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Computational analysis of virus dynamics provides a non-contact environment for the study of the vital object.
Cluster modelling is an essential step to investigate the properties of a group of viruses, and an automatic ap-
proach is required for massive 3D data processing. The morphological complexity of individual virus limits the
application of smooth function algorithms with a regular-shaped assumption. This paper proposed a voxel-
based redistribution approach to generate the virus cluster with COVID-19 input automatically. Representative
elementary volume analysis was performed to address the statistical influence from the digital sample size. Co-
ordination number analysis and surface density measurement were conducted with COVID-19 input and spher-
ical input for comparison. The proposed approach is in natural compatibility with the lattice Boltzmann method
for fluid dynamics analysis. A virtual permeation simulation was performed with the COVID-19 cluster and
spherical cluster to demonstrate the necessity to include spike protein structure in the cluster modelling.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

In 2019 a global pandemic with the COVID-19 virus attacked the
human race, and the impact on the scientific community was beyond
the academic disciplines [1,2]. Contribution from various fields of
study was in need to overcome the suddenly emerged topic. In compu-
tational powder technology, particle redistribution is a continuously
studied issue with a recorded history of development [3-5]. By treating
each virus as an individual particle, the virus cluster formation can be
realized for large-scale virus dynamics analysis [6]. More recently, the
reconstruction of the individual COVID-19 model promptly fulfilled
the requirement for further cluster modelling [7]. Hence, particle-
based simulation to describe the 3D spatial distribution of the virus clus-
ter become the next essential step for analysis with a group of viruses.
The available solutions for particle cluster formation are the discrete el-
ement method (DEM) [8] and the computational molecular dynamics
(MD) [9]. The above methods essentially require a continuous descrip-
tion of the viruses particle with a smooth analytical geometry function.
Therefore, the complexity of the particle morphology become one major
restriction for the rapid modelling of an urgent problem. In the previous
study, the spherical assumption was widely adopted to simulate the
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particle redistribution in general [10], and discussion has extended to
other regular-shaped particles, including column [11], elliptic [12] and
polygon [13]. MD solution also adopted the spherical assumption, but
intermolecular bonding was introduced [14]. More recently, the appli-
cation image-based input has been brought into discussion for spherical
[15] and non-spherical particles [ 16]. The above work suggests adopting
a 3D realistic image of a particle in a cluster creation algorithm. In terms
of the cluster modelling of COVID-19, the surface structure of an individ-
ual virus consist of spike protein, envelop protein and membrane [17].
The complexity of the virus morphology is beyond the previously
discussed model, and an alternative approach is required to perform
the automatic redistribution.

Simultaneous to the methodology with a smooth function, the dis-
crete branch of the particle distribution algorithms are the 3D voxel-
based methods [18,19] developed from 2D pixel-based approaches
[20]. The most outstanding feature of the discrete methods is the feasi-
bility to model arbitrary-shape particle since the redistribution system
was described with discrete matrix instead of analytical geometry. Com-
petition exists between voxel-based approaches and smooth function
approaches. The main argument raised by the latter is that the first prin-
ciples it claims to follow are more valid than the stochastic interpreta-
tion in the former [21]. However, the fact is that the Newtonian
coefficients in a practical problem are often not confirmative, including
but not limit to the attractive potential coefficient [22], pairwise interac-
tions coefficient [23], damping coefficient [24] and elastic modulus [25]
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Nomenclature and abbreviation

Terms

COVID-19

Molecular dynamics (MD)

Discrete element method (DEM)

Cellular automata (CA)

Lattice gas automata (LGA)

Lattice Boltzmann method (LBM)
Representative elementary volume (REV)

DxQy

Description

Voxel

A global pandemic outbroke in 2019

A computational algrithm to simulate the movement of molecular particles.

A computation algorithm to simulate the movement of general particles with contact mechanics
A series of computational algorithms to model global behaviour from individual cells.

A cellular automaton to simulate microscopic fluid behaviour.

A computational algorithm to simulate mesoscopic and microscopic fluid behaviour.

The minimum volume over which the measurement of global properties can be representative.

A matrix description term originated from the Lattice Boltzmann method, where the lattice system
was described with x dimensions and y directions of velocities.

