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Models of Shear-Induced
Platelet Activation and
Numerical Implementation With
Computational Fluid Dynamics
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Shear-induced platelet activation is one of the critical outcomes when blood is exposed to
elevated shear stress. Excessively activated platelets in the circulation can lead to throm-
bus formation and platelet consumption, resulting in serious adverse events such as
thromboembolism and bleeding. While experimental observations reveal that it is related
to the shear stress level and exposure time, the underlying mechanism of shear-induced
platelet activation is not fully understood. Various models have been proposed to relate
shear stress levels to platelet activation, yet most are modified from the empirically cali-
brated power-law model. Newly developed multiscale platelet models are tested as a
promising approach to capture a single platelet’s dynamic shape during activation, but it
would be computationally expensive to employ it for a large-scale analysis. This paper
summarizes the current numerical models used to study the shear-induced platelet activa-
tion and their computational applications in the risk assessment of a particular flow pat-
tern and clot formation prediction. [DOI: 10.1115/1.4052460]

1 Introduction

Platelets play an essential role in physiological hemostasis, a
natural process for preventing excessive blood loss from a dam-
aged blood vessel [1,2]. The resting platelet has a stable discoid
shape that is circulating in the bloodstream. Platelets adhere and
aggregate to damaged endothelium, instantaneously followed by
the activation of platelets that triggers the secondary hemostasis.
A platelet plug is formed, and then platelets degranulate [3]. Dur-
ing their lifespan, platelets are continuously subjected to mechani-
cal shear stress in the circulation. While physiological shear
stresses in the circulatory system do not have a detrimental impact
on blood cells, platelets exposed to elevated shear stresses, such
as in blood flow through a stenotic blood vessel, exhibit structural
and functional alterations [4–6]. One of these alterations is platelet
activation. Similarly, the complex blood flow with higher shear
stress in medical devices can irreversibly induce platelet activa-
tion. These activated platelets adhere and aggregate on the foreign
surface of medical devices, promoting clot growth that could be a
potential life threat to patients. Thrombus growth is a very com-
plex process involving physical, chemical, and physiological
interactions. Thus, platelet activation induced by nonphysiological
shear stress becomes the most critical concern in clinical use of
medical devices.

Computational fluid dynamics (CFD) modeling has been a
helpful engineering tool to study the blood flow patterns in medi-
cal devices over the past two decades [7–10]. It can provide a
detailed insight into fluid flow information inside the vasculature
or blood-contacting medical devices (BCMDs). The CFD model-
ing can be further used to achieve optimized flow characteristics
based on minimizing high shear stress regions. Incorporated with
the CFD modeling, power-law models that relate hemolysis to
shear stress and exposure time have been widely used to evaluate

red blood cell (RBC) damage caused by medical devices [11,12].
The power-law models are also adapted to evaluate the potential
of shear-induced platelet activation [13–16]. Several modified
models have been proposed to improve the performance of the
original power-law model when implemented in the CFD simula-
tion [17–20]. For example, the linear power-law model becomes
popular due to its simple formula [17]. The cumulative model is
adapted from the damage accumulation, which considers the shear
stress accumulation effect on a single platelet [21]. Furthermore,
the Eulerian form of the cumulative model is flexible to be
adopted in the clot growth simulation [19,22]. The threshold
model also classifies whether a platelet is activated or not, com-
paring the shear stress (shear rate) experiences to a threshold
value [23].

The classical power-law-like models require empirical/ad hoc
parameters dependent on the device and operating conditions.
Therefore, they have limited success and can hardly be considered
a universal approach for predicting shear-induced platelet activa-
tion. The multiscale platelet model based on the molecular struc-
ture is a promising approach to reveal the shear-induced platelet
activation, yet it is too complex and computationally expensive to
be applied for problems on larger scales [24,25]. Recently, a con-
tinuum macroscale RBC model combined with a microscale mem-
brane structure model has been developed to investigate the RBC
damage due to leakage of hemoglobin from ruptured membrane
pores on the deformed membrane [26]. A similar approach may
be utilized to model the shear-induced platelet activation by inves-
tigating the mechanical response of a single platelet to shear
stress. However, the challenge arises due to the dramatically mor-
phological change of platelet’s structure during activation, usually
accompanied by a sequence of complex biochemical reactions.

2 Background

2.1 Platelet Function and Coagulation Cascade. Platelets,
or thrombocytes, are small anucleate cells circulating in the blood.
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They are fragments of cytoplasm derived from megakaryocytes,
which are large cells produced from stem cells in the bone marrow
[27]. The principal function of platelets is to initiate the primary
hemostasis through a complex activation process at the site of vas-
cular injury. When platelets contact the exposed subendothelium
at the injury site, adhesion receptors (GPVI, GPIb, and integrin
a2b1) on the platelet bind collagen and von Willebrand factor
(vWF) from the subendothelium, triggering a sequence of cellular
events in adhered platelets, leading to platelet activation. A
sequence of coagulation events (secondary hemostasis) follows,
leading to platelet/fibrin crosslinked clot formation. Platelet can
also be activated via exposure to chemical and mechanical stimuli
known as the agonist. Those agonists include adenosine diphos-
phate (ADP), thrombin, thromboxane A2 (TXA2), epinephrine,
serotonin, collagen, shear stress, prostaglandin E2, and 8-iso-
prostaglandin F2a. In addition, activated platelets release several
biologically active substances stored in their granule contents,
including ADP, serotonin, platelet-activating factor, vWF, platelet
factor 4, and TXA2, into the blood plasma, which, in turn, trigger
the activation of more resting platelets [28].

