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Abstract

We have developed a new single-particle dissipative particle dynamics (DPD) model
for anisotropic particles with different shapes, e.g., prolate or oblate spheroids. In
particular, the conservative and dissipative interactions between anisotropic single
DPD particles are formulated using a linear mapping from the isotropic model of
spherical particles. The proper mapping operator is constructed between each inter-
acting pair of particles at every time step. Correspondingly, the random forces are
properly formulated to satisfy the fluctuation-dissipation theorem (FDT). Notably,
the model exactly conserves both linear and angular momentum. We demonstrate
the proposed model’s accuracy and efficiency by applying it for modeling colloidal
ellipsoids. Specifically, we show it efficiently captures the static properties of sus-
pensions of colloidal ellipsoids. The isotropic-nematic transition in an ellipsoidal
suspension is reproduced by increasing its volume fraction or the aspect ratio of
ellipsoid particles. Moreover, the hydrodynamics and diffusion of a single colloidal
ellipsoid (prolate or oblate with moderate aspect ratios) are accurately captured.
The calculated drag force on the ellipsoid and its diffusion coefficients (both trans-
lational and rotational) agree quantitatively with the theoretical predictions in the
Stokes limit.

Key words:
Dissipative Particle Dynamics; Single-particle Dissipative Particle Dynamics;
Colloid Suspension; Ellipsoidal Particle

Email address: wpan9@wisc.edu (Wenxiao Pan).

Preprint submitted to Journal of Computer Physics 10 February 2017



1 Introduction

The study of suspensions of Brownian colloids or nanoparticles encountered
in biological and engineering applications has significantly advanced in recent
years [1-5]. Colloidal particles can have a variety of shapes, including sphere,
ellipsoid, rod, platelet, etc. A rather rich behavior of real colloidal systems can
stem from the anisotropic shapes and interactions of colloidal particles [6-9].
Hence, the dynamics of anisotropic particles is fundamental in many asso-
ciated physical phenomena, such as sedimentation, coagulation, migration,
and non-Newtonian rheology. Therefore, accurate and efficient models for sus-
pensions of anisotropic particles are needed in many practical applications.
Clusters of multiple particles commonly have been used to represent a spheri-
cal colloid, stiff fiber, circular disc, or other bluff bodies in dissipative particle
dynamics (DPD) and smoothed DPD simulations to capture the correct hy-
drodynamics [10-15]. However, such a representation may render a simulation
prohibitively expensive.

Espanol et al. [16] proposed the fluid particle model (FPM) that shed lights in
possibly modeling colloid particles as single DPD particles by including torques
and angular velocities of particles into the model. Pan et al. [17] specified the
general FPM formulation and demonstrated that the resulting model could
capture the correct hydrodynamics of single DPD particles. The model was
further extended to multi-sized particles to study colloidal suspensions [18],
red blood cells [19], and also DNA [20]. However, all of those formulations
were restricted to isotropic spherical particles. In the present work, we pro-
pose a new DPD formulation that allows for modeling anisotropic particles by
single DPD particles. The new framework is applied to study both static and
dynamic behaviors of colloidal ellipsoid suspensions, including microstructure,
phase transition, and hydrodynamics, as well as translational and rotational
diffusion.

This paper is organized as follows. Section 2 describes the governing equations,
construction of the mapping operator, and formulations of the anisotropic force
fields. Numerical results for different benchmark tests along with simulation
strategy and parameters are presented and compared to analytical or theoret-
ical predictions in Section 3. Finally, the paper concludes in Section 4 with a
discussion about future applications of the proposed framework.

