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ABSTRACT The newly developed finite element (FE) modeling at the atomic scale was used to predict the static and dynamic
response of the a-helix (AH) and tropocollagen (TC) protein fragments, the main building blocks of the spike of the SARS-CoV-2.
The geometry andmorphology of the spike’s stalk and its connection to the viral envelope were determined from the combination
of most recent molecular dynamics (MD) simulation and images of cryoelectron microscopy. The stiffness parameters of the
covalent bonds in the main chain of the helix were taken from the literature. The AH and TC were modeled using both beam
elements (wire model) and shell elements (ribbon model) in FE analysis to predict their mechanical properties under tension.
The asymptotic stiffening features of AH and TC under tensile loading were revealed and compared with a new analytical so-
lution. The mechanical stiffnesses under other loading conditions, including compression, torsion, and bending, were also pre-
dicted numerically and correlated with the results of the existing MD simulations and tests. The mode shapes and natural
frequencies of the spike were predicted using the built FE model. The frequencies were shown to be within the safe range of
1–20 MHz routinely used for medical imaging and diagnosis by means of ultrasound. These results provide a solid theoretical
basis for using ultrasound to study damaging coronavirus through transient and resonant vibration at large deformations.
SIGNIFICANCE The outbreak of SARS-CoV-2 has significantly impacted the whole world. Most of research is focused
on vaccines development and targeted to specific mutations and variants. The concept of ultrasound induced resonant
vibration to kill coronavirus will provide an innovative alternative to prevention and treatment. The approach is not affected
bymutation. This paper successfully predicts natural frequencies andmode shapes of spike protein of SARS-CoV-2, which
consists of alpha-helices and tropocollagen molecules. The mechanical properties of spike’s stalk are simulated in FE
analysis, which is well correlated with a new analytical solution and existing results of MD simulation on TC. This research
shows great promise of using FE analysis to study mechanical properties of proteins at the atomic level.
INTRODUCTION

In the spring of 2020 the world was watching with anticipa-
tion the development of vaccines and other innovative tech-
niques against COVID-19 (1). At the same time, we asked
ourselves a question: are there ways of deactivating the virus
other than promoting the immune response? We were
encouraged by mounting evidence that ultrasound can selec-
tively kill some types of cancer cells. Ultrasound is a safe
and proven technique in medicine for imaging and diag-
nosis. It has also been used for treatment, by the shattering
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of kidney stones of millimeters in size and for killing some
types of cancer cells the size range of micrometers (2,3). We
are putting forward the hypothesis that ultrasound could
damage some proteins in the virus so that it loses the ability
to multiply.

We would like first to place the present paper in the
context of the general objective of our COVID-inspired
research. This paper resolves only one piece of the four-
piece puzzle. Determination of forces exerted by an ultra-
sound wave on the virus was covered in our previous paper
(4) in which rigorous structural acoustics equations were
solved. The harmonic wave was shown to induce vibrations
of the viral shell as well as spikes. The present article is
focused on the resonant vibration of spikes. As a continua-
tion of this line of research, the transient vibrations are
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currently studied by applying frequencies of ultrasound har-
monic wave equal to or close to the resonant frequencies.
This will be followed by the design of the most damaging
ultrasound pulse.

The diameter of the coronavirus family is 100 nm and the
spikes are about 20 nm in length. Several deadly viruses,
including SARS-CoV-2 and influenza A viruses, belong to
this family. This is three orders of magnitude smaller than
the diameter of cancer cells. It was shown that because of
such a small size, the magnitude of the scattered pressure
is negligible and the viral shell feels only the incident pres-
sure, which is known and could be controlled. The problem
of free and transient vibrations of the viral envelope was also
formulated in the same article (4). Depending on the combi-
nation of the ultrasound frequencies in the range of 1–100
MHz and pressure intensities of 0.1–10 MPa, the viral shell
developed the resonant vibrations with increasing amplitude
within nanoseconds. Much higher natural frequencies
(>100 MHz) were predicted by other researchers using a
similar modal analysis approach but with different geome-
tries (5).

The next logical question to be asked is whether such
large vibration amplitudes could damage the virus and
thus break its deadly reproductive cycle. In this paper, the
term damage is understood either as rupturing of the bilayer
lipid envelope or by inflicting mechanical permanent defor-
mation to the sequence of proteins in the spike that control
the binding process. The present paper is concerned with the
second scenario of the inactivation of spikes. Because of the
large degree of flexibility, the spike’s job of searching and
attaching to the host cells can be performed more easily
(6–10). By the same token, spikes may easily be put into
different vibration modes when suitably disturbed. The
spike is connected to the viral envelope by a slender struc-
ture—the stalk. Careful studies using molecular dynamics
(MD) simulation and cryoelectron microscopy (cryo-EM)
revealed that the stalk of SARS-CoV-2 is composed of three
twisted a-helices, forming the tropocollagen molecules, the
building blocks of all living organisms (8,11,12). The work
of Casalino’s team (12) stands out because it provides an
extremely high resolution and complete information on
the atomistic shape of the main skeleton and side chains
of the spike of SARS-CoV-2.

The next step was to select a methodology for solving the
problem of resonant and transient vibration of a spike. The
main computational tool to study the interaction between
atoms and formation of molecules and proteins is MD. Its
fundamental axiom is that forces and the corresponding dis-
placements between atoms are related through potential
functions. Mathematically it can be described by defining
the atomic potential energy of a given protein. There is an
array of formulation of interatomic potentials to study bio-
logical materials at different length scales from fully blown
models consisting of hundreds of millions of atoms (13), to
simplified ones such as a coarse grain model (14), for
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example the CHARMM model (15) and the Martini model
(16). We refer readers to a more extensive review article
on the assumptions and results of MD techniques (17). An
up-to-date perspective on the biological modeling and simu-
lation was offered by Schlick and colleagues (18–20). The
progress in this key area is enormous and new tools, such
as knowledge-based and machine-learning methods, are
now added to the available arsenal of computational tools.

While the MD simulation technique started a revolution
in microbiology, it was found to be unsuitable for the task
at hand because if its limitations to handle large displace-
ment vibration problems. Instead, the finite element (FE)
method is ideally suited for this purpose. The general-pur-
pose FE codes already have built-in packages for perform-
ing modal analysis and can easily handle forced vibrations
with a minimum number of input parameters. Both MD
simulation and FE simulation are based on a similar set of
assumptions. Atoms interact with forces and displacement
rather than stresses and strain. It is here that structural me-
chanics offers a convenient tool for studying the response
of several biological structures. Structural mechanics
operates with the concepts of generalized loads (moments,
torques, and tensile and compressive forces) and corre-
sponding generalized deformations (displacements, curva-
tures, and rotations). These concepts are compatible with
the coarse grain methods of MD and will be pursued in
the present study. The quadratic terms in the expression
for the potential energy of covalent bonds are retained. It
was found to be more convenient from the computational
point of view to account for the long-range van der Waals
(vdW) and electrostatic force by introducing additional
linear or nonlinear beam elements between the individual
strands of the tropocollagen (TC) molecules. Such a simpli-
fication is possible for slender molecules forming the stalk
of the spike. The beam elements also prevent the interpene-
tration of atoms.

