
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Fig. 6: Topology optimization results for the Tesla blood pump under different weights in the multi-objective

function for the PAS index.

The topology optimization results for the hemoly-
sis index are shown in Fig. 7. Note that the optimized
topology for wy = 0.9 is quite similar to the optimized
topologies obtained for the PAS index (Fig. 6), such as
the one for wpss = 0.4. In fact, the small differences
in the optimized topologies led the computed variables
to be even better for wy = 0.9.

For reference, an additional case combining both
hemolysis and thrombosis is also considered (Wpas =
0.1, wyg = 0.5). This additional case is shown in Fig.
8. For comparing all of the optimized topologies, their
relative values computed with respect to the reference
design (Fig. 9) are shown in Table 3. As can be no-
ticed, the worst result seems to be for wg = 1, which
seems to indicate that the relative energy dissipation
objective function induced a local minimum. This type
of local minimum could possibly be avoided by tak-
ing blood damage into account in topology optimiza-
tion, as can be seen from the values for the other opti-
mized topologies. Note that the hemolysis index is sig-
nificantly smaller in the optimized topologies, which is
mainly due to the absence of a sharp edge that is present
in the straight disks topology (Fig. 9). The combined
result (Wpas = 0.1 and wg = 0.5), from Table 3, shows

slightly better hemolysis and thrombosis with respect
to wpas = 0.4 and wy = 0.7, showing that it is pos-
sible to consider both effects in topology optimization.
However, the best result is the one for wy = 0.9, which
is better than all of the other optimized topologies in
all of the values. Thus, from Table 3, the best optimized
topologies seem to be the one for wy = 0.9, followed
by the one for the combined case (Wpas = 0.1 and

10 15
' (mm)

Fig. 8: Optimized topology for the combined case
(Wpas = 0.1 and wyg = 0.5) for the Tesla blood pump.
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Fig. 7: Topology optimization results for the Tesla blood pump under different weights in the multi-objective
function for the hemolysis index.

Table 3: Relative comparison of the optimized topologies for the Tesla blood pump with the reference design (Fig.

9).
Designs Dol IpasT IgT H s Aps Apr
we =1 +2.0% -7.7% -46.3% -2.2% -1.6% -6.6% +5.2%
Wwpas = 0.3 -1.5% -12.1% -50.8% +0.1% +0.3% +6.3% +19.5%
Wpas = 0.4 -2.6% -12.6%  -52.7%  +0.7% +0.8% +9.1% +20.1%
wg =0.7 -1.4% -13.3% -48.8% -2.3% -1.2% -1.9% +7.9%
wy = 0.9 -5.6% -22.0% -57.2% +1.0% +1.4% +12.3%  +26.6%
wpas = 0.1 and wy = 0.5 -3.8% -13.8% -53.0% +0.5% +0.9% +10.2%  +19.6%
— 5| To show an example of how the topology optimiza-
£ 2 5] tiog p.rogr‘esses, the convergence curve of the topoglogy
- | | T1.196 optimization of the Tesla blood pu@p for the. corr.lblned
0 0.652 case (Wpas = 0.1 and wy = 0.5) is shown in Fig. 10.
0 26 5’,. (mmio 15 The convergence curve behaves similarly for the other

Fig. 9: Straight disks reference topology for the Tesla

blood pump.

optimized topologies for the Tesla blood pump.
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Fig. 10: Convergence curve of the topology optimization
of the Tesla blood pump for the combined case (Wpas =
0.1 and wy = 0.5).

The simulation results for the optimized topologies,
for the combined case (Wpas = 0.1 and wy = 0.5)
and for wy = 0.9, are shown in Fig. 11. From the lo-
cal hemolysis index (Ig) plots, it can be noticed that
hemolysis is present at a greater intensity near the out-
let. This, however, does not mean that the hemolysis
near the inlet is zero (from the color scale), meaning
that the hemolysis near the inlet is much smaller than
that near the outlet. The local PAS index (Ip4g) plot is
more distributed along the computational domain than
the hemolysis index. The pressure (p) in the middle part
of the optimized topologies shows an approximately lin-
ear increase, while the radial-axial velocity (v,,v,) is
concentrated mainly near the lower interface, although
there is a smaller flow near the upper surface. The rel-
ative tangential velocity (vg) shows that, as the radius
coordinate (r) increases, the fluid gets slower in the
direction in the middle of the “channel”, which is consis-
tent, since the fluid is being dragged near the walls. By
comparing both optimized topologies, from Figs. 11a
(WPAS = 0.1 and W = 05) and 11b (WH = 09), 1t
can be noticed that the main difference is the initial cur-
vature, which is more apparent in Fig. 11b (wyg = 0.9)
than in Fig. 1la (Wpas = 0.1 and wy = 0.5). This
seems to ease the change in flow direction (lower shear
stresses), leading to lower hemolysis (I ) and throm-
bosis (Ipags,r) — see Table 3.