A unit volume of the 3D volumetric data, corresponding to one cell in cellular automata.

from microscale to macroscale. Hence, the fundamental elements of the
claimed first principle were partially supplemented with judgement
and calibration [26].

On the other hand, a collaborative integration of the voxel-based and
smooth function approaches is possible by combining the stochastic and
analytical steps [19,27,28]. More importantly, the mainstream images of
3D biological structures captured in a computer are in the forms of voxels
(vertex) [29], which are in natural compatibility with voxel-based redis-
tribution approaches. To sum, the analytical geometry and first-principal
requirement for smooth function methods restrict the timely application
of the strategies to model the COVID-19 cluster. The arbitrary-shape
adaptability and biological image compatibility make the voxel-based
approaches more suitable to offer the automatic modelling of the virus
cluster before the academic establishment of the virus first principle.

Automatic modelling with a computer is originated from the binary
calculation in a discrete form such as cellular automaton (CA) [30]. In
computational fluid dynamics (CFD), the lattice Boltzmann method
(LBM) is a series of algorithms developed through the bloodline of
Boltzmann Eq. [31], CA [32], lattice gas automata (LGA) [33] and LBM
[34]. The same philosophy of discrete computation supports the devel-
opment of the CA, LGA, LBM, voxel-based redistribution and 3D imag-
ing, as mentioned above. Mathematically, the voxel-based approaches’
compatibility results from the application of matrix as the fundamental
unit of calculation. Therefore, it is feasible to unify the voxel-based re-
distribution and LBM fluid dynamics analysis without error-causing
data conversion. In a cluster modelling with numerous viruses, the dig-
ital sampling of a cluster will have a statistical influence on the macro-
scopic property [35]. Hence, representative elementary volume (REV)
analysis is necessary to determine the sample size before the computa-
tional analysis [36]. Through cluster modelling of the COVID-19 virus in
REV, a mesoscopic investigation is numerically enabled for a more com-
prehensive understanding of the particle system.
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This study aims to provide a numerical modelling approach to simu-
late the spatial distribution of the virus group until the discovery of the
first principle. REV analysis was performed to determine the represen-
tative size of the digital cluster before in-depth analysis. Coordination
number analysis and virtual permeation analysis were performed to de-
termine the effect of including spike protein structure in cluster model-
ling. The virtual permeation analysis also demonstrates compatibility
between the voxel-based redistribution and lattice Boltzmann CFD.
The importance of spike protein is emphasized with a comparison be-
tween the COVID-19 cluster and the spherical cluster. The influence of
virus interconnection and surface density was discussed for the poten-
tial application of the technique in mesoscopic pathology.

2. Methodology
2.1. Overview, voxelization and registration

Fig. 1(a) presents the overview flowchart of this work. The corre-
sponding process was generalized into a sequence of individual particle
input, spatial redistribution, REV determination, cluster extraction and
analysis. The extracted volume of the COVID-19 cluster is the target
for further morphological and CFD analysis. The biological structure of
an individual virus is obtained from the United States Department of
Health and Human Services under the creative commons (CC) license
[37]. The 3D image data was then digitized into voxels, as illustrated
by Fig. 1(b). The mean particle size of the virus was reported to be
67 nm [38]. During the digitization, the outer surface of the biological
model was registered as membrane zone and spike zone, respectively.
The voxelization step is essential to perform voxel-based redistribution,
and the registration step is prepared to isolate all the spike protein in
the virus cluster. The digitization was realized by extracting the point
data of the .stl file provided by the US Department of Health and

Voxelizatior_!

M Membrane matrix

Fluid dynamics: virtual :
' permeation i

[ Spike matrix

Fig. 1. (a) Flowchart of the computational framework. (b) The voxelization of an individual virus.
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Fig. 2. (a) The program for automatic cluster modelling. (b) Contact determination of viruses in contact.

Human Services. The length mapping was discretized by averaging the
continuous point value to a discrete target voxel.