The application of the FE technique for studying struc-
tures on the atomistic scale goes back to the discoveries of
graphene and nanotubes. Graphene sheets consist of one
layer of atoms arranged in a hexagonal pattern. Of course
polymers and graphene are not biological materials, but at
the level of a covalent bond there is no distinction between
living and inorganic matter. The forces between atoms obey
the same rules. Graphene and nanotubes were for decades
modeled using MD tools (21). Following the seminal
work by Odegard and colleagues (22,23), a number of FE
models were developed for graphene and nanotubes (24–
28). Fracture of graphene sheets was formulated in a series
of papers by Xiao and Belytschko (29). An excellent review
of the state of the art was published by Couto and Silvestre
(30). These authors were the first to point out that the con-
tinuum mechanics concept of stress and the elasticity con-
stants measured in pressure unit (i.e., MPa) does not make
sense for structures as thin as the atom diameter. Instead,
the axial, bending, and torsional stiffness must be treated
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as an independent material/structural property. In the pre-
sent study of biological structures, we are adopting the FE
modeling strategy of nanomaterials. Nonetheless, the hex-
agonal symmetry of graphene and nanotubes, lack of side
chains, and torsional resistance make the FE analysis of
such man-made structures simple. The three-dimensional
(3D) geometries of the a-helices and TC molecules are
very complex, and such models still need to be developed.

There is limited information in the literature on applica-
tion of ultrasound to disarm viruses that was found helpful
in the present investigation, even though the keyword ‘‘ul-
trasound’’ was used in hundreds of papers. Chrysikopoulos
et al. and Yang et al. presented a very thorough study on
acoustic vibration of viruses induced by microwaves
(31,32). Dykeman et al., in a series of papers, promoted
the application of Raman spectroscopy for studying the vi-
bration spectrum of M13 bacteriophage subjected to laser
excitations (33–36). Their results apply to the family of
icosahedral viruses that form viral capsids. The family
of coronaviruses embodies enveloped viruses. The concept
of the possible destruction of HIV by ultrasound energy
was first put forward by Babincová et al. (37). Several au-
thors followed up on this concept (38–40), but with no prog-
ress in explaining the mechanisms of virus’ response to
ultrasound, this concept was not taken seriously by the med-
ical community. An example of the undocumented claim is
the 2008 patent by Microsoft on ‘‘Utilizing ultrasound to
disrupt pathogens’’ (41). Recently, the resonant vibration
of the envelope was solved using elasticity, but the predicted
natural frequency was unrealistically high (5).

Real progress in understanding the merits of using ultra-
sound as a weapon against viruses was made by the drug-de-
livery industry. The literature on this subject is enormous,
and two excellent papers reviewing the state of the art in
this field were published in 2009 and 2014 (40,42). It was
found that ultrasound helps to create an opening in the viral
shell in order to deliver medication to the designated loca-
tion. This observation provides additional proof on the
safe application of ultrasound to interfere with SARS-
CoV-2. The present model is not competing with MD simu-
lation but rather complementing it, and extends it further
into large deformation and much longer simulation times.

In this paper, two FE models are developed: the beam
model, as the ‘‘wire’’ representation of the coils spring,
and the more realistic shell model, representing the ‘‘rib-
bon.’’ Next, the stiffness of a bundle of three a-molecules,
forming a familiar TC, is studied by analytical and numer-
ical methods. The advantage of such a formulation is that
one FE model describes the coupled axial, torsional, and
bending vibration modes of the spike. The results will pro-
vide the necessary input data for the transient vibration
analysis of the spike, which is the subject of the current
study.

The present paper is divided into several sections. The
next section (‘‘Geometry and molecular structure of
spikes’’) defines the geometry of the virus and the spike pro-
tein. The analytical solution for the geometrically perfect
a-helix (AH) subjected to tensile load, based on minimiza-
tion of the total potential energy, is derived in ‘‘Modeling of
the a-helix.’’ This section also includes calibration of the
stiffness parameters and comparison with the worm-like
chain (WLC) closed-form solution. The new numerical
load-extension relation of the AH subjected to tensile
load, together with comparison with the analytical solution,
is covered in ‘‘Finite element simulation of the single
a-helix.’’ The FE simulation of TC subjected to tension,
compression, bending, and torsion is described in ‘‘Finite
element simulation of the tropocollagen stalk.’’ Differences
in the prediction of the beam and shell model, as well as
explicit and implicit integration schemes, are discussed at
length in the same section. In addition, a comparison with
the known MD simulation and limited test data for the TC
under tension is presented. Information on the stiffnesses
of the stalk of the spike is then used in the subsequent sec-
tion (‘‘The resonant vibrations of spikes’’) to run eigenvalue
analysis and determine the six lowest vibration modes and
the corresponding resonant frequencies. In the final section,
we briefly describe the ongoing work in transient vibrations
induced by the ultrasound wave and present some new ideas
for future microbiology research.

The world is watching with fear the emergence of new
strains and strain variants and the declining effectiveness
of the existing vaccines. At the time of writing, the number
of COVID cases has started again to grow exponentially in
the United States and Europe. There is extensive discussion
concerning a vaccine that can treat all variants that could be
available within the next few years. Looking at alternative
solutions to combat the present pandemic has thus become
more urgent than ever. We have predicted that resonant
(the potentially damaging) vibrations of the viral spikes
are in the range of vibration routinely used in medicine
for imaging and diagnosis. Furthermore, the vibration spec-
trum does not depend on the type of mutations, whether it be
Delta, Gamma, Omicron, or a new one yet to appear. This
finding opens the way for designing the most damaging ul-
trasound pulse to possibly deactivate the spikes of SARS-
CoV-2 and thereby interrupt once and for all its deadly
reproductive cycle. As a by-product of the present research,
the first step in developing the FE model at the atomistic
scale applicable for complex proteins has already been
made.
GEOMETRY AND MOLECULAR STRUCTURE OF
SPIKES

The topology of spike-decorated viruses was discussed in
the previous paper of the investigating team (4). For predict-
ing the correct vibration modes and frequencies of the virus,
it is important to determine the exact shape of spikes and the
way they are attached to the lipid bilayer and to the
Biophysical Journal 121, 2353–2370, June 21, 2022 2355
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membrane (M) protein below. Compared with the diameter
of the virus, spikes are small but compact structures, resem-
bling a hot-air balloon from the side view and a triangle or a
clown leaf from above. The early photographs published by
Beniac et al. (43) and Neuman et al. (7) were too crude to
serve as prototypes of computational models. The review
article by Dyson (44) offered an interesting perspective on
the folding of molecules into complex structures. A more
precise geometry of the SARS-CoV-2 spike is reconstructed
on the basis of recent images provided by cryo-EM and MD
simulation (8,9,11,12) (Fig. 1 a–c). The spikes are
composed of a more solid head in the shape of an inverted
cone and a slender stalk connecting the head with the enve-
lope. It is acknowledged that in the present formulation, the
head consisting of thousands of atoms is treated as a solid
homogeneous elastic material. In a still magnified view, it
can be broken into several subunits that will move on their
own with respect to each other. The MD simulation of
such a detailed model was reported by Hu and Buehler
(45) and others.