The non-Newtonian viscosity distributions are also
shown in Fig. 11. Note that the non-Newtonian effect
is more pronounced closer to the inlet and farther from
the walls. This is due to the increase in shear stress
when close to walls, which is caused by the effect of the
rotation and, consequently, by the Tesla principle.

Since both hemolysis and thrombosis increase near
the outlet walls, a relation between them can be per-
ceived. This relation is given from the shear stress,
which is present in their respective equations, namely
eq. (33) and eqs. (27), (28), (29) and (30). However, as

shown in Fig. 11, hemolysis and thrombosis still do not
feature exactly the same behavior, due to the different
coefficients and other effects present in the thrombosis
modeling (platelet sensitization and stress rate effects).

(v, V) (x10'm/s)

e E—— —— -
0.345 0.8 1 1.5 0 04071 14 0 2 3 4.7
1 (x10-%Pa's) Tpas (x107%) Tg (x1079)

(a) Optimized topology for the combined case (Wpas = 0.1 and

—
-1 0
o (M/s)
F
0345 06 08 . . 0
(><102Pas) IPAs(MO ) IH(X10 4)

(b) Optimized topology for wg = 0.9.

Fig. 11: Optimized topology, pressure, velocity, dy-
namic viscosity, PAS index, and hemolysis index for the
optimized Tesla blood pump for two different cases.

6.2 Hydrocyclone-type device

The second example considers the design of a
hydrocyclone-type device. This type of device is differ-
ent from a real hydrocyclone device, because it models
a flow with a single phase (instead of considering two
phases) entering with a rotation (wj,) from a single
inlet towards a single outlet. The design domain con-
sidered for the 2D swirl flow model is selected as shown
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in Fig. 12. The solid material distribution is considered
to be optimized for the static walls (wg = 0 rad/s).

V=(Vr,in/ WinT, 0)

Z A v=0 (static)
He= N
)
©® S
> R
g 3
TR
> R
» \
Tono T -
= Rout R r
Fig. 12: Design domain considered for the

hydrocyclone-type device.

The mesh is composed of 19,401 nodes and 38,400
elements (see Fig. 13). The input parameters, geometric
dimensions and material model parameters considered
in the design are shown in Table 4. The specified fluid
volume fraction (f) is set as 30%.

Fig. 13: Mesh considered in the design of the
hydrocyclone-type device.

Table 4: Parameters considered for the topology opti-
mization of the hydrocyclone-type device.

Input parameters

Inlet flow rate (Q) 0.05 L/min

Wall rotation (ng) 0 rpm

Inlet rotation (ny,) 20 rpm

Inlet velocity profile Parabolic
Dimensions

H 15 mm

R 10 mm

hy 11 mm

ho 3 mm

Material model parameters*

Fmax 8.0
(X107 pioo (kg/(m? 5)))

q 1.0
KPASmax (S71) 103

* The optimization considers a Helmholtz pseudo-density fil-
ter (Lazarov and Sigmund, 2010) to better stabilize the dis-
crete optimized topologies, with a filter length parameter of
0.0625 mm.

