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Abstract
We developed a multiscale model for simulating aggregation of multiple, free-flowing platelets in low–intermediate shear 
viscous flow, in which aggregation is mediated by the interaction of αIIbβ3 receptors on the platelet membrane and fibrinogen 
(Fg). This multiscale model uses coarse grained molecular dynamics (CGMD) for platelets at the microscales and dissipative 
particle dynamics (DPD) for the shear flow at the macroscales, employing our hybrid aggregation force field for modeling 
molecular level receptor ligand bonds. We define an aggregation tensor and use it to quantify the molecular level contact 
characteristics between platelets in an aggregate. We perform numerical studies under different flow conditions for platelet 
doublets and triplets and evaluate the contact area, detaching force and minimum distance between different pairs of platelets 
in an aggregate. We also present the dynamics of applied stress and velocity magnitude distributions on the platelet mem-
brane during aggregation and quantify the increase in stress in the contact region under different flow conditions. Integrating 
the knowledge from our previously validated models, together with new aggregation scenarios, our model can dynamically 
quantify aggregation characteristics and map stress and velocity distribution on the platelet membrane which are difficult to 
measure in vitro, thus providing an insight into mechanotransduction bond formation response of platelets to flow-induced 
shear stresses. This modeling framework, together with the tensor method for quantifying inter-platelet contact, can be 
extended to simulate and analyze larger aggregates and their adhesive properties.
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1  Introduction

Cardiovascular diseases pose an immense health and eco-
nomic burden in the USA (Benjamin et al. 2019) and the 
world. Presently, an estimated 18.2 million patients suffer 
from coronary heart disease in the USA and though the 
advent of cardiovascular devices has provided life-saving 
solutions to millions of these patients (De Lazzari et al. 
1998; Guezuraga and Steinbring 2004), they have increased 
the thromboembolic risk requiring lifelong antithrombotic 
drug therapy in such individuals. Platelet aggregation in 
response to biochemical mechanisms and mechanical stimuli 
lead to thrombus and thromboembolic formation that can 
occlude vasculature and cause life-threatening vascular 

diseases. Antiplatelet drug therapy currently overlooks the 
role of shear-induced platelet aggregation mediated via 
mechanotransduction (Slepian et al. 2017). Shear-induced 
platelet aggregation can stimulate blood clotting alone by 
exposing integrin αIIbβ3 on the platelet membrane (Harker 
and Slichter 1970; Obrien 1990; Obrien and Salmon 1989), 
making it increasingly important to investigate the role of 
mechanical stimuli and to seek more effective therapy than 
inhibition of biochemical pathways.

When a thrombus is formed, it creates discrete zones of 
spatially varying shear stress where the leading edge and the 
downstream region of the thrombus experiences low shear 
stress like that in regions of free flow, whereas the sides of 
the thrombus in the direction of flow there are regions of 
higher shear (Nesbitt et al. 2009). In the absence of soluble 
agonists (like ADP and thrombin), shear microgradient-
induced discoid platelet aggregates are formed (Nesbitt et al. 
2009). Platelet thrombi or aggregates have been observed in 
our in vitro studies (Gupta et al. 2019) and also in the post-
stenotic region of atherosclerotic plaques (Falk 1985; Jack-
son et al. 2009). At venous shear rates (low shear), platelet 
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aggregation in free flow occurs through αIIbβ3–Fg binding 
without the need of vWF (Brass and Diamond 2016; Sheriff 
and Bluestein 2019).

Platelet aggregation in free flow is a dynamic process 
that requires multiscale modeling techniques to capture the 
microscopic responses of the platelet to the macroscopic 
mechanical stimuli from the shear flow. This becomes 
increasingly important as the role of external mechanical 
forces on platelets is investigated for drug therapy. Platelet 
aggregation in free-flowing platelets may occur independent 
of adhesion, in which case the platelet forms small aggre-
gates that can travel to other sites preventing blood flow. 
Platelet aggregates formed in low shear through the activa-
tion of integrin αIIbβ3 are stable (Nesbitt et al. 2009).

Several computational models (Mody and King 2008a, 
2008b; Pivkin et al. 2006; Shiozaki et al. 2016; Tosenberger 
et al. 2012a, 2012b; Yazdani et al. 2017, 2018) have mod-
eled aggregation and thrombus formation. Platelet adhesive 
dynamics (PAD) (Mody and King 2008a, 2008b) stud-
ies transient platelet aggregation in unactivated platelets 
through platelet integrin GPIbα and the von Willebrand fac-
tor (vWF). The modeling technique combines a Monte Carlo 
simulation of GPIbα -vWF binding with hydrodynamic cal-
culations using the boundary integral method. Platelets are 
modeled as rigid oblate spheroids, while inter-platelet col-
lisions are quantified using collision time, contact area and 
collision efficiency. In addition, the effect of the wall on the 
collisions and comparison with spherical particle collisions 
are studied. Molecular dynamics was used (Shiozaki et al. 
2016) to predict the structure of vWF binding to GPIbα for 
modeling platelet adhesion. A force coupling method (FCM) 
(Pivkin et al. 2006) was used to simulate platelet aggrega-
tion in a straight tube and investigate the effect of blood 
flow pulsatility. Yazdani et al. (Yazdani et al. 2017) devel-
oped a shear-dependent thrombus formation model using a 
coupled Eulerian–Lagrangian model where FCM is used to 
describe the interactions between flow and platelets, which 
are described as Lagrangian particles, and hemodynamics 
is solved on a fixed Eulerian grid using the spectral element 
method. These models fail to capture the multiscale interac-
tions of platelets, which must undergo physiological changes 
in response to mechanical signals.