The present geometry, as shown in Fig. 1 d, was decided
on by averaging the measured parameters rh, r2, h, and ‘
taken from several aforementioned papers, and are gathered
in Table 1. The length of the stalk is 7 nm, and its diameter is
estimated to be around 0.84 nm. The 21 nm total height of the
spike served as a reference scale in finding all other dimen-
sions. In the zoomed-in pictures of the spike shown by Casa-
lino et al. (12) and Yu et al. (11), the spike is much longer but
it includes the root embedded in the lipid bilayer envelope.
MODELING OF THE a-HELIX

The AH and TC are two fundamental building blocks of all
biological materials. The two recently published cryo-EM
photographs (8) and the MD simulation on the SARS-
CoV-2 spikes (12) revealed that the stalk is composed of
FIGURE 1 (a) Most spikes are inclined to the local normal axis, as shown by

duced the nomenclature of ankle, knee, and hip where most bending deformation

showing detailed features of a-helices and tropocollagen from Casalino et al. (12)

a solid head. The values of the main parameters were determined by averaging t

mentioned in the above discussion, including Yu et al. (11). To see this figure i
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three interwound AHs forming one TC molecule, often
referred to as the coiled coil (see Fig. 1 c and (11,46)).
Furthermore, each strand of the TC is not a single spiral
but is formed by three shorter collagen helices connected
in series. This type of molecular structure gives an appear-
ance of a three-hinge model, proposed in (8). The model
with three hinges, which is conceptually appealing but prac-
tically difficult to quantify, is not considered in this article.
Instead, a single longer and uniform helix was assumed in
the analytical and numerical solution. In other words, each
strand is approximated by one longer spiral. Attention is
focused first on properties and response of a single helical
structure subjected to mechanical loading. For brevity this
will be called the AH throughout the paper, even though
the proper term is the collagen helix. To develop a realistic
mechanics model of the stalk, one must go down to the
atomistic and molecular level.
Geometry and deformation of the a-helix under
tension

The main chain of atoms forms a backbone of the helix that
branches into the side chains called the residues. The main
resistance to mechanical loading is offered by the covalent
bonds. There are 3.6 residues per one turn. Assuming that
there are three atoms between the residue corner atoms,
there are 10.8 atoms per one full turn. The diameter of
hydrogen atom is 0.106 nm and oxygen atom 0.074 nm.
If the atoms just touch one another, the length of the back-
bone, called the contour length, should be about 1.1 nm per
one turn. The backbone of the helix is assumed as a math-
ematically smooth curve, which approximates reality. The
complex 3D scaffold-like structure of the SARS-CoV-2
spike, consisting of repeated sequences of the oxygen
and nitrogen atoms, was determined by Casalino et al.
(12). The skeleton is stabilized by the long-range
the cryo-EM picture from Turo�nová et al. (8). (b) Turo�nová et al. (8) intro-

s are concentrated. (c) MD simulation of molecular structure of the S protein

and Yu et al. (11). (d) Overall geometry of the spike with a slender stalk and

he dimension of the MD simulation taken from several most recent papers,

n color, go online.



TABLE 1 Input parameters of the present FE static, explicit,

and modal analyses

N h ‘ r1 r2 hshell
26 14 nm 7 nm 0.42 nm 1.94 nm 4 nm

rh P0 r+ v E a+

5.82 nm 0.1–1.0 MPa 1300 kg/m3 0.45 3 GPa 26.5�

FE modeling of SARS-Cov-2 spike
electrostatic and vdW interaction between atoms in the side
chains. The 3D geometry of this complex structure can be
visualized by connecting the atoms (see the sketch in Fig. 2
a). One can distinguish relative rotations, twists, and dis-
placements between the adjacent atoms that form a basis
for constructing the energy function needed for the MD
and FE simulations. The backbone exhibits complex defor-
mation and failure sequence during unwinding of the helix.
With applied external forces, the relative distance between
the atoms changes and resistance develops on unwinding
the AH. A given atom interacts with all other atoms
in the neighborhood through the atomistic potentials,
including the long-range electrostatic and vdW interac-
tions. The latter two forces are orders of magnitude smaller
than the covalent bonds. Because they act as long ‘‘arms’’
of the side chains, their contribution to the torsional and
bending moments is implicitly taken into account during
model calibration for simplicity.

In the present analytical and numerical solution, the AH
is considered as a mathematically perfect spiral curve. The
diameter of an AH is approximately d+ ¼ 0:34 nm with a
pitch of p ¼ 0:54 nm, and the initial pitch angle a+ ¼
26:5�. The main chain has a contour length ‘c ¼ 1:2 nm
each turn/thread. For the ‘ ¼ 7 nm long stalk, there will be
Nth ¼ 13 turns of the helix (see Fig. 2 a). An AH’s outside
radius is rah ¼ 0:1719 nm, and the coil ‘‘radius’’ is set as
rc ¼ 0:05 nm (in this paper), which is about the radius
size of a carbon’s covalent bond. The backbone chain of
atoms can be visualized as a coil made of a wire or a rib-
bon. There are numerous similarities between the discrete
atomistic model and the present structural model. The
mathematical helix resembles a circle from above, while
the real helix looks like an octagon. If we remove all atoms
FIGURE 2 (a) An a-helix fragment ‘‘isolated’’ from the stalk’s tropocollagen

acting on the coil, which is decomposed to two components. (c) Definitions of t

line.
except the ones forming the main skeleton, these atoms
will be distributed around the perfect helix with an average
eccentricity distance. By bringing this distance to zero, the
atoms will fall into the smooth helix. Still, the contour
length of the actual chain of atoms and their projection
onto the helix will be very similar. The interaction forces
between the atoms are now defined by the bending stiffness
kb, torsional stiffness kt, and axial tensile stiffness km, much
in the same way as the corresponding terms in the atomistic
energy potential. For the sake of a calibration from test
data and a parametric study, shape and size of the cross
section must be assumed to be the same as in the FE anal-
ysis. We are aware that such a cross section of the spiral
curve does not exist in reality, and one can calculate the
second moment of inertia I, the polar moment of inertia
J, and the cross-section area A. The dimension of the cross
section will be chosen when constructing the beam and
shell models of the AH. Two papers (47,48) were found
to be helpful in this task.

A free body diagram of force components when an AH is
subjected to tension is presented in Fig. 2 b. The total force
F can be decomposed to F1 along the coil (resulting in ten-
sion and bending on the coil) and F2 perpendicular to the
coil (resulting in torsion and shear loadings on the coil).
Consider a spiral on an imaginary cylinder. By cutting and
flattening the cylinder, the spiral maps into the triangle
with a pitch H ¼ 2pa, perimeter length 2pb, and total con-
tour length L (Fig. 2 c). The curvature and twist, and contour
length of the helix are defined by

k ¼ b

a2 þ b2
; t ¼ a

a2 þ b2
;

�
L

2p

�2

¼ a2 þ b2 (1)

in terms of the pitch angle a. The above definitions can be
rewritten as

k ¼ 2p

L
cosa; t ¼ 2p

L
sina; (2)

and their ratio depends only on the pitch angle a,
and subjected to a tension load F, (b) Free body diagram of a tensile force

he geometrical parameters of an a-helix. To see this figure in color, go on-
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t

k
¼ tana: (3)

The pitch angle is related to the end displacement (d) of
the helix,

d ¼ Lsina � L+sina+: (4)

Suppose that the helix is stretched by increasing the pitch
angle. Initially, the curvature is equal to the inverse of the cyl-
inder radius b, as it should be. The twist is zero. At the end, at
a ¼ p

2
the helix becomes a straight line, the curvature van-

ishes, and the twist maximizes. Even more interesting is that
the curvature and twist are not independent kinematic vari-
ables but are related through the pitch angle. This general
geometrical property reduces the problem to one degree of
freedom, which enormously simplifies the analytical and nu-
merical solutions.