In this numerical example, some of the factors that
influence the topology optimization for hemolysis and
thrombosis are illustrated separately. In the optimized
topologies, the maximum local Reynolds number is 177,
which means that the flow is laminar. Fig. 14 shows the
effect of the additional penalization from the thrombo-
sis model (KpAs max), by considering wpag = 0.5. The
corresponding contours are shown enlarged in Fig. 15.
The optimized topologies mainly show slight differences
near the outlet, and near the solid material that is near
the rotation axis. Particularly, the optimized topology
for Kpasmax = 10% s71 is slightly more inclined to the
right and is straighter near the outlet, with respect to
the optimized topology for Kpagmax = 0.1 s~!. The
fact that it is straighter near the outlet (with respect to
the optimized topology for kKpasmax = 0.1) seems con-
tribute to further reducing the low velocity values that
appear near the wall next to the outlet (thus helping
to reduce thrombosis), and the small differences with
respect to the optimized topology for Kpagmax = 1
eventually led to a slight increase in the velocity gradi-
ents near the start of the straighter part of the outlet,
thus helping to slightly increase hemolysis alongside the
small curvature changes in the overall topology. These
small differences seem to lead to slightly increased ve-
locity gradients, worsening the relative energy dissipa-
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tion, while the head loss is reduced from a straighter
fluid flow velocity exiting the fluid flow device. From
Fig. 14, it can be noticed that higher Kpagsmax val-
ues lead to worse relative energy dissipation (Fig. 14a),
better head loss (Fig. 14a) and worse hemolysis (Fig.
14b). However, there is some improvement in thrombo-
sis (Fig. 14b).

21— 17
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Fig. 14: Topology optimization results for the
hydrocyclone-type device for wpas = 0.5, considering
different Kpas max values.
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Fig. 15: Contours of the optimized topologies from Fig.
14.

By considering Kpagmax = 103 s~!, which showed
the best PAS index value in Fig. 14b, the effect of the
thrombosis weight (Wpg) is evaluated. The results are
shown in Fig. 16 and the corresponding contours are
shown enlarged in Fig. 17. In Fig. 16b, it can be noticed
that there may be induction of local minima depending
on the wpag value, such as for wpygs = 0.3, which
improved hemolysis while worsening thrombosis. In Fig.
16b, it can be noticed that overprioritizing thrombosis,
such as in wpag = 0.9, may lead to significantly worse
relative energy dissipation and head loss. In particular,
the main aspect of the optimized topology for wpag =
0.9 is that it is more inclined to the right than the other
optimized topologies, which means that the fluid flow
path is slightly larger (due to the axisymmetric volume)
than the other optimized topologies (more inclined to
the left), leading to a higher energy dissipation. The
hemolysis is also higher, which is possibly due to the
upper solid material boundary (located lower than the
other topologies).



Blood flow topology optimization considering a thrombosis model

19

= 22 18
w; 215 g
iz .._._./: 1175 1
\;i 21g ;
‘?:U 2.05¢ -— 147 ;’
8 2 : s 1 165

0 03 06 09

i1

-@- Relative energy dissipation
+— Head loss

(a) Relative energy dissipation ®,) and
head loss H'.

NIy 1.34 =
% 749 \.::,:,,,:,: 11339
— X
5734 o {132 2
g . x
a —
~ 72 : : 1 1.31

0 03 06 09 w

ryr

-@-PAS index
+—Hemolysis index

(b) PAS index Ip 45 and hemolysis index
Ip.

Fig. 16: Topology optimization results for the
hydrocyclone-type device for different wpag values
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Fig. 17: Contours of the optimized topologies from Fig.
16.

The effect of the hemolysis weight (wyy) is shown in
Fig. 18. The effect is similar to the one shown for wp4g
(Fig. 16) and the corresponding contours are shown en-
larged in Fig. 19. However, a better local minimum was
induced when wg = 0.5 (better hemolysis and throm-
bosis), and a worse local minimum was induced when
wg = 0.9 (worse hemolysis and thrombosis). The op-
timized topology for wy = 0.9 shows a more inclined
path near the outlet, which reduces the fluid volume
flowing near the outlet (noting that the fluid volume
is axisymmetric), possibly increasing the corresponding
velocity gradients and, therefore, hemolysis and throm-
bosis.
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Fig. 18: Topology optimization results for the

hydrocyclone-type device for different wy values.
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Fig. 19: Contours of the optimized topologies from Fig.

18.

An additional analysis is performed by combining
hemolysis (wy = 0.3) and thrombosis (Wpas = 0.3)
in the same multi-objective function. Figs. 20 and 21
show a comparison between the optimized topologies
for we = 1, wpas = 0.3, wyg = 0.3 and “wpas = 0.3
and wy = 0.3”. It can be seen that considering both
hemolysis and thrombosis may lead to a better opti-
mized topology for both quantities. In particular, the
optimized topology for “wpas = 0.3 and wy = 0.3”
shows a curve near the outlet, which reduced thrombo-
sis, and the upper part of the “channel” is located at a
higher position.
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Fig. 20: Topology optimization results for the
hydrocyclone-type device considering wpags and wy.
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Fig. 21: Contours of the optimized topologies from Fig.
20.
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Overall, the best result is the one for wy = 0.5.
Nonetheless, the result for wpas = 0.5 (kpag max =
103 s71) is not far. The convergence curve for wpas =
0.5 (kpASmax = 10% s71) is shown in Fig. 22.
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Z . .
! .
r
Fig. 22: Convergence curve of the topology optimiza-

