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Blood-circulating devices such as oxygenators have offered life-saving
opportunities for advanced cardiovascular and pulmonary failures. However,
such systems are limited in the mimicking of the native vascular environment
(architecture, mechanical forces, operating flow rates and scaffold compositions).
Complications involving thrombosis considerably reduce their implementation
time and require intensive anticoagulant treatment. Variations in the
hemodynamic forces and fluid-mediated interactions between the different
blood components determine the risk of thrombosis and are generally not
taken sufficiently into consideration in the design of new blood-circulating
devices. In this Review article, we examine the tools and investigations around
hemodynamics employed in the development of artificial vascular devices, and
especially with advanced microfluidics techniques. Firstly, the architecture of the
human vascular system will be discussed, with regards to achieving physiological
functions while maintaining antithrombotic conditions for the blood. The aim is to
highlight that blood circulation in native vessels is a finely controlled balance
between architecture, rheology and mechanical forces, altogether providing
valuable biomimetics concepts. Later, we summarize the current numerical
and experimental methodologies to assess the risk of thrombogenicity of flow
patterns in blood circulating devices. We show that the leveraging of both local
hemodynamic analysis and nature-inspired architectures can greatly contribute to
the development of predictive models of device thrombogenicity. When
integrated in the early phase of the design, such evaluation would pave the
way for optimised blood circulating systems with effective thromboresistance
performances, long-term implantation prospects and a reduced burden for
patients.
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1 Introduction

Cardiovascular and respiratory diseases are major causes of death
worldwide. The demand for grafts and transplantations has never
been stronger despite the few donors available. The global
transplantation market size is projected to grow by two-fold before
2028 (Market Research Report on Transplantation, Fortune Business
Insights, 2021). As a consequence, over the last few years, the medical
devices industry has redirected towards the development of
extracorporeal blood circuits. These transportation systems aim to
replace deteriorated or missing vital functions such as oxygenation or
cardiac support. Although mostly used for rapid assistance, artificial
circulation systems are intended to temporarily replace the organ
function. However, these devices suffer from highly thrombogenic
potential, with thrombosis being the leading cause of failure (Jaffer
et al., 2015; Hastings et al., 2016; Labarrere et al., 2020). While several
strategies to limit blood damage have centred around biocompatible
materials and better coatings, another less studied approach focuses
on flow path and fluidmechanics (Kuchinka et al., 2021) which will be
of interest in this review.

There is a major need to decipher the role of flow field and
associated forces on the cellular dynamics in thrombogenic events
(Nesbitt et al., 2009; Maxwell et al., 2016; Receveur et al., 2020).
Interestingly, physiological vascular system naturally achieves blood
circulation with a remarkable efficacy. It indeed demonstrates a high
control over biomechanical parameters such as velocity, viscosity or
shear forces in a balance manner. When this equilibrium gets
affected, thrombosis which is a severe vessel disruption defined
by the formation of occlusive clots, can threaten the circulation of
the blood. Far from the vascular microcirculation, blood-circulating
devices frequently experience occlusive thrombi after an extended
period of use. The paths taken by the blood indeed display non-
physiologic flows and architectures, which translate into strong
mechanical forces. In particular, shear stress alters the
interactions between the red blood cells (RBCs), platelets and the
channel walls (Fisher and Rossmann, 2009; Kim and Ku, 2022), as
well as the cellular diversity which can influence the blood’s intricate
rheological properties. Blood-circulating devices such as catheters,
membrane oxygenator devices, or cannulas have a fairly wide scope
of application to fulfil biological functions including transportation,
oxygenation, filtration or flow control, but leaving blood damage
underevaluated or unconsidered.

Blood flow fields arising from medical devices design play a role
in hypercoagulation and thrombogenicity (Abruzzo et al., 2022;
Kuczaj et al., 2022). The underlying mechanisms need to be fully
understood to identify parameters influencing these detrimental
events. Drawing a comprehensive and spatiotemporal picture of the
phenomenon must consider the complexity of blood as a
heterogenous suspension, but also the mechanical environment of
the blood flow. Blood is formed of solid corpuscles - RBCs, white
blood cells, and platelets—in a liquid plasma. Plasma can be
described as an aqueous solution of organic molecules, proteins,
and salts. How all these components interact together in a dynamic
flow is not yet fully understood. Platelets have a pivotal role in
thrombosis. These anuclear and discoid blood cells measuring
approximately 2–3 µm in diameter act primarily as regulators of
hemostasis. In conjunction with endothelial cells (EC) which cover a
pro-thrombotic sub-endothelium, platelets actively participate in

the initiation of the coagulation cascade. Made from biomaterials,
blood-circulating devices walls are rapidly covered with adsorbed
proteins, providing sites for interactions. Platelets can engage in a
similar shear-dependant bonding in these environments (Van Rooij
et al., 2021), triggering a suite of responses including activation of
the coagulation cascade, platelet activation and aggregation
(Labarrere et al., 2020).

Evaluation of blood damage has greatly evolved since the first
experiments performed on blood. From simplified models to
complex mechanistic approaches, a large set of metrics to
quantify hemolysis and thrombogenic risks are available (Tables
2, 3). Together with increasing insights into complex fluid dynamics
and computational tools, blood flow fields characterisation provides
novel approaches in shear-induced thrombogenicity evaluation.

2 Biomechanics and architecture:
Imitating nature’s hemodynamic and
patterns

Artificial blood circulating devices such as ECMO systems
minimise the importance of blood preservation aspects naturally
achieved by the human vasculature. These devices are often
invasive procedures for a patient. as they require a large volume of
blood simply to prime the system, in addition to anticoagulant therapy.
The blood is continuously removed from the body, pumped through a
foreign structure increasing the risk of thrombosis, although fulfilling
vital functions (reoxygenation, filtration or transport). Flow field and
rheology dictate the hemodynamic properties of any blood path and its
thrombogenic nature by extension. Deciphering these intricate
mechanisms can provide some answers regarding what enables a
safe perfusion, what parameters can threaten flow integrity in in
vivo and in vitro (Corti et al., 2022; Valipour, 2022), but most
importantly how thrombosis is likely to be formed and how to
prevent it. As the main challenge lies in the development of long-
lasting vascular devices with a reduced use of anticoagulant, the
implementation of biomimetic concepts in medical device design to
reduce blood damage, thrombosis and hypercoagulation is one
valuable direction. In this section, we will go through biomimetic
aspects and discuss the different physiological parameters of fluid flow,
with a specific focus on blood-circulation systems.

2.1 Architecture, flow and design principles
of the microvascular network

The vascular system is a vast network distributing oxygen and
nutrients towards the organs while collecting deoxygenated blood,
waste, and carbon dioxide. These essential functions are achieved by
diverse structures from the largest arteries close to the heart, to the
arterioles and capillaries (whose dimensions allow for an effective
diffusion of gas and nutrients). The blood is then brought back to the
heart and lungs via venules and veins. Blood distribution is carried
out thanks to an impressive ability to downscale the flow path
dimensions, guaranteeing a blood perfusion down to the smallest
scales of our body with a minimal loss of pressure (Nitzsche et al.,
2022). Several studies have characterised and modelled the structure
vascular networks evidencing key organisational features to achieve
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physiological purposes (Wechsatol et al., 2002; Smith et al., 2019;
Cury et al., 2021).