We have made considerable effort toward constructing a 
multiscale platelet model in blood plasma flow and using it 
for modeling aggregation. The macroscopic properties of 
blood plasma flow are modeled using dissipative particle 
dynamics (DPD), and coarse-grained molecular dynamics 
(CGMD) is used to model deformable platelets with the 
intracellular constituents at microscales. For this, a spa-
tial interface was established between platelet membrane 
and flow by constructing a hybrid force field (Zhang et al. 
2014b). A no-slip boundary condition was established 
between the flow and boundary (Soares et al. 2013), and 

a modified Morse potential was developed for simulat-
ing the cytoplasm (Zhang et al. 2014a). In (Zhang et al. 
2017), a platelet model with 140, 015 particles validated 
the intra-platelet components (consisting of the bilayer 
platelet membrane, gel-like cytoplasm and intra-platelet 
cytoskeleton) properties with the published in vitro studies 
and continuously changes its morphology in response to 
the dynamic flow stresses (Zhang et al. 2014b, 2017). We 
used this multiscale platelet model to model recruitment 
aggregation in low shear stress mediated through the bind-
ing of αIIbβ3 and fibrinogen (Fg) (Gupta et al. 2019). In this 
approach, one platelet is adhered to the vessel wall and a 
flowing platelet in blood plasma is recruited to the adhered 
platelet. We validated the hybrid inter-platelet aggregation 
force field with our in vitro studies and also elucidated 
the role of platelet deformability during the aggregation 
process.

One of the hallmarks of some cardiovascular disease 
processes and blood recirculating devices is that those 
may potentiate thromboembolic complications by dis-
semination of free emboli in distal organs. Understand-
ing the dynamics of platelet aggregation mediated by 
integrin αIIbβ3 can help design potential pharmacological 
approaches targeted to destabilize the platelet aggregates 
and therefore prevent clot formation. There is a paucity 
of literature regarding their formation, and simulations 
of such free emboli are very scant as computational 
efforts mostly deal with platelet–wall interactions. The 
goal of this work is to study the adhesive nature of free-
flowing aggregation involving multiple discoid platelets 
in low–intermediate shear flow while also investigating 
mechanical properties that the aggregate experiences due 
to aggregation under shear flow. We simulate platelet 
aggregation in free flow under low–intermediate shear 
flow, independent of adhesion and visible shape change. 
We use our hybrid aggregation force field (Gupta et al. 
2019) to model receptor–ligand bond between platelets 
and predict aggregate properties for three platelets.

The capability of our model to characterize molecu-
lar level mechanotransduction of hemodynamic stresses 
enables us to present dynamic mapping of stress distribu-
tion on the platelet membrane in the aggregate. We also 
present the stress in the contact region and show how con-
tact and bond formation leads to an increase in localized 
stress. The velocity magnitude distribution is mapped on 
to the platelet surface and shows fluidity of the platelet 
membrane. The contact area and detaching force are also 
measured from the simulations for both rotation and trans-
lation and demonstrate the effect of flow on the aggregate. 
The molecular level bonding and debonding details and 
the root mean square fluctuation (RMSF) of the platelet 
aggregates are also presented.
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2 � Methods

2.1 � Multiscale modeling for platelet aggregation

To overcome the limitation of continuum-based 
approaches in bridging the gap between macroscopic flow 
scales and the cellular scales characterizing platelet inter-
action with blood flow, the platelet aggregation was mod-
eled using a multiscale model that uses DPD for simulating 
the top scale macroscopic shear flow and CGMD for the 
bottom molecular scale platelets (Gao et al. 2017; Zhang 
et al. 2014b, 2017), and a hybrid force field for aggregation 
between platelets (Gupta et al. 2019). Each DPD particle 
represents a cluster of atoms or molecules and their collec-
tive motion is governed by following (Espanol and Warren 
1995; Groot and Warren 1997):
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The FC,FD,FR are conservative, dissipative and random 
forces acting on the particle and FE is the external force 
exerted to each particle to lead the fluid flow. rij is the inter-
particle distance, vij = vi − vj is the relative velocity and eij 
is a unit vector in the direction ri − rj . �ij is a Gaussian ran-
dom variable with zero mean and unit variance. α is the 
maximum inter-particle repulsion given by � = 75kbT∕

(
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)
 

where �f  is the number of fluid particles. γ and σ are coef-
ficients that determine the strength of the dissipative and 
random forces. Español et al. (Espanol and Warren 1995) 
established a relation between γ and σ and weight functions 
given by �2 = 2�kBT  , kBT = 1.0.

The DPD method with parameters � = 25.0 , � = 67.5 , 
k = 0.25 , rc = 1.7 (Gao et al. 2017) is used to model wall-
driven viscous shear flow in straight microchannel of 
dimensions 16 × 16 × 12.4 �m . The dynamic viscosity of 
the flow is 1.07 mPa ⋅ s . Periodic boundary conditions are 
implemented in x and z dimensions. In the y dimension, 
a no-slip boundary condition between the flow and the 
vessel wall is imposed as previously described by (Soares 
et al. 2013). This general no-slip condition consists of the 
generation of fictitious particles by reflecting flow parti-
cles across the vessel wall (constructed with triangular 
plane) with inverted velocity to develop an equilibrated 
shear layer across the microchannel wall, thereby impos-
ing zero velocities at the wall plane (Soares et al. 2013; 
Willemsen et al. 2000).

The particle-based molecular scale deformable platelet 
model consisting of the bilayer membrane, cytoskeleton and 
cytoplasm employs CGMD potential given by
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where kb is the force constant, r0 is the equilibrium distance, 
�ij is the well depth of the Lennard-Jones (L-J) potential, 
�ij is the finite distance and r is the interparticle distance 
(Zhang et al. 2014b). The first term in Eq. (2) describes 
the deformability of the membrane (Lakes 2001), and the 
second term describes the interaction between membrane 
and the intracellular particles (Zhang et al. 2017). Young’s 
modulus for our membrane is (1.5 ± 0.6) × 103 dyne∕cm2 
(Zhang et al. 2014b). In vitro, Young’s modulus for resting 
human platelets is (1.7 ± 0.6) × 103 dyne∕cm2 (Haga et al. 
1998).