The everyday experience with winding and unwinding a
watering hose illustrates a complex interaction between ten-
sion and torsion. When one pulls the hose from the coiled
configuration, torsion develops, and poor-quality hoses start
to develop loops and kinks. To prevent kinking, one must
simultaneously twist the hose while pulling, one full turn
per pitch. Inversely, by twisting a straight hose, the hose de-
velops loops after onset of torsional buckling. This phenom-
enon has been extensively studied in the literature in relation
to DNA looping.
Analytical solution of the a-helix under tension

We present here a simple derivation of the force-extension
relationship using the energy method. A closed-form solu-
tion will help interpret several features of the numerical
simulation. We follow the formulation similar to that of
the coarse grain MD approach whereby the total potential
energy P consists of several components. The main contri-
bution comes from the tensile, bending, and torsional resis-
tance of covalent bonds. The electrostatic forces and vdW
forces acting between atoms in the side chains provide
additional contribution to P. The long-range interaction
forces are implicitly accounted for in the numerical solu-
tion (through model calibration) but are neglected in the
analytical derivation. The stiffnesses in bending, torsion,
and tension are denoted by kb, kt, and km, respectively.
The expression for the elastic strain energy of the AH is
then reduced to four terms, whereby the three stiffnesses
of covalent bonds subtract the work of external force
W ¼ Fd,

P ¼ U � W ¼
Z L

0

1

2
kbðDkÞ2dx þ

Z L

0

1

2
ktðDtÞ2dx

þ
Z L

0

1

2
kmðeÞ2dx � Fd : (5)
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Here, the total vertical elongation d (see Fig. 2 c) results
from both the unwinding and the extension of the main skel-
eton u. The formula of d is defined by Eq. 4 by substituting
L ¼ L+ þ u. In structural mechanics, the axial, bending,
and torsional stiffnesses of a cross section are defined as
kb ¼ EI, kt ¼ GJ, and km ¼ EA, where A is the cross-
sectional area of a slender structure, I is the second moment
of inertial of the cross section, and J is the polar moment of
inertia. The stiffness coefficients are specified in ‘‘Correla-
tion with the worm-like chain model’’ based on the informa-
tion in the literature. The change of curvature and twist (per
length) from the initial state a+ is

Dk ¼ 2p

L
ðcosa+ � cosaÞ;Dt ¼ 2p

L
ðsina � sina+Þ:

(6)

The axial strain is e ¼ u=L+. The axial stiffness of the
helix is much larger than the bending and torsional stiffness.
and it is only at the very end of the process of unwinding that
the contour length changes from L+ into L+ þ u. There are
two degrees of freedom, the pitch angle a and the displace-
ment u. For the system to be in equilibrium, the first varia-
tion of the total potential energy must be zero, vP

va ¼
0 and vP

vu ¼ 0, which leads to the following two simulta-
neous equations:

F ¼ F

F+
¼ kb

kt
ðcosa+ � cosaÞtanaþ ðsina � sina+Þ;

(7)

F km
�

L
�

u

F ¼

F+
¼

kt 4p2 sina
; (8)

where F+ ¼ �
2p
L

�2
kt. The above system together with

Eq. 4 represents a parametric form of the solution. Elimi-

nating F between Eqs. 7 and 8 provides a unique relation be-
tween the axial displacement d due to unwinding and the
change of length u of the contour length. It should be noted
that both the displacement describing unwinding of the AH
(Eq. 6) and extension of the contour length (Eq. 7) are per
one turn. The distance between atoms in bending and torsion
does not change, but they twist or rotate.

Many special cases can be obtained from the above gen-
eral solution. For example, assuming zero initial pitch angle
(a+ ¼ 0), Eq. 7 reduces to

F ¼ kb
kt
ð1 � cosaÞtanaþ sina: (9)

The small pitch angle approximation yields

F ¼ kb
kt

�
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 � d
2

p � 1

�
dþ d; (10)
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where d ¼ d
L. The ratio of bending to torsion stiffness is

kb
kt
¼ EI

GJ ¼
�
Epr4c
4

�.�
Gpr4c
2

�
¼ 3

2
for Poisson ratio v ¼

0:5. Here, d is the diameter of a coil. Note that in the theory
of elasticity, the shear modulus G is related to the Young’s

modulus E by G ¼ E
2ð1þvÞ. A standard textbook solution is

recovered for the spring (zero initial pitch angle a+ ¼
0), F ¼ d or F ¼ kc d, with the spring coil stiffness

kc ¼ 4GJ
pd3+

(for one turn). The first term in Eq. 10 is the

contribution of bending, which blows up to infinity at

d ¼ 1 when the helix is fully straight. The second term in
Eq. 10 is the torsion contribution, which increases linearly
with displacement. The above solution was derived by
assuming a full fixity of the helix against rotation at the
ends. When the relative end rotation is allowed, the second
term vanishes.

The nondimensional plots of force versus displacement
are shown in Fig. 3 for three values of the pith angle,
a+ ¼ 0�, 12.5�, and 26.5�. The features of a linear relation-
ship at initial deformation and rapid nonlinear increase of
force at the highly stretched ranges are well captured
(similar to hyperelasticity). One can discern that an AH
with higher initial helix angle is stiffer and reaches its fully
stretched length earlier.
Compression, bending, torsion, and buckling of
the a-helix

The stiffnesses of bending, torsion, and buckling response
are calculated numerically for TC later in ‘‘Other loading
conditions in addition to tension.’’ For the sake of saving
space the analytical solution is not presented here, although
FIGURE 3 A plot of Eq. (7) and Eq. (4) for normalized force (F) versus
normalized displacement (d ) under three different initial helix angles, in

which an AH with kb
kt

¼ 3
2
is subjected to tension. To see this figure in color,

go online.
it would be a straightforward task. It is worth noting that in
all cases the solution depends on the initial pitch angle
parameter. For example, at zero pitch angle, the subsequent
turns are in contact and the compressive force is infinite. For
the real AH with the pitch angle a+, the maximum compres-
sive displacement causing the bottoming up of the spring is
� sina+. The value of the dimensionless force should theo-
retically be F

F+
¼ � 0:45 for the case of a+ ¼ 26:5+.

Before this value is reached, the AH may buckle. Upon
bending, the change of the pitch angle is very small, and
the axial stiffness depends on the parameter F+ and the
initial configuration. The FE simulation confirms the above
observations.
Calibration of elastic and fracture properties of
the spike

In the closed-form solution of Eqs. 7, 8, 9, and 10, there are
three stiffness parameters representing elastic properties of
covalent bonds. The value of these parameters is taken
from the literature. At the same time the mechanical proper-
ties of isotropic elastic bodies are fully defined by two pa-
rameters, the Young’s modulus E and the Poisson ratio v.
It is interesting to see how the three material constants can
be reduced to two parameters without losing the amount
of information.

The underlying assumption is that the spike proteins obey
initially the elasticity law. This is consistent with the main
assumption of the atomistic model, in which atoms are inter-
acting through elastic potentials. The calibration of the pre-
sent model can be made by comparing the solution with the
direct experimental results or the MD simulation. Results of
tensile simulation of the AH were reported by Buehler et al.
(17). The initial response is linear, up to a sudden rupture.
By roughly estimating the MD simulation of a TC (see
Fig. 8 b), the slope is 0.7 pN at 0.7 normalized displacement.
Note that the stiffness of an AH approximately takes one-
third of a TC. The stiffness of an AH coil with one turn is

F+ ¼ �
2p
L

�2
GJ ¼ 1

3

�
0:7,10� 3 nN

0:7

�
because of F ¼ d (as a

simplification). Here, one turn of coil takes a length of
L ¼ 2pRah ¼ 2p,0:1719 ¼ 1:08 nm. The value of the
torsional stiffness GJ of the of the backbone spiral is

GJ ¼ 9:85 � 10� 6 GPa,nm4. There are many combina-

tions of G and J ¼ 1
2
pr4 that gives this value. Taking r ¼

d
2
¼ 0:05 nm, the shear modulus is estimated as G ¼

1 GPa. Young’s modulus E then becomes 3 GPa (assuming
Poisson ratio v ¼ 0:5). The magnitude of torsional stiffness
found from tests agrees with the values given in the litera-
ture, for example Odegard’s work (22,23). In particular
the ratio of the axial stiffness and bending stiffness given

in the above references is km
kb

¼ 3:26�10� 7

4:38�10� 10 ¼ 744 nm� 2.