tion of the hydrocyclone-type device (Wpas = 0.5,
RKPAS max = 103 S_1)~

Number of
the iteration

The optimized topology for wpas = 0.5
(kpaSmax = 10% s7!) is simulated in Fig. 23. As
can be seen, the tangential velocity (vg) is dissi-
pated/converted to radial-axial velocity (v,.,v,) in the
first part of the optimized topology from the inlet.
The non-Newtonian effect can be observed mainly
near the middle of the fluid flow cross-section. The
non-Newtonian viscosity p(9m) is observed to slightly
rise next to the outlet due to the formation of a small
stagnated zone. The plots of local PAS index (Ipas)
and local hemolysis index (I) show similar behaviors
in the sense that both quantities are small near the
inlet and increase as the fluid flows through the device.
However, the local PAS index Ipag is more widely
spread towards the outlet. It can also be noted that
the local PAS index (Ipag) and local hemolysis index
(Ig) plots can be viewed as maps of the potential
blood damage that can happen to blood flow.

05 =0 3D representation

o e e D e e T e e
05705 1.5 283 3 550 115 2.
p (Pa) 0-
R _—— -
0345 2 3 4 57 0 0408 1.3

1 (x10~2Pa's) Ipag (x1074)
Fig. 23: Optimized topology, pressure, velocity, dy-
namic viscosity, PAS index and hemolysis index for
the optimized hydrocyclone-type device (Wpags = 0.5,
KPAS max = 103 571)'

6.3 Bypass graft

The third example is the design of a bypass graft, con-
sidered through a 2D model. A bypass graft is used
to allow blood to bypass blocked coronary arteries, to
restore the normal blood flow. The design of some by-
pass configurations has already been previously evalu-
ated for shape optimization (Abraham et al., 2005) and
topology optimization by the level-set approach (Zhang
and Liu, 2015), by considering an energy dissipation ob-
jective function. In this work, a similar bypass config-
uration is considered for topology optimization by the
pseudo-density approach, while also considering hemol-
ysis and thrombosis in the optimization process. The
computational domain is shown in Fig. 24, where the
design domain does not include the inlet and outlet
channels (which would represent the arteries). Since
this configuration is non-rotating, it does not include
any rotation (w = 0 rad/s, wy = 0 rad/s).
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yT Table 5: Parameters considered for the topology opti-
Lv=0 mization of the bypass graft.
H Design Input parameters
e domain -
v=yin, 0) | ﬁ__ i (Qq) Inlet flow rate (Q) 5.0 mL/min*
hiiy # I:n=0 Inlet velocity profile Parabolic
Lin din L1 ﬁﬁ L1 din Lout X Dimensions
22 H 20 mm
Fig. 24: Design domain considered for the bypass graft. hin 4 mm
L 30 mm
Lin 10 mm
Lout 16 mm
din 4 mm
Ly 6 mm
Tgy 8 mm
e 1.5 mm
Material model parameters**
Kmax 8.0
(x107poc (kg/(m? 5)))
q 0.1
KPASmax (1) 108

The mesh is unstructured, composed of 10,815 nodes
and 20,888 elements (see Fig. 25). The input parame-
ters, dimensions of the computational domain, and ma-
terial model parameters used are shown in Table 5. The
specified fluid volume fraction (f) is set as 35.3%.

y (mm)

-24 40 4 30
X (mm)

Fig. 25: Mesh considered in the design of the bypass
graft.

* The flow rate is computed assuming that the width of the
inlet (h;p) corresponds to an “inlet diameter” (in 3D).

** The optimization considers a Helmholtz pseudo-density
filter (Lazarov and Sigmund, 2010) to better stabilize the
discrete optimized topologies, with a filter length parameter
of 0.315 mm.