The segmentation of the spike protein was realized with the follow-
ing step. Firstly, locate the centroid coordinate of the single virus model.
Secondly, use the centroid coordinate as the centre of a growing sphere.
Thirdly, continually increasing the radius of the sphere. Fourthly, re-
cording the overlap between the single virus and the sphere until a sud-
den drop of the overlapping volume. Fifthly, remove the sphere volume
from the single virus. The above step resulted in a rough location of the
spike protein. More precise propein spikes matrixes were extracted by
removing the volume, which was significantly lower than the rest. The
isolation of individual spike protein was then performed without
spike interconnection.

2.2. Voxel-based redistribution

The 3D voxelized COVID-19 image was then inputted into the redis-
tribution program. The redistribution process was realized by rep-
eatedly adjusting the position of each virus until a user-specified
volumetric fraction was reached. A preliminary step was performed be-
fore the volume densification, which is described as follow. Initially, one
individual virus was located in a 3D matrix of zeros by changing the oc-
cupied elements to be ones. Repeating the assignment of the individual
virus without overlapping then form a loose cluster floating in the vol-
ume. Afterwards, the redistribution program, as demonstrated by
Fig. 2 (a), was initiated. Firstly, D3Q27 neighbours [39] or 3D Moore
neighbourhood [40] of one virus was extracted and added to the cluster
matrix. The overlap of unit movement was then determined, as illus-
trated in Fig. 2(b). If the rest of the viruses blocked all the 26 directions
of movement, the current virus was immobilized until the next loop of
iteration. Otherwise, the available directions of the one-voxel move-
ment were recorded as possible movement directions. Secondly, a ran-
dom choice of possible directions was performed to execute the
movement. In order to simulate the gravitational environment, the
downwards probability is assigned to be 25% higher than the rest of
the directions. Finally, the cluster matrix was updated with the new po-
sition of the virus, and a new iteration was initiated. The fundamental
methodology of the proposed program can be categorized into the cel-
lular automaton philosophy from John von Neumann [30], who lay
the foundation of modern computation. The proposed algorithm re-
flects the philosophy that each virus is a machine with automatic rules
to find its position in a densified space. The compatibility between
image processing techniques and voxel-based distribution is originated
from the same principle of matrix operation. The first author of this
paper wrote the programme of this paper with GNU Octave. [41]

2.3. Representativity determination

The sampling size strongly influences the measured properties of a
heterogeneous structure. Representative elementary volume is defined
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as the volume larger than which the local heterogeneity minorly affects
the morphological measurement. The determination of representative el-
ementary volume is essential to guarantee the modelling representativity
with the highest computational efficiency. Statistically, the Chi-square
criterion provided a quantitative standard to evaluate the sample size
as given by Eq. 1. The phase of interest in this study is the virus cluster.

n 2
2 (Si—<s>)
€= ; <S>

)

where € is the chi-square coefficient, S; is the volumetric fraction of the
virus cluster, <S> is the mean of S;, n is the number of samples with the
same sample size. In this study, n = 8 samples were extracted from the
whole volume under each sample size. The representative threshold
was assigned to be € <7 x 107°.

2.4. Morphology analysis of the virus cluster

Morphological analysis with the COVID-19 redistribution was per-
formed with coordination number analysis [42] and surface density
measurement. Coordination number was defined as the number of con-
tacts between one virus to the other virus. The computation of the indi-
vidual coordination number was realized by counting the number of
viruses that were in 3D connection with the target virus. By dividing
the overall coordination number by the number of the target virus,
the mean coordination number is therefore calculated. Surface density
was defined as the amount of virus per unit lattice area (lu?), where lu
is a dimensionless length unit for individual voxel. The computation of
the surface density is realized by dividing the overall number of viruses
or sphere particles, which were in contact with the bottom surface, by
the surface area. The length mapping of this study is 1.56 nm/Iu.