In the present formulation, this ratio is km
kb

¼ 800 nm� 2.

The agreement is remarkably close.
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For the head of the spike, rh ¼ 5:82 nm and the Young’s
modulus drops to E ¼ 30MPa. These values are used in
the present FE simulations. The qualitative dependence of
the elastic modulus on the size of proteins from the simplest
to more complex is shown in Fig. 4. In solid mechanics of en-
gineeringmaterials, the size effect is explained by theWeibull
statistics of material imperfection. The interpretation for pro-
teins and soft tissues are different due to different deformation
mechanisms.

A review article by Buehler and Yung (49) provided a
wealth of information on deformation and failure of pro-
tein materials in general, with no reference to the viral en-
velope and/or spike S-protein. At the same time the actual
microscopic strain in the helix strand due to bending and
torsion is initially very small but grows exponentially as
the strand assumes a fully straightened position. At this
stage, the distance between the hydrogen atoms forming
the covalent bond starts to increase and could be broken
at a defined but small critical displacement uf : Rupture
of covalent bonds is accounted for by the reactive force
field method (50). Fracture at this length scale must
then be formulated in terms of displacements, or more
precisely the critical value of the total strain energy Uf .
To break the covalent bond, one must provide the external
energy equal to the energy of the bond, which is known.
More research should be carried out to determine fracture
properties of the a-helices and TC. The general formula-
tion of fracture and fracture analysis of the spike are left
to a subsequent publication.
Correlation with the worm-like chain model

The WLC model of large displacement of the AH and DNA
helix, often referred to as the Kratky-Prod model (51), has
been developed in (52–54). The force-extension relation
derived for small and moderately large displacement is of
the form
2360 Biophysical Journal 121, 2353–2370, June 21, 2022
F ¼ kBq

Lp

	
1

4
ð1 � dÞ� 2 � 1

4
þ d



; (11)

where kB is the Boltzmann constant, q is the temperature in
Kelvin, and Lp is the persistence length. At room temperature
q ¼ 273 K; the Boltzmann constant is kB ¼ 1:38�
10� 5 nm, nN=K. The initial solution by Marko and Siggia
(55) was subsequently improved by several authors, and the
comparison of all these theories with the tests reported by Bo-
zec and Horton (56) was presented by Hillg€artner et al. (57).
On the comparison plots, each solutionwas adjusted by select-
ing a different value of the persistence length in the range of
Lp ¼ 4 � 15 nm. The force blows up at infinity when the
end shortening reaches the contour length L. By comparing
theWLC solutionwith Eq. 10, it is apparent that the two terms
in Eq. 11 represent the contribution to bending and torsion,
respectively, in agreement with the present solution.

In the enormous literature on theWLCmodel, no mention
is made of the original shape of the AH. The lack of defining
the original configuration of the WLC model is the most se-
vere drawback of this widely accepted approach. Nonethe-
less, the WLC solution can be used as a cross-calibration
of the present solution. For small displacement, equating
Eqs. 10 and 11 provides the following relation for the
torsional stiffness of the helix:

kBq

Lp

¼
�
2p

L

�2

GJ : (12)

Assuming Lp ¼ 11 nm, L ¼ 2prah ¼ 2p� 0:1719 ¼
1:08 nm, Eq. 12 gives the following estimate: GJ ¼
1:01� 10� 5 nNðnmÞ2 ¼ 1:01� 10� 5 GPa,nm4. Any
combination of G and J should be equal to this value. For
example, taking J ¼ 1

2
pr4c , the shear modulus closely be-

comes G ¼ 1 GPa, and E ¼ 3 GPa (assuming Poisson
FIGURE 4 An illustration of the size effect in bio-

logical structures, from the simple and small to the

complex and large. The Young’s modulus and frac-

ture strain properties are on an opposite trend. To

see this figure in color, go online.



FE modeling of SARS-Cov-2 spike
ratio v ¼ 0:5). This result is consistent with the estimation
in the preceding section.
FINITE ELEMENT SIMULATION OF THE SINGLE
a-HELIX

In the following two sections, FEmodelswill be developed for
the AH and TC representing the stalk of the SARS-CoV-2
virus at the atomistic scale. Different loading conditions
(including tension, compression, bending, and torsion) will
be considered in the FE simulations. For convenience, the
unit system used in current FE simulations is as follows: nm
(length), kg (mass), s (time), GPa (pressure), and nN (force).

Beam elements and shell elements are two common struc-
tural level elements in FE analysis for large-scale simula-
tions. From covalent bonds of two carbon atoms to a
whole long chain of AH protein, 3D beam element (B31)
and shell elements (S3 and S4) in Abaqus (58) are good
choices to simulate its mechanical properties. The geometry
information of AH is listed in Table 1 and the above section
on Geometry and deformation of the a-helix under tension.
The input of the FE model requires selecting the mesh size.
To capture the response at such a small scale, the mesh size
is assumed to have the order of the diameter of an atom.
This assumption defines the cross section of the helix,
even though the cross section of a single chain of atoms
does not exist. The cross section can be a circular, giving
rise to a ‘‘wire’’ model (called the beam model) or a rectan-
gular cross section visualized as a ‘‘ribbon’’ (called the shell
model). A ribbon model is a better representation of the dis-
tribution of atoms around the skeleton helix line than the
wire model, but neither of the two describes it perfectly.
The bulk of the microbiology literature portrays the a-heli-
ces as ribbons. The ribbon model can provide some addi-
tional insight into the anisotropic strength of the AH,
which develops resistance to in-plain shear and twist.

The FE wire mesh was generated by a customized
MATLAB code, and the result is shown in Fig. 5 a and b.
The same coil dimensions were used to build a shell
element-based ribbon-type AH model. The ribbon width
FIGURE 5 (a) Finite element mesh of a beam AHmodel, where before and aft

the blue circle is the original coil circle and the colored circle is the deformed on

ing initial and deformed configurations. (d) Top view of the shell model, where

online.
and shell element thickness were set as w ¼ 0:2 nm and
t ¼ 0:05 nm, respectively, giving the aspect ratio of 4.
The shell mesh is shown in Fig. 5 c and d. For an AH model
with beam elements there are about 500 elements, and each
FE simulation takes about half an hour on a laptop com-
puter. For an AH model with shell elements there are about
1000 elements, and each FE simulation takes just a few mi-
nutes on a laptop computer. This proves that the FE simula-
tions with a mesh size of 0.03 nm are significantly faster
than MD simulations, which usually need supercomputers.