The secondary hemostasis is a rapid process known as coagula-
tion cascade, a complex phenomenon that remains partially under-
stood. It has two initial pathways: intrinsic and extrinsic [29,30],
as illustrated in Fig. 1. In the extrinsic pathway, tissue factor from
injured subendothelial tissue activates factor VII, which then acti-
vates factor X. The biochemical reaction of the intrinsic pathway
involves factors XII, XI, IX, and VIII. Finally, the extrinsic and
intrinsic pathways merge at the activation of factor X in the com-
mon pathway. As a result, thrombin is formed from prothrombin;
fibrinogen is converted into fibrin. A complete description of the
coagulation cascade model consisting of an initiation phase,
amplification phase, and propagation phase can be found in Refs.
[30] and [31].

2.2 Platelet Activation. Circulating inactivated platelets
have flat, biconvex discoid (lens-shaped) structures. Such a struc-
ture is maintained by the membrane and a ring of microtubules
(MTs), also known as the marginal band (MB) [32–35]. Upon
activation, MB coils and the platelet morphologically changes to a

spiny sphere [4,27,28]. Actin filaments are fragmented, which are
followed by the dismantling and release of spectrin networks.
Then, lamellipodia and filopodia arise from the membrane sur-
face, termed “pseudopodia” [36–38]. Figure 2 shows a simplified
representation of the platelet from resting to activated. Besides the
structural change, activated platelets undergo functional regula-
tion resulting from the altered expression of surface glycoproteins.
Channels of the surface-connected open canalicular system inter-
act with the platelet surface and intracellular storage granules
[39]. This inside-out signaling, also known as bidirectional traf-
ficking, increases the number of GPIIb-IIIa complexes and
decreases the number of GPIb-IX complexes. The additional con-
formational change of GPIIb-IIIa complexes results in the expo-
sure of conformation-dependent activation epitopes to their high-
affinity ligands, enabling platelet aggregation and clot formation.
Mediators, such as ADP, adrenaline, serotonin, thrombin, and
TXA2, are secreted from granules in an autocrine and paracrine
manner [40]. The release reaction also includes the expression of
new granule glycoproteins such as CD62P (P-selectin) or CD63 (a
lysosomal glycoprotein), which reflect the activation state of cir-
culating platelets.

2.3 Shear-Induced Platelet Activation and Mediated
Aggregation. Although shear stress is conventionally considered
a weak agonist in the blood, exposure to fluid shear stress does
activate and aggregate platelets irreversibly in the absence of any
exogenous agonists [41–45]. Studies using a cone and plate vis-
cometer have demonstrated that platelet could be activated when
exposed to relatively elevated fluid shear stress above the physio-
logical level (60 dyn/cm2) for minutes (60–120 s) [46]. Also,
exposure to high arterial shear stress at various exposure times
reveals that platelet activation is sensitive to the high-level shear
stress (>315 dyn/cm2 at shear rate 10,500 s�1) [6,47]. However,
the mechanism of platelet activation caused by shear stresses is
not fully understood [48]. Over the last four decades, two interest-
ing theories have been proposed to uncover the precise role shear
stress plays in platelet activation. One view holds that shear stress
directly affects the activation and aggregation of platelets via
vWF binding to platelet GPIba receptor [5,49–51]. High shearing
forces, acting on platelets, expose and activate the membrane
GPIIb-IIIa complex. Thus, GPIba and GPIIb-IIIa complex in the
presence of vWF acting as the ligand will cause platelet aggrega-
tion. One potential explanation for the development of vWF bind-
ing sites after platelet activation is that GPIIb-IIIa receptors are
hidden by other surface molecules in unstimulated platelets.
When shear stresses deform platelets, their surface area increases
enough to permit fibrinogen to reach GPIIb-IIIa complex. The sig-
nal transduction mechanisms mediating platelet aggregation by
chemical stimuli and shear stress may be distinct [52]. Several

Fig. 1 Coagulation cascade. Green arrows stand for the ampli-
fication effects, and red arrows stand for inhibition effects.
(Color version online.)

Fig. 2 A simplified platelet scheme from resting state to activa-
tion. A resting platelet has a stable discoid shape balanced by
its membrane and MTs. The membrane surface is coupled with
G-protein coupled receptors that can bind several ligands
resulting in decreased intracellular cyclic adenosine mono-
phosphate, mobilization of Ca21 stores. Upon activation, MTs
coils and leads the platelet morphological change to a spiny
sphere. Soluble granule proteins are released. Membrane pro-
teins retained in the granules are mobilized and presented at
the cellular surface where they can bind related ligands.
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emerging mechanisms regarding shear-induced platelet mechano-
transduction under supraphysiologic shear can be found in Refs.
[53] and [54].

