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ABSTRACT

Soft nanoparticles adsorbing at surfaces undergo deformation and buildup of elastic strain as a conse-
quence of interfacial adhesion of similar magnitude with constitutive interactions. An example is the
adsorption of virus particles at surfaces, a phenomenon of central importance for experiments in virus
nanoindentation and for understanding of virus entry. The influence of adhesion forces and substrate
corrugation on the mechanical response to indentation has not been studied. This is somewhat surpris-
ing considering that many single-stranded RNA icosahedral viruses are organized by soft intermolecular
interactions while relatively strong adhesion forces are required for virus immobilization for nanoinden-
tation. This article presents numerical simulations via finite elements discretization investigating the de-
formation of a thick shell in the context of slow evolution linear elasticity and in presence of adhesion
interactions with the substrate. We study the influence of the adhesion forces in the deformation of the
virus model under axial compression on a flat substrate by comparing the force-displacement curves
for a shell having elastic constants relevant to virus capsids with and without adhesion forces derived
from the Lennard-Jones potential. Finally, we study the influence of the geometry of the substrate in two-
dimensions by comparing deformation of the virus model adsorbed at the cusp between two cylinders
with that on a flat surface.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

sequence there is an increased demand on theoretical models for
problems relating to the interaction of a virus with its environ-

Recent past has witnessed significant improvements in tech-
niques for the measurement of forces at nanoscale [1] and an
increased interest in the physical phenomena underlying the be-
havior of viruses as many-body molecular systems [2,3]. As a con-
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ment.

For example, viruses have to bind and cross the plasma mem-
brane. It is well established that instances of multivalent virus
binding to the host plasma membrane trigger signaling pathways
in the cell which lead to virus endocytosis [4]. Similarly, binding
to the endosomal membrane triggers in certain viruses profound
conformational changes [5]. How is virus mechanics involved in
translating the binding events into a chemical transformation cas-
cade? This type of problem is important because virus deformation
could be an integral part of various stages of the virus life cycle.
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Numerous experimental studies of virus deformation using the
mechanical probe of an atomic force microscope have already
provided a wealth of information on the strength of a virus shell
and on the dynamics of deformation under directional load; see
e.g. [6-13]. Theoretical treatments followed, from simple thin
elastic shell approximations, through finite-element numerical
simulations of continuum models, to coarse-grained molecular
dynamics [14-16]. In all these models, the interaction between
the substrate and the virus during compression by a mechanical
probe is reduced to a rough contact and a hard-wall potential,
i.e. the particle cannot slip and only very short-range repulsive
interactions occur between the surface and the elements of the
virus model.

However, in reality, viruses have to bind to the substrate surface
to be immobilized for atomic force microscope (AFM) imaging.
Attractive forces must exist between substrate and the virus shell.
As the shell is pressed against the substrate by the AFM probe,
adhesion increases. The question we address here is how might
these attractive forces influence the force-displacement curve and
the measurement of an elastic constant for the virus particle?
Contributions from encapsulated nucleic acid are not explicitly
considered as our modeling work approaches the question of the
role of the substrate-particle interface on mechanical readout,
qualitatively. Many viruses have multipartite genomes, but same
capsid structure, which means that the surface properties of
the virus are, at least in a first approximation and in this case,
independent of cargo. As a common approximation in AFM
nanoindentation data interpretation, the contribution of the
nucleic acid to the elastic properties of the virion is bundled
together with contributions from the protein shell in the form of
effective medium parameters [ 14].

The mathematical model that we will use is based on linear
elasticity theory with unilateral contact, first developed from a
mathematical point of view by G. Fichera [17], J.-L. Lions and
G. Stampacchia [18], and G. Duvaut and J.-L. Lions [19] and by
N. Kikuchi and ]. T. Oden from a numerical point of view [20].
We consider in the sequel an elastic shell representing the virus
with initial shape £2° and subjected to forces #, combination of
an imposed force F and substrate adhesion forces f,4; derived
from the Lennard-Jones potential [21]. The shell is subjected to
unilateral contact with a rigid support. For the shell thickness,
diameter, and elastic moduli we have generic values applicable
to small RNA icosahedral viruses. We assume that the force F is
progressively applied by small increments % where N € N*, like
in a slow evolution and that the body is subjected to a succession of
equilibrium states and that it remains elastic all along. In particular
we assume that the passage from the equilibrium under the force
'}V—F, where 0 < n < N, to the equilibrium under the force (”T\,—])F
pertains to linear elasticity. Note that the “linear elasticity”
behavior applies to the constitutive law only since the problem
is nonlinear in any case due to the unilateral forces as described
below.

