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ABSTRACT

Virus is an infectious agent with microscopic size, a protective shell containing capsomere with protein material
called a capsid, and the addition of a shell containing fat called a lipid coat. The one characteristic of a virus is about
the shell stiffness, so the virus shell can be assumed as a spring. The value of stiffness of the virus shell is different for
various viruses, depending on intrinsic properties (modulus of elasticity) and extrinsic properties (radius and thickness
of the virus shell).

In this paper, we analyze the value of stiffness of the virus shell by analytical and simulation. The analytical
method is based on plate and shell theory and Michell solution. The other, the simulation is based on finite element
analysis (FEA) method. For influenza lipid shell, we find that the stiffness value of the shell based on plate and shell

N N
theory is 0.0236 ::T Based on Michell solution, the stiffness value of the shell is 0.0225 :7 Also, the stiffness value

N
of influenza lipid by FEA method is 0.0227 + 0.0002 ::7 Generally, based on the graph that the stiffness value of

influenza lipid shell by analytical and simulation is approaching same.
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1. INTRODUCTION

Virus is the agent infectious with microscopic size
which increase they are amount in host cell [1]. Virus
has two types, there is enveloped and non-enveloped
virus. For example, the enveloped virus is Influenza
virus, and the non-enveloped virus is Minute Virus of
Mice (MVM). Enveloped of virus has important role in
the first step to infection host cell [2].

The interesting part of virus is the shell, which the
composition material is protein (this called capsid and
sub-material capsid called capsomere) and fat (this
called lipid). The shell is used to protect virus genomes,
which consist of DNA or RNA only. The one
characteristic of virus that can analyst in physics
theories is stiffness of the virus shell which measured by
Atomic Force Microscopy (AFM) [3].

In AFM method, virus assumed as ideal spring. The
value of shell stiffness is known by determining the
effective stiffness and cantilever stiffness. The stiffness
of shell virus can be determined from theory of
elasticity. Usually, the stiffness of the virus shell is
determined by theory of plate and shell, firstly, we have
to determine the bending energy and the stretching
energy of the shell [4]. In this paper, we analyze a

different way to know the stiffness of the virus shell by
Michel equation.

In this paper, we analyze the value of stiffness of the
virus shell by analytical and simulation. The analytical
method is based on plate and shell theory and Michell
solution. The simulation is based on finite element
analysis (FEA) method. This paper explains how the
solution of Michell equation can be useful to determine
the stiffness of the virus shell too, beside of by plate and
shell theory. We find the ratio of bending energy to
stretching energy, and this ratio is related to the stiffness
of the virus shell.

2. STIFFNESS OF VIRUS SHELL

2.1. Plate and Shell Theory

In this subsection, we will discuss shortly how to
know the value of stiffness of virus shell by plate and
shell theory. Theoretically, the stiffness value of virus
shell by the plate and shell theory is the sum of bending
energy and stretching energy. As shown in Figure 1.,
deflection W variance respect with the distance d [2],
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Figure 1. Buckling of the spherical shell

the value of stiffness of the virus shell based on plate
and shell theory is

2
_ Eh (1)
R !
where R is the radius of the middle surface of the shell

h

2.2. Michell Solution

In this subsection, we will analyze the stiffness of
the virus shell Michell equation and thermodynamic
pressure. Michell equation in terms of the radial external
pressure is [5],

h
= E (099 + 0¢¢), 2)

this term analog with Young-Laplace equation. The
relation between thermodynamic pressure and 3D stress
tensor of the virus shell from partition function of the
virus shell is [6],
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were,

with g = Pt
B

In sphere coordinate system, Equation (3) can be written
as,

Moreover, we discuss about position of capsomer. The
capsomere position and the surface of the capsid
showed in Figure 2. [7],
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(b)

Figure 2. (a) Capsomere { and j in Turnip Yellow
Mosaic Virus (TYMYV) capsid and (b) TYMV capsid

The position of capsomer is written as ,

=Rt ©)
where R is radius of capsomer and fgoordinate of /-
capsomere as shown in Figure . Substituting Equation
(6) to Equation (4) so we obtain that

Q(N,V,T) = MNJdtlfdtzfdt e ~FuRt) —(7)