The other view of shear-induced platelet activation maintains
that shear stress does not directly activate platelets. Platelets
exposed to the shear stress are rather activated by the released
agonists, principally ADP, stored in the intracellular granules, that
results from the mechanical lysis of platelet and red cells caused
by shear stress [55,56]. They argued that viscometry-based studies
expose platelets and other blood cells to shear stress for seconds
or, as quoted in most studies, minutes. This time duration appears
to be 3 to 6 orders of magnitude longer than the time that blood
flows through a high shear environment in heart valves, heart
assists devices, and arterial stenoses, which is in the range of
micro- to milliseconds. Based on experiments that exposed blood
cells to shear stress ranging from 570 to 2550 dyn/cm2 for time
intervals from 7 to 700 ms, Wurzinger et al. found that the marker
protein for platelet a-granule release (platelet activation), beta-
thromboglobulin, behaved almost identically to the platelet lysis
marker protein, cytoplasmic lactate dehydrogenase (LDH).
Removing ADP from the tests via ADP-scavenging enzymes
showed a mixture of discoid resting platelets intermingled with
“ballooned” ruptured platelets with virtually no appearance of pla-
telets in an activated state.

Apart from extensive studies of platelet activation caused by
constant high shear stress, a few studies also investigated the roles
of relatively low shear stress and time-varying shear stress. Sheriff
et al. showed the sensitization phenomenon that platelet activation
was more susceptible when platelets are exposed to subsequent
low shear stress (1–10 dyn/cm2) after brief exposure to initial high
shear stress (e.g., 60 dyn/cm2 for 40 s) [57]. Zhang et al. also
showed the platelet aggregation is independent of platelet activa-
tion requiring low shear stress after a brief exposure (2.5 s) to the
higher shear stress (100 dyn/cm2) [45]. Goncalves et al. addressed
the crucial role of temporal shear gradients (shear stress rate) in
promoting platelet activation [58]. The study showed that cooper-
ative signaling by platelet surface receptors is necessary for effi-
cient shear activation of platelets. They suggested that vWF–GPIb
interaction is inefficient at inducing platelet activation even when
platelets are exposed to high wall shear stresses (60 dyn/cm2). It
implies the involvement of P2Y receptors in integrin mechano-
transduction. Shear stress could likely contribute as direct signal-
ing to the mechanotransduction of platelets, rendering activation
of the P2Y12 pathway by ADP [59]. In contrast, the study carried
out by Schneider et al. shows platelets could be activated by GPIb
binding to vWF without the P2Y12 pathway [60]. In their investi-
gation, the unfolding of the vWF fiber is induced by the shear
reaches a critical shear rate, e.g., _ccrit � 5000 s�1. Platelet is acti-
vated by binding to the vWF consequently. The shear stress condi-
tions and exposure times discussed in the section are summarized
in Table 1.

2.4 Blood Damage in Blood-Contacting Medical Devices.
Blood-contacting medical devices are frequently used to treat
patients suffering from various diseases and offer a life-saving
option to prolong the survival of organ failure patients. For exam-
ple, ventricular assist devices are increasingly used to support

patients with heart failure [61,62], and extracorporeal membrane
oxygenation systems are used to support patients suffering from
lung and/or heart failure [63,64]. Despite the benefit of these
therapies, BCMD-related complications remain a significant chal-
lenge for patient management and treatment outcomes, contribut-
ing to rising healthcare costs. In addition, blood damage
associated with BCMDs becomes a principal limitation to the use
of BCMDs. These devices can alter the structure of blood cells
and proteins at the cellular and molecular levels, resulting in the
dysfunction of blood cells and proteins.

Hemolysis is one manifestation of mechanical damage to
RBCs. Hemolysis in patients on BCMD support can lead to renal
failure, anemia, and arrhythmias [26,65,66]. By contrast, adverse
events pertinent to platelets can be more serious, raising more sig-
nificant concerns. Platelet activation by BCMDs relates to more
severe complications, such as thromboses and bleeding [67–69].
Figure 3 shows thrombus growth in a blood pump [70] and an
oxygenator, respectively. Once a thrombus is detached, or a por-
tion of the thrombus is broken off, it flows along with the blood-
stream and blocks the smaller vessels downstream, creating a life-
threatening condition known as thromboembolism. Also, platelet
activation induced by the high mechanical shear stress would
cause the exposure and shedding of platelet receptors that may
affect platelet ligand binding to the agonist in the injury site. This
shear-induced platelet dysfunction may be responsible for morbid
bleeding, which is the most common postoperative complication
after ventricular assist device implantation and the highest mani-
festation of disordered coagulation [71]. Although the inherent
risk of platelet activation exposed to high shear stress is well
known, yet little has been known about the precise mechanisms
responsible for its initiation and progression. Therefore, it is diffi-
cult to achieve best practices to alleviate shear-induced platelet
activation risk, which would further promote other undesirable
outcomes such as thrombosis and bleeding.

3 Computational Modeling of Blood Flow

CFD has a broad definition that includes many numerical
approaches to solve the mathematical models of fluid-like sub-
stances [72]. The conventional CFD technique often refers to the
numerical method for solving Navier–Stokes (N–S) equations
based on the continuum theory. Recent advances include the suc-
cessful development of particle methods to study more details of
blood cells in the blood flow [73,74]. Besides the conventional
CFD, dissipative particle dynamics (DPD) and discrete element
method (DEM) are briefly introduced in this section. Other newly
developed methods, such as smoothed particle hydrodynamics
and lattice Boltzmann method, for solving the blood flow can be
found in Refs. [75] and [76].