2.1.1 Efficient blood delivery
The successive branching and splitting of the largest vessels into

smallest enable efficient blood delivery. In the early development
stage, the process of vasculogenesis creates a first primitive network,
which is completed during vessel sprouting. In hemodynamic
analysis, an analogy with electric circuits can be used. The
microcirculation is arranged in a set of in-series and in-parallel
vessels, where each vascular segment gives rise to a new generation
of microvessels (Figure 1). In this analogy, the blood flow rate and
pressure drop are equivalent to an electric current and voltage
respectively. Dissipative effects due to blood viscosity stand for a
hydraulic resistance (Hu et al., 2012). Intuitively, both design and
parallelised architecture of the vascular network guarantee a
progressive decrease of the total hydraulic resistance throughout
the network and greatly enhance the blood flow, as highlighted by
Poiseuille’s law (Liu and Jing, 2021; Pozdin et al., 2021). In addition,
blood slows down as the total cross-sectional area increases.
Vascular damages such as thrombosis or atherosclerosis affect the
flow resistance of individual segments operating a partial or
complete blockage (acute thrombosis). When examining the
contribution of individual vessels regarding the total hydraulic
resistance of the network, one can clearly see how much the site
of occlusion affects the viability of the whole system. Circulation
models were implemented recently to emulate physiological
disruptions including thrombotic events over the entire scales
ranges of the vascular network. Through the construction of a
tree-shaped network, the study led by Rojas et al., provided novel
approaches in liver blood circulation, and shed light on the
importance of architecture on blood flow distribution and thus
hemodynamics. (Torres Rojas et al., 2021). In such architecture,
occlusions in the early generations will dramatically impact the
hemodynamic properties of all the dependants vessels due to a
reduced blood supply (Rojas et al., 2015), whereas localized events in
the smallest capillaries have very little effect on the overall resistance
of the system.

2.1.2 Allometric scaling for energy minimisation
Allometric scaling refers to phenomenological relationships

that govern the structure and features of an organism according to
its body mass. A broad theory of biological allometries have been
applied to the human vascular network, which similar to plants,
has evolved towards an optimal arrangement of vessels (Hughes,
2015; Razavi et al., 2018; Chaui-Berlinck and Bicudo, 2021).
Metabolic allometric scaling, which drives the amount of energy
and materials taken from a system, is perhaps the most
fundamental assumption (Saghian et al., 2022). Thus, the
overall network architecture obeys design principles to
minimise energy loss and maximise space-filling to ensure
effective distribution of oxygen and nutrients to physiological
entities. Two contributions to energy loss can be distinguished
and are presented in Figure 2: dissipation and wave reflection.
While dissipation accounts for the majority of energy lost in small
capillaries where the surface-to-volume ratio is the highest, wave
reflection has a greater influence in pulsative flow conditions, such
as in arteries (Savage et al., 2008).

First introduced by Hess-Murray in 1926, the principle of
minimum work within a vascular system was derived. It accounts
for the metabolic costs involved in the maintenance of the blood in
the vessel and the dissipation by friction generated by the
bifurcations. The theory of dissipation minimisation takes the
form of a power law connecting the radii of a parent and n
daughter vessels at a branching point with a ratio n−1/3

(Figure 2). It also implies a shear constant (for symmetrical
bifurcation) and area-increasing behaviour that is dominant in
the smallest vessels (Murray, 1926). In mammals, this feature
reduces blood flow in the capillaries to levels allowing adequate
oxygenation and metabolite transport. A general model for
biological allometries was later developed by West, Brown and
Enquist (WBE) and attributes a well-known allometric scaling
exponent of 3/4 relating metabolic rate to body mass (West
et al., 1997). Interestingly, general branching features in
biological networks across plants and animals display analogous
features under WBE framework, including area-preservation,
despite different physiological aims (Brummer et al., 2021).
Detailed upon space-filling principle, WBE model gives a
description of pulsative networks such as aorta and arteries
resulting in branching nodes with a ratio n−1/2 when minimising
wave reflection (West et al., 1997). While symmetrical bifurcation
was a core assumption of WBE theory, asymmetric branching also
shows a convergence to the same metabolic scaling exponent
(Brummer et al., 2017).

It is clear that the transition between area-preserving to area-
increasing remains an issue in the global description of biological
networks. Nevertheless, it is established that blood is much slower to
enable oxygenation in the capillaries than in the aorta suggesting
area-increasing branching is necessary somewhere in the network.
In addition, the mere fact that vascular networks exhibit a non-
uniform shear distribution and increased as the vessels reach the
capillary size (arteries: 10s-1, capillaries: 2,000 s-1 (Doriot et al., 2000;
Reneman and Hoeks, 2008; Sakariassen et al., 2015)) confirm the
difficulties to predict where the transition would occur regarding the
flow regime. Additionally, the observations carried out by Zamir and
colleagues pointed out that the cube exponent in the power law
proposed by Murray was incompatible with the whole vascular
system and was likely varying along the tree (Zamir et al., 1992).
Such deviations from the cubic exponent were observed in arterial
bifurcations where the velocity is higher than in the rest of the
vascular tree. At these junctions, the optimal exponent showed to be
closer to two, climbing to three in the arterioles and capillaries,
confirming that the predictions of Hess-Murray’s law are closer to
reality for the smallest scales of our body (Roy and Woldenberg,
1982; Reneman and Hoeks, 2008; Sciubba, 2016). This range of
variation could even be extended in case of vascular damage and
severe thrombotic events.

2.2 Fluid shear stress in blood vessels

When blood circulates in a vessel, the vascular endothelium and
circulating cells experience strong hemodynamic forces modulated by
the vessel morphology and the mechanical environment. Among
them, shear stress is a frictional force per unit of surface applied to
each fluid particle whenever a fluid is set in motion. A moving fluid
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experiences drag forces on solid boundaries identified as wall shear
stress (WSS), and will not have any velocity relative to the surface in
contact (no-slip condition). It is well established that fluid shear stress
plays a critical role in vascular physiology (Roux et al., 2020). The
mechanical constraints are perceived and interpreted by endothelial
and circulating cells determining their behaviour, fate, and phenotype
through mechano-sensing pathways (Chistiakov et al., 2017; Mehta
et al., 2021; Support et al., 2021; Swain and Liddle, 2021; Haroon et al.,
2022). In addition, the diversity of vessel architecture and network
exposes the blood to various flow patterns and, as a result, imposes
mechanical constraints. Interestingly, vessel bifurcations, branching
nodes and curvatures are very sensitive regions of the vascular
network, where blood flow is likely to be disturbed. It includes low
and oscillatory shear stress (LOSS), which are often related to major
phenotypic alterations (Edgar et al., 2021; Strecker et al., 2021; Kumar
et al., 2022). The shear magnitude is also altered in smallest vessels,
resulting from the natural scale reduction or from partially obstructed
and stenotic vessels (Ebrahimi and Bagchi, 2022). The latter can cause
a sudden increase in local shear stress enhancing thrombotic risks:
concentration of coagulation agonists by reduction of blood velocity,
deficiency of vascular integrity and alteration of blood constituent
phenotype (Davies, 2009).