There is a substantial literature of computational and mathe-
matical modeling of viruses. Closest to our work are the articles
[10,2]. In [10] the authors model the virus as a thin shell which
may be questionable in our case where the ratio of the thickness
of the shell to the radius of the virus is 1:3. Also the utilization of
codes for computing shells is sometimes restrictive and we thought
that the utilization of a “thick” model of virus shell would leave
more flexibility. The article [2] is more experimentally oriented.
The mathematical and mechanical modeling is only briefly men-
tioned and comparisons are difficult to make; nonlinear elasticity
and thin shell simulations are mentioned. Of course, in future stud-
ies, it will be eventually necessary to discuss many possible rheol-
ogy models of linear and nonlinear mechanics. The articles [22-
26], among others, contain a wealth of physical and mathematical

problems which could (or should) be addressed at some point in
the future. Let us mention also a very recent special issue of Phys-
ica D on “Nonlinear models in molecular and cell biology” which
just appeared [27]. Finally see [28] for the comparison of our sim-
ulations with experimental measurements.

This paper is organized as follows: in Section 2, we start by
writing the set of inequations of linear elasticity modeling the
deformation of a virus subject to an exterior force and in contact
with a solid support. In a first approximation this rigid surface
could represent the cell surface. Then we give some classical
theoretical results regarding the existence and uniqueness of the
solution for such a model. To avoid remeshing the domain at
each increment of force, we choose to do all the calculations
in the initial domain £2° representing the initial shape of the
virus, thus implementing in fact an Euler-Lagrange representation.
We proceed in Section 2.3 to a change of variables in order to
express the variational formulation in terms of the variables in
£29. In Section 3 we introduce the incremental algorithm and the
discretization of the variational formulation using a finite elements
method. Finally, Section 4 is dedicated to numerical simulations.
We discuss some test cases representing the deformation of a
virus in contact with a flat support and in contact with two circles
with and without the adhesion force. The force-deformation figure
(Fig. 8), shows the highly non-linear behavior of the virus, even if
we used a linear elasticity constitutive law. See [8] for discussions
on the utilization of several different non-linear constitutive laws.
We ourselves intend in future works to study the effect of using
some nonlinear constitutive laws (nonlinear elasticity, plasticity
possibly) and to compare the results to the current study.

2. Mathematical modeling

To model the virus deformation, the procedure is as follows:
we start from a state £2" (which could be £2°) corresponding to a
force %.Then we apply a force (”f\lJ For practical (computational)
reasons, we choose to make the numerical calculations in the
undeformed state £2°. We call ¢" the application mapping £2°
onto 2" = ¢"(2°). The incremental force treated in the realm of
linear elasticity produces a “small” displacement u”". Then 2"+! =
{(x+u"(x), x € 2"} and we call 9"+ the application mapping £2°
onto "1,

In summary we start with £2°, ¢° = Id (Identity). When £2" and
¢@" are known we compute u” (the displacement starting from £2"),

and ¢"*! by setting

0"x") =x", x°en’ x"en",
n+1,,0\ __ N n n (1)
o (x) =x"+u"(x").

At the end we obtain 2V = 2% and ¢V = ¢ the final state
and the final mapping 2¢ = @(£2°) with displacement u(x®) =
o(x%) —x°.

2.1. Equations

In order to write the model describing the deformation of the
virus, we will first give some definitions of the physical parameters
and quantities involved.

The initial domain is

20 = {r1 < V¥ +y><rn)

where 1 = 10 nm and r, = 15 nm, although, obviously,
other geometrical domains can be considered. The inner and outer
boundaries of 2 are denoted by I'; and 7.

In the case of small deformations and displacements, the
equation of the equilibrium of a deformable body subjected to a
force f is given by:

div(e(u)) +f=0
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u(x, y)
is the Cauchy stress tensor defined using the linear strain tensor

whereu = (”1(’”’)), is the displacement and o = 2pue+ A Tr(e)ld

1
&ij = E(Ui,j + uji),

where u;; = %
J
The physical parameters u and A are the Lamé coefficients and

are defined by:

E
= _— —  _nN
"w 2(]_’_U)n /nm

and

Ev
A= ——————nN/nm
1=2vY(1+4+v)

where

e E=05
e v = 0.35 (Poisson’s ratio).