Next, the derivative of Equation (7) with respect to the
radius of the capsid is

dQ 3NQ du

dR R R %’

where u(1;) =§ 2. V(ri;) describe the sum of all

capsomere interaction, so

du 1 V(r;;)ory; (®)
oR 2\ & or; R )

e
and
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So, Equation (5) can written into

ij

N A oV (1)) (7€) (5 - ég) (10)
B\ vV 3VksT\2 o, T g

and the definition of virial stress tensor 3D become [6],

dV('u)(’z] a)('u eﬁ)) (11)
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Based on Equation (11), the lateral and radial

components of wvirial stress tensor in spherical
coordinate [6] are,

— .32
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Because of the sum of stress tensor 3D has relation with
pressure based on this equation

3D
o8 + a¢¢ + 0, 3p, )

so, the equation of the pressure in stress tensor is
3D 3D
P=3 (099 +03g +07 (€)

We can neglect the radial component because the
stiffness of the capsid relates to lateral stress tensor,
which plays a role in the interaction between each
capsomere particle. Then Equation (3) can be written as
in Equation (15) is called the Young-Laplace equation,

1
=3(085 +0 )——(za ), @

The relation between stress tensor 2D and 3D for
tangential component-based virial stress tensor is [6],

dV(’z}) ('U a)(’zj eﬁ‘) (16)

dgd — _
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where Q¢ is the surface area for d = 2 and the volume
for d = 3, so the equation of stress tensor 2D and 3D
are

.82

goo_ L 1N AV0y) (7 é)

66 4nR?2 4y dry; a

i.j
and
.82
30 — — 3 i dV("‘fj)("};'ee)
. 4MR324a dry; ry o
i.j

The relation between stress tensor 2D and 3D is

3D 3 2D

Ogg = ﬁaeel

where 099 = U¢ p and stress tensor at the surface of

capsid is uniform. Then Equation (4) can rewrite as

N2 s N2
2D 11 dV(rz‘j){(rU.eG) +('11'e¢)}
o2l = =
TanR2244 dry, 2,
i.j
N2
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T 4TR22 — dr,; T
207° = 044 + 043 = 2054
oF =05 )

Based on Equation (5), we obtain that

2
p= U 66 ©

Next, determine the stiffness of capsid using Michell
solution concerning the disc of the shell of virus in
spherical coordinate as shown in Figure 3. [8].

Disc :
Spherical \ Force, P

shell and
its loads

Uniform
pressure, p

Disc / Force, P

Figure 3. Spherical shell with external pressure p

In Figure 4., the white point is the disc of shell virus and
stress tensor assumed that the shell is uniform,
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Figure 4. Shell of the virus drawn by FEA.

So, we can relate with stress tensor base Michell
solution. Using stress tensor tangential component ()
from Michell solution for the disc of virus shell,

a
2D _ _
035 = —=3+D, (7)
where (Igé) is stress tensor 2D for component 8, R is the
radius middle surface of virus shell, @, and b is a
constant. Substitute Equation (7) to Equation (6), we
can write Equation (19) become,

p =%(—%+b). ®)

The Equation (8) is describing the pressure of the shell.

To find out the equation of stiffness of virus
shell, we need to determine the pressure equation base
plane stress theory. In elasticity theory, the general
equation for plane stress is [5]

E
— 1—1 ' 9
Tap = T—72) (eap(1—v) +v8.pe,,), ©
where E is the elasticity modulus of virus shell with unit
force per area. When 0gg = 044 then €gg = €44, so
Equation (9) becomes

E 6R

I 10
(1-v) R’ 1o

Ogg =
. &R . .
with egg = e Then substitute Equation (10) to

Equation (2), we obtain the equation of pressure p based
on elasticity theory,

h

p=mﬁ OR. (11)

The last step is to find out the stiffness of the virus shell
by using Equation (11) and Equation (8),

2(‘ a +b)— 2E h SR
R\ R? “(1—-v)R?
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—a + bR? E
- 12)
R ) h éR.

Next step is determining the constants @ and b with
boundary condition g,..(R,) = —0 and 7,..(R,) = 0,
we obtain that

RIR3
“C®R-r)°
and

R3
b e E »
®-RD

where g is external load constant. So, Equation (12) can
written as,

Eh (RZ—R?)R
(1—v)(RZ+R2)R?

g= OR. (13)

Buckling at shell happens while radial load
increase until the certain limit, then the shape of virus
shell changes from the equilibrium shape. The external
load at virus shell until buckling happens is

F F F
2r 2Rsina

2Ra’

where @ is the angle buckling of the virus shell. Then
substitute Equation (14) to Equation (13), we obtain
F 2aEh (R?— R?)R?