The DPD–CGMD methods are spatially interfaced at 
the platelet membrane surface using the following hybrid 
force field (Zhang et al. 2014b)

where  FD
ij
= −��D

(
rij
)(
eij.vij

)
eij , F

R
ij
= ��R

(
rij
)
�ijeij where 

� and � are the characteristic energy and distance parameters 
in CGMD. Other parameters including � and � have the same 
definitions as in DPD. All forces are truncated beyond a cut-
off radius which defines the length scale in the fluid–platelet 
contact region (Fedosov and Karniadakis 2009).

The L-J potential maintains the cytoskeleton-confined 
shapes and the incompressibility of the platelets against 
the applied stress of the flow; dissipative and random force 
terms model interactions between the flow and platelet, 
thus preserving local thermodynamic and mechani-
cal properties; and the repulsive drag force imposes no 
slip on the platelet membrane. The dissipative forces of 
the membrane particles drag the flow particles, thereby 
reproducing boundary layer mechanism where adjacent 
layers are dragged by one and the L-J potential provides 
a repulsive force preventing the flow particles from pen-
etrating through the platelet membrane. The interaction 
between the two systems preserves dynamic properties of 
the flowing platelets, such as the flipping motion (Zhang 
et al. 2014b). This deformable platelet model is immersed 
in a DPD fluid in which the microstructural changes of 
platelets respond to the extracellular viscous shear stresses 
transferred to them and can therefore be used for modeling 
platelet aggregation in free flow.

In this work, we study aggregation of free-flowing plate-
lets under constant shear stress through αIIbβ3-mediated 
binding of Fg. There are 80,000–100,000 αIIbβ3 receptors 
on a typical platelet surface (Michelson 2013) that serve 
as a physical connector between fibrinogen and the platelet 
cytoskeleton (Jackson 2007; Maxwell et al. 2007; Qiu et al. 
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2015). We follow (Gupta et al. 2019) for the aggregation 
force field given by:

where r is the distance between two particles and r0 is the 
equilibrium bond length, D0 is the well depth, α is the scal-
ing factor, r0 is the equilibrium bond length rij = ri − rj, 
rij =

|||rij
||| , eij = rij∕rij and f A is the force strength coefficient. 

The Morse term in the force field consists of (i) an attractive 
part ( −e−�(rij−r0) ) that contributes to aggregation by initiating 
and enhancing bond formation and (ii) a repulsive part 
( e−2�(rij−r0) ) that prevents the membrane particles from over-
lapping during aggregation. The parameter r0 represents the 
force relaxation distance, Fij is repulsive when rij < r0 and 
attractive when rij > r0.

In low–intermediate shear flows, aggregation requires 
αIIbβ3 and ligand Fg binding and can occur independent of 
shape change (Maxwell et al. 2007). Each platelet includes 
67, 004 αIIbβ3 receptors (Michelson 2013) represented by 
particles and distributed uniformly on the membrane. Recep-
tor density on the platelet surface is 2342 particles∕�m2 . 
To adapt the force field Eq. 4 for modeling aggregation at 
microscales, we use the bond length of r0 = 0.38 , which is 
the equilibrium bond length of αIIbβ3–Fg–αIIbβ3 ( 67.5 nm ) 
(Goldsmith et al. 2000) in dimensionless units. The approxi-
mate distance between the platelet surface that allows for 
bond formation was used to determine the cutoff ( rc ). The 
αIIbβ3 receptors extend about 20 nm above the surface (Par-
ise and Phillips 1985; Weisel et al. 1992), and Fg is about 
47.5 nm in molecular length (Liang et al. 2010). The approx-
imate distance between platelet surfaces for aggregation to 
begin is 87.5 nm . The undetermined parameters �,D0 and f A
(Gupta et al. 2019), which determine the aggregation force 
between the two platelets, were determined by correlating 
with contact area (coarse-grained tuning) measured from 
the in vitro images and detaching force (fine grained tuning) 
obtained from AFM measurements (Litvinov et al. 2016). 
Figure 1 presents the details of the aggregation model. We 
simulate aggregation under different flow conditions: (a) 
Couette flow with rotation and (b) Couette flow with trans-
lation in shear 10 dyne∕cm2 . The details of our simulations 
are described in Fig. 2 and Sect. 2.3. 

2.2 � Measures and formulae

Platelet aggregation can be quantified using (i) contact area, 
(ii) detaching force, (iii) nearest distance and (iv) center 
distance. Additionally, we can evaluate the mechanical 
properties of the aggregate like (i) stress and (ii) velocity 
magnitude. In this section, these quantities are defined and 
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algorithms for averaging microscopic quantities to obtain 
macroscopic trends are presented.

The center distance refers to the distance between 
the centers of mass of two platelets and is calculated as 
x = ‖‖rA − rB

‖‖2 , where rA and rB are the centers of mass for 
platelets A and B, respectively. To calculate the nearest dis-
tance, rij is computed between the ith particle on membrane 
platelet A and jth particle on membrane of platelet B,

where MA and MB are the group of membrane particles for 
platelets A and B, respectively.