Both the beam model and shell model were run under the
Abaqus/Standard (static) solver and the Explicit solver. The
AH beams were highly stretched under tension, which re-
sulted in decreasing AH radius, as illustrated in Fig. 5 b
and d. The Standard (static) solver usually runs well up to
moderately large deformation ofAHbut comes across signif-
icant reduction of time incremental and some convergence is-
sues. Fortunately, the Abaqus/Explicit solver always runs up
tovery large deformations, as specified.Both solvers gave the
same results for the beam model in terms of force response
(Fig. 6 a), but predicted slightly different results for the shell
model after 4 nm deformation (Fig. 6 b). In the initial stage of
tensile loading, torsion along coil is themost important defor-
mation mode, so the initial stiffness can be estimated using
the coil spring formula. The results are also plotted in
Fig. 6 for comparison. Generally speaking, the analytical so-
lutions (Eqs. 4, 7, and 8) give an excellent correlationwith FE
results of the Abaqus/Standard solver. From Fig. 6, one can
deduce that the predicted tensile force for an individual AH
up to large deformation (100% stretch at stalk length of
7 nm) is about 0:5 � 1 pN.
FINITE ELEMENT SIMULATION OF THE
TROPOCOLLAGEN STALK

The TC molecule consists of three left-handed AHs inter-
twined in an overall right-handed coil. Compared with the
twist of each AH, the global twist is small, less than one
turn per the length of the stalk. For the TC molecule one
can distinguish the diameter of the wire d and the diameter
er tensile loading are superimposed. (b) Top view of the beam model, where

e. (c) FE mesh of a shell AH model (representing DNA ribbon) superimpos-

the outside black circle is the original shape. To see this figure in color, go
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FIGURE 6 (a) FE simulation results of AH under tension using beam elements. The predicted force-displacement curves are identical between Abaqus

Explicit and Standard solvers. Analytical solution (Eqs. 4, 7, and 8) gives an excellent correlation with FE results of Standard solver. (b) FE results of shell

models. There are some differences between the two Abaqus solvers. The analytical solution gives an excellent correlation with the result of Abaqus Standard

solver up to 8 nm. To see this figure in color, go online.
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of the helix D. In the present model, the distance between
symmetry axes of individual helices must be equal to D to
avoid interpenetration. Three strands interact through side
chains, so the atoms break and develop new bonds. The ef-
fect of residues was accounted for in the present structural
model by introducing the interface between the AHs. With
no cross-links between the individual AH, the tensile
strength of the TC is three times larger than the strength
of a single AH. The interaction of the side chains of the
AHs was studied by Wolgemuth and Sun (59). In compres-
sion, a single AH will buckle due to a very low bending stiff-
ness. The aspect ratio of the TC is much larger, so the TC
molecule will compress and crumple instead of buckling.
It is possible to solve this problem analytically, but numer-
ical solution is more straightforward.

The TC stalk is modeled by assembling three AHs with a
right-handed coil angle, which was set as one turn (360+)
for a whole stalk. The radius of an AH is rah ¼
0:1719 nm, and threeAHs attached together as an equilateral
triangle for their centers result in an outer radius of�
1þ 2ffiffi

3
p
�
rah ¼ 0:3704 nm. Since the beam and shell ele-

ments are modeled in their middle axis/plane with a radius/
thickness of 0.05 nm, the resulting overall stalk radius is about
0.42 nm, which is listed in the geometrical parameters (Ta-
ble 1). In this section, results of both beamTCmodel and shell
TCmodel under tension will be presented. The results of shell
model under other typical loadings will also be included.
Beam (wire) model

A MATLAB code was written to create the FE meshes by
given key controlling parameters. Fig. 7 a shows the mesh
of beam before and after tensile loading. To apply the pre-
scribed boundarydisplacement on the threeAHs, a tripod con-
sisting of three beam elements is linked to the ends of three
2362 Biophysical Journal 121, 2353–2370, June 21, 2022
AHs. The side view of an AH coil is a circle, but it shows a
beautiful flower shape after introducing the right-handed
coiled angle (Fig. 7 b). The interaction between three AHs
is very complex due to the vdW and electrostatic forces be-
tween atoms. Contact forces develop during deformation
that may lead to interpenetration of the skeleton atoms be-
tween different strands. This is a challenge when searching
contact surfaces for coiled structures in the current FE solvers.
Three short beam elements at the nearest three AHs are intro-
duced to mimic the long-range as well as contact interaction
between respective atoms (Fig. 7 c and d).

Fig. 7 e and f shows the predicted deformation of TC un-
der tensile loading up to over 100% stretching ratio. The
contour color shows the total displacement. One can see
the significant reduction of radii of AHs and TC. The local
stress/strain of linked beams among AHs can be larger (see
Fig. 7 d), but their contribution to the total strain energy
is negligible. The predicted force-displacement curve is
plotted in Fig. 8 a. Results shown here are taken from
Abaqus/Explicit for very large deformation. The predicted
range of tensile force is about 1 � 10 pN. The real test
data of SARS-CoV-2 spikes are not available and probably
will be too difficult to obtain experimentally. However, ten-
sile tests of several different TCs have been reported
in open literature. One example of tensile force from
experiments and MD simulations (17,60) are included in
Fig. 8 b, where the authors used optical tweezer experi-
ments (61,62). One can observe that both the curve trend
(quickly stiffening up at large stretching) and the force
range are well correlated. This helps to validate the FE
modeling.
Shell (ribbon) model

The second method of modeling TC by means of shell ele-
ments (called hereafter the ribbon model) is also presented



FIGURE 7 (a) Initial configuration of the spike leg is modeled by beam elements as a TC. (b) Top view of the TC model where its coiled-coil structure

shows a periodic feature. (c) Zoom-in view of the center showing the connected beam elements for three AH coils. (d) Further zoom-in view shows the con-

nected three close AHs by triple beam elements, which simulates their interactions. (e) Deformation of a TC under tension up to very large stretching. The

local strain concentration at the tip is zoomed-in. (f) Top view of the TC superimposing the original and deformed configurations. To see this figure in color,

go online.
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in addition to the wire model (Fig. 9 a–c). One can easily
visualize the left-handed feature of AH and the right-handed
appearance of TC in Fig. 9 a. In the numerical simulation,
the program must search for the self-contact between the
respective strands, a very difficult task for such a complex
geometry. Like in the wire model, the interfacial beam ele-
ments are used to connect the three AHs and link them for
mimicking contacts during deformation, which can be
seen (shown by an arrow) inside the TC (Fig. 9 c) and in
the right end of a TC (Fig. 9 d). The interface beam elements
FIGURE 8 (a) FE predicted tensile forces versus displacement for the TC of

and shell model are included, which are in the range of a few pN. Note that the

testing and MD data on other TC (17,60–62) as a comparison. Note that these

go online.
are utilized in the present simulation only to prevent inter-
penetration. The same beam elements can model the long-
range vdW and electrostatic forces as well as the interaction
forces exerted by side chains, following the information
from the work of Wolgemuth and Sun (59). This has not
been done here.