3.1 Continuum Theory and N–S Equations. Based on the
continuum theory, the N–S equations, using a set of partial differ-
ential equations (PDEs) to describe the viscous fluid substance’s
motion, are among the most popular modeling approaches for the

Table 1 A summary of shear stress conditions and exposure
times that activate platelets

Shear stress (shear rate) Exposure time References

60 dyn/cm2 60–120 s [46]
>315 dyn/cm2 Various exposure times [6] and [47]
570–2550 dyn/cm2 7–700 ms [55] and [56]
60 1–10 dyn/cm2 40 s for 60 dyn/cm2 [57]
100 dyn/cm2 2.5 s [45]
5000 s�1 N/A [60]

Fig. 3 Thrombus growth in medical devices. (a) HeartMate II
left ventricular assist device [70] (Reproduced/Adapted with
permission from Oxford Academic # 2011) and (b) Maquet
Quadrox extracorporeal membrane oxygenation.

Journal of Biomechanical Engineering APRIL 2022, Vol. 144 / 040801-3



flow of fluids. The incompressible N–S equations are usually
adequate to capture blood flow features. N–S equations are con-
ventionally written in the Eulerian frame given as follows:

q @u=@tþ u � rð Þu
� �

¼ lr2u�rpþ qg (1)

where u is the velocity field of the fluid, t is the time, l is the
dynamic viscosity, and q is the density. p is the pressure. g is the
external body force, such as gravity. The above N–S equations
also imply the incompressible assumption, i.e., ui;i ¼ 0.

It is impossible to obtain analytical solutions via the N–S equa-
tions for fluid domains except for some simple geometries. There-
fore, the N–S equations are often, in practice, solved by numerical
methods based on discretized grid techniques. There are mainly
three approaches, i.e., finite difference method [77], finite volume
method (FVM) [78], and finite element method (FEM) [79–81].
All those methods convert PDEs into linear equations that can be
solved by linear algebra in the matrix form. The finite difference
method solves the N–S equations based on the original differential
form of the PDEs (also known as strong form) that requires
higher-order interpolation functions. The FVM and FEM, by con-
trast, require lower-order interpolation functions due to their inte-
gral forms of PDEs (also known as weak form). Although higher-
order solutions are not easily obtained like FEM, the naturally
encoded conservation law makes the FVM easier to code. It has
thus been the most popular solver in engineering, well developed,
and supported by commercial companies such as ANSYS/FLUENT

and open source communities such as OPENFOAM [82].

3.2 Dissipative Particle Dynamics. Dissipative particle
dynamics is relatively new in CFD. It uses a stochastic technique
for simulating fluid dynamics [83] and can simulate complex fluid
systems, such as fibers in viscous media and the dispersion of
nanofluids, nanocomposites, and surfactants. Recently, it becomes
a promising method to study the viscous flow and clot\thrombus
formation in blood [73,84,85].

In the DPD approach, the fluid system is treated as a collection
of particles governed by Newton’s second law. The force acting
on a particle is the sum of internal and external forces, i.e.,
f i ¼ f int

i þ f ext
i . The external forces (f ext

i ) are given by gravity and
other body forces. The total nonbond internal force (f int

i ) acting
the particle i is a sum over all particles j that lie within a certain
cutoff distance

f int
i ¼

X
j 6¼i

Fc
ij þ Fd

ij þ Fr
ij

� �
(2)

where Fc is conservative force, Fd is dissipative force, and Fr is
random force. DPD allows for the simulation of many fluid prop-
erties, including its density, diffusivity, and source tension.

3.3 Discrete Element Method. The discrete element method
can be viewed as a simpler version of smoothed particle hydrody-
namics that uses particle groups to model a continuum object
[86–88]. The equation of motion for each particle is governed by
Newton’s second law governs, and the interaction force is only
concerned with adjacent particles that keep in touch directly. By
summation of the forces and moments exerted by the neighboring
particles in contact, the equations for linear and rotational motions
of each particle are expressed as follows:

mi
dvi

dt
¼ FF

i þ
XN

j¼1

Fij (3)

Ii
dxi

dt
¼
XN

j¼1

rij � Fij (4)

where v is the translational velocity, mi is the particle mass, and
FF is the external force such as gravity force and fluid-induced
force. Fij force is the contact force from neighboring particles j,
and rij is the direct vector that connects the centers of particles i
and j. Ii is the mass moment of the inertia. This method is intui-
tively employed to study problems with large numbers of discrete
particles. Like DPD, in analyzing blood flow, DEM can either be
used alone to model the blood flow or couples with CFD to simu-
late granular blood cells’ movement.

4 Models of Shear-Induced Platelet Activation

In this section, several models for assessing the platelet activa-
tion under shear flow are discussed. They are generalized into two
main categories: empirical and multiscale. Unlike empirical mod-
els, the multiscale platelet model built on the molecular scale does
not need the empirical parameters from the experiment
calibration.