We define the set of contact particles as:

where Td = 87.5 nm (Gupta et al. 2019). Hence, contact area 
is defined as:

where S is the surface area and M is the set of membrane 
particles of the platelet where |⋅| is the notation for cardinal-
ity of a set. The detaching force is calculated as multiples 
of the rupture force for αIIbβ3 and Fg bonds approximate 
number of αIIbβ3-Fg bonds. Since aggregation is a dynamic 
phenomenon, we use RMSF to analyze differences in trajec-
tory that arise from rigidity or deformability of the platelets 
and determine a stable state for aggregation. Specifically, 
RMSF is used to determine an average position about which 
the system may possess some small fluctuations. We calcu-
late RMSF by the following formula:

where N is the number of particles and ri(t) is the position 
of particle i at time t.

The properties of stress and velocity magnitude measured 
from the simulations for membrane particles are instanta-
neous and possess instantaneous fluctuations; thus, their 
direct use to illustrate the stress and velocity patterns on 
platelet membranes is inadequate. Per atom virial stress does 
not have a direct physical interpretation, but these provide 
a means for grouping contributions together to allow an 
estimation for spatial variation of stress tensor (Heinz et al. 
2005; Thompson et al. 2009). To obtain a more meaning-
ful trend of them, we perform temporal and spatial averag-
ing, with calculated window sizes. For this, we follow three 
steps: (i) convert from tensor/vector to scalar, (ii) temporal 
averaging and (iii) spatial averaging.
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Step 1 The virial theorem computes the volume-averaged 
stress tensor for a group of particles (Heinz et al. 2005; 
Thompson et al. 2009). To render the stress tensor to a sca-
lar, we use the following formulation (Alemu and Bluestein 
2007; Apel et al. 2001):
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3
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for a membrane particle p at time t . To compute the velocity 
magnitude for the particles, we use:
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v2
x
+ v2

y
+ v2

z

Fig. 1   Schematic representation of the platelet aggregation model
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for a membrane particle p at time t.
Step 2 Temporally, we average consecutive instantaneous 

properties over a finite time period. For example, temporal 
averaging of time follows the following:

Step 3 For mitigating fluctuations due to membrane 
deformability, spatial averaging technique is employed to 
average over a surface volume of platelet membrane as 
follows:

where rk is a particle of membrane, D(p, �) represents the �− 
neighborhood of particle p , M =

|||D
(
pi, �

)
∩
{
rk
}||| . The tem-

poral averaging is done for 200,000 time steps (20 μs) and 
the spatial averaging �2 = 1.2.

2.3 � Aggregation tensor

Thrombus formation involves multiple platelets and their 
aggregation characteristics change dynamically over 
time. Since tensors provide a more natural representation 
of complex dynamical quantities, we utilize tensors to 
develop a framework for analyzing aggregation character-
istics. In this section, we outline the framework for n plate-
let systems that may have multiple aggregates of different 
sizes and provide examples to illustrate the use of this 
framework. Section 2.4 presents the details of numerical 
experiments setup for two and three platelet aggregates, 
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(12)𝜏k =
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⟨𝜏time⟩

and in Sect. 3, we analyze and present detailed results for 
aggregation properties measured from the simulations.

Defination 2.1  Let aij(t), i ≠ j , denote the contact area 
between platelets pi and pj at time t , where aij = aji and aii 
represent the surface area for the platelet pi . The aggrega-
tion tensor A for n platelets, such that A(t) ∈ ℝ

n×n ∀t can be 
defined as follows:

This aggregation tensor represents the aggregation 
dynamics between platelets in the system using the contact 
area metric. When the aggregate formation has not started, 
the matrix A(t) is reduced to a diagonal matrix. As the plate-
lets begin to aggregate, off-diagonal entries become nonzero, 
and as more and more platelets attach themselves to the 
thrombus, the sparsity of the matrix decreases. For a fixed 
number of platelets (i.e., a fixed n ) in the system, a dense 
matrix is indicative of a large number of contacts between 
platelets, and the number of nonzero entries indicates the 
number of platelets in the aggregate.

Defination 2.2  Let aij(t), i ≠ j , denote the contact area 
between platelets pi and pj at time t , the norm is defined as 
∥ A ∥=

∑
i<j

�aij(t)�.
The quantity ∥ A ∥ denotes the total contact area of the 

aggregate and can be used as a measure of strength of the 
aggregate. An increase in the number of platelets and the 
contact area between the platelets leads to a larger value 
for ∥ A ∥.

A(t) =
�
aij(t)

�
=

⎛⎜⎜⎝

a11(t) ⋯ a1n(t)

⋮ ⋱ ⋮

an1(t) ⋯ ann(t)

⎞⎟⎟⎠

Fig. 2   Schematic representation 
of simulations. R2 denotes the 
simulation for platelet doublets 
and R3 for platelet triplets along 
the center line of the microchan-
nel. RT3 denotes the simulation 
for platelet triplets closer to the 
boundary. For each simulation, 
the dimensions of the micro-
channel are length (L) 16 μm , 
height (H) 12.4 μm and width 
(W) 16.0 μm
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Definition 2.3  Let cij =
{

0, i = j or aij = 0

1, otherwise,
 then the matrix 

contact matrix is defined as C =
[
cij
]
.

Definition 2.4  If Ω =
{
pk, pl, pm

}
 forms an aggregate, then 

the k-th , l-th , m-th row of the n -D identity matrix forms a 
selection matrix S such that SCST is the matrix representing 
the aggregate Ω.

Definition 2.5  The rate of change of tensor A is defined as:

For i ≠ j , if aij(t+Δt)−aij(t)
Δt

< 0 , the debonding for that plate-
let pair occurs and a large number of negative tensor ele-
ments denote disaggregation. For i = j , if aij(t+Δt)−aij(t)

Δt
> 0 , 

surface area increases indicating platelet expansion, e.g., 
observed during aggregation or adhesion process. Thus, the 
tensor can measure the various phenomenological changes 
that platelets undergo during or after aggregate formation 
and can be quite useful for large aggregates.