The bypass configuration is considered at a low
maximum Reynolds number (6.4), which corresponds
to laminar flow. The topology optimization resulted
in one optimized topology for wge = 1, while the
optimized topology for wpas = 0.9 and the optimized
topology for wy = 0.9 resulted the same (Fig. 26).
The computed values in both topologies are shown in
Table 6. As can be noticed, the optimized topology for
wpas = 0.9 (or wyg = 0.9) is better for hemolysis and
thrombosis than the optimized topology for wg = 1.0
— i.e., the energy dissipation is slightly worse (0.9%
higher), the thrombosis is slightly better (2.6% lower),
the hemolysis is slightly better (1.8% lower), and the
head loss is slightly worse (1.0% higher).
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Table 6: Computed values in the optimized topologies
for the bypass design.

Designs Dol Ipast Iur H’
(x107% (x107™> (x10=% (x107*
W/m) 1/m)  1/m) m)
we =1 1.13 7.17 9.89 3.12
Wpas = 0.9
(orwg =0.9) 1.14 6.98 9.71 3.15
20
3
£
>‘ 5
] 1 |
-24 40 4 30
X (mm)
(a) For wg = 1.
20
3
E
™o T
24 40 4 30

X (mm)

(b) For wg =0.9 or wpys =0.9 .

Fig. 26: Optimized topologies for the bypass graft.

The convergence curve for the optimized topology
for wpag = 0.9 is shown in Fig. 27.
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Fig. 27: Convergence curve of the topology optimization
of the bypass graft (Wpas = 0.5).

Both optimized topologies are simulated in Fig. 28.
There is not much difference in the fluid flow behav-
ior in either case, but the slightly dettached channel
(Fig. 28b) leads to a smaller change in flow direction,

which, in turn, reduces velocity gradients and improves
hemolysis and thrombosis. This, however, worsens the
energy dissipation (and the head loss), because the flow
has to undergo a slightly larger path, which dissipates
slightly more energy. The dynamic viscosity plots show
that the non-Newtonian behavior is more significant in
the middle of the flow cross-section and also inside the
“stagnated flow zones” (indicated by Ly in Fig. 24).

7 Conclusions

In this work, a formulation for considering a thrombo-
sis model in topology optimization is presented, which
was not performed in previous works. The thrombo-
sis model consists in solving a set of differential equa-
tions adapted in this work for topology optimization
(mechanical dose shear-induced PAS model). The sen-
sitivity is obtained by combining the sensitivity from
each weak form, which is automated by using the dolfin-
adjoint library.

Three examples are shown: Tesla blood pump (2D
swirl flow model), hydrocyclone-type device (2D swirl
flow model) and bypass graft (2D model). The pro-
posed additional penalization term (kpag) is shown
to improve thrombosis, even at the cost of hemolysis,
which shows that, although hemolysis and thrombo-
sis are closely related from the presence of the shear
stress in their respective models, they have other effects
and non-linearities which may even result in opposite
behaviors in topology optimization. Furthermore, the
non-linearities of the hemolysis and thrombosis mod-
els may lead to better or worse local minima when
considering higher weights in the multi-objective func-
tion. A combination of both hemolysis and thrombosis
in the optimization seems to be able to yield better
results, although some local minima from considering
only one of them may possibly achieve a better opti-
mized topology. In terms of optimized topologies, in the
Tesla blood pump example, the inclusion of hemolysis
and/or thrombosis leads to the formation of inclined
disk-like topologies; in the bypass graft case, the inclu-
sion of hemolysis or thrombosis leads to the formation
of a small “curve” in the middle zone of the computa-
tional domain.

As future work, some suggestions are to consider
other blood damage models, thermal effects, turbulence
and other flow machine designs.

8 Replication of results

The descriptions of the formulation, the numerical im-
plementation and the numerical results contain all the
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(b) For wg = 0.9 or wpags = 0.9.

Fig. 28: Optimized topology, pressure, velocity, PAS index, hemolysis index and dynamic viscosity for the optimized

bypass grafts.

necessary information for reproducing the results of this
article. Also, the tutorials/examples present in http:
//www.dolfin-adjoint.org may help with the imple-
mentation.
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Appendix A Finite element formulation for
the fluid flow problem

In order to define the finite element formulation, its
is necessary to first define the corresponding boundary
value problem. By considering the types of computa-
tional domains illustrated in Fig. 29, (Alonso et al.,
2019)

pVvev = VT (u(fm)) + pf — 2p(wAv)