The deformed configurations under tensile loading are
shown in Fig. 9 d and e. The periodic feature of a coiled
coil creates a beautiful pattern when seen from above. The
contour colors represent the amounts of displacement. The
a spike leg of SARS-Cov-2. Both present simulation results of beam model

displacement is not normalized (initial length ¼ 7 nm). (b) Some available

data are normalized by a TC’s initial length. To see this figure in color,
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FIGURE 9 (a) Initial configuration of the spike leg is modeled by shell elements as a TC, where an AH is left-handed and the TC is right-handed for one

turn. (b) Top view of the TC shell model where its coiled-coil structure shows a periodic feature. (c) Zoom-in view of the center showing the connected beam

elements for three AH ribbon coils, which simulates their interactions. (d) Deformation of a shell TC under tension up to very large stretching. Three short

artificial beam elements are used to eliminate interpenetration between a-helices. The contour colors represent their amount of displacement. The local strain

concentration at the tip is zoomed-in. (e) Top view of the TC superimposing the original and deformed configurations. To see this figure in color,

go online.
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predicted tensile force is presented in Fig. 8 a and compared
with the beam models. The predicted force from the shell
model is a slightly smaller than that of the beam model in
the beginning, due to a selected relatively small shell thick-
ness, which affects its bending rigidity and torsion rigidity.
The force in the shell model picks up more quickly at the
large deformation, which ends up with a result similar to
that of the beam model. Both models correlate with reported
literature data of other TCs. It is not easy to establish
uniquely the equivalence of the two types of the FE ele-
ments at the atomistic scale because neither the wire nor
ribbon contains all atoms in the side chains. The shell model
is more realistic, and the AHs are always represented by rib-
bons in the microbiology literature.
Other loading conditions in addition to tension

In a real situation of SARS-CoV-2 spike subjected to ultra-
sound loading, other typical loading conditions occur in addi-
tion to simple tension.With a fixed boundary at the base of the
spike (on the left-hand side of a TC), FE simulations of
bending, compression, and torsion are shown in Fig. 10. The
predicted reaction force and reaction moments are plotted in
Fig. 11. The compression of TC predicts the same initial stiff-
ness as in tension around the neutral position. There is no
2364 Biophysical Journal 121, 2353–2370, June 21, 2022
bucklingunder compression if threeAHsare linked.However,
column bucklingwill occur if individual AHs are left freely in
a TC. FromFig. 11 a, one can deduce that the bending force is
at the level of about three orders of magnitude smaller than
that of tensile loading, in accord with the calibration of stiff-
ness described in ‘‘Calibration of elastic and fracture proper-
ties of the spike.’’ Based on the classical beam theory, the
‘‘equivalent’’ tensile rigidity, bending rigidity, and torsion
rigidity of a TC can be calculated.
THE RESONANT VIBRATIONS OF SPIKES

This paper concludes with the modal analysis of the spike.
The natural vibration modes and corresponding frequencies
are the property of a structure, and the eigenvalue analysis
does require the definition of the forces exerted by the ultra-
sound waves. Those forces are known and were determined
by the present team in (4). The solution of transient vibra-
tion will require the running of many cases with different
frequencies and amplitudes. Besides, the presence of
coupled vibration modes combined with material and
structural imperfections calls for design of the optimum ul-
trasound pulse with frequency modulation in time. The re-
sults of this ongoing study will be summarized in a
subsequent publication.



FIGURE 10 FE simulations of a TC using shell elements for other loading conditions, where both initial and deformed configurations are illustrated: (a)

cantilever beam bending, (b and c) compression, (d and e) torsion. (c) and (e) are top views. The contour color represents displacement. To see this figure in

color, go online.
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The ultimate objective of the present research program is
to answer the question stated in the introduction: under
what conditions the ultrasound can induce resonant vibra-
tion of the spike and in the end inflict permanent damage
to SARS-CoV-2 so that it will lose the ability to multiply.
The FE simulation technique at the atomistic scale, devel-
oped in this paper, is the most critical step on the path to
answer this question. It has the main advantage of MD
simulation and is free of the timescale limitation of the
MD technique. In other words, it can be considered as
the second stage of the MD where the multiatomic discrete
system of individual atoms is replaced by beam and shell
elements that can undergo large strains and displacements.
The general-purpose FE code Abaqus instantly provides a
natural vibration spectrum and is ideal for running the tran-
sient vibration problems. Additionally, it requires orders of
magnitude smaller resources in terms of computer power as
compared with the MD technique. With a total number of
elements needed to model the entire spike on an order of
103 or less, it can be run on personal computers within mi-
FIGURE 11 FE predicted force or moment for other loading condition
nutes. A full all-atom MD simulation with a comparable
accuracy involving millions of atoms must be run on super-
computers. Furthermore, the method can be easily
extended to cover damped as well as random vibrations.
Many nonlinear FE software packages can be used for
such a purpose, all of which will require the same input
data.
Numerical solutions

For the purpose of the modal analysis, the stalk of the spike
is represented by the TC shell model and the spike head is
represented as an elastic solid, modeled by solid elements
(C3D8R) in Abaqus. The geometry and mass distribution
are defined in Fig. 1 and Table 1. The fundamental mode
shapes and natural frequencies are illustrated in Fig. 12
and Table 2. The mode shapes are superimposed on initial
shapes for visualization. The mass of the spike is not a point
mass but a distributed mass. It has its translation and rota-
tion degrees of freedom, and responses of two different
s for TC: (a) cantilever beam bending, (b) compression, (c) torsion.
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FIGURE 12 FE predicted first mode shapes and frequencies of a SARS-CoV-2 spike under a cantilever boundary condition. To see this figure in color, go

online.
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bendings, three different rotations, and one tension are
generated. The predicted first two bending modes (in y
and z directions) have the same frequency of 0.77 MHz.
The frequency of the first torsion mode is about 2.2 MHz,
and the other two spike head rotation modes have a fre-
quency of around 16 MHz. The frequency of the first ten-
sion/compression mode of 39 MHz is the highest of all,
but because of structural imperfections it will seldom be
observed in a real virus. Note that these values are much
lower than those previously determined in (4) for a much
cruder and stiffer spike. We believe that the predicted values
of resonant vibrations are this time correct, given the great
care in modeling the geometry and mechanical properties
of the AHs and TC forming the stalk of the spike. These
values are within the range of frequencies used in medicine
for imaging and diagnosis (2–20 MHz), thus removing any
concerns about the safety of the proposed approach.
Analytical solutions

The model of the spike with a known stiffness of the stalk
and the mass moments of the head is sufficient to determine
resonant frequencies of a selected modal shape. For
example, a textbook solution for the frequency of the ten-
sion/compression mode (mode 6 in Fig. 12) is

ften ¼ 1

2p

ffiffiffiffiffi
K

M

r
; (13)
TABLE 2 FE predicted first six natural frequencies and mode

shapes of SARS-CoV-2 spikes

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

Frequency

(MHz)

0.7703 0.7710 2.2099 15.864 15.953 39.358

Mode type bending-1 bending-2 torsion rotation-1 rotation-2 tension
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where K is the initial stiffness of the of the stalk TC and M
is the mass of the spike’s head. Substituting values of the
stiffness K ¼ 3 kc

Nth
¼ 7:099� 10� 5 nN=nm (kc is given

by Eq. 10, and number of turns Nth ¼ 13 is discussed in
‘‘Geometry and deformation of the a-helix under tension’’)
and the mass M ¼ 9:333� 10� 22 kg, the tension/
compression frequency becomes 43.9 MHz. This value cor-
relates well with the numerical solution (mode 6 in Table 2).
The frequencies in torsion and bending could also be calcu-
lated in a similar way based on results in ‘‘Other loading
conditions in addition to tension.’’ It should be noted that
the resonant frequencies determined by the modal analysis
correspond to small amplitude vibrations. Because the
TC’s stiffness is increasing with larger displacements, the
spikes subjected to ultrasound excitation will undergo
nonlinear vibrations. Also, in this paper the natural fre-
quencies were determined in air. Extension to the water
environment was derived in (4) using the added mass
concept. The frequencies then become 50% lower.
CONCLUSION

The mathematical model of any biological or man-made
structure requires definition of 1) the initial geometry, 2)
time- and space-dependent loading, 3) the boundary, and
4) the initial conditions. Avirus is a tiny structure that obeys
the Newton equations and the elasticity law, all the way to
the size of atoms. The loading was determined in the previ-
ous paper of the investigating team (4) where the solution of
the structural acoustics was developed for a virus floating
either in water or the air. On the relatively solid head of
the spike, the uniform incident pressure is fully equilibrated
so that the ultrasound wave does not directly induce spike
vibration. However, the viral shell responds to the uniform
pressure by developing a multitude of vibration modes.
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The lowest mode is the so-called bouncing mode in which
the ratio of the vertical and horizontal displacements de-
pends on the azimuth angle. It is the harmonic variation of
these two displacements that sets the bottom of the stem
and thereby the whole spike into the various modes of
vibrations.