4.1 Power-Law Model. The power-law model was initially
proposed to associate blood damage/hemolysis with shear stress
and exposure time from the experimental observation. The first
power-law model, introduced by Giersiepen et al., attempted to
relate the cytoplasm enzyme released by platelets to shear stress
[13]. The concentration of LDH from platelet lysis is correlated to
shear stress and exposure time

LDH %ð Þ ¼ Csatb (5)

where s is the shear stress (Pa), and t is the exposure time (s). C,
a, and b are model coefficients C; a; bð Þ ¼ 3:31� 10�6;

�
3:075; 0:77Þ. The shear stress refers to the scalar shear stress
(SSS) when incorporated power-law model into CFD analysis. It
is originally introduced by Apel et al. [89] and Bludszuweit [90],
but this formula gives an inconsistent SSS by a factor of

ffiffiffi
2
p

when
flow field degenerates to the pure shear case, such as sxy ¼ syx ¼ s
and other components vanish. To remove this inconsistency, a
von Mises-like shear stress is used later to conventionally define
SSS [91]

s¼ 1

6
sxx�syyð Þ2þ syy�szzð Þ2þ sxx�szzð Þ2

h i
þs2

xyþs2
yzþs2

xz

� 	1=2

(6)

where sij is the shear stress tensor which is calculated by the prod-
uct of shear rate ( _c) and viscosity (l) such as sij ¼ l _cij. The shear
rate is defined by the velocity gradient

_cij ¼ ui;j þ uj;i (7)

The coefficients in power-law model are conventionally
obtained by fitting the experimentally measured data. An example
of the data fitting of the power-law model for platelet activation is
shown in Fig. 4(a). It is widely used to predict blood damage
[92–94]. Although agonists such as ADP released from platelet
lysis can be viewed as a sign of platelet activation, LDH produc-
tion is not directly relative to the platelet activation state (PAS).
Following the same formula, Sheriff et al. used a modified pro-
thrombinase assay, which generated thrombin, to quantify PAS as
an index for calculating the rate of thrombin generation [95]

PAS ¼ Csatb (8)

They fitted the coefficients as C; a; bð Þ ¼ 1:47� 10�6;
�

1:04; 1:30Þ, where the unit of shear stress is dyn/cm2 and expo-
sure time in s. Based on the p-selectin expression, Ding et al.
fitted the power-law relationship of platelet activation
C; a;bð Þ ¼ 4:08� 10�5; 1:56; 0:8

� 

; the unit of shear is Pa, and

exposure time in s [16].
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The power-law model can be implemented in CFD modeling of
BCMDs for analysis of shear-induced platelet activation. There
are two approaches, i.e., Eulerian and Lagrangian approaches, to
estimate shear-induced blood damage (hemolysis, platelet activa-
tion) in a given fluid domain. The Eulerian approach integrates on
the spatial domain. For example, Garon and Farinas in Ref. [96]
proposed to use the following formula to transform the power-law
relation:

D ¼ 1

Q

ð
V

C1=asb=adV

� �a

(9)

where D is the blood damage index (hemolysis or platelet activa-
tion level). Q is the flow rate, and V is the volume. The Lagran-
gian approach integrates the blood damage based on the stress
history along tracer particle streaklines or pathlines. An example
of pathlines from the CFD simulation of a HeartMate II is dis-
played in Fig. 4(b). The discrete and infinitesimal forms of the
power-law model are used as follows:

D ¼
X

Csb
i Dtai (10)

dD ¼ Csbdta (11)

where Dt is the time interval across an element. Grigioni et al.
showed that the total damage calculated by the above infinitesimal
form cannot reproduce the power-law concept under constant
shear stress [94,97]. Some authors suggested the temporal deriva-
tive form of discrete and infinitesimal forms to avoid this incon-
sistency [97]

D ¼
X

Casb
i ta�1

i Dti (12)

dD ¼ Casbta�1dt (13)

The overall blood damage state through pathlines through a
BCMD can then be integrated from particles releasing from inlet
to outlet. Although the temporal derivative does reproduce the
total damage given by the power-law equation, it does not depend
on the damage history.

4.2 Linear Model. The linear model is a special case of the
power-law model where all parameters equal to one, i.e.,

C; a;bð Þ ¼ 1; 1; 1ð Þ. It is one of the most popular alternatives due
to its simplest form gives as [17,85,98–100]. The PAS is
expressed as

PAS ¼ s� t (14)

Similar to the power-law model, the sum of the shear stress along
a single platelet path in the Lagrangian form determines the PAS.
The discrete expression of tracking a platelet gives

PAS ¼
X

s� Dt (15)

The integral form calculates the shear stress accumulation of a
platelet particle as it is released from the inlet, such as

PAS ¼
ð

sdt (16)

4.3 Three-Term Model. The three-term model proposed by
Soares et al. [101] incorporates the sensitization phenomenon.
The PAS in the three-term model is an implicit expression consid-
ering sensitization response, shear stress accumulation, and shear
stress rate [101–104]

dPAS tð Þ
dt

¼ K0 PAS; s tð Þ sð Þ
h i

1� PASð Þ (17)

Platelet activation level can vary from zero (no activation/dam-
age) to one (full activation/damage). K0 is the initial rate of the
stress-induced platelet activation when PAS ¼ 0. The platelet
activation rate at high PAS levels also follows a logistic saturation
as PAS! 1, dPAS=dt! 0, which is interpreted as when platelets
reach full activation asymptotically, their activation rate vanishes.
The three-term model determines stress-induced platelet activa-
tion by three different and distinctive additive efforts of the gen-
eral form

K0 PAS; s tð Þ sð Þ
h i

¼ S PAS;Hsð Þ þ F PAS; sð Þ þ G PAS; _sð Þ (18)

where Hs represents the history of damage that calculates the lin-
ear stress accumulation until current time t. As same as Eq. (16),
it defines as

Hs ¼
ðt

0

s sð Þds (19)

S is the sensitization response to the stress accumulation

S PAS tð Þ;Hsð Þ ¼ Sr � PAS tð Þ � Hs (20)

F is the stress level contribution like the power-law model, and G
is the stress rate dependence. They both are nonlinear terms
defined as follows:

F PAS tð Þ; sð Þ ¼ C
1
b � b � PAS tð Þ

b�1
b s

a
b (21)

G PAS tð Þ; _sð Þ ¼ Cr
1
d � PAS tð Þ

d�1
d j _sj

c
d (22)

where C, Sr , b, a, Cr , d, and c are constants.