2.3 Rheology in vascular networks

Blood rheology refers to the mechanical behaviour of blood
when flowing. The fluid properties vary depending on the
constraints applied and dimensions, altering its velocity profile,
viscosity and force repartition along the stream. In cannula or
centrifugal pumps, blood perfusion systems have macroscopic
dimensions and operate at fairly high flow rates. The bulk
viscosity of blood is the viscosity witnessed when flowing in
vessels much larger than the suspended particles. In this case,
and in flows operating at shear rates above 100 s-1, blood can be
considered as a continuum and a Newtonian assumption is generally
legitimate (Mandal, 2005). Alternatively, in microfluidic-based
biomimetic platforms, the blood circulating network displays
smaller dimensions where flow is dominated by the effects of
viscosity. In such cases, non-Newtonian behaviour is considered
since viscous interactions outweigh inertial forces. Many in vitro
systems using high shear rates are employed to model stenosed
vessels, and where non-Newtonian could be emphasised (Receveur
et al., 2020; Van Rooij et al., 2021; Zhao et al., 2021). It is thus clear
that optimisation of microscale blood-circulating devices requires
the consideration of such rheological features.

FIGURE 1
Biological allometries related to vascular branching. In largest vessels such as arteries, the pulsative flow is dominant, area-preserving principle allow
to minimise wave reflections phenomena. The branching ratio exponent can vary but remains around ½ whether the bifurcations is symmetric or
asymmetric. For smallest vessels such as capillaries, the viscous forces are crucial, and the network follow an area-increasing behaviour. Murray’s law is
recovered in such conditions.
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Particle size brings an intrinsic complexity: non-Newtonian
properties of the blood become even more important and
determinant when the fluidic circuit has dimensions approximately
around 10 microns, which corresponds to the average diameter of a
RBC (Pries et al., 1989). In contrast with RBCs, individual platelets
have little influence on blood rheology due to their small size and
relatively low concentration (1%–2% of the blood volume). Several
models have been employed to characterise blood rheology
(Lecarpentier et al., 2016; Liu et al., 2021; Pialot et al., 2021). It is
generally accepted that blood acts as a shear-thinning fluid, a decrease
of its apparent viscosity is observed as the shear rate magnitude
increases (Fisher and Rossmann, 2009) (Figure 1).

Hematocrit also participates in the hemodynamic interactions
inside blood capillaries (Boal, 2001; Spann et al., 2016; Bouchnita
et al., 2021). Known to fluctuate from one patient to another,
hematocrit can reach 45% and can significantly modify the
rheological properties of blood, including its viscosity and cellular
interactions (Nader et al., 2019; Trejo-soto and Hernández-machado,
2022). In fact, the impact of hematocrit is particularly clear from a
micro-rheological point of view: when analysing the in vivo distribution
of RBCs, it was observed that the vascular network, andmore specifically
the subsequent and smallest generations, experience a heterogeneous
distribution of hematocrit as a consequence of successive microvascular
bifurcations and uneven velocity distributions (Chien et al., 1985; Fenton
et al., 1985; Pries et al., 1989). RBCs naturally deform and align with flow
streamlines to reduce the frictional forces between cells and the walls.
Subsequently, the structuring of the plasma/RBCs two-phase flow
concentrates the position of RBCs in the centre of the vessels to
generate a strong haematocrit gradient (Závodszky et al., 2019). The
migration of RBCs in the smallest structures, known as
Fåhraeus–Lindqvist, highlights that this local reduction of hematocrit
generates a decline in blood apparent viscosity as the vessel size decreases
(Lindqvist and Fahraeus, 1930; Farina et al., 2021). Therefore, the
endothelium is in contact mostly with plasma-rich layers, which
minimise the shear forces and flow resistance. In the
microcirculation (vessels less than 10 µm), the viscosity experiences a
sharp increase as it reaches the diameter of RBCs, associated with the
dissipation of the lubricative plasma layer (Lighthill, 1968; Guibert et al.,
2010) (Figure 1).

Current medical devices have diverse blood flow paths, and
operate scale reduction and constriction to facilitate their
operations. Classical ECMO circuits commonly show a set of
very packed fibres where blood flow is repeatedly constricted and
expanded from the inlet to the outlet to enhance the oxygenation
rate (Fukuda et al., 2020; Conway et al., 2021). Similarly, centrifugal
pumps integrate sharp impellers and blades in order to rapidly
accelerate the blood (Figure 3) (Fox et al., 2022). It is therefore clear
that the blood rheological properties and interactions with the walls
of the system are likely to be altered throughout the circulation and
be responsible for the device disruption.

2.4 Biomimetism in blood-circulating
devices

Biomimetic principles are increasingly considered to guide
design of vascular networks. They are applied differently
depending on the size of the perfusion system, from
microcapillary to macrovessel size systems.

2.4.1 Microcapillary-size devices (diameter <1mm)
For blood-circulating devices - and more specifically capillaries

systems - microfluidics brings novel possibilities in the development
of miniaturised, branched architectures. Benefits include micrometric
control over geometries including scale reduction, surface of
exchanges and mechanical forces. Artificial oxygenators greatly
benefit from these principles and display flow distributions arrays
in accordance toMurray’s law (Lachaux et al., 2021; Santos et al., 2021;
Vedula et al., 2022). These circuits shown in Figures 4A, B achieve a
progressive scale reduction from the largest channels to
microcapillaries where chemical transport of gas and nutrients will
occur faster and more efficiently, contained within a compact
manifold. Such geometries enable the maintenance of
physiologically relevant shear stress magnitudes and flow rates. A
similar approach was applied to the design of a tissue-engineered liver
scaffold, integrating a venous scaling throughout the generations of
the network (Hoganson et al., 2010; Torres Rojas et al., 2021).
Furthermore, novel biomimetic scaffolds based on triply periodic

FIGURE 2
Blood streamlines in classical blood-circulating devices. Blood stream navigating through a compact net of hollow fibres transporting oxygen in
classical EMCOs (A) or blood pump (B). In both cases, blood undergoes major flow disturbances that include expansions and constrictions. Panel B is
modified from Romanova et al., 2022.
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minimal surface (TPMS) theory were developed for fluid-circulation
devices. Using a permeability-based design approach, membranes
display modules with improved flow distribution overcoming non-
uniform and stagnant patterns found in hollow fibres membranes of
oxygenators (Hesselmann et al., 2022). TPMS-scaffolds morphology
has amarkedly high surface area to volume ratio and highly controlled
porosity similar to native cellular conditions (Vijayavenkataraman
et al., 2018). Two modules are shown in Figure 4C illustrating the
permeability-driven optimisation used for a membrane oxygenator
design.