2 Formulations

We consider a canonical ensemble of single particles in three-dimensional (3D)
space. The instantaneous state of the ¢th particle with fixed mass m; and



fixed-body frame inertia If is characterized by its position r;(t), rotation ma-
trix R;(¢), linear momentum P;(¢), and angular momentum L;(¢). These state
variables provide the full spatial and velocity information. The pth column
(n = x,y,2) of R;(t) represents the transformation of the pth axis of a par-
ticle from its fixed-body frame to the laboratory frame, which makes the ro-
tation matrix satisfy R = R~ and |R| = 1. We define a state vector as
Y, (t) = (r;(t), Ri(t), P;(t), Li(t))", which is updated via the generalized New-
ton’s second law at each time step as:

0 vt

R il B )
YO8 I 0
L;(t) N;(t)

Here, Vz(t) = m;le(t), wl(t) = Il(t)_lLl(t), Fz(t) = Zﬁéi Fija and Nl(t) =
>+ Nij, denoting the translational velocity, angular velocity, total force, and
torque exerted on ith particle at time t, respectively. I;(¢) is inertia in the
laboratory frame and can be calculated via the rotation matrix as I;(t) =

Ri(H)ER;(t)".

In the present work, only two-body pairwise interactions are considered in the
calculation of the total force and torque. Furthermore, the pairwise forces sat-
isfy Newton’s third law, i.e., F;; = —Fj;. As such, the total linear momentum
P=>,P;,=>,m;v; is a dynamical invariant with P=0In addition, the
pairwise torque N;; is defined as N;; = —Gy;r;; x F;;. Here, the prefactor ma-
trix Gy; is included to account for the different contributions from interacting
particles with different sizes and shapes. It can be considered a generalization
of the scalar factor defined in the isotropic single-particle DPD method [18,21]
as a weight to account for the size difference of interacting particles. The spe-
cific form of G;; will be determined later. When G;; satisfies G;; + Gj; =1
(I: the 3 x 3 identity matrix), it immediately follows that the total angular
momentum J = Y, (r; X P; + Lw;) is also conserved, i.e., J=o.

The final expression of the corresponding Langevin equations for the examined
particle system, in the form of stochastic differential equations, can be written
as:

dI‘i = Vidt = m;lPldt

dP; =" [(FS, + F + Ff})dt + dPj] 2)
J#i
J#i

Here, as in Refs. [16,17] the deterministic forces between particle ¢ and j consist



of four different terms: the conservative force F¢., translational dissipative force
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F, rotational dissipative force F}}, and random force F;; = dP;/dt. The
last term compensates for the effect of eliminating degrees of freedom during
the coarse-graining procedure and is formulated to satisfy the fluctuation-
dissipation theorem (FDT) given the expressions of the two dissipative forces.
Previous studies [17,18] have provided the specific formulations for the four
force terms in the single-particle DPD model of isotropic spherical particles.
In the present work, we aim to formulate the four force terms for slightly low

symmetric (anisotropic) single particles in DPD.

To proceed, it is reasonable to assume that the mass density of an isotropic
particle is Gaussian for computing the exclude-volume interactions, monopole,
and dipole hydrodynamic forces between isotropic particles. Hence, for anisotropic
particles, a generalized Gaussian function [22-24] is required. Specifically, if M
can be expressed as a quadratic form matrix, the density distribution of a sin-
gle particle centered at ry can then be represented by a normalized Gaussian
function as:

) = ———exp [~ S(r = 1) "M (e =) 3)

\/8m3| M|

with M = RTS%R. Here, S is the shape matrix indicating the particle size
and shape. For example, for an ellipsoid particle with semi-principal axes of
length R,, Ry, and R,., S = diag(R,, Ry, R.). We particularly are interested in
the interactions between two anisotropic particles ¢ and j, centered at r; and
r;, with the shape matrices S; and S;, and the rotation matrices R;, R;. We
denote

rij =T, — I'j, Vij =V; — Vj, and QU = Ww; X G”r” + w] X Gﬂr”
Moreover, we define
M, = R/S?R;, M, =R’S?’R;, and H;; =M, + M,
1 1 M (2] J v 1] 1 J:

The prefactor matrix in the pairwise torque (Eq. 2) between particles i and
j is thus determined as G;; = M; '(M; ' + Mj*l)*l, which exactly satisfies
Gi; + Gj; = 1. Moreover, H;jl is a real symmetric 3 x 3 matrix and can be
decomposed as

H;' = 0Q*0" = (0Q)(0Q)".