4.4 Cumulative Model. The cumulative model is initially
developed to evaluate hemolysis. A damage accumulation model
is given as

dD tð Þ
dt
¼ _D0 þ F D; sð Þ þ F̂ _sð Þ (23)

Fig. 4 The example of (a) data fitting of the power-law model
[16] (Reproduced/Adapted with permission from Wiley # 2015)
and (b) pathlines (green lines) from the CFD simulation of a
HeartMate II.
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where _D0 is the constant activation/damage rate, F D; sð Þ is the
stress-dependent part, and F̂ _sð Þ is the stress rate-dependent contri-
bution. Alemu and Bluestein [20] quantified the platelet activation
based on the theory of damage previously developed for RBC
damage by Yeleswarapu et al. [105], defined as follows:

_A tð Þ ¼ s tð Þ
s0

� �r
1

1� A tð Þð Þk

" #
(24)

where A(t) is the cumulative damage due to the shear stress at
time t, which can vary from zero (no activation/damage) to one
(full activation/damage). r and k are constants with the value of 5
and �1, respectively. This implicit cumulative model is similar to
the three-term model.

The explicit Lagrangian-based cumulative model has been
modified based on the measurement of thrombin generation rate
under dynamic loading conditions. It can account for load history
sustained by platelets exposed to time-dependent stress levels. In
detail, the activation state of a platelet is expressed as the integral
sum of infinitesimal [21]

PAS ¼
ðt

tstart

Ca

ð/

tstart

s nð Þb=a
dnþ PAS tstartð Þ1=a

C

" #a�1

s /ð Þb=ad/

(25)

PAS tstartð Þ is the value of platelet activation at the starting time of
observation tstart, and a ¼ 1:3198, b ¼ 0:6256, and C ¼ 10�5 are
the constants of the model. A prediction of the platelet activation
is obtained by the calculation of the average value of PAS.

Anand et al. proposed another approach to quantify platelet
exposure to excessive stress leading to its activation in complex
flows [18,106,107]. It considers the platelet activation function A
as an integral over the platelet stressing history

A tð Þ ¼ A t0ð Þ þ
1

A0

ðt

t0

exp k
s nð Þ
sc
� 1

 �� �
H s nð Þ � scð Þdn (26)

where H is the Heaviside function to assure that only supracritical
stresses are taken into consideration, i.e., contributing to platelet
activation and defines as

H s� scð Þ ¼ 1 if s � sc

0 if s < sc

�
(27)

This Lagrangian model assumes that the platelets are activated
after being exposed to high shear stress along pathlines for some
time. To account for the immediate platelet activation, Bodn�ar
proposed the Eulerian form [19]

@A

@t
þ urA ¼ C0exp k

s x; tð Þ
sc
� 1

 �� �
H s x; tð Þ � scð Þ (28)

The expression is close to the form of convection–
diffusion–reaction equations in Fogelson’s model of clot forma-
tion [108,109].

4.5 Threshold Model. Unlike the above models that relate
the level of platelet activation to the shear stress and exposure
time, the threshold model determines the platelet activation as
zero or one event by comparing the exposed shear stress to a criti-
cal value. The threshold shear model proposed by Chesnutt and
co-workers assumes the platelet activated if it experiences shear
stress above a critical shear stress scrit defined as [110–112]

scrit ¼ f js0j (29)

where f is a scaling factor, and s0 is the shear stress in a straight
vessel with the same mean fluid velocity and vessel diameter as

the actual vessel. This shear stress can also be an average value in
the specific region; for example, �s ¼ 1=V

Ð
sdV [113]. The PAS is

defined as a one or zero event, that is

PAS ¼ 1 if s � scrit

0 if s < scrit

�
(30)

An alternative approach is based on the critical shear rate
( _scrit ¼ f j _s0j) to ignore the effect of viscosity [23,114]. One can
also determine the activation of platelet by comparing the stress
accumulation (Hs) in Eq. (19) with a critical shear history Hcrit

[115]

PAS ¼ 1 if Hs � Hcrit

0 if Hs < Hcrit

�
(31)

Some nonlinear models would add an exponential index to the
shear term, Hs ¼

Ð t
0
sa sð Þds, for example, a ¼ 2:3 in Refs. [116]

and [117]. The threshold model is also adopted in the power-law
model only to consider platelets that have experienced high shear
stress above a threshold level [118].