Definition 2.6  Time integral of contact area is defined as 
follows:

where tw = w ⋅ dt is the window size for moving average.
This tensor demonstrates the trend in the contact area. 

This tensor helps to preserve the microscale and pairwise 
properties of the platelets in larger aggregate formation mod-
els which otherwise may get lost in coarse measurements 
like volume and growth rate. of the aggregate. The details 
of the algorithm for finding the number and size of aggre-
gates are presented in Online Resource 1 (supplementary 
materials).

2.4 � Numerical simulations

Figure 2 presents the simulations that were conducted for 
this study. We conduct the simulations in two f low 
regimes for two and three platelets (a) at the center of the 
microchannel (experiments R2, R3) and (b) closer to the 
boundary of the microchannel (experiment RT3). For each 
simulation, Couette flow was employed to model blood 
plasma in a microchannel of length (L) 16 μm , height (H) 

ΔA

Δt
=

aij(t + Δt) − aij(t)

Δt
=

⎛⎜⎜⎜⎝

a11(t+Δt)−a11(t)

Δt
⋯

a1n(t+Δt)−a1n(t)

Δt

⋮ ⋱ ⋮
an1(t+Δt)−an1(t)

Δt
⋯

ann(t+Δt)−ann(t)

Δt

⎞⎟⎟⎟⎠

t+tw∑
t

A(t)dt =

t+tw∑
t

aij(t)dt for i, j = 1… n

12.4 μm and width (W) 16.0 μs . The number density for 
fluid is 3.0 . Each platelet was modeled as an ellipsoid 
with dimension 4 × 4 × 1 in μm (Zhang et al. 2017) and 
has 140, 303 particles. This platelet model continuously 
changes its morphology in response to the dynamic flow 
stresses during aggregation. For each simulation, the 
microchannel has platelets placed at the center such that 
they are not in the aggregation interaction range of each 
other at the start of the simulation. The integration time 
step size reported is 2.5 × 10−5 (Table 1). We run the sim-
ulations until aggregation becomes stable, and there is no 
significant change in contact area. All simulations were 
performed with NVE ensemble, using LAMMPS (Large-
scale Atomic/Molecular Massively Parallel Simulator) 
code (Plimpton et al. 2012), with added algorithms like 
no-slip boundary condition (Soares et  al. 2013), 
DPD–CGMD hybrid potential for interactions between 
platelets and f low (Zhang et  al. 2014b), hybrid 
DPD–Morse potential for reducing compressibility of the 
flow (Gao et al. 2017) and hybrid force field for modeling 
aggregation (Gupta et  al. 2019). Platelet aggregation 
simulations presented in this manuscript take approxi-
mately a wall clock time of 2.81 h for 20,000 time steps 
(1.04 μs ). Physical quantities in dimensionless units were 
converted into physical units for the interpretation of 
aggregation and flow properties. The wall shear stress is 
10 dyne∕cm2, and shear rate is 932 s−1 with a flow viscos-
ity of 1.07 mPa ⋅ s . This shear stress level corresponds to 
the upper limit of the single-stage aggregation 
(~ 1000  s−1) identified by the Jackson group (Jackson 
2007; Maxwell et al. 2007). In this phase, aggregation is 
dominated by platelet integrin αIIbβ3–Fg interactions. The 
model units are converted from dimensionless units to 
physical units (Zhang et al. 2017) (Table 1). The reference 
length �r =

D�

D∗
�

, where D� = 4�m and D∗
�
= 4 , the refer-

ence mass mr =
��3

r

�∗
 where the fluid density of blood 

plasma � = 1060 kg∕m3 and the particle density �∗ = 3 . 
Aggregation tensor metrics are presented in Table 2. Ref-
erence units are presented in Table 3.  

Table 1   Parameters for aggregation model

Key model param-
eters

Model values in DPD 
units

Model values in SI units

r0 0.38 67.5nm

rc 0.5 87.5 nm

� 1.0 5.62 μm−1

D0 10.0 1.45 × 10−19 J

f A 10.0 0.82 pN

Δt 2.5 × 10−5 52 ps
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3 � Results

3.1 � Contact area

Contact properties during platelet aggregation can be 
numerically quantified and analyzed through contact area 
and detaching force. Figure 3 shows platelet dynamics for 
the R3 setup leading to formation of an aggregate. Ini-
tially, the platelets are not within the interaction range of 
each other, but as the simulation proceeds, the flow pushes 
the platelets closer to each other within the interaction 
range, and the platelets start to aggregate. The blue color 
indicates the contact particles, i.e., the receptors, that have 
formed a bond. As the platelets continue to aggregate, we 
see that two pairs of platelets in the cluster aggregate.

We calculate the contact area from the numerical simu-
lations for R3, RT3 and R2. The aggregation tensor A 
defined in Sect. 2.3 is used to describe and analyze the 
contact properties during aggregation. The evolution of 
contact area for each platelet pair and total contact area 
‖A‖ with the simulated time are presented in Fig. 4 for 
all three setups. For all setups, there is an initial rapid 
increase in contact area which indicates the formation of 
receptor ligand bonds. As the simulation proceeds, the 
contact area reaches a stable value indicating that the 

formation of new bonds decreases, and the contact has 
stabilized. For the same initial platelet positions and the 
same number of platelets in contact, the total contact area 
‖A‖ is larger in R3 as compared to RT3 which shows the 
role of flow in influencing aggregation.

Online Resource 2 presents the growth rate of contact 
area and its trend using moving average for a13 and a23 , 
respectively. The raw data of growth rate show the fluc-
tuation, which indicates bonding and debonding of recep-
tor–ligands, and the trend line shows the nature of aggrega-
tion during that time. The peaks in the trend demonstrate 
periods of rapid bond formation leading to increase in con-
tact area, whereas a flat line indicates stabilization. Supple-
mentary S1 (last row) shows the time-averaged contact area 
that demonstrates the overall trend.