As described below, at each iteration n, when 22" and ¢" are
known we suppose that we apply to the virus the force F**!. We
divide the outer boundary I} of £2" in four non intersecting parts,
Iy, i, rrand If suchthat I = IJ U TF U TR U LY IY s
the part of I}’ where the displacement is imposed, I} is the part
of I'J' where no force nor displacement are prescribed, I}’ is the
part of I}’ in contact with the punch and I is the part of I
in contact with the support. We suppose also that no force nor
displacement are prescribed for the inner boundary I7'. Finally,
we suppose also the contact to be rigid; therefore the virus cannot
penetrate the support, and we suppose that there is no friction with
the contact. One can then propose the following set of equations
and inequations, see e.g. [19,20,29]:

0+ fn; =0, inf27, (a)
u' =uy, only, (b)
¢"n=0, onl]UTIY, (c)
o'n=F"" onr}, (d) 5
uy—g"=u'n;—g" <0, onrl{, (e) (2)
oy = ai;‘ninj <0, onIl(, (f
(0’?)1 :crijr"nj—aN"ni =0, on Fcn, (g)
oy(uy —g") =0, onrl}{. (h)

Here the vector 6"n is decomposed into the sum of its tangential
and normal components:

¢"n = g} + oyn,

with n the outward unit normal to the virus and oy = ¢"n - n. We
impose a Dirichlet boundary condition on I}}' and without lack of
generality we will suppose uy = 0. The force F**! = —Wn,
where F is a constant, is applied on I3 and g" is the distance
between the zone of contact I'% and the rigid support. In our study
we will suppose that g" = 0. When g, > 0, the virus is not in
reality in geometrical contact with the support along I'}%, and this is
consistent with the biological context (see below the definition of
f,,)- We denote by f7, the adhesion force from the contact that we
define later in Section 2.3.3. We will now study briefly the system

(2).
2.2. Variational formulation

In order to write the variational formulation of the system (2)
we introduce the following function space and set:
K'={v"eV':v'=uponljandvy =v"-n<0on I}
where
V'={(v" e H'(2")? :v" =0on I}}.

Now by multiplying the first equation of the system (2) by
v' — u" where v' € K" and by integrating in £2" and in view of
the Green formula and of the boundary conditions, we obtain:

—/ 2p e (u”) g (v —u") dx”
Ql’l

— f Aggu") ef(v" —u") dx"
Qn

+ f O',-]r-‘ n; (Un — u"),- dodr"d"
aen
+
Qn

adn, i V" —u")idx" =0, (3)

where the Einstein convention of summation of repeated indices
has been used.
Using the boundary condition (2)(d), we see that

f oy (v —u)dr" = / Fl. ' —uh)dr
aqen gy

+ / (o™ - n)(vVl —u")dr".
e

We observe that the integral on I'? is positive due to (2)(h) and the
definition of K™ and (v" — u" € K™). Hence by setting:

a"(u",v") =/ 2 g (u") g (v") dx"
Qﬂ
+ f A e (u") g5 (V") dx", (4)
Qn
l"(v”):/ F”+]~v”dcrd1“”+/ £, - v'dx",
y Qn

Eq. (3) now yields:
A", v'—d") >1"(v' —u"), VVv'eK". (5)

Then we have the following result:

Theorem 2.1. If ', € (LZ(Q"))2 and F*1 ¢ (LZ(I’p"))2 are given
and if meas(I)) # O then the system (2) is well-posed and has
a unique solution u" € K" satisfying the variational inequality (5).
Moreover u" is solution of the following minimization problem:

min g (v
min 7(v),

where
1
gv) = 53”(\'”, vh — 1",

If meas(I'}}) = 0, then u" is unique up to a rotation.

Sketch of the proof. We will give here the outlines of the proof for
the convenience of the reader. More details can be found in [20,19].

First we will prove the formal equivalence of the weak
formulation (i.e. (5)) and the strong solution (i.e. (2)(a)-(2)(h)).
More precisely we will prove that a regular solution of the
variational inequality (5) is also a solution of the system (2).
Suppose that the inequality (5) holds for a function u” € K™ and let
us prove that u" is then a solution of the system (2). Let us define:

D(R" = {® € C*(2"), ® has a compact support in 2"} .