In this paper an effort was made to identify only the first-
order effects, leaving many factors for future improvement.
First, a more rigorous description of the long-range electro-
static and vdW forces should be formulated. In the current
model these forces are transmitted by short elastic beams
that also prevent local interpenetration of atoms in the three
separate strands. For the task of predicting the global struc-
tural response, the long-range forces between all atoms
could be lumped together by a much smaller number of
interfacial beams with a cutoff value to include only the
strongest interactions.

The most important contribution of this paper is the deter-
mination of the coupled tensile, compressive, bending, and
torsional stiffness of the AH and TC and, on that basis,
calculation of a spectrum of the six lowest vibration fre-
quencies and modes of the spike. Those frequencies were
found to be within the safe range routinely used for medical
imaging and diagnosis by means of ultrasound. In other
words, these results provide a solid theoretical basis for us-
FIGURE 13 Tension simulation of spike protein’s stalk TC using beam mes

SARS-CoV-2 virus. (b) FE beam element model setup for spike protein subject

dicted force-displacement curve and comparison with previous beam models an
ing ultrasound to damage the coronavirus (1–40 MHz)
through transient and resonant vibration at large deforma-
tions. The results of the transient vibration analysis will
be the subject of ongoing work.

Modal analysis already provides some clues regarding
possible damage to the spike. By increasing the amplitude
of the bending modes, our preliminary simulation indicates
that the head of the spike will eventually hit the viral shell
and bounce back. The repeated impact could damage proteins
at the outer core of the head, responsible for opening the chan-
nels between the virus and the invaded cell. At the same time
the rotationalmodewill impose both bending and extension of
the spike and may damage or fracture one or more strands
in the stalk. During tensile simulations the maximum tensile
strain occurs at the two fixed ends (tips) of the TC, with an
approximate local tensile strain of 0.40 (see Figs. 7 e and 9
d). Compared with the estimated fracture strain of TC in
‘‘Calibration of elastic and fracture properties of the spike,’’
it is highly possible to break (or damage) the stalk of the spikes
during resonant vibration at large deformations.

Jim�enez-Zaragoza et al., (63) observed that spikeswere de-
tached from the viral outer shell after only a few frames of the
high-speed camera. In either case, the deadly life cycle of
SARS-CoV-2 will be interrupted. To make this critical step,
a new failure criterion of the covalent bonds subjected to
h transferred from an MD model. (a) Detailed molecular structures of the

ed to tension. (c) Predicted deformation shape in Abaqus/Explicit. (d) Pre-

d analytical solutions. To see this figure in color, go online.
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simultaneous tension, torsion, and bending under monotonic
loading and/or nanofatigue must be formulated. This will be
the subject of continuing research. It is noted that there is
AH-to-b-sheet transition inmechanical pulling ofTCproteins
(64–66), which was not considered in the current study. Our
studies were focused on predicting the spike stalk protein’s
elastic modulus and its structure’s natural frequencies, which
will guide how to damage/fracture virus using ultrasound
pulses. In fact the a-to-b transition can also be one of the fail-
ure modes, which needs further study in the future.

Finally, we would like to bring the issue of nanofatigue to
the attention of the microbiology community. At the fre-
quency of 1.0 MHz there will be 106 vibration cycles in 1
s. This calls for looking at the progressive damage in nano-
fatigue. Repeated static nanoindentation tests under atomic
force microscopy (AFM) by Jim�enez-Zaragoza et al. (63)
and Kiss et al. (67) have demonstrated that the strength of
the viral shell diminished with each loading and unloading
cycle up to only 100 cycles. The experimental results by
Kiss et al. (67) referred specifically to SARS-CoV-2. This
effect could be dramatically magnified up to millions of cy-
cles and could be the key factor in the quest to deactivate the
virus. Biological materials have an ability to heal. The final
outcome of external loading is the result of the interplay be-
tween damage and healing. The effect of nanofatigue should
be a new and important theme for biomedical research.

Another effort by the authors is to use the developed FE
simulation methodology for the real molecular structure of
SARS-CoV-2 virus. A detailed MDmodel developed by Ca-
salino et al. (12) was converted to an FE model using beam
elements that link the backbone carbon atoms of the spike
protein (Fig. 13 a–c). A tensile loading condition is applied
to the stalk within a similar length of 7 nm. The same beam
cross section and material properties (calibrated in ‘‘Cali-
bration of elastic and fracture properties of the spike’’ and
‘‘Finite element simulation of the tropocollagen stalk’’)
are used, and the predicted force-displacement curve is
shown in Fig. 13 d. This result is very close to the current
beam model of TC, which uses ‘‘isolated’’ AH and TC pro-
tein fragments for analysis. This part of our work could
represent a new line of research in microbiology.

It is noted again that there is thermodynamic stability of
the spikes and possible transition from AH to b-sheets.
This possible transition will not change the overall geome-
try of the spikes. They are physical objects, seen on photo-
graphs provided by cryo-EM of the coronavirus family, and
they were also predicted by MD simulation. However, the
resolution of the cryo-EM technique is insufficient to
discriminate the composition of the spike, and specifically
its stalk. All-atomic MD simulation assures local equilib-
rium in a neighborhood of any atoms. Such an approach
is equivalent to seeking global minimization of the poten-
tial energy of a system. Since we are using the information
on the molecular structure of TC, from the all-atom MD
simulation performed by Casalino et al. (12) the stalk of
2368 Biophysical Journal 121, 2353–2370, June 21, 2022
the spike must be in a state of thermodynamic stability. Un-
der ultrasound excitation, the work of external forces is
converted to kinetic energy, ensuring dynamic equilibrium.
The transition between AH and b-sheets would require the
formation of additional lateral hydrogen bonds between
N–H groups in the individual strands. Such a transition
could indeed provide additional stiffness. It is impossible
to experimentally prove whether such a transition occurs
by X-ray crystallography in the time span of nanoseconds.
Therefore, the issue of transition under dynamic loading at
about 2–20 MHz ultrasound waves must remain only a hy-
pothetical question. At the same time, the present FE tech-
nique opens the possibility of introducing the effect of
additional covalent bonds between strands through the
concept of energy interpenetration.

The ultimate proof of concept should be provided by the
laboratory experiments. To this end, we are working closely
with two of the world’s leading teams on the application of
the AFM technique. We believe that FE modeling and
computational experiments will prove to be an important
tool in the fight against the present pandemic. Furthermore,
the same methodology can be applied to other viruses with
similar nanostructures as summarized by Zandi et al. (68).
Their resonant frequencies are expected to be within a
similar range. The door is open for the microbiology com-
munity to contribute to the experimental verification of
the present findings.
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