For the R3 setup, during the initial part of the simula-
tions, we observe that that there is rapid increase in contact 
area between platelets p1 and p3 for approximately the first 
60 μs followed by alternating small periods of stabilization 
and increase in contact area for the next 110 μs , after which 
contact area is stable with small fluctuations. This can also 
be seen from the growth rate trend for a13 , which shows a 
large peak followed by two smaller peaks. For platelets p2 
and p3, the contact area curve shows a uniform increase 
until a steady state is reached. The growth rate shows an 
initial peak followed by two smaller peaks. As the simula-
tion proceeds, the peak growth rate decreases approaching 
0 indicating no new bonds are formed.

For the RT3 setup, both contact areas experience similar 
trend of a rapid increase in the contact area in the first 75 �s 
and then a stabilization of the contact area with small fluc-
tuations. For platelets p1 and p3, the growth rate shows a 
large peak between two smaller peaks indicating that rapid 
increase in contact occurs between 50 and 60 �s , whereas 
for p2 and p3 , the growth rate possesses several peaks all 
with the similar peak growth rate. This difference in growth 
of contact area over time demonstrates the role of flow and 
orientation in the aggregation process.

3.2 � Stress distribution on the aggregate

The multiscale model for aggregation of multiple plate-
lets generates massive amounts of data at the microscale 
for the measured physical properties. Our goal is to extract 
the macroscopic trend in these properties using spatial and 
temporal averaging techniques to present the dynamics 
that the aggregate undergoes. The stress tensor is rendered 
into scalar values for each membrane particle and averaged 
over time and volume following the methodology outlined 
in Sect. 3.2. Figure 5 (for movie see Online Resource 3), 
Online Resource 4 and Online Resource 5 present the 
dynamic stress distribution map on the platelet membrane 
for the aggregate for numerical experiments R3, RT3 and 

Table 2   Aggregation tensor metrics for analyzing aggregate proper-
ties

Key tensor metrics Key biophysical properties

A Aggregation tensor
daij

dt
, i ≠ j Growth rate of contact area

daii

dt
Platelet spreading or shape change 

during activation
‖A‖ Total contact area for the aggregate
t+tw∑
t

aij(t)dt
Time integral of contact area

Table 3   Reference units used in the model for unit conversions from 
dimensionless to SI units

Terms Symbol/for-
mula

Model 
values

SI values SI units

Length �r 1 1.78 × 10−7 m

Time tr 1 2.08 × 10−6 s

Mass mr 1 1.99 × 10−18 kg

Force mr�r
t2
r

1 8.15 × 10−14 N

Energy mr�
2
r

t2
r

1 1.45 × 10−20 J

Velocity �r
tr

1 8.53 × 10−2 m∕s
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R2. As the simulation proceeds for each case, we see that all 
platelets develop regions of high stress around the periphery 
of the platelet. The deformable platelet membrane responds 
to extracellular hemodynamic stresses, which enables the 
model to illustrate these patterns which may be linked to 
peripheral changes during activation. The platelet pseu-
dopodia, fingerlike structures that aid in stabilization of 
aggregates, have been observed to grow from the periphery 
(Michelson 2013).

For setup R3, the top and side views in Fig. 5 show that 
as the platelets aggregate, and the contact area increases, 
there is an increase in stress around the contact regions a13 
and a23 . This stress increase in the contact region is indicated 
by the color map changing from green to red starting at the 
contact point and then eventually propagating to the nearby 
region. Figure 5b presents the stress distribution map on 
platelet p3, in which the color map indicating the intensity 
of stress initially demonstrates an increase in stress on the 
membrane particles in the contact region. In the beginning, 
as aggregation proceeds with formation of new bonds, stress 
increases and is later stabilized as the contact area reaches 
a constant value, indicating that the aggregation simulation 
has reached a stable state.

For RT3 (Online Resource 3), as the cluster translates 
with the flow, the platelets aggregate and regions of high 
shear stress appear on the platelet periphery and in the con-
tact regions similar to the R3 setup. These spots grow in 
intensity and area as the simulation proceeds, and the stress 
map for the platelet p3 of the aggregate clearly shows the 
two contact regions exhibiting an increase in stress due to 
bond formation.

We measure the stress in the contact region by identi-
fying the contact particles (Sect. 3.2) and then calculating 
the average stress on those particles. Figure 6 presents the 
average stress in the contact region for the R3, RT3 and 
R2 setup. We observe that for all experiments, stress in the 
contact region follows the same asymptotic trend, i.e., stress 
increases in the initial stages of aggregation and becomes 
stable at an elevated stress value once the platelets form 
a stable contact. This trend is similar to that observed for 
contact area, which also shows a rapid increase for the initial 
stage of aggregation due to bond formation, followed by 
stabilization.

3.3 � Velocity magnitude distribution 
on the aggregate

Figure  7 (for movie see Online Resource 6), Online 
Resource 7 and Online Resource 8 present the velocity 
magnitude map on the platelet membrane for the R3, RT3 
and R2 setups, respectively. There are areas of higher 
velocity magnitude on the aggregate indicated by the red 
color. These areas of higher velocity magnitude change 

intensity and location on the aggregate, which is also 
shown more clearly in Supplementary Material S2. These 
indicate the fluidity within the platelet membrane which is 
enabled by our unconstrained deformable model.

Online Resource 9 compares the average velocity mag-
nitude for the three setups. From the figure, we see that 
the average velocity magnitude fluctuates for all setups; 
however, for the RT3 setup the average velocity increases 
initially and fluctuates at a higher value as compared to 
R2 and R3, which is expected because of the translation 
motion in RT3 setup.