4.6 Multiscale Platelet Model. Although the above models
are classified into different categories, they are, in essence, all var-
iants of the initial power-law models that depend on the empirical
parameters obtained by fitting experimental data. Zhang et al. con-
structed a platelet model based on the coarse-grained molecular
dynamics (CGMD) [24,25,119], as shown in Fig. 5. A reduced
CGMD potential is adopted for the elastic membrane and filamen-
tous core

VCGMD rð Þ ¼
X
bonds

kb r � r0ð Þ2 þ
X
L�J

4eij
rij

r

 �12

� rij

r

 �6
" #

(32)

The first term describes the membrane’s deformability, and the sec-
ond term deals with the interaction between the membrane and intra-
cellular particles. The molecular dynamics potential without an
electrostatic term is employed to build the actin-based filament, that is

VMD rð Þ ¼
X
bonds

kb r � r0ð Þ2 þ
X

angles

kh h� h0ð Þ2

þ
X

torsion

k/ 1þ cos n/� dð Þ½ �

þ
X
L�J

4eij
rij

r

 �12

� rij

r

 �6
" #

(33)

where kb, kh, and k/ are force constants. r and h are the distance
and angle between particles, and r0 and h0 are the distance and
angle at the equilibrium state. / is the torsional angle. n is the
rotor symmetric, and d is the phase. eij is the depth of the
Lennard-Jones potential, and rij is the finite distance.

The Morse potential is employed for the cytoplasm describing a
pairwise nonbonded interaction for viscous flows has the follow-
ing formulation:

VMorse rð Þ ¼ 4e ea 1�r
Rð Þ � 2e

a
2

1�r
Rð Þ

� �
(34)

where R is the distance of minimum energy e. a is a parameter that
measures the curvature of the potential around R. This CGMD
model of the platelet interacts with the DPD flow. The continu-
ously deformation-induced stresses cause the platelet’s instantane-
ous deformation, indicating the activation level [24].

5 Numerical Implementation and Applications

Platelet activation was often negligible and treated as a minor
component of blood damage in the past. It has recently been

040801-6 / Vol. 144, APRIL 2022 Transactions of the ASME



recognized as an essential factor in hemostatic dysfunction and
became an important indicator to estimate the impact of shear
stress on the blood. A few simulations on clot formulation also
incorporated the shear-induced platelet activation models to
mimic the primary hemostasis initiated by the activated platelets.
To understand the mechanism of how shear stress induces the pla-
telet activation, some attempted to study the dynamic response of
platelet and vWF to the shear stress based on the construction of
their detailed molecular structures.

5.1 Blood Damage Evaluation. The investigation of the
shear-induced platelet activation is often viewed as a part of blood
damage analysis [105]. Numerous studies have been performed to
evaluate blood damage caused by biomedical devices or specific
blood domains [91,94,120,121]. However, the focus of most of
these studies was on hemolysis. The first step in the analysis is to
obtain the fluid fields constrained in various geometries by employ-
ing the conventional CFD techniques. The blood damage index is
then estimated mainly through implementing the power-law mod-
els, either based on the Eulerian or the Lagrangian approaches. The
blood damage accumulation model is another popular method to
evaluate blood damage [97,122]. More detailed reviews of the
blood damage due to the shear stress are available in Refs. [11] and
[93]. The computational flow-induced blood damage analysis is a
valuable tool for the design optimization of a new medical device.

5.2 Platelet Activation Potential. Similar to the hemolysis
evaluation, the first step for evaluating platelet activation is to
solve the fluid field using CFD techniques, and then the platelet
activation potential is estimated by incorporating various models
for shear-induced platelet activation. A few recent works on the
numerical evaluation of the shear-induced platelet activation are
briefly discussed here. Alemu and Bluestein investigated the pla-
telet activation and damage accumulation caused by mechanical
heart valves using linear power-law and cumulative models [20].

The simulation was conducted in a three-dimensional complex
geometry using unsteady Reynolds-averaged N–S formulation
with non-Newtonian blood properties. Hansen et al. studied the
platelet activation in the abdominal aortic aneurysms using a
power-law model [123]. Incorporating the power-law model,
Fuchs et al. studied the flow-induced platelet activation in the cir-
cuit components of the extracorporeal membrane oxygenation
[15]. A main shortcoming in the accumulation stress effect based
on the power-law model is that it does not distinguish the out-
comes between low-stress over a longer time or high-stress over a
shorter time. Hedayat et al. evaluated the platelet activation poten-
tial related to bileaflet mechanical heart valves using three mod-
els, i.e., linear model, three-term model, and cumulative model
[102,103]. Although different activation models gave different
values of platelet activation levels, they showed a consistent trend.
de Oliveira et al. assessed the platelet activation caused by the
dialysis catheters on the right atrium using the shear stress thresh-
old model [113]. The contour of shear stress could efficiently vis-
ualize the platelet activation level, but the stress history on the
platelet was ignored.

5.3 Clot Formation. In recent years, numerical simulation of
clot formulation or thrombus growth has gained popularity. How-
ever, most of the numerical models were focused on the fibrin-
enhanced thrombus, using a set of convection–diffusion–reaction
equations to emulate the biochemical process of clot formation. A
brief review of the computational models on clot formation can be
found in Ref. [31].

The flow-induced platelet activation is crucial in medical devi-
ces since it can irreversibly initiate the coagulation cascade lead-
ing to life-threatening clot formation in patients. There are two
approaches for flow-induced clot formation, i.e., the continuum
approach and the discrete particle approach. Figure 6 shows a
schematic comparison between these two methods for clot simula-
tion. By implementing the Eulerian cumulative model in the

Fig. 5 The multiscale model of platelet based on the CGMD featuring the molecular characteristics of
the platelet [25] (Reproduced/Adapted with permission from Elsevier # 2017)
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conventional CFD analysis, Wu et al. conducted a clot formation sim-
ulation enhanced by the shear-mediated platelet activation [22]. This
model can predict clot formation in medical devices on the macro-
scale. The platelet activation level is obtained by solving the differen-
tial equation, such as in Eq. (28); no actual platelet is modeled.