2.5. Fluid dynamics through the virus cluster

The virtual permeability analysis adopted an established Lattice
Boltzmann method (LBM) [43] for ultra-low porosity. The computation
was realized by the non-commercial APMS-Permeation program
reproduced from Dr. Wang's previous work [41], where details of the
program and validation can be found in [44]. The essential formula for
fluid permeation analysis is given by Eq. 2. [44]

Ny Ny N, .
. EE L
- . i=1 j=1k=
k=25, N RN, Ny @)

where K is the intrinsic permeability, v is the dynamic viscosity of
the fluid, Ap, is the pressure difference between the top and bottom
surface, u,(i,j,k) is the velocity weight in z™ direction at the coordinate
ofi,jand k, Ny, Ny and N, are the directional number of voxels in x, y and
z-direction, respectively.
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The contribution of this paper is the voxel-based redistribution
approach to model COVID-19 cluster. The application of APMS-
Permeation demonstrates the compatibility of the proposed redistribu-
tion algorithm to computational fluid dynamics analysis. Due to the
voxel-based nature of the proposed algorithm, the matrix data of the re-
distribution result can be directly applied to matrix-based LBM without
any data conversion.

3. Result and discussion
3.1. Representative elementary volume for cluster analysis

A difference in 3D analysis between an individual virus and virus
cluster is the statistical influence from the digital sample size. In terms
of the cluster bahevior, a limited amount of viruses will lead to non-
representative results. Fig. 3(a) presents the structural heterogeneity
with virus volumetric fraction as the property of interest. The size ratio
in the x-axis was defined as the ratio of virus size to volume size. Results
in Fig. 3(a) shows that the statistical variance within the size ratio range
of (0,10) is outstanding even before the quantitative evaluation. An
upper phase fraction of 62% was obtained from the modelled virus clus-
ter. A previous discovery [45] reported an upper phase fraction of 64% for
contacted spherical-cluster, which was support by [46,47]. The REV anal-
ysis performed in this study was on a fixed cluster structure with overly
large sample size. The constant property was reported to be the fractal
dimension [15,16,28] for algorithms requiring growing particle size.
However, the growth of primary particles can lead to inconstant REV.

In comparison, the REV-Loose curve resulted in a COVID-19 cluster
with a phase fraction close to the spherical model. However, the reduc-
tion of the phase fraction was caused by the spike structure on the
spherical surface. A more profound influence on the cluster behaviour
exists beyond the volumetric properties. The comparison indicates
that spike protein structure slightly amends the volumetric property
of the clustering result from the spherical assumption. The comparison
between the REV-Loose curve and REV-Dense suggests that the loosely
distributed COVID-19 cluster requires a higher size ratio threshold for
representativity. Fig. 3(b) further presents the Chi-square result as a
quantitative evaluation of the representativity. The result indicates
that a size ratio of 10 is sufficient to maintain the Chi-square value
lower than the pre-defined threshold. As a result, the analysis with
virus cluster in the following study adopted a size ratio of 10 during
the digital sampling.

3.2. Visualized redistribution for computational purpose

The usage of 3D models of COVID-19 only for illustrative purpose is a
tremendous waste of computational capability in current times. The

(a) 0.14 —————
—%—REV-Loose cluster
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g 01 Modelli ith
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visualized data provides a non-contact environment for physical and bi-
ological investigation. The essence of a cluster redistribution is the auto-
matic modelling of the virus spatial arrangement with a tunable
volumetric fraction. Fig. 4 demonstrate the visualized result of the pro-
posed redistribution algorithm. A specific cluster arrangement was
formed from loose distribution to dense distribution by controlling the
iteration of densification. Fig. 4(a) presents the loosely distributed vi-
ruses with 0 densification iteration, corresponding to the floating
COVID-19 upon the initial airborne spread. Fig. 4(b) shows the densely
distributed viruses in a volume, corresponding to the high concentra-
tion scenario. Fig. 4(c) demonstrates the surface clusters extracted
from the loose and dense redistribution, respectively. The visualized re-
sult shows the available arrangement from the digital redistribution,
reflecting the control variable during a dynamics analysis requiring a
3D structure. Through the zone registration at the initial step of
discretization, it becomes possible to isolate the spike protein structures
from the whole cluster, as presented by Fig. 4(d). From a non-biological
perspective, the spike protein is the major structural difference between
a COVID-19 and a spherical particle. A continuous description of each
spike on the virus membrane requires different sets of analytical geom-
etry covering all the surface equations. In comparison, the voxel-based
computation in this study demonstrates a feasible representation of var-
ious spikes in one 3D matrix. The sample zie of these clusters were 200
x 200 x 200 lu?, which was converted to 312 x 312 x 312 nm>The
structural separation between spike protein and the virus membrane al-
lows further infection investigation in the mesoscale.