3.4 � Detaching force, nearest distance and RMSF

Figure 8 presents the detaching force, nearest distance, 
center distance and RMSF. Detaching force is calculated 
as a multiple of rupture force per αIIbβ3–Fg bond and num-
ber of bonds between platelets measured from the simula-
tions. The evolution of detaching force with time is pre-
sented in Fig. 8(a) for all three setups. The fluctuations in 
the curves indicate the bonding and debonding that occurs 
between membrane particles through the receptor–ligand 
bond. The detaching force and contact area follow a simi-
lar trend since they are directly proportional to each other. 
Nearest distance ( dmin ) and center distance x are calculated 
for each pair of platelets in the cluster. Figure 8(b) shows 
the evolution of dmin with the simulated time. As the plate-
lets in the cluster come close to each other, the nearest 
distance decreases and eventually falls below the threshold 
value, thereby forming an aggregate, after which the near-
est distance possesses fluctuations indicating the bonding 
and debonding of receptor and ligand. Fig. 8(c) shows the 
center distance between the platelets in the aggregate for 
all setups. Figure 8(d) shows the RMSF for the platelets 
in the cluster calculated for all setups. From the figure, we 
observe that for R3 and R2, the RMSF for all platelets in 
the cluster decreases, reaching a stable value. For RT3, the 
RMSF increases, reaching a higher value because of the 
translation effect.

Figure 9 presents the detaching force vs. center distance 
for all three setups. We can see that as the platelets come 
closer and more bonds are formed, the center distance 
decreases as the detaching force increases. The following 
empirically fitted equation can be used to describe this 
relationship between center distance ( x ) and detaching 
force f (x):

 .
The parameters ( f0, x0 and c0 ) and error for each numeri-

cal simulation are presented in Table 4.

(12)f (x) = f0 ∗ e
−
(

x−x0

c0

)2
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3.5 � Comparison of the numerical experiments

Figure 10(a) presents the comparison of stress distribution 
on the aggregates for all setups and in the contact region 
a13 for platelet p3 and p1 . For all aggregates, the stress 
distribution on the periphery of the platelets is differ-
ent. Figure 10(b) compares the average stress in the con-
tact region on platelet p3 a13 along with detaching force, 
time-averaged contact in region a13 and total contact area. 
All metrics demonstrate asymptotic behavior and, in the 
region a13 , RT3 has the largest contact area and detaching 
force because of larger bond formation and hence larger 
stress in the contact region. However, the total contact area 
is greater in the case of R3, although R3 and RT3 have the 
same number of platelets in contact, demonstrating that 
the overall strength of R3 aggregate is larger.

4 � Discussion

The multiple platelet aggregation model presented here 
studies the formation of an aggregate in viscous shear flow, 
and qualitatively and quantitatively examines the aggregate 
properties. For quantifying and analyzing the aggregation 
properties for multiple platelets, a tensor-based framework 
was designed. Using this multiscale model, we can com-
pute the evolution of aggregation properties for an aggre-
gate-like contact area, detaching force, nearest distance 
and RMSF. In addition, this platelet model can deform to 
model the microstructural changes of platelet constituents 
like the membrane, cytoplasm and cytoskeleton in response 
to the extracellular viscous shear stresses, thus describing 
mechanical properties like stress and velocity distribution 
on the aggregate.

Discoid, deformable platelets in free flow are simulated 
such that the platelets are initially not within the interac-
tion range of the αIIbβ3–Fg bond. The simulations are 
performed under constant shear for three and two platelet 
setups, respectively, in Couette flow with rotation and com-
pared with a three-platelet simulation in Couette flow with 
translation. A hybrid force field using Morse and Hooke’s 
force established in (Gupta et al. 2019) models aggrega-
tion between platelets as they are pushed by the flow into 
the bond formation range of the αIIbβ3–Fg bond. For the 
first time, this high-resolution platelet aggregation model in 
flow can describe the molecular level bond formation during 
aggregation and can deform in response to the flow-induced 

Table 4   Parameters for model describing the relationship between 
detaching force and center distance for all setups

Numerical simu-
lations

f
0

x
0

c
0

R-square

R3_13 162.7 1.153 0.04560 0.989
R3_23 238.7 1.529 0.06187 0.994
RT3_13 300.0 1.137 0.04571 0.987
RT3_23 164.3 1.536 0.05761 0.989
R2 157.0 1.192 0.01656 0.986

Fig. 3   Platelet aggregation dynamics for three platelets showing the contact area in the a side and b top view
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Fig. 4   Contact properties using the aggregation tensor

Fig. 5   a Top view of the stress distribution for the R3 simulation. b Stress distribution on contact regions of platelet p3 of the aggregate. c Front 
view of the stress distribution for the R3 simulation



1024	 P. Gupta et al.

1 3

hemodynamic stresses, thus allowing study of stress distri-
bution during aggregation.

Aggregation dynamics of the platelets for R3 and 
RT3 show that as the platelets are pushed closer to each 

other by the flow, they begin aggregating and forming 
αIIbβ3–Fg–αIIbβ3 bonds. As the simulations proceed, two 
pairs of platelets in contact show rapid increase in bond 
formation at first, leading to increase in contact area. After 
some time, the bond formation slows down, and contact area 
stabilizes, leading to formation of a stable aggregate. For 
RT3, this aggregate translates with the flow. The fluctuation 
in contact area and growth rate shows the microscale bond 
formation and disassociation activity during aggregation. 
The differences in evolution of aggregation dynamics are 
shown through how growth rates for the three simulations 
have different number and value for the peaks.