Thenv' = u" + ®, where ® € D(£2"), belongs to K" and for such
av", the inequality (5) reads:

:i:/ 2M83(u”)sij(<l>)dx”:|:f A g (u™) i (®)dx"
on on

j:/ fl,, - ®dx" >0
Qn
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which implies:

ol +fly =0 inQ". (6)

Using (6) and the Green formula, the inequality (5) becomes: For
allv® € K™:

/ omi(vf —uj)do" > / Fil. (v' — u")do™. (7)
rjurlury

p
By choosing ® € V" suchthat® = 0on /U andVv' =u" £ &
we can deduce that:

on=F"" onr},

and by using a similar argument we can show that:
on=0 on/7.

The inequality (7) can be now simplified using these two last
equations and we obtain:

n n n n
/n o nj(v; — uj)do" = 0.
Iy

C

Using the decomposition of the vector ¢"n as the sum of its
tangential and normal components: 6'n = ogn + o} and by
choosing v = u" + ® where ® € {® € V" : oy = & - n = 0},
we obtain:

/ oyn (v — uj)do" = / (og)(n- @)do™ —I—/ o7 - @do".

re re re

So we can deduce that fl—-n o} - ®do" > 0 for all ® such that
C

@ -n = 0and by doing the same calculations with —® we conclude

that:

or =0 on I}

Finally, let ® € V" be such that ®y = ® - n < 0 on I'"; then we
have v = u" + @ € K" and we obtain:

f (6l)(n- ®)do" > 0.
re

This implies that:
oy <0 on I},

which finishes the proof of the formal equivalence between the
strong solution and the weak solution.

Now to prove the existence and uniqueness of a solution of
the variational inequality (5), we will use the following theorem
(Lions-Stampacchia [ 18]) and corollary (Stampacchia [30]).

Theorem 2.2 (Lions-Stampacchia [18]). Let V be a Hilbert space and
K € V a nonempty, closed, convex subset of V.

Let A : V — V’/, where V' denotes the dual of the space V, be a
continuous and coercive linear operator, that is there exist k,« > 0
such that:

|Au — Av|| < k|ju —v||, forallu,v €K,
(Au—Av,u—v) > a|u—v|? foralu,veK.

Then for each L € V', there exists a unique solution u € K of the
variational inequality

(Au—L,v—u) >0, forallveKk.

As a consequence we have the following corollary (Stampac-
chia [30]):

Corollary 2.1. Let V denote a real Hilbert space and K C V a
nonempty, closed, convex subset of V. Assume a(, ) is a continuous,
coercive bilinear form on V and L € V'. Then there exists a unique
solution u € K of the variational inequality

atu,v—u)>{L,v—u), VveK.

As a next step we need to prove that K" is a nonempty closed and
convex set of V". In fact K" is nonempty because it contains the null
displacement. Let us consider u” and v € K" and 0 < @ < 1. We
see that cuyy < Oon I'f and (1 — a)vy < 0on [ and we can
deduce that ouf, + (1 — a)vy < 0on I'f and thus K" is convex. To
finish we prove that K" is closed. Let (u})xeny € K™ and (u}) — u”
in V" which impliesu;;-n — u"-nin L?(3£2™) by continuity of the
trace. To finish this step one can use that if a sequence converges
in [2(9£2™) then one can extract a subsequence converging almost
everywhere. As u} - n < 0 on I/ one can conclude thatu” -n <0
on I/ and therefore the limit is in K™.

Now to conclude, we need to prove that a"(,) is continuous
and coercive. The continuity is straightforward and to prove the
coercivity we need to assume that the tensor of elasticity E defined
by Eju = ,LL((S,‘]((SJ‘I + 8”8}‘,{) + ASijSk,, where 3§, is the Kronecker
symbol, is symmetric (it means E,’jk[ = Ejikl = E,’j(k = Eklij,lgi,j,k.lSZ)
and elliptic. This last assumption means that there exists a constant
m > 0 such that for all symmetric tensor € the following inequality
holds:

Eijii €ij €1 = M €jj €.
Finally by using the Korn inequality we can deduce the coercivity

of a"(, ) which finishes the proof of Theorem 2.1.