Z — (15)
SR (1—v)(RZ+R?)RZ"

In the thin shell model, the value of R ¥ Ry, so
Equation (15) become

F aEh (R?—R?) (16)

6R~  (1-v) RZ

The relation between external radius and internal radius
is

R1=R2 _h, (17)
and substitute to Equation (16), we get

2
F__ {_2“ _ }ﬂ (18)
6R (1-v)) R’
Based on the Hooke’s equation,
F
— =k, (19)
SR

then the stiffness of the virus shell is
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the constant of (1—(::‘1 can be indicated with ¢, so
Equation (20) can Writien as,
Eh?
R,

By relating the equation of critical pressure in spherical
shell [4, 10],

2 Eh? 22)
Peritical = \"‘,,3(1—_‘!2)- RZ '
2
then we get € is ———==, so the stiffness is
RElS =
2 Eh?
k=——— (23)
J3(1—v2) R
2
If the constant of ———=~ 1 with range
y 3(1—v2)
0 = v = 0.5, so the value of equation ¢ is
c~1
then the equation of stiffness virus shell is
2
o Eh . (24)
R,

3. INFLUENZA LIPID SHELL

In this subsection, we will be discussed about the
value of stiffness of a virus. The analyses are based on
plate and shell theory, Michell solution, and finite
element analysis. Finite Element Analysis (FEA) is a
computerized method to predict behavior of something
like the virus shall be affected by physical effects such
as fatigue. In this model, the virus's shell is indented
with a rigid hemisphere, and its radius is 10 nm for all
models.

Influenza lipid shell have thickness h = 5 nm, with
the radius R, = 45 nm,R = 47.5nmand R, = 50 nm, the
Poisson ratio v = 0.4, and the value of modulus

N
elasticity E = 0.045':7‘,_‘ [11,12]. By FEA method,

the model of influenza lipid shell after indented until 10
nm is shown in Figure 5.,
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Figure 5. Influenza lipid by FEA method

Based on the characteristic of this shell, the stiffness
value of the shell based on plate and shell theory is

L Eh?  (0.045 GPa)(5.0 nm)? 0.0236 nN 0 02471N
lipid = p -~ (47.5 nm) o nm  nm’
and based on Michell solution is
Eh?  (0.045GPa)(5.0 nm)? nN

nN
=0.0225— ~ 0.023—
nm

Kpopos = —— '
tipid = p. nm

(50 nm)

and the result of the FEA method shown in Figure 6.,
FEA Method for lipid influenza

0.25

y=0.0227x
0.2 /
0.15 /
01 /
0.05
0o 2 4 6 8 10 12
indentation depth (nm)

Reaction Force on Indenter (nN)

Figure 6. Gradient of lipid influenza with FEA method

The result of the FEA method gives the stiffness value

of influenza lipid is 0.0227 with uncertainties of 0.0002.

So, the stiffness value of influenza lipid is 0.0227 +
N

0.0002 :1_ The ratio of stiffness value between theory

and numerically shown in Figure 7.,

Influenza(Lipid)

0.25
o 02r
B
= 0151
: —  plate & shell
: m— = analytical
< — = FEA
(=
= 017
g
&
&
= 0.05f

0 1 2 3 4 5 6 7 8 9 10

Indentation Depth(nm)

Figure 7. Plot of the stiffness value of influenza lipid
for theory and numeric methods

Figure 7. has shown the relation between reaction force
on indenter and indentation depth at depth O until 10
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nm. Generally, based on the graph that the stiffness
value of influenza lipid shell by analytical and
simulation is approaching same. The FEA result
approaches analytical results (by Michell solution) at
depth 2 nm until 8.9 nm.

4. CONCLUSIONS

The virus is an infectious agent with microscopic
size, a protective shell containing capsomere with
protein material called a capsid, and the addition shell
containing fat called a lipid coat. The one characteristic
of a virus is about the shell stiffness. The value of
stiffness of the virus shell is different for various viruses
depending on intrinsic properties (modulus of elasticity)
and extrinsic properties (radius and thickness of the
virus shell).

In this paper, we analyze the value of stiffness of the
virus shell by analytical and simulation. The analytical
method is based on plate and shell theory and Michell
solution. The other, the simulation is based on finite
element analysis (FEA) method. For influenza lipid
shell, we find that the stiffness value of the shell based

N
on plate and shell theory is 0.0236 ~—. Based on
Michell solution, the stiffness value of the shell is
N
0.0225 ::7 Also, the stiffness value of influenza lipid

N
by FEA method is 0.0227 + 0.0002 ::7 Generally,

based on the graph that the stiffness value of influenza
lipid shell by analytical and simulation is approaching
same.
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