The above decomposition is an eigendecomposition, in which the orthogonal
matrix O is composed by the eigenvectors of Hi_jl, while Q? is the diagonal
matrix of eigenvalues. Here, H[jl is a positive-definite matrix with all positive
eigenvalues. The decomposition indicates both the rotational (O) and elonga-
tional (Q) transformations from spherical to ellipsoidal shapes. Based on this

decomposition, the linear mapping operator is constructed as (OQ), which



thereby maps the anisotropic coordinates to isotropic ones as:
= (OQ)fij, Vij = (OQ)VU, and Qij = (OQ)QU,

with 7 indicating the isotropic coordinates. Hence, a compact form for the
deterministic forces between anisotropic DPD particles can be written as:

Fg = (OQ)CLU (f' )f“

Ff; OQ Wd %]I + (v — vij)ey ® éij) -9

with e;; = 1;;/|t;;|. Here, a;j, 75, and v;; are the conservative, translational,
and rotational dissipative coefficients, respectively, while W, and Wy are the
kernel functions for the respective conservative and dissipative forces. Instead
of the widely used quadratic function, here, we adopt the Gaussian function
with a parameter a. The value of « indicates the rate of decay for different
type of force. In particular, the Gaussian function for both W, and Wy is given
as: )

W(r;;, Hy;) = |7 exp(—ozf'g;f'ij), (5)

ij

and can be obtained from the double integral of the Gaussian density distri-
bution function in Eq. (3), i.e.,

W(r;;, H /dr/dr”pZ )p; (x")o(r" —1").

However, Eq. (5) can be replaced with other functions [22,24-29] by using
different functions rather than the delta function in the above integral. Note
that the parameter a in W, and Wy generally takes different values. In par-
ticular, a. in the conservative kernel W, is larger, reflecting the rapid decay
of excluded-volume repulsive force, while oy in the dissipative kernel W, is
smaller, capturing the long-range nature of hydrodynamic dissipation. In the
present work, we specifically use a. = 1.3 and ay = 0.65 throughout all of the
simulations.

To illustrate the orientational anisotropy of the interacting forces, Fig. 1 shows
the variation of the conservative forces between two identical ellipsoid particles
with different distances and orientation angles. As the conservative force is
essentially a repulsive excluded-volume interaction, the two ellipsoid particles
tend to be parallel with each other to minimize their free energy at any given
center-to-center distance.

Finally, the random force is formulated as:

Fi;dt = (0Q) W, () f/—%tr[dwij]I—i-ﬂafdeg -8y (6)
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Fig. 1. (a) The magnitude contour of conservative forces between two identical
ellipsoid particles with semi-axis lengths of 0.8, 0.4, and 0.4, at varying distances
and orientation angles. Here, one particle is fixed, while the other particle rotates
around one of its short axes with a varying angle 6. The two ellipsoid particles are
initially positioned parallel along the short axes as sketched in (b).

Here, dW;; is a random matrix of independent Wiener increments, which is
symmetric under particle interchange. de} is the antisymmetric random ma-

1
trix with each element defined as AW = o (AW — dW7}'). The random

force coefficients are o7; = |/2kpT"yj; and of; = |/2kpT7;. The kernel func-

tion in the random force satisfies W?2(r;;) = Wy(F;;). Based on this and due
to the invariant property of linear mapping, the FDT automatically is satis-
fied, which also is verified numerically by examining the kinetic temperature
in each translational and rotational degree of freedom (refer to next section).