3.3. The influence of virus morphology

The spherical assumption is the most applied assumption to simu-
late particle redistribution. The simplicity of the analytical geometry
(r? = x? + y? + z?) makes the mathematical determination of inter-
particle contact a straightforward comparison between the centre dis-
tance and the sum of the radius. Adopting the spherical assumption
can preliminary model the virus cluster to some extend. However, it is
a fact that the morphology of COVID-19 is different from the sphere.
The virus cluster modelling assembles each particle's morphological
difference, resulting in an enlarged error caused by local difference.
Coordination number is a quantitative evaluation of the virus intercon-
nection inside the virus cluster, which influences the infectivity and
fatality from a pathological perspective.

Results in Fig. 5(a) shows that spikeless sphere input resulted in a
mean coordination number of 6 within a range of (0,11), and a surface
density measurement of 4.8611 x 10~%/lu? was captured. The surface
density indicates the amount of virus on the surface was 1.9974 x
10~* per nm?. In comparison, [42] reported a coordination number of
6 when the phase fraction was 64%. This result was in satisfactory
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Fig. 3. (a) Statistical influnce from the size ratio. (b) Chi-square criterion to determine the digital sample size.
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Fig. 4. (a) Loose redistribution of the viruses in a REV. (b) Dense redistribution of the viruses in REV. (c) Loose redistribution of the viruses on a surface. (d) Dense redistribution of the
viruses on a surface. (e) Isolation of spike protein in the loose cluster. (f) Isolation of spike protein in the dense cluster.
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agreement with the mean coordination number of the spikeless tests in
this work, as shown in Fig. 5(b). However, realistic particle shape pre-
sents a modified coordination number development pattern [48].
Therefore, equivalence to the spherical analysis was located to perform
a comparison with the previous spherical study. Fig. 5(b) presents the
coordination number analysis and surface density measurement ob-
tained from the virus REV-Dense cluster. The dense redistribution
with COVID-19 resulted in a mean coordination number of 5 within a
range of (0,11). The surface density measurement resulted in a value
of 3.5556 x 10~*4/lu%. The surface density indicates the amount of
virus on the surface was 1.4610 x 10~4 per nm?. As discussed in section
3.1, the introduction of spike structure on the spherical surface reduced
the phase fraction to 62%. The corresponding result in the spherical
study [42] also presents a coordination number of around 5 when the
phase fraction was 62%. The above comparison indicates that the effect
of introducing spike structure in individual particle shape is equivalence
to reducing the packing density of the spherical cluster on the aspect of
coordination number development.

The compassion between the COVID-19 input and spherical input
quantitatively demonstrates the morphological difference resulted
from the different assumptions. During virus cluster modelling, apply-
ing spherical assumption caused an exaggeration of the interconnection
by 20% and a surface density exaggerated by 36%. The decrement of co-
ordination number indicates that COVID-19 require a low number of
interconnecting to form a structurally stable distribution. Compared
with the spherical input without spike protein, the decrement in surface
density from the COVID-19 cluster indicates that the same amount of
virus with the spike protein can occupy an increased surface area. It
can be argued that the smooth function approaches can recover the par-
ticle redistribution process through the so-called first principle. How-
ever, the inheritance of the spherical assumption will inevitably cause
misleading results. The solution to model the complex geometry of
the COVID-19 cluster at the current moment is the voxel-based ap-
proach, as evidenced in this study.