2.4.2 Macrovessel-size devices (diameter >1mm)
Biomimetics can also be applied to bigger implanted devices in

contact with blood flow. Currently, a majority of blood devices
display macrometric circulation networks where physiological flow
is pulsative. The introduction of axial and centrifugal pumps to
clinical practice have generated major thrombotic complications
(Hastings et al., 2016) Devices with diminished pulsatility create
non-physiological continuous flow and likely introduce increased
pressure gradients in the circulation (Cheng et al., 2014; Major et al.,
2020). Wave membranes blood pump are novel approaches for
pulsatile flow integration in which blood is moved by wave
propagation systems. Both frequency and amplitude of the waves
can be monitored to mimic physiological flow (Martinolli et al.,
2022). Bileaflet valves are typically subjected to high flow rates
and relative changes in volume throughout the cardiac cycle.
Technical designs of the valves are inspired by profiles of a
native valve, which is optimised to resist and adapt to natural
variations in vessel diameter, blood volume and oscillations
(Hofferberth et al., 2020).

Biomimetic features contribute to a safe and durable system.
However, the intrinsic architecture of human vasculature naturally
disturbs the blood flow which undergoes diverse mechanical
constraints (Chistiakov et al., 2017). The development of artificial
vasculature would allow high control over hydrodynamic
parameters to prevent unsolicited and damaging reactions in the
blood.

3 Mechanisms of shear-induced
thrombosis

Blood-contacting and circulating devices such as catheters,
extracorporeal membrane oxygenator EMCOs, or stents are
challenged by the formation of thrombus especially during long
term implantation. The formation of acute thrombi is one of the
most frequent sources of failure (Jaffer et al., 2015; Murphy et al.,
2015). Artificial surfaces from biomedical devices poorly
recapitulate the physiological environment in terms of
architecture, biochemistry and forces. As Virchow’s triad details,
the alteration of the endothelium, including internal shear stresses,
together with blood flow disturbances (stasis and turbulence) and
hypercoagulability, are the three pillars contributing to
thrombogenicity (Kumar et al., 2010).

When blood interacts with a foreign material, a rapid absorption
of plasma protein occurs. This is believed to be the precursor of
thrombosis, as it involved an aggregation of platelets and fibrin on
the surface, trapping RBCs (Hoefer et al., 2020). In laminar

conditions, velocity and concentration gradients, together with
collisions, spontaneously transport the platelets towards the walls,
enhancing these interactions. In addition, thrombosis models and
recent findings from in vivo experiments using circulating systems
have identified multiple activation and aggregation mechanisms
operating at distinct shear range (Jackson et al., 2009; Casa et al.,
2015). Platelets have a diverse assortment of protein receptors on
their membrane including integrin αIIbβ3 and GPIb-V-IX, which are
selectively involved upon shear magnitude or hemodynamic
perturbations. It is therefore clear that hemodynamic conditions
and biomechanical constraints drive cell-cell and cell-material
interactions and highly influence thrombosis formation (Roka-
Moiia et al., 2021). Unravelling platelet behaviour and the
mechanisms of clot formation in dynamic and sheared
conditions is one of the biggest challenges when developing
artificial blood circulatory devices suitable for long-term
treatments. In the following section, we will review the current
models of shear-dependant cellular dynamics and interactions
leading to occlusive thrombus.

3.1 Transport: Platelet margination

Clot formation lies on the ability of blood cells, in particular
platelets, to reach vessel walls and interact with the proteins
immobilized onto it. The effects of local fluid mechanical
environment on platelet-ligands interactions are of utmost
importance. Extensive studies have reviewed platelets behaviour
in both vascular and in-vitro environments and have highlighted
an enriched near-wall layer within the first microns of the vessels,
where RBCs are completely depleted (Zhao et al., 2012; Sugihara-
seki and Takinouchi, 2021). Platelet distribution profile across the
flow was also analysed with mathematical models. (Spann et al.,
2016; Závodszky et al., 2019), confirming a cross-flow migration of
platelets in circulating channels. This phenomenon is known as
platelet margination and is believed to result from interconnected
mechanisms which will be reviewed in this section.

3.1.1 Cell-cell hemodynamics interactions
Platelet margination is monitored by their interaction with

RBCs in circulating blood and local fluid dynamics. RBCs density
in the blood, their deformability and stiffness participate and are
necessary for the margination to occur. Platelets circulating alone
or with extremely low hematocrit are less likely accumulate on the
vessel walls, indicating that RBCs volume affect platelet
trajectories, with a stronger impact under dynamic and stressed
conditions (Turitto and Weiss, 1980). Zhao et al. confirmed the
contribution of hematocrit to platelet margination, observing a
significant difference in platelet probability distribution when
hematocrit was doubled from 10% to 20% (Zhao et al., 2012).
Platelets have a stiffer membrane compared to RBCs which have an
easier faculty to deform. The gradient of stiffness within the cell
population enhanced the rate of collisions between deformable red
blood cells and stiffer particles (Czaja et al., 2020). This segregation
of stiffer particles has been simulated by Zhao et al., in arteriole-
like ducts showing that platelet-like spherical beads were pushed
due to volume exclusion (Munn and Dupin, 2008; Zhao et al.,
2012).
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3.1.2 Shear-induced diffusion
When blood flows through a vessel, the laminar regime

reveals a gradient of velocity directed normal to the wall. In
response to the non-slip condition (zero speed on the walls), a
non-zero mean lateral velocity leads the blood particles to
progressively diffuse from the centre of the vessels to the edge.
Several corresponding studies demonstrated a remarkable
contribution of shear-induced RBC-platelet collisions on the
lateral motion of individual platelets (Kotsalos et al., 2022;
Li et al., 2023). The analysis of RBC dynamics under flow
conditions also suggested that high levels of shear resulted
in a 1000-fold increase in platelet diffusivity to the walls
(Taylor, 1953; Leighton and Acrivos, 1987; Casa et al., 2015).
As Crowl and Fogelson pointed out, margination occurs rapidly

in sheared conditions, within a few microseconds at physiological
capillaries shear rates (1,100 s-1) (Crowl and Fogelson, 2010;
2011). Nevertheless, shear stress was found to have a less
dramatic impact on platelet lateral margination than
hematocrit, even though it clearly enhances the process (Zhao
et al., 2007).

Altogether, platelet behaviour and activity is altered in
blood circulating devices, with adhesion rates driven by
interactions with RBCs, a critical factor for acute thrombus
development (Spann et al., 2016). These findings provide
useful insight on the influence of hemodynamic environment
eon platelet-protein membrane binding and thus adhesion,
which are predominant processes initiating thrombus
development.

FIGURE 3
Physical parameters associated with vessel radius reduction. Figures on the left detail the rheological properties of the blood regarding the shrinkage
of the vessels throughout the network. Shear forces and non-Newtonian influence increase as the vessel radius decreases. Viscosity reaches a minimum
when the vessel diameter equals the RBCs dimension, before experiencing a sharp increase. On the right, the electrical analogy describes the successive
splitting which enables to parallelise the flow. Microchannels are getting smaller, more numerous and resistive. Murray’s law dictates the dimensions
of each generation depending on the previous generations characteristics, while maintaining constant shear forces.