In summary, we have formulated the anisotropic single-particle DPD model
with tunable effective parameters a;j, 7;;, 75;» @, and ag. The new formulation
essentially is constructed via linear transformation from isotropic spherical
interactions to anisotropic ones, and it can be readily reduced to that in the
isotropic single-particle DPD model [17]. In the next section, the proposed
framework is applied to study the static and dynamic properties of single
ellipsoid particle (dilute suspension) and concentrated ellipsoid suspensions.

3 Numerical Results

In all simulations presented in this section, the ellipsoid suspension model con-
sists of suspended colloids represented as single ellipsoid DPD particles with
a larger dimension and mass, as well as a solvent bath of isotropic spherical
DPD particles with a smaller radius and mass. Specifically, the solvent parti-
cle has a constant radius of 0.25, while the semi-axis lengths (R,, Ry, and R..)
of the colloidal particle vary around 1.0, all in reduced DPD units. Without
loss of generality, we consider ellipsoids with a pair of equal semi-axes and



a distinct third semi-axis, i.e., prolate spheroids (two equal short axes and
a long axis) and oblate spheroids (two equal long axes and one short axis).
The simulation domain is 20 x 40 x 20, and the number density of solvent
particles p = 4. First, the initial positions and orientations of DPD particles
are randomly assigned. Next, a preliminary no-flow simulation is conducted
with a very small timestep for the system to reach equilibrium and avoid
overlap between DPD particles. The velocity-verlet time-integration scheme is
used to update both translational and rotational dynamics of DPD particles.
The temperature is not sensitive to the time step when dt < 0.1. Both the
linear and angular momenta are conserved, and each follows the Boltzmann
distribution, as discussed later.

3.1 Solvation of a single ellipsoid

First, we examine the solvation of a single colloid immersed in solvent at
equilibrium. Fig. 2 depicts the impenetrable area of the colloidal particle by the

(a)

Fig. 2. Number density distribution of solvent particles with a solvation layer around
an immersed single (a) spherical particle with a radius of 1.0, and (b) ellipsoid par-
ticle with semi-axis lengths of 1.5,0.8165, and 0.8165. The black dash lines indicate
the colloid-intrinsic boundaries.

number density distribution of its surrounding solvent particles. By adjusting
the parameters of conservative interactions between particles (solvent-solvent
(ss), colloid-solvent (cs), and colloid-colloid (cc)), i.e., ass = 2.5, aes = 175.2,
and a, = 1.30, the calculated shape and dimensions for the impenetrable
area of the colloidal particle are found to be consistent with the intrinsic
shape and dimensions of the colloid as the input parameters in the shape
matrix. This indicates that our conservative force can effectively preserve the
size and shape of an anisotropic particle. The results depicted in Fig. 2 are
obtained under the zero-flow condition. Similarly as the fluid modeled by
DPD is weakly compressible, the colloidal particles described by our current
model are also weakly deformable. Thus, slight deformations are expected for
large Peclet number (Pe) and Reynolds number (Re). However, within the



parameter range throughout the simulations in this paper, i.e. Pe << 1 and
Re << 1, no obvious deformation in particles’ shape is observed, as indicated
by the mean density profile of surrounding solvent particles.

3.2 Microstructure in ellipsoid suspensions

Second, we use the proposed new DPD model to study the microstructure
of colloidal ellipsoids in suspensions. Recently, Cohen and coworkers reported
that compared to isotropic spherical colloids, the rotational anisotropy of el-
lipsoids tends to smear out the shell structures of colloids in suspensions with
moderate volume fractions [30]. This can be examined by computing the ra-
dial distribution function (RDF) ¢(r) of colloidal particles. As shown in Fig. 3,

25}

=15}

0.5¢

Fig. 3. Radial distribution function g(r) of prolate ellipsoids (R, = R.) with the
aspect ratio R, /R, = 2.0 (blue line) and spherical colloids (red line) in suspensions
with the same volume fraction ¢ = 0.31. Here, r is normalized by the short axis
length (Rp) of prolate for ellipsoids or by the radius of sphere (Rg) for spherical
colloids.