Several in vitro studies (Obrien 1990; Obrien and Salmon 
1989) have investigated the role of shearing forces on acti-
vation of platelet receptors which initiate the aggregation 
response from platelets. However, it is not possible to study 
the dynamic distribution of the stress on the platelet mem-
brane in vitro. We employ the computational model to qual-
itatively elucidate the stress distribution on the aggregate 
surface. The stress tensor at the microscale is converted to 
a scalar, and spatially and temporally averaged to present 
the distribution at the macroscale. As the platelets aggre-
gated, we observed an increase in stress on the aggregate 
and regions of high shear stress around the periphery of 
the platelets. The deformable platelet membrane responds 
to extracellular hemodynamic stresses, which enables the 
model to illustrate these patterns and may be linked to 
peripheral changes during activation. The platelet filopodia, 
fingerlike structures that aid in stabilization of aggregates, 
have been observed to grow from the periphery (Michelson 
2013; Sheriff and Bluestein 2019). Below the phospholipid 
bilayer membrane and at the periphery of the cytoskeleton, 
compressed spectrin-rich membrane networks are inter-
locked with binding protein complexes that connect to radi-
ally projected filamentous actin originating from the actin 
cortex at the core (Hartwig and Desisto 1991). The evolution 
of stress distribution in the contact region presented in this 
work shows that bond formation results in an increase in 
stress which quickly spreads to the nearby regions and that 
the stress increases with the increase in contact area.

The velocity magnitude distribution is presented for the 
aggregate, and we observe areas of higher velocity magni-
tude that change location and intensity as the simulation pro-
ceeds. These fluctuations in velocity magnitude are enabled 

Fig. 6   Average stress in the contact region for simulations a R3, b 
RT3 and c R2
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by our unconstrained deformable platelet model, which 
allows motion of particles relative to each other due to forces 
from the surrounding DPD flow and between adjacent mem-
brane particles. Biologically, these may mimic fluidity of the 
membrane in response to biochemical agents (Watala et al. 
1998), in which constitutive lipids can spatially rearrange 
and laterally diffuse (Slepian et al. 2017). These constitutive 
elements, which include specialized lipids and "lipid rafts," 
may act as mechanosensors that trigger platelet activation 
(Slepian et al. 2017), and variations in the membrane fluidity 
may modulate shear stress-driven mechanochemical signal 
transduction (Los and Murata 2004) responsible for events 
such as activation, aggregation and adhesion. Membrane 
fluidity allows rapid deflection of otherwise stiffly anchored 
transmembrane proteins, the classical mechanosensors and 
transducers (Slepian et al. 2017). Limited data suggest that 
exposure to 70 dyne/cm2 for 10 min (stress accumulation 
of 42,000 dyne-s/cm2) leads to 6% increase in membrane 
fluidity, as determined by fluorescence anisotropy (Sweedo 
et al. 2020). These observations can be accommodated into 
a more advanced model to study the role and effect of lipids 
during aggregation. We aim to link observations of velocity 
fluctuations in our simulations to in vitro measurement of 
membrane element motion under shear stress exposure once 
a technique is identified for the latter.

The molecular effects of platelet aggregation can also 
be observed from the detaching force, nearest distance and 

center distance. The nearest distance shows that none of the 
platelets are initially in contact, but as the simulation pro-
ceeds, two pairs of platelets contact and the nearest distance 
then fluctuates below the threshold distance, demonstrat-
ing bonding and debonding leading to a stable aggregate. 
The detaching force and center distance relationship was 
explored, showing an increase in detaching force as the 
center distance increases, and is modeled by a Gaussian fit. 
Comparing the setups R3, RT3 and R2, we observe that the 
contact area for different pairs of platelets in the aggregate 
is different for different setups. From the dynamics of stress, 
it also shows the difference in stress patterns on the platelets 
in the aggregate.

In this work, we present comprehensive numerical 
simulations for free-flowing aggregation. However, given 
the complexity of the platelet aggregation and the variety 
of factors that initiate and influence the aggregation pro-
cess, our study has some limitations. This multiscale model 
assumes that integrin αIIbβ3 receptors interacting with Fg 
are distributed homogeneously throughout the membrane. 
In addition, simulations were performed under low–inter-
mediate shear conditions, where aggregation without shape 
change has been observed and excludes shear conditions 
mediating aggregation via pseudopods. These assumptions 
reduce computational cost. Nevertheless, these assump-
tions are valid for platelets in the initial stage of activation 
where membrane receptors are actively expressed preceding 

Fig. 7   Velocity magnitude distribution on the platelet membrane for the R3 setup in the a side and b top views
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Fig. 8   Detaching force, nearest distance, center distance and RMSF during aggregation for all numerical simulations
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pseudopod formation (Maxwell et al. 2007), and αIIbβ3–Fg 
interactions are well characterized under these flow con-
ditions. Our group has modeled pseudopodia formation 
(Pothapragada et al. 2015) in the past and it can be inte-
grated in the current model to study aggregation between 
activated platelets with changing morphology while using 
adaptive time stepping (Han et al. 2021; Zhang et al. 2015) 
to expand the range of simulated shear stresses in future 
multiscale models.

In conclusion, we present a multiscale multiple plate-
let aggregation framework that can analyze the aggrega-
tion dynamics, at molecular resolutions, to elucidate the 
macroscale stress and velocity distribution of the platelet 
membrane on the aggregate. Extending this framework to 
include more platelets under diverse shear flow conditions 
may help analyze the dynamics of platelet aggregation medi-
ated by integrin αIIbβ3 and design potential pharmacological 
approaches to destabilize aggregates, thus preventing clot 
formation.

Fig. 9   Detaching force vs. center distance for a platelets p1 and p3 for the R3 setup, b platelets p1 and p3 for the RT3 setup, c platelets p2 and p3 
for the R3 setup, d platelets p2 and p3 for the RT3 setup, e platelets p1 and p3 for the R2 setup
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