FIGURE 4
Biomimetic approaches in oxygenators design. (A, B) present two different blood distribution methods in microfluidic oxygenators allowing for a
progressive scale reduction of the microchannels. (C) details a TPMS-based membrane oxygenators whose modules have been optimised upon their
permeability ensuring improved flow distribution. Panel A is modified from Lachaux et al., 2021. Panel B is modified from Vedula et al., 2022. Panel C is
modified from Hesselmann et al., 2022.
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3.2 Platelet adhesion and activation upon
shear hemodynamics

Physiological blood circulation exhibits a wide range of shear
rates (from 10 to 200 s-1 in veins, 500–800 s-1 in larges arteries and
almost 2,000 s-1 in the capillaries (Gogia and Neelamegham, 2015)).
Platelet adhesion and aggregation occur over this range of
magnitude, and even to greater extent at higher and pathological
shear rates. There is an interesting paradigm in the role of platelets in
the bloodstream: their circulation close to the walls is necessary for
haemostasis through a strong adhesion to damaged vessel. However,
their adhesion also actively contributes to pathological thrombotic
occlusion, particularly at elevated shear rates.

The involvement of the different receptors and ligands
acting as thrombogenic factors, and how they regulate clot
formation under sheared conditions has become a research
area of focus (Jackson et al., 2009; Casa et al., 2015; Rana
et al., 2019) (Table 1). The first step in thrombus formation
is the immobilisation of plasma proteins on the surface. As
previously mentioned, in the case of artificial circulatory
networks, polymer provide an attractive surface for rapid
protein adsorption (Wilson et al., 2005; Horbett, 2019).
Adversely, physiological thrombogenic surfaces can arise
from endothelial damages exposing subendothelial collagen
to the blood circulation (Andrews et al., 2003). Fibrinogen
and von Willebrand factor (VWF) are the two main proteins
adsorbed and immobilized on inner surfaces (Grunkemeier
et al., 2000; Kwak et al., 2005). VWF is a long multimeric
glycoprotein adopting a coiled and compact conformation
under low shear forces. When unfolded, the protein contains
a central domain called A1 that has a high affinity for platelet
receptors (Ju et al., 2016; Denorme et al., 2019).

3.2.1 Low-intermediate shear rate (< 1,000 s-1)
Under low shear rate perfusion in normal physiology (such as

venous flow), platelets interact with adsorbed fibrinogen and
collagen via their glycoprotein VI (GPVI) receptors. The integrin
αIIbβ3 (also known as GPIIb/IIIa) located on platelet membranes
enhances the arrest of free platelets onto immobilised fibrinogen

(Savage et al., 1998; Maxwell et al., 2016; Xu et al., 2021) (Figure 5).
The strong integrin αIIbβ3—fibrinogen interaction guarantees a firm
and immediate adhesion of the platelet on contact with the surface
(Savage et al., 1996). The work conducted by Ruggeri et al., in
1996 reveals the contribution of integrins in platelet deposition and
adhesion across this range of shear rates. Blood perfused in a parallel
plate flow chamber coated with immobilised fibrinogen revealed
maximal platelet deposition at lower shear rates, with almost no
binding at shear rates reaching 1,500 s-1. This interaction is
selectively engaged under low shear conditions: as the binding
rate with integrin αIIbβ3 is considered to be relatively slow,
bonds may form if the drag forces do not overcome integrins
bond strength (Savage et al., 1996). It is important to mention
that shear rate only impacts initial platelet adhesion and the binding
of integrins to fibrinogen remained stable at higher levels (Savage
et al., 1996). On the biochemical aspect, adhered platelets also tend
to activate and demonstrate an upregulation of αIIbβ3 affinity on
their membrane enhancing platelet-platelet interactions through
soluble fibrinogen. Therefore, the secretion and release of
thrombogenic agonists through alpha-granules (ADP,
Thromboxane TXA2, Ultra-large von Willebrand factor
(ULVWF)) by activated platelets monitors a shift in their
phenotype, which progressively exhibits filopodia-like structures
(Maxwell et al., 2016).

3.2.2 Moderate shear rate (1,000–10,000 s-1)
Investigations on blood circulation in microfluidics at

moderate shear rates (exceeding 1,000 s-1) have shown a two-
stage platelet adhesion mechanism. First, as an additional
interaction mediating platelet adhesion, glycoproteins GpIb-V-
IX (more specifically GPIbα) bridge to immobilized von
Willebrand Factor to arrest platelets on the surface (Savage
et al., 1996; Reininger et al., 2006). Under moderate shear,
VWF molecules unfold to reveal the A1 domain which bonds
to platelet receptor GPIb (Siedlecki et al., 1996). A1- GPIb adhesive
binding is fast but reversible. The interaction induces a mechanism
of platelet translocation whereby flowing platelets can quickly
bond/debond, exhibiting a rolling motion on the wall surface
(Lackner et al., 2020; Pujos et al., 2022). In the second stage,

TABLE 1 Morphology and adhesive interactions associated to shear rate levels.

Low shear <1,000 s-1 Moderate shear >1,000 s-1 High shear >10,000 s-1

Morphology

Discoid Platelets Discoid Platelets Spherical Platelets

Formation of filopodia Formation of filopodia Formation of filopodia

Formation of membrane tethers Formation of membrane tethers

Formation of VWF fibres

Formation of VWF fibres

Adhesive interactions

αIIbβ3/Fibrinogen GPIb-V-IX/VWF GPIb-V-IX/VWF

Strong and irreversible Fast binding rate Fast binding rate

Slow binding rate Reversible Strong and irreversible

Rolling platelets

αIIbβ3/Fibrinogen

Frontiers in Mechanical Engineering frontiersin.org08

Feaugas et al. 10.3389/fmech.2023.1060580

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2023.1060580


the rolling motion of platelets prolongs their contact with adsorbed
fibrinogen, providing sufficient time for the strong
αIIbβ3—fibrinogen bonds to be established (Figure 5). The
surface translocation then generates several morphological
switches (Andrews et al., 2003). As the platelet engage into
smooth rolling interactions, intermediate shear rates
(1,000–10,000 s-1) introduce membrane tethers. These are
smooth cylinders of lipid bilayer derived from the platelet
membrane, which function as contact points between integrins
GPIIb/IIIa and amino acids in VWF C1 domain. These membrane
extensions have the ability to stretch in order to resist the
hemodynamic drag forces imposed by the flow and extend the
adhesion time of the platelets, further stabilising the emerging
aggregate (Dopheide et al., 2002; Reininger et al., 2006; Mountford
et al., 2015; Abidin et al., 2022).