the peaks in the computed g(r) of ellipsoids are much less pronounced than
those of spherical colloids. This finding is consistent with the direct structural
measurements by Cohen et al. [30]. Thus, our model accurately captures the
microstructure of colloidal ellipsoids in suspensions. We note that g(r) is not
identically zero for r < 2, reflecting the fact that colloidal particles slightly
overlap due to the soft Gaussian kernel function (Eq. 5). In addition, the ex-
cluded volume are the same for the sphere and ellipsoid. However, spheres
prevent the slight overlap better than ellipsoids, which is indicated by the po-
sitions of the first peaks in the plot of g(r) (Fig. 3). This is because the force
is stiffer when two ellipsoids are perpendicular to each other but softer along
the parallel directions, allowing for more overlap along parallel directions for
ellipsoids.



The isotropic-nematic transition is another interesting phenomenon for con-
centrate suspensions of colloidal ellipsoids. In the isotropic phase, colloidal par-
ticles are randomly distributed without any orientational order. As the volume
fraction of ellipsoids or the anisotropy of ellipsoids increases, the transition
from the isotropic to nematic phase takes place, in which colloidal particles
tend to align in parallel to minimize the free energy of repulsive interactions.
Fig. 4 (a) and (b) show the snapshots of both phases for ellipsoid particles

Fig. 4. Microstructures of colloidal ellipsoids in suspensions corresponding to the
isotropic-nematic phase transition with an increasing volume fraction: (a) isotropic
phase, ¢ = 5.3%, R,/Rp = 2.0; (b) nematic phase, ¢ = 70%, R,/Rp = 2.0.

Fig. 5. Microstructures of colloidal ellipsoids in suspensions corresponding to the
isotropic-nematic phase transition with an increasing aspect ratio: (a) isotropic
phase, ¢ = 31%, R,/R, = 1.31; (b) nematic phase, ¢ = 31%, R,/R, = 3.71.

with the same aspect ratio at different volume fractions. While Fig. 5 (a) and
(b) illustrate the phase transition from one to the other due to the increased
aspect ratio of ellipsoids at the same volume fraction. This phase transition
can be characterized by the orientation order parameter S, which, by defini-



tion, is the largest eigenvalue of the second-rank ordering tensor A that can
be calculated from

N
3. .
Al/u =< N Z §nwnw > —55,,”. (7)

Here, n is the unit vector along the ellipsoid long axis in the laboratory frame,
and v, p vary between z, y, and z. Fig. 6 (a) depicts the variation of S

1 1
» 0.5 » o5
009©
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Fig. 6. The orientation order parameter S (a) as a function of volume fraction ¢ at
R,/Rpy = 2.0 and (b) as a function of R,/Ry at ¢ = 0.31. The solid line acts as a
guide.

as a function of the volume fraction ¢, given the fixed ellipsoid aspect ratio
R,/Ry = 2.0. In this example, S is near zero when ¢ is small, and the transition
takes place when ¢ reaches 50% — 60%, followed by a gradual increase toward
unity as ¢ further increases. The transition point at about 50% — 60% is found
to agree with previous studies [31,32]. However, we note that the transition
is not as sharp as those predicted in the Percus-Yevick theory [31] or the
Gay-Berne potential-based molecular dynamics simulation [33,32], which can
result from the soft Gaussian-type potential used in the model. In Fig. 6
(b), varying S is associated with the isotropic-nematic transition due to the
increased aspect ratios R,/R,, even at a moderate volume fraction, i.e., ¢ =
31%.