3.4. Fluid dynamics through virus cluster

The fundamental aim to prepare a 3D virus cluster with arbitrary
redistribution is to apply these model in a digital environment for
physical, chemical and biological analysis. Fig. 6 demonstrate the ex-
ample application of the redistribution with a virtual permeability
test. The permeation behaviour of fluid through porous media reflect
the aerodynamic property of the virus cluster. Fig. 6(a) presents the
virtual test with COVID-19 input, showing a stabilized fluid flow
formed in 226 computational iterations with a virtual permeability
0f 2.23 x 10~ '8 m?. In comparison, Fig. 6(b) demonstrates the perme-
ation behaviour of fluid through a spherical cluster, showing a stabi-
lized fluid flow formed in 205 computational iterations with a
virtual permeability of 9.86 x 10™'9 m?,
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Consequently, the input of COVID-19 with spike protein caused a
227% increment of the permeability and 10% decrement of stabilization
rate comparing with spherical input without spike protein. Previous lit-
erature reported [49] surrounding fluid behaviour in spherical clusters
with various coordination number. It was reported that the stable pres-
sure formed by a steady flow around the cluster followed a decrement
ratio when the coordination number was increased. The same reduction
influence from the varied coordination numbers, which was caused by
the inclusion of the surface spike, was reflected by the reduction of in-
trinsic permeability in the virtual test in this study. Due to the lack of rel-
evant research, further permeability data in the precise scale level is not
available from the other source upon the writing of this paper.

However, fluid behaviour comparison within the same digital envi-
ronment is already enough to demonstrate the advantage of cluster
modelling with surface spikes of the virus. The tremendous increment
of permeability indicates that the assembled morphological difference
significantly influences the aerodynamic behaviour of the virus cluster.
The spike protein features the virus cluster structures, causing the in-
crement of specific surface area. The surface area formed a transport
network for the fluid flow, and an enlarged area resulted in a topologi-
cally extended length of the transport path. Consequently, the time re-
quired to form a stabilized fluid flow was extended due to the longer
path. Quantitatively, the time extension introduced by the spike protein
is 10% of the duration required by stabilization in a spherical cluster.

On the other hand, the increment of the permeability physically re-
flects that the COVID-19 cluster has lower resistivity to fluid flow than
the spherical cluster. The result is consistent with the coordination
number and surface density results since decreased volumetric occupa-
tion leads to increased permeability. From the aspect of solid-phase re-
distribution, it was concluded that the COVID-19 input led to a lower
amount of particles to form a structurally stable cluster. As a result,
the volumetric capacity for fluid flow is increased, leading to an en-
larged cross-sectional area along the transport path for flux increment.
More importantly, a morphological difference of 20% in surface density
and 36% in coordination number caused a dynamical difference of 132%
in permeation. The result evidence that the aerodynamic property of the
virus cluster is susceptible to the local shape of a virus. It is of great ne-
cessity to strictly adopt virus input with spike protein structure in a fluid
flow system, including blood fluid and airborne spread for specific types
of virus. The voxel-based treatment proposed in this study is a ready so-
lution for the above tasks.

4. Summary

The available mathematical tools for 3D particle redistribution are
smooth function approaches, including MD and DEM, and voxel-based
approaches based on voxel computation. The analytical geometry re-
quirement of the smooth function approaches causes the lack of an
established solution due to the complexity of the COVID-19 geometry.
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In this study, a voxel-based method to simulate the virus cluster's
formation is proposed with COVID-19 input with spike protein struc-
ture. The voxel-based redistribution demonstrates the capability for ar-
bitrary shape input and compatibility with lattice-based fluid dynamics
analysis. Virus cluster modelling is an essential step for computational
pathology analysis after establishing an individual virus model. The in-
fluence of morphology and detailed geometry is significant on the clus-
ter properties and behaviour. The cluster modelling with COVID-19
input results in a 20% decrement of virus inter-contact and a 36% decre-
ment of the surface density than the cluster modelling with spherical
input. The spike protein on the virus membrane decreased the number
of viruses required to form a structurally stable cluster. The compatibil-
ity between voxel-based redistribution to the LBM enables direct cou-
pling of the cluster modelling and fluid dynamics analysis. The virtual
permeation with COVID-19 input resulted in a 227% higher permeabil-
ity and 10% lower stabilization rate than the same virtual test with
spherical input. The virus cluster has a lower resistivity to fluid flow
than the spherical cluster. The virus morphology caused a distinguish
formation of the transport path through cluster in terms of effective
length and cross-sectional flux area. The significant sensitivity to dy-
namical properties indicates that spike protein should be strictly
adopted instead of roughly applying spherical assumption. The voxel-
based approach is a ready-to-use solution for the automatic modelling
of the COVID-19 cluster.
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