3.2.3 Pathological shear rate (> 10,000 s-1)
It is important to emphasise that aggregate formation does not

necessarily require platelet activation (Ruggeri et al., 2006). On the
contrary, circulating platelets are able to initiate binding and
aggregation without first being activated, which is the case in the
presence of pathological shear stress or disturbed flows. VWF
binding to the platelet membrane GpIb-V-IX complex triggers
activation of platelet GPIIb/IIIa receptors as wells as an
accumulation of intracellular calcium. Activated platelets secrete
soluble prothrombotic agonists inside the aggregate. These soluble
factors include ADP, thromboxane (TxA2) or thrombin and are
actively released in the blood plasma, stabilising the plug and
promoting the recruitment of flowing platelets (Ruggeri et al.,
2006). In addition, high shear rates lead to platelet membrane
inversion including the externalisation of phosphatidylserine
(PS), a phospholipid normally located in the cytoplasm of resting
platelets (Sweedo et al., 2021). This redistribution on activated
platelets leads to a 40-fold increase in phosphatidyl serine
expression after platelet activation (Thiagarajan and Tait, 1990;
Dachary-Prigent et al., 1993; Sun et al., 1993). PS translocation
propagates the further platelet activation cascade within the
aggregates (Ryan et al., 2020) Finally, pathological conditions
including vessel lumen reduction and/or obstruction may cause
shear rate rise at extremely high levels above 10,000 s-1. Under these
conditions, platelet thrombus formation is dominated by VWF-
dependant interactions, mainly via GPIb-V-IX. Aggregates emerge
from soluble VWF multimers, which are in their complete unfolded
and fibrous conformation (Figure 5) (Zhussupbekov et al., 2022).
The fibres easily bind to already adhered and tethered platelets on
immobilized VWF forming a net on the surface. At the same time,
the A1 domain mediates the capture of flowing platelets, further
activated within the large and unstable aggregate (Colace and
Diamond, 2014; Fu et al., 2017; Liu et al., 2022). VWF
biomechanical processes have been characterised in silico and
bring useful insight in shear-induced platelet activation under
flow (Pushin et al., 2020; Kim and Ku, 2022; Belyaev and
Kushchenko, 2023).

3.2.4 Disturbed and elongated shear rate:
Microgradients

It is generally accepted that high shear stresses are vectors of platelet
aggregation leading to occlusive thrombosis. The different mechanisms

of platelet adhesion and aggregation are rather simplified models and
descriptions. Blood circulation is not only a laminar flow and will
experience local hemodynamic environments, with regions of velocity
changes. These can be attributed to the inherent non-Newtonian
properties of blood, but also shear rate gradients in cases of vessel
constriction where fluid quickly accelerates and decelerates, or
turbulences occurring at branching nodes (Chistiakov et al., 2017).

Although the effects of hemodynamic forces on VWF
monomeric fibres is demonstrated, there is still no consensus on
a critical shear rate needed to initiate platelet aggregation. It is
understood that immobilized VWF is likely to remain in its unfolded
conformation at shear rates around 3,000 s-1 whereas an elongation
of soluble VWF needs higher shear up to 5,000 s-1 (Siedlecki et al.,
1996; Kuwahara et al., 2002; Schneider et al., 2007). However, recent
observations have questioned the existence of such a threshold,
showing in particular that VWF could be involved at lower shear
magnitudes of, around 1,500 s-1 (Receveur et al., 2020) and in the
context of shear rate gradients (Hoefer et al., 2020; Van Rooij et al.,
2021). In a shear gradient context, it was observed that VWF
unfolding increased at two-fold lower flow rates when compared
to constant shear flows (Zhang, 2009; Sing and Alexander-katz,
2010). Corresponding studies revealed that rapid alterations of the
flow through shear microgradients promoted discoid platelet
aggregation in the post-stenotic region, or micro-vessel
curvatures (Nesbitt et al., 2009; Rooij et al., 2020; Spieker et al.,
2021). It suggests that the rapid decrease in shear rate restructures
the filamentous membrane tethers and allows integrins αIIbβ3 to
considerably stabilise the aggregate. Platelet aggregation has been
characterized in microfluidic devices by Receveur et al., suggesting
that fibrinogen was responsible only for platelet adhesion in a simple
constant shear flow, whereas together with the action of VWF
became thrombogenic in an accelerated flow. Thrombosis driven
by shear microgradients is bi-phasic: initially slow as platelet are
recruited by immobilized VWF and fibrinogen, followed by a
dramatic growth of VWF fibres (Receveur et al., 2020).

4 Evaluation of blood damage and
device thrombogenicity

Thrombosis relies on several stakeholders, which interact in
different manners depending on the mechanical environment.
Design optimisation of blood-circulating devices can use our
understanding of shear-induced thrombosis to improve the
evaluation of the thrombogenic performances and reduce the
heavy reliance on anticoagulant medication. In the sections
below, we detail the latest investigations used to assess shear-
induced blood damage and thrombogenicity and identify the
hemodynamic factors that can be integrated in future design
optimisation approaches.

4.1 Setting critical thresholds: Role of shear
and time

Three main factors are used to quantify blood damage and
thrombogenicity: hemolysis, platelet activation, and VWF
condition. Firstly, hemolysis is described as a permanent injury of
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RBCs leading to the release of haemoglobin in the plasma and is
widely considered as a risk factor for thrombosis and its quantification
(Capecchi et al., 2021). Platelet and VWF damages are two additional
indicators. Based on the phenomenological approach to thrombosis
under dynamic conditions covered in the previous section, studies
have established critical limits for these three metrics. The threshold
value for hemolysis was estimated around 150 Pa (Alemu and
Bluestein, 2007), while those for platelet and VWF interactions are
significantly lower at 19 Pa and 5 Pa with adherent surfaces, with
thrombogenic proteins (VWF and fibrinogen) respectively. Surface
and volumetric segmentation of the flow field is commonly used as
alternative method to quantify the blood mechanical loading and
better visualise critical design features (Buck et al., 2018; Wiegmann
et al., 2018; He et al., 2021). A statistical distribution of shear levels and
velocities quantifies the proportion of the surface or volume
experiencing forces above the prescribed threshold, with regards to
the total volume. In this respect, a study led by Wiegmann and
colleagues explored slight design changes of a centrifugal pump and
demonstrated that both stagnation zones and number of particles
exposed to high shear can be reduced, by altering clearance gaps and
the number of impeller blades (Wiegmann et al., 2018). In the latest
prototypes of bioprosthetic total artificial heart (A-ATH), blood
volume fraction enduring pathological shear stress was employed

to analyse the influence of the cardiac output on designs
hemocompatibility (Poitier et al., 2022).

Currently, blood circulating device manufacturers orient their
design process to achieve specific operating flow rates (4–7 L/min for
ECMO-based devices, 1–6 L/min for cannulas (Makdisi and Wang,
2015)) with minimal hemolysis. The hemolytic index (HI) shown in
Table 2 quantifies the plasma-free hemoglobin relative to the total
hemoglobin, regarding the exposure of blood to shear stress for a
given duration. This equation gives a first appreciation of the
hemolytic performances of a device according to the contact time
between the blood and the surfaces (Romanova et al., 2022). Although
being extensively used as a gold-standard to minimize flow-induced
thrombogenicity (Taskin et al., 2012; Zhang et al., 2020), this metric
does not account for the contribution of other thrombogenic
components (platelets and VWF) in sheared environments. In fact,
RBCs are relatively resilient to shear due to their rigid membrane, and
have a negligible influence since they flow in the low shear central
region because of Fåhraeus–Lindqvist effect (Lindqvist and Fahraeus,
1930). Moreover, shear-induced hemolysis was observed at levels of
shear rate more than ten-fold higher than the ones noted for platelets
and VWF interactions (Klaus et al., 2002; Chan et al., 2022). These
observations call into question the use of the hemolysis as unique
indicator of thrombogenicity.