Remark 2.1. For the numerical simulations we will transform the
variational inequality (5) into a variational equation using the
following observation (see [19]):

Ifw' € Kf = {v € K, v" = Oon I’} we can replace v" by
u" + w" € K" and we find

—/ 2 g5 (u") g (W")dx" —[ A g (™) i (w")dx"
on on

+/ a;njwrdxu/ n Wl =0, VW' ekl (8)
aen on
Changing notations we obtain:

—/ 24 g (u") g5 (v")dx" —/ Agg(u") g (v")dx"
on Qn

+ / ommuldx" + / e old =0, YV ekl  (9)
aen en
Eq. (9) says that u" € K" and

a"(u', v =1"(wv"h), Vv' e K]\ (10)

2.3. Change of variables from (x", y") € 2" to (xX°, y°) € 2°

As we proceed by a slow, small increment of the force, the
virus is deformed and occupies a new configuration at each step.
In order to avoid remeshing the domain, we choose here to make
all the calculations in the initial domain §2°. We need then to make
a change of variables in the variational formulation (10). In the
sequel we denote by 0" the displacement from £2° to £2". The
variable will now be as follows:

o"x%) =x", x°en’ x"en",

(pn+l(x0) — xn + un(xn) — xO + ﬁn(xo),

(11)



32 A. Bousquet et al. / Physica D 336 (2016) 28-38

and we write:

a"(u",v") = a(}o"; u', v = (A(pMHu", V") g0,
"W = 1" V") = (F1(p"), V' + (faan(@™), V") go

The problem (10) becomes

(12)

u" €K and
a(phu" V") = (e"; v,
and we will now make explicit each term in (13).

LATANS Ko,

2.3.1. Computation of a™(u", v") = a(e"; u", V")
We want to compute:

f (") : e"(VHdx" = / 21 e (u") g (vdx"
on on

+/ Al (u) el (v dx". (14)
on

We have
f 2p g(ueg(vhdx"

on

=u /m(u?,yn + Uy ) (V] 0 + v ) dX"

+ﬁf W 0" AUl ) d (15)
2 on 1,x71,x1 2,yn V2,91 ’

f reg, @Mel(vh)dx"

on

_a / W0+ U ) (V0 U2 )X,
Qn

We compute each term

,LL/ (uq,yn + ug,xn)(l}?qyn + Ugyxn)dxn
Qn

—u / (W) 0+ 5,019 (01K (16)
2

L

n n n n n
(U] g V7 g0 + U5 yn vy yn)dX
2 Jon

M
= E/O(Uq,x”vq,’xn + ug’ynvg,yn)|V(p"(X)|dx, (]7)
2
)\'/ (urll,x” + ug’yn)(vqﬁxn + Ug!yn)dxn
_(271

=A / O(u’;‘xn + Uy ) (V] 0 + vy ) V" (X) |dX. (18)
2

We compute each derivative as follows (with a = a"):

0x ay

Ul 4 —ulxa - +“1,yﬁ’

0x ay
an+ zyan

" y D _
a(xy

n ay 0x
U yn = ulyay “anTm
dy . 0x
u;y”_u2yay +u 2xayn-

(19)
ug,x” = ﬁz X

= V" we need to compute (Vg") !

L 1oy~ (20)
|V(Pn| —¥x P1x

and therefore

Since

(Vo' =

x 9, x ey

Xt Ve ayt Vel 21
ay - _ (p2x ay (p?x ( )
x|Vt aym Vel

Then (14

(A", V") on = a"(u", V") = a(p"; u", V") = (A(pMu", V") g0

=/ t
o0 V9|

~ ~ n ~ n
X (_Ul,xwl,y + V1y@y, + V2.x@3 y

Ko o
u —
* J gl

+ (—ﬁz,x‘/)?,y + ﬂZ,y‘p?,x)(_f)z,x‘P?,y + ﬁz,y(/’?,x)]dx

) becomes:

~ n ~ n ~ n ~ n
—UixP1y + Uy ypp , + Uz x@py — u2,y(p2,x)

- T)Z,y(pg.x)dx

ﬂ],y‘pg,x) (i‘)l,x(p;l.y - ﬁ],ng,x)

+ / * —— (U xpy Y —U1ypy, — ﬁz,x‘/)?y + U2y )
20 [Vo'| ’ ’ ’

X (al,x§02,y - 171,y</)§,x - ﬁz,x(p?.y + ﬁZ,ygoT,x)dx- (22)

2.3.2. Computation of the virtual power of the punch force
The virtual power of the punch force for a virtual displacement
vt is:

(FL V) = (F™ (0", V") 1y (23)

P

In our case F**1 = —”Nian, where F = constant and n is the
outward normal vector to Fp”. Therefore, the equation yields

1
(F" vy = _nt / Fn - v'dx"
P N F"
1 i

= M e [ oo Ve dx. (24)

Thus we define
DF

i =~ o vt (25)

2.3.3. Computation of the virtual power of the adhesion forces

We give now the definition of the adhesion force resulting
from the interaction between the molecules of the virus and the
molecules of the contact surface. In this study we choose the
adhesion force derived from the Lennard-Jones potential defined
(see [21]) by:

—ry—Tro +o00o
adh —/ / w(r)dx'dy', (26)

where,

r=x —x%,y' —x%)

ro = 0.5 nm. (27)

The definition of r comes from the fact that we want ||r|| > rp =
0.5 nm, because the virus cannot rest directly on the surface and it
stays at the minimal distance ro from the surface. We set the origin
at the center of the virus and define the supportaty = —r, — 1.
Fig. 1 shows the different coordinates.

The function w is given by

w(r) = i — i (28)

e[*> |rf®

Remark 2.2. To find A and B we have to solve

dw
r] =05 = m =0 and w = —5.0-kT,
Ir| < 0.25 = w > kT,

where k is the Boltzmann constant and T is the temperature.
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Fig. 1. Adhesion forces.

Therefore with k = 1.3806488 - 1072* m? kg s 2 K~! =
1.3806488 - 10> nm? kg s> K~ !,and T = 310.1 K (= 37 C) we
want to solve

12A 6B
I
4 B _ 5kT =
r2 s '
We obtain:
A=5rg°kT, B =10rSkT, (30)
and w becomes
© 5rg?kT  10rSkT (31)
wr) = ——5 — ——
|r|'2 |r|®
Now to find the adhesion force we write the potential as
U, = / N A
dh =
a o0 ((X’ — X2 4 (y! _yn)2)6
B
- 5 | dxi. (32)
((xl _ Xn)z + (yl _ yn)z)
So the adhesion force is
adh adh '
foan = —VUg = — < 3;,1 ) 8;” ) , (33)
which reads as Eq. (34) given in Box I. So we have:
(Eogns V') on = / £, - v'ax". (35)
Qﬂ
By changing the variables we obtain:
(frgn(@™), V") g0 = /O(fgdh 0 @") - V"|Ve"|dx, (36)
2

where V" is a virtual displacement from £2° to £2".

Remark 2.3. We assumed that the minimum distance between

the virus and the substrate is r = 5 nm corresponding to the
minimum of the potential w. We cannot let r goes to zero as
the potential becomes infinite at r = 0. On the other hand in

Egs. (2)(d)-(2)(h), we consider a region of full contact I'. For
mechanical purposes the distance of 5 nm is considered to be zero.
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Fig. 2. Example of triangulation of £2.

Alternatively we could reconsider the theory of unilateral contact
developed in [19,17,20] in the context of adhesion forces. This is a
task totally different from our object in this article which we could
consider in the future if a motivation appears.

3. Numerical approximation
Let us recall the equation we are solving at each step n, for
0<n<N:
(A(@MT", V) go = (F" (9", V) 1, + (Fagn (@™, V) o,
WV € Ko. (37)

In the following section we will present the discrete version of this
equation.

3.1. Finite elements

In this section we will drop the index n to construct the finite
element basis and we will write the discrete version of the operator
A. Let 7, be a triangulation of £2°, containing Ny triangles and N,
vertices, as in the example shown in Fig. 2. Let

Vi = [, e H(2) | ¥lc € Py VT € Th); (38)

then we define the basis of V {¥;}1<i<n, . Foru, € vy, we can write
the discretized version of a(¢) and 1(¢) on £2°, that is for ¢, € V4
andu, € Vy

(Al@p)up, up) = a(@,; uy, wy),

therefore A;j(@,) = a(@y; ¥;, ¥;), and we also define

b(g,) = (gy; up).

Remark 3.1. The construction of the basis is done as follows. Let

{Ti}1<i<s, be the triangles of £2° and we suppose that we have N,
vertices. We write X; = (x;, y;). Then we have:

¥i =09, forl<i<N,

¥ = (¥;,0), for1<i<N,.

Therefore

Ny Ny

1,2y . 11 22

u:(u,u).:E uitlfi+g uys