The discrete model, e.g., DPD and DEM, uses particles or
beads to represent different cells in the blood. The clot formation
is modeled as the aggregation of the particles. For example,
thrombus formation in microvessels is simulated through DEM, in
which platelet is determined as activated when it experiences
shear stress higher than the critical value [110]. Wang et al. emu-
lated clot formation aggregated by particles based on the DPD
model with the power-law model determining whether a platelet
is activated or not [74]. The particle-represented blood models are
flexible to model complex blood components, such as non-
Newtonian and compressible fluid. They are more intuitive and
powerful to feature different blood cells, but the expensive com-
putational cost limits its usage on the macroscale.

5.4 Mechanistic Study. To better understand the shear-
induced platelet activation mechanism, some research groups
recently attempted to build the structures of platelet or vWF with
more details. A multiscale model of the platelet was built based on
the CGMD [25]. The deformation of a single platelet was obtained,
coupling with the DPD blood, to indicate platelet activation [24].
Zlobina and co-workers simulated the unfolding of the vWF in the
blood flow that causes the dynamic conformational changes of plate-
let, resulting in its activation [115,124]. These approaches are rela-
tively new, but the physical-based models are more promising to
reveal the mechanism of how shear stress induces platelet activation.

6 Discussion

Overall, computational modeling for the flow/shear-induced
platelet activation has shown a gradual but steady advance over
the years. Although many models have been proposed and devel-
oped as detailed in Sec. 4, most of them are, in essence, empirical
approaches modified from the original power-law model fitting to
the experimental data. Many studies showed the overestimated
platelet activation using these empirical models. Also, they cannot
provide universal approaches for different cases under different
fluid flow conditions. By contrast, the multiscale model, building
a detailed architecture of a single platelet, does not require the
parameters calibrated by experiments. It is a distinct approach that
evaluates platelet activation by measuring its deformation in the

bloodstream. Yet, adopting such a model to simulate platelet acti-
vation in a complex blood flow at a larger scale can be numeri-
cally too expensive to achieve.

The recent trend in the studies of shear-induced platelet activa-
tion saw the shift from the early evaluation of hemolysis to the
risk assessment of platelet activation potential and clot formation
simulation. The particle methods such as DPD and DEM and
emerging techniques such as multiscale modeling are promising
and increasingly used to replace the continuum method. However,
continuum methods are still suitable and powerful for evaluating
platelet activation potentials and predicting thrombus formation,
especially for large-scale cases.

The continuum models of blood are valuable to understand the
fundamental behavior of the blood under mechanical shear stress.
A single RBC is modeled as a spring network of the biconvex
membrane in recent researches on hemolysis [66,125–127]. Meas-
uring the pore radius due to the deformation of RBC’s membrane,
hemolysis can be explained by the hemoglobin diffusion/leakage
[26]. Compared to the stable form of the RBC, the cellular struc-
ture and topology of a platelet are more complicated. The biggest
challenge is the drastic morphological change upon platelet acti-
vation, flat discoid shape at resting state changes to the spiny
sphere at activated state.

Recent biological experiments have revealed that the platelet
structure comprises a MB, consisting of several microtubules and
a cortical membrane [128,129]. Through the observation from the
immunofluorescent images, MB coils when platelet is activated.
The platelet’s shape change is due to the force balance between
the MB and membrane [130,131]. Such a hypothesis may provide
an insightful interpretation of platelets’ morphological change that
can be employed to study shear-induced platelet activation quanti-
tatively. Some emerging mechanisms, including mechanodestruc-
tion, mechano-activation, and mechanotransduction, may offer a
potential explanation on how shear stress modulates the material
properties of the platelet, such as overall stiffness, membrane flu-
idity, or platelet-activating biochemical signals, that enhance the
platelet activation [53,54,132]. However, platelet activation also
involves complex biological and chemical reactions, making it
difficult to fully understand the precise mechanism.

The future challenge of the numerical models for the shear-
induced platelet activation is to develop a robust and computation-
ally efficient platform capable of multiscale tasks, from tracking
the platelet morphological change as an index of its activation to
tackling the clot formation initiated by platelet activation.
Although much has been done so far from the experimental side,
it is still unclear how the shear stress is transformed as a biochem-
ical signal that activates the platelet. The future shear-induced pla-
telet activation models would enormously benefit from having
that knowledge which, unfortunately, is not yet available.

7 Conclusion

This paper has summarized the recent developments in the
computational models of shear stress-induced platelet activation.
We discussed several empirical models like the power-law model,
linear model, three-term model, cumulative model, and threshold
model coupled with conventional CFD to estimate the level of
shear-induced platelet activation. A newly multiscale platelet
model becomes a promising method to capture the dynamic defor-
mation, a sign of activation, of a single platelet in the complex
fluid. The strengths and weaknesses of the existing methods are
critically analyzed. The trend and the future direction lead to the
models that can feature platelet morphological change upon its
activation and a feasible algorithm for the clot formation initiated
by the shear-induced platelet activation.
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