3.3  Thermostat

In this section, the thermostat in the new anisotropic DPD model is verified
by checking the translational, rotational, and total kinetic temperatures of a
homogeneous particle system consisting of identical ellipsoidal DPD particles.
In Fig. 7 (a), the new DPD thermostat robustly yields fast convergence for
all kinetic temperatures to their desire values, indicating that the FDT is ac-
curately satisfied. In addition, Fig. 7 (b) depicts that total energy, including
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kinetic and conservative energies, converges fast to its equilibrium value. More-
over, both the linear and angular momenta are found to follow the Boltzmann
distribution precisely, which are illustrated in Fig. 7 (c¢) and (d).

0.15 0.4
0.3 —Total Energy
0.1 — Conservative Energy
|_
_\cm — Translation Loz WA i o Vs AN PR Aot oo Mg
0.05 —Rotation
—Total 0.1
0 : : 0 : :
0 100 200 300 0 100 200 300
t t
(a) (b)
05 8
0.4f
6
—~ 0.3 ~
g 24
0O o2 o
2
0.1
% 4 83 _o. 0 o. 0.3
v
X
(d)

Fig. 7. (a) Kinetic temperatures and (b) energies converge to their equilibrium values
in a homogeneous particle system consisting of identical ellipsoidal DPD particles;
(c) angular and (d) translational velocities follow the Boltzmann distribution.

3.4 Hydrodynamics of an ellipsoid in suspension

Notably, DPD was invented to accurately capture the dynamic properties
of coarse-grained systems, including hydrodynamics and diffusion, which is
the primary advantage of DPD compared to other coarse-grained methods.
Thus, we examine the proposed model’s accuracy in reproducing the correct
hydrodynamics and diffusion of a colloidal ellipsoid in suspension.

We first study the hydrodynamics of flow around ellipsoid DPD particles. In
particular, we test a uniform flow past a periodic array of oblate ellipsoids.
The oblate ellipsoid is held stationary at the center of a cubic periodic domain.
The flow then is driven by an external body force Fi. exerted on all solvent
particles, and the flow direction is along one of the ellipsoid’s short axes. The
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cubic lattice array was sized to ensure that the effect of the periodic neighbor-
ing colloids is negligible, which was verified by doubling the lattice dimension.
Fig. 8 (a) and (b) show the calculated velocity fields around the colloid along
the flow direction for different-shaped oblate ellipsoids for a small portion of
the cubic domain. The drag force F,; exerted on the stationary particle is com-

Fig. 8. The velocity field of uniform flow past a periodic array of oblate ellipsoids
with semi-axis lengths of (a) 1.414, 1.414, and 0.5; (b) 1.085, 1.085, and 0.85.

puted, and for the solvent particles, an average superficial streaming velocity
U is calculated from U = %fv u(z,y, z)dV. At low Reynolds numbers, the
drag force on the oblate satisfies the Stokes law: Fy; = 68mnU R,. Here, R,
is the effective Stokes radius of the oblate, and 5 is the shape factor. The

%% 02 04 06 08 1
R_/R
a b
Fig. 9. The calculated relative superficial velocity of flow around an oblate ellipsoid

as a function of aspect ratio R,/R;, (symbol), compared with the analytical results
[34] (solid line).

calculated superficial velocity as a function of the oblate aspect ratio is plot-
ted in Fig. 9 and compared with the analytical prediction from the Stokes
law [34]. Here, the calculated superficial velocities are normalized by that of
the flow around a spherical colloid with the same volume and body force Fi
exerted on solvent particles. Throughout the simulations, we first consider a
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pure solvent composed of isotropic spherical DPD particles with parameters:
ass = 2.5, 75, = 73, = 0.25, a. = 1.30, ag = 0.65, and r. = 1.0. Here, the cutoff
radius r, is selected such that the kernel vanishes beyond the cutoff distance.
The solvent viscosity is computed from the reverse Poiseuille flow as n = 1.64.
Next, we consider the suspension with a single spherical colloid. By adjusting
the parameter a.; and cutoff radius in the conservative force between the sol-
vent and colloidal particles, its effective geometrical radius R, (measured from
the mean density profile of its surrounding solvent particles as shown in Fig.
2) matches the input radius of the sphere. Then, we adjust the parameters 7,
and 72, in the dissipative force between the solvent and colloidal particles to
reproduce the correct hydrodynamics, i.e., making its hydrodynamic radius
R, (measured from the Stokes’ law with the drag force) equal to R.. Thus far,
these parameters are determined as: a., = 160.0, v, = 8.0, 7, = 9.0, and
r. = 2.5. After this procedure, we applied the linear mappings for simulating
the flow past an ellipsoidal colloid without any further calibration of param-
eters. We expect the hydrodynamic radius of the ellipsoid is equal to that of
the sphere with the same volume, thus, the drag force or the mean velocity of
the suspended colloid only depends on the shape factor here.