FIGURE 5
Dynamic of platelet adhesion and aggregation under flow. At low shear rate (<1,000 s-1), platelets adhesion and aggregation are predominantly
driven by integrins αIIbβ3 receptors with fibrinogen as ligand. At moderate shear rate (<10,000 s-1), VWF fibres adopt both folded and unfolded
conformations capturing platelets via their receptor GPIb-V-IX. Due to the fast dissociation rate, platelet translocate and roll over the surface and engage
a very stable binding with fibrinogen as well. At higher and pathological shear rates (<10,000 s-1), platelets interact exclusively with immobilized VWF
which form large and unstable aggregates and long fibres capturing both activated and inactivated platelets.
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Blood exposure time to surfaces is yet a key parameter in
thrombosis as it outlines how both platelets and VWF can
respond to wider range of mechanical stimuli. Indeed, constant
thresholds are unable to fully recapitulate the mechanisms of platelet
activation and aggregation: a prolonged exposure of blood to low
shear rates likely promotes equal platelet damage as high shear rates
for short exposure times (Soares et al., 2013). Interestingly,
extremely low shear cannot balance extended contact with a
material, and are referred to stagnation zones. These regions
display velocity fields within which interactions between blood
cells and immobilized proteins are emphasised and there is an
increased concentration of agonists. Table 2 details existing
models extrapolated from experimental data that explore RBC,
platelets and VWF behaviour according to shear and time. They
also show that VWF intervenes primarily in the process of
thrombosis (Chan et al., 2022). These models where originally
defined via a large matrix of experimental data (in shear and
time), provided by various studies completed under diverse
conditions (rheometer, microfluidics, hollow fibres). Although a
clear trend appears for the thresholds of platelet and VWF damage,
caution should be taken when applying them in experimental
models outside their field of definition.

4.2 Computational fluid dynamics:
Numerical modelling of local thrombotic
risks

Current methods to assess medical device thrombogenicity do
not provide sufficient insight in the local hemodynamics.
Mechanical heart valves show highly damaging regions near the
leaflets where platelets experience strong forces out to the
physiological range (Roudaut et al., 2007; Dangas et al., 2016;
Wang et al., 2021). Similarly, ECMO circuits introduce local
increase of shear near the oxygenating fibres, as well as around
the connectors (Sun et al., 2020; Conway et al., 2021). Currently,
actual mechanical blood damage lies on estimations since there is no
proper model accounting for all phenomena and complexity that
define blood circulation. Multiple shear magnitudes define a single

trajectory, and the scalar wall shear stress (WSS) as standard value
cannot recapitulate the whole shear history. As a consequence, there
is a need for appropriate assessment of thrombotic risks accounting
for the local mechanical description of the whole blood flow,
including time-varying shear stresses (shear microgradients) and
the cumulative effect of unsteady shear levels.

Recently, computational fluid dynamics (CFD) has gained
interest as tool for early-stage medical devices development. It
can be employed to track the journey of platelets throughout the
fluidic network or the displacement of critical regions (artificial
valves and ventricles) under constraints, and to provide a reliable
appreciation of the local mechanical state (Figure 6). Numerical
simulations easily generate a large number of platelet trajectories
and provide a “mechanical footprint” of the flow while highlighting
regions with a higher risk of damage (Hatoum et al., 2021; Yang
et al., 2022). Computing statistical distributions such as the
probability density of the shear and exposure time from relevant
trajectories offers a clear quantification of mechanical constraints,
their intensity and frequency. These parameters can then be
employed to compare and optimise designs. Schöps et al. have
used this method to quantify the number of threshold
exceedances over CFD-derived streamlines, with respect to the
residence time (Schöps et al., 2021). Combined with CFD
simulations, statistical analysis of streamlines-derived metrics
presented in Table 3 offers an interesting approach to assess
hemodynamic features of complex blood flows.

4.2.1 Platelet Activation State
In the light of the major contribution of platelets in thrombosis,

Nobili et al. applied a cumulative damage theory, originally
developed for RBC (Yeleswarapu et al., 1995; Grigioni et al.,
2005), to quantify platelet activation state (PAS) in dynamic
conditions (Table 3). This model relies on a prior activation
history term and the instantaneous constant mechanical loading
(Nobili et al., 2008). Following the same logic, a new description for
the regions of shear gradients was introduced to depict a more
accurate description of the mechanical profile along the trajectory
(Soares et al., 2013). Furthermore, the PAS formula relates to actual
biological markers for platelet degradation. In stressed environment,

TABLE 2 Existing models based on a thresholding approach for blood damage.

Description References Models Devices

Shear-induced trauma Lee et al. (2008); Maurer and Matheis (2008) τ2 ≤ 900
t − 255 Pascal (Pa) ECMO, Hollow Fibres

Lee et al. (2008); Maurer and Matheis (2008)
Material-induced trauma τ2 ≥ − 900

t + 65 Pascal (Pa)

Hemolysis Fraser et al. (2012); Wiegmann et al. (2018) τ ≤ 150 Pascal (Pa) Centrifugal pumps
Schöps et al. (2021); Wiegmann et al. (2018)

Platelet activation τ ≤ 50 Pascal (Pa)

VWF degradation τ ≤ 5 Pascal (Pa)

Hemolysis Chan et al. (2022) τ ≤ 218t−0.5 + 98 Pascal (Pa) Ventricular Assists Devices
Chan et al. (2022)

Platelet activation τ ≤ 15t−0.5 + 89 Pascal (Pa)

VWF degradation τ ≤ 3.5t−0.5 + 85 Pascal (Pa)

Hellum’s criterion Hellums (1994) SA < 3.5 Pa s (Pa.s) Prosthetic heart valve (PHV)
Xenos et al. (2010)
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platelet activation leads to the conversion of prothrombin into
thrombin, which acts as a strong agonist generating further
activations via a feedback loop. Similarly, modified prothrombin
produces acetylated thrombin which does not contribute to any
activation and can easily be quantified, assimilated as a direct marker
of shear-induced platelet activation (Jesty and Bluestein, 1999). This
method combines computational fluid dynamics and biological
assessment of platelet activation and provides a direct
quantification of a streamline thrombogenicity considering
diverse mechanical loading histories (Xenos et al., 2010). The
latter study provided some insights into the platelets resilience to
shear stress, and their behaviour post-exposure. Interestingly,
coupled with experimental results, the model revealed that
platelets become activated by very short but strong pulse of shear
without recovering their initial and quiescent state under low shear
conditions. In addition, an initial pre-exposure to high shear
facilitates their activation even at physiological shear. These

findings highlight the importance of including previous stress
histories in the analysis of platelet sensitivity to activation (Soares
et al., 2013).

4.2.2 Stress accumulation
Stress accumulation (SA) is an additional metric which sums the

instantaneous product of shear stress and exposure time between
successive nodes of platelet streamline. This parameter indicates the
level of activation of a trajectory and should remain lower than
35 dyne s/cm2 for save blood transport, according to Hellums
criterion (Hellums et al., 1987). Stress accumulation is often
integrated in the optimisation procedure as a comparative
indicator (Chiu et al., 2019). Girdhar and colleagues led a robust
comparison of Left Ventricular Assist devices (LVADs), using the
stress accumulation to select the features guaranteeing optimal
thrombogenic performances. The optimized version of the VAD
was selected after several iterative design modifications on the

FIGURE 6
Optimisation flow chart from CFD analysis of device thrombogenicity. Computational fluid dynamics provide local mechanical history of a large
population of flowing platelets. The statistical analysis of their mechanical experience: shear stress, time of exposure, thrombogenic metrics enable to
draw a global picture of the risks of clotting related to the design.