— pwA(WAT) + f (@) in Q
Vev =0 in Q
v = v;, on I'y,
v=0 on I'y.y
T((Am))en =0 on oyt
v, = 0 and dvr = o = Ov, @ = on I'sym

or — or  or  or
(52)

Fig. 29 shows the interior of the computational do-
main (), and the boundaries (Tin, I'wai, Tout, and
I'sym). On the inlet boundary (I'iy), the velocity profile
is fixed, while, on the walls (I'yan), the no-slip condi-
tion is set. On the outlet boundary (Toyt), the stress free
Neumann boundary condition is set, while n is the unit
vector that is normal to the boundaries — i.e., pointing
outside the computational domain, and being given, in
the 2D swirl flow model, as n = (n,, 0, n.), and, in
the 2D model, as n = (n,, n,). On the symmetry axis
(T'sym, used in one of the 2D swirl flow cases in Fig.
29), there is a symmetry axis boundary condition: the
derivatives in relation to the r coordinate are zero, and
the radial velocity is also zero. The stress tensor (T') is
indicated as T'(u(¥m)), when considering the fluid be-
ing modeled from the non-Newtonian fluid model, in

eq. (6).

2D swirl domain 2D domain

Without gy With T'gym

Z y Iﬁin
? Twall Twall
i rin Q 1—‘out
_—
X

Fig. 29: Examples of boundaries for the fluid flow prob-
lems.

From the formulation presented in eq. (52), the fi-
nite element method is considered to solve the equilib-
rium equations for the 2D swirl flow model, by consid-
ering the weighted-residual and the Galerkin methods
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for the velocity-pressure (mixed) formulation, (Reddy
and Gartling, 2010; Alonso and Silva, 2021)
V)D sr
/ (”)—PAS;L - 1] (0 V)Wppss..] 7dQ2 =0

R, = / (VovlwyrdS (53) 9L [(0eV)rl®

¢ (58)
R, = / [pVvev — pf + 2p(wAv)

Q

veV)I
+pwA(wAT)] -wvrdQ—k/ T (11(Fm)) o (VW) rdQ {(S)PAS - [CPAS,SIPAS
Q T
- ;A(T(,u(ﬁm))-wv)-nrdf +/ £ (Q)Vmarsw,rdQ Cpas,sitDig  (vsV)Dpas
(54) 5
N Cras,sr0tDp a5 o (VoV)Dpas,sr (1 Ipas)
where the equations are indicated by subscripts: ¢ Sy pas
(denoting the continuity equation), and m (denoting
the linear momentum equation — i.e., the Navier-Stokes —#pas(@)(Ipas — IPASvmat)} {(v *VIWipas
equations). The corresponding test functions are Windi— [ Cpas.swipsSr (1 — Ipas) + (CPAS,S IpasS.
cated as: w,, (pressure test function), and w, = |w, g + CPAS,slathgésl(U'V)DPAS,SZ
Wy,z

(velocity test function). Since the integration domain + CPAS,sr(StD%Xé,ST('U'V)DPAS,S';"> (_WIPAS)}
(2rrdQY) includes a constant multiplier (27), which
exerts no influence when solving the weak form, egs. _F&PAS(O‘)WIPAS} rd? =0
(53) and (54) are given including a division by 2w (59)

(Alonso et al., 2019).

In the case of a 2D model, the integration domain is
different (i.e., in Cartesian coordinates), meaning that,
in egs. (53) and (54), rdQ2 should be replaced by df2,
while rdI" should be replaced by dI'.

The test functions (w, and w,) in egs. (53) and
(54) are mutually independent. This means that the
corresponding equations may be summed, resulting in
a single equation

F=R.+Ry,=0 (55)

Appendix B LSFEM formulation for the
thrombosis model

The resulting LSFEM (Least Squares Finite Element
Method) formulation from egs. (27), (28), (29) and (30)

becomes:

/ [(V)S, 1] (0¥ )ws_ ] rd = 0 (56)
Q

Tm

/ (veV)Dpasst 4
o

Qs

[(U.V)WDPAS,SL] rdt =0

ot
Tm

(57)

where Ws_, Wpp s s WDpas.,, and wr,, . are the test
functions.

Notice that (veV)Dpags s and (veV)Dpag s In eq.
(30) can be substituted from egs. (28) and (29), but
the resulting system of equations would achieve a worse
numerical conditioning (as has been observed in some
tests). The numerical conditioning was observed to be
much better when using the formulation presented in

eq. (30).