3.5 Diffusion of an ellipsoid in suspension

Having demonstrated that the model can accurately capture the hydrody-
namics of colloidal ellipsoid in flow, we next apply it to study the diffusion
of ellipsoid particles. Diffusion of an ellipsoid particle can be described by its
translational and angular mean-square displacements (MSDs), as previously
studied by Han et al. [35,36] for quasi-two-dimensional (2D) ellipsoids.

In the simulations, we record the ellipsoid particle trajectory in the labo-
ratory frame, including the center of mass position r(¢) and rotation ma-
trix R(¢) at each time step. At the nth time step, the particle’s transla-
tional displacement or(t,) is mapped onto the fixed-body frame, i.e., ob-
taining the translational displacement along the principal axes denoted as
0r(t,) by 6t(t,) = R(t,)dr(t,). The rotational displacement around the prin-
cipal axes 00(t,) is approximated by the infinitesimal rotation matrix as
e = R(t,+1)R () — I, which is antisymmetric and has the form of

0 60, —i0,
e=|-00, 0 46, |- (8)
50, —d6, 0

Thus, the total fixed-body frame displacements after n time steps is the sum-
mation of all displacements in each time step, i.e., ¥(t,) = >.p_, 0T, and

13



O(t,) = >r_,00y. Then, the displacements in the fixed-body frame of any
duration ¢ at a starting time 7y are calculated as A¥(t) = T(t + 79) — ¥(70)
and A@(t) = O(t + 10) — O(7p), respectively. Fig. 10 (a) and (b) depict the

Fig. 10. (a) Translational and (b) rotational trajectories of an ellipsoid particle in
the fixed-body frame with semi-axis lengths of 0.8, 0.4, and 0.4.

calculated translational and rotational trajectories of an ellipsoid particle in
the fixed-body frame. As anticipated, the diffusion of an anisotropic particle
varies with respect to direction. Specifically, diffusion is significantly faster
along the long axis than along the two short axes.

The MSDs in the fixed-body frame are statistically averaged (ensemble aver-
age) over all trajectories and different starting times 7y. They follow normal
diffusion laws in long-time limit as

< [AF () >=2Dyt, and < [A0,(1)]? >= 2D,,t,

with 4 = a,b, ¢ (axes in the fixed-body frame). We further define the overall
average translational self-diffusion coefficient as

Dy = (Dta + Dy, + Dtc)/3
and the average rotational self-diffusion coefficient as
Dr = (Dra + Drb + Drc)/3

The self-diffusion coefficients of a colloidal particle are related to its size
and shape (effective hydrodynamical radius) via the Stokes-Einstein relation.
Fig. 11 (a) and (b) illustrate the computed MSDs in the fixed-body frame of
a single ellipsoid with the aspect ratio R,/R, = 2.0. The ratio between the
translational diffusion coefficients along the long and short axes, i.e., Dy, /Dy,

14
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Fig. 11. (a) Translational MSDs of an ellipsoid particle with semi-axis lengths of
0.8, 0.4, and 0.4 along the fixed-body long axis (red) and short axis (green). (b)
Rotational MSDs around the fixed-body long axis (red) and the short axis (green).

(Dy, = Dy.), is estimated to be about 1.20 in our simulation, close to the the-
oretical result of about 1.15 [37]. The ratio between the rotational diffusion
coefficients around the long and short axes, i.e., D, /D,y (D, = D,..), is about
1.27.

The translational (D;) and rotational diffusions (D,) of a prolate particle
relative to the corresponding diffusions (DY, D?) of a spherical particle with
the same volume have been well established by Perrin [38,39]. Therefore, we

1.5 1.5

CDQ‘_' ng.
a” a”
0.5 0.5
C0 2 4 6 00 2 4 6 8
R_/R R_/R
a b a b
(a) (b)

Fig. 12. (a) The relative translational and (b) rotational diffusion coefficients as a
function of aspect ratios (symbol), compared with Perrin’s analytical results (black
solid line). Error bars are calculated as standard deviations of the ensemble average.

plot the normalized D; and D, by D? and DY, respectively, as a function of
the aspect ratio in Fig. 12 (a) and (b). Our results agree well with Perrin’s
analytical results for up to moderate aspect ratios, i.e., R,/R;, € (0.3,3.5). As
the anisotropy becomes more pronounced, leading to a very elongated ellipsoid,
the simulation results begin to deviate from the analytical prediction. This
can be alleviated by increasing the simulation resolution using smaller solvent
particles, which results in more expensive computational cost. As shown in
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Fig. 12 (a) and (b), the agreement with the analytical results improves using
a doubled number density of solvent particles (blue dots). In practice, we also
can make the dissipative parameters of anisotropic particles adaptive to their
aspect ratios, instead of fixing their values as those of a spherical particle with
the same volume.

4 Discussion

An efficient new computational method has been developed for modeling
anisotropic bluff bodies using single particles in DPD, filling a gap in the
current literature on mesoscopic methods. We have demonstrated the pro-
posed method’s accuracy by capturing both static and dynamic properties
of suspensions of colloidal ellipsoids. With regards to computational cost, in
the present DPD model the computational cost is proportional to the to-
tal number of particles in the system (O(N)), which is about 10 times the
number of suspended colloids, N, for an average volume fraction. Hence, the
speed-up factor compared to the standard DPD method typically using 200
DPD particles for each suspended colloid is a factor of about 20. Likewise,
in the isotropic single-particle DPD model, to represent an anisotropic colloid
a certain number (e.g., several tens) of DPD particles are needed. Thus, the
computational efficiency of the present model compared to both the standard
DPD and previously developed isotropic single-particle DPD models is re-
markable. Three remarks bring further clarity to this new approach. First, the
soft, Gaussian excluded-volume repulsion between single DPD particles can be
replaced by some hard potentials, such as the empirical Gay-Berne [27] and
RE-squared [26] potentials used in molecular dynamics simulations, and other
specifically-designed interaction potentials, which will make this model attrac-
tive to simulate self-assembly of nanoparticles in complex materials [40]. Addi-
tionally, the lubrication force is not considered in the general DPD framework
for various reasons, for example, the short-range lubrication force (hydrody-
namic force) is stiff, which is beyond DPD (soft interactions) applicable range.
Thus, without further description of lubrication force, the application of cur-
rent model to the dynamics of colloidal suspensions at large volume fraction
and Peclet number (Pe > 1) is limited and out of the scope of this work. Sec-
ond, to model particles with strong anisotropy, higher resolutions and hence
more expensive computations are necessary to resolve the singularities at the
sharp ends of particles. Alternatively, low-symmetric bluff bodies can be mod-
eled as clusters of small anisotropic particles. Hence, we can extend our model
to study both static and dynamic properties of suspensions of a broad range
of low-symmetric bluff bodies, such as boomerang colloidal particles [41] that
can be effectively constructed via two ellipsoids. Lastly, the present framework
generalizes the standard isotropic DPD model to afford development of more

16



efficient anisotropic coarse-grained models for macromolecules and proteins
[42].
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