TABLE 3 Existing models based on a cumulative approach for blood damages.

Description References Models Devices

Hemolysis Index Blackshear et al. (1965) HI(%) � Cτatb Power law coefficient (a, b, C) Ventricular Assist Devices Taskin et al. (2012)

Cumulative blood
damage

Yeleswarapu et al.
(1995)

D(t) � D(t0) + ∫t

t0
(σ(ti )σ0

)r . dt
[1−D(ti−1)]k

Mechanical Heart Valve Xenos et al. (2010); Alemu et al.
(2010)

Blood Damage Index Grigioni et al. (2005) BDI � ∫t

t0
Ca[ ∫ϕ

t0
τ(ξ) b

a dξ +D(t0)]a−1τ(ϕ) b
a dϕ Pumps, Cannula (Fuchs et al. (2018); Fiusco et al. (2022)

Platelet Activation State Soares et al. (2013) PAS � ∫t

t0
Ca[∫ϕ

t0
τ(ξ) b

adξ + b
a∫

τ(t)
t0

ξ.τ(ξ)ba−1dτ +D(t0)]a−1τ(ϕ) b
a dϕ Mechanical Heart Valve Consolo et al. (2017)

Stress Accumulation Bluestein et al. (1997) SA � σ.t exp � ∫t exp

t0
σ(t)dt + ∫t exp

t0
t _σ(t)dt Ventricular Assists and Heart Devices Xenos et al. (2010);

Alemu and Bluestein (2007); Marom et al. (2014)
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impeller and showed a markedly reduced stress accumulation
among platelet trajectories. More importantly, it caused an order
of magnitude lower platelet activation rate when compared with the
original design (Girdhar et al., 2012). Similarly, Buck et al.
investigated the thrombogenicity of two blood path architectures
as part of an implantable artificial kidney (Buck et al., 2018).

4.2.3 Thrombotic risks
Associated with computational fluid dynamics, various

numerical models are proposed to predict localised thrombus
risks in blood-circulating device designs (Menichini and Yun,
2016; Wu et al., 2020; Bouchnita et al., 2021; Li et al., 2022). The
majority of these models integrate a combination of mechanical and
biochemical contributions: first the computing velocity, pressure
and shear stress fields with Navier-Stokes equations. Utilising the
knowledge of the mechanical and physiological environment, a large
number of models compute species transport in the system with an
Eulerian approach by solving convection-diffusion-reaction
equations (Stiehm et al., 2019; Wu et al., 2020). Several
components concentrations including the ones of resting or
activated platelets, chemical agonists such as adenosine
diphosphate (ADP) or thrombin, are processed through a
systems of partial differential equations (PDEs) (Sorensen et al.,
1999; Leiderman and Fogelson, 2011). Some models have also
proposed a direct dependence of these concentrations either with
mechanical or chemical cues, through both source terms or
diffusivity (Wootton et al., 2001; Menichini and Yun, 2016).
Using such models, Blum and colleagues demonstrated that
activated platelets concentration in HeartMate II pumps
correlated with thrombus events frequency (Figure 7), suggesting
that such computational markers have potential as surrogates for
thrombus modelling (Blum et al., 2022; Qiao et al., 2022).

Regions with high thrombotic risk are also characterised by their
longer residence times. Residence time can be modelled as a passive
tracer entering the blood-circulating device and transported with the
flow (Figure 7). Along with high activated platelets concentrations,
the latter is computed using Eulerian description to evaluate
thrombotic clots (Menichini and Yun, 2016; Li et al., 2022).
Moreover, Lagrangian methods also provide a valuable
description of residence time for individual platelets along their
trajectory, but they require extensive computational costs compared
with Eulerian methods.

5 Discussion

Thrombotic failures of medical devices with blood circulation
show that anticoagulant treatments are no longer sufficient to
guarantee a viable implantation (Cossette et al., 2010; Dhakal
et al., 2016). They are designed as last-resort temporary solutions
to recapitulate deteriorated vital function in clinically vulnerable
patients. However, the damages inflicted on the flowing blood while
flowing is difficult to apprehend and inevitably reduces the
implantation time. Thrombosis is one of the major complications
associated with the failure of blood flow devices (Jaffer et al., 2015;
Murphy et al., 2015).

Although made from biocompatible materials, current blood-
circulating devices do not sufficiently reflect the physiological
environment of a blood vessel. Human vascular network, just like
the circulatory systems of leaves, is characterised by a complex and
hierarchical architecture, to optimise flow distribution and scale-down
the vessels. It displays a diverse mechanical environment centred
around shear forces, and an architecture alleviating physiological
needs while preserving the blood. In that regard, design of medical
devices is moving towards new biomimetics considerations in an
attempt to improve the anti-thrombotic properties.

Different biomaterials are used to manufacture blood-circulating
devices used in clinical practice. The exposure of patient blood to
foreign materials whose walls are covered with adsorbed proteins,
providing sites for thrombotic interactions. Many studies have brought
significant contributions to the biomaterials-driven thrombosis fields,
with regard to innovative coatings for instance, material composition
or surfacemodification (Han et al., 2022; Jamiolkowski et al., 2022). . In
addition to shear-induced interactions mentioned in this review,
material induced trauma resulting from biomaterial interactions
relies on even more complex couplings that should be considered
for thrombogenicity evaluation.

While interests have long been focused on the efficacy and
functionality of the device (transport, oxygenation, filtration),
current challenges have arisen in the reduction of blood damages
in order to extend the device lifetime and reduce anticoagulant use.
The hemodynamic evaluation of artificial vascular devices is heading
in that direction: detect and reduce any harmful patterns such as
high shear stresses, gradients and stagnant regions. However, the
existing parameters in the literature do not make it possible to
establish device thrombogenicity. This work presents the state-of-

FIGURE 7
Thrombotic risks modelling. Quantification of thrombotic clots risk (right panel) upon activated platelet concentration (left panel), residence time
(centre panel). Panel is modified from Li et al., 2022.
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the art of the methodologies that provide the foundations of tools to
assess thrombogenic performances. Investigating the hemodynamics
of blood circulating devices via computational fluid dynamics
simulations have broadened the knowledge of blood’s behaviour in
complex flow fields and geometries. In particular, streamline analysis
can mimic real-time blood cells trajectories and capture the local
mechanical information and interactions of a bulk flow with a greater
than preceding analytical models. CFD modelling denotes a pertinent
and economical approach to elucidate the effects of design alterations
on the long-term performances of a device. Integrating such practice
in themedical device industry pipeline as part of an early optimisation
phase would save time both in prototyping and manufacturing.

In addition, the microscale modelling through CFD allows the
integration of complex non-Newtonian properties of blood that
should be considered when the circulating channels have
comparable dimensions as the circulating cells. Precisely, artificial
vascular systems mostly operate with continuous perfusion at fairly
high flow rates (reaching up to 7L/min). Designing micrometric-
scaled blood circulating systems capable to treat large volumes as
efficiently as our vascular system is certainly a formidable
biomimetic challenge for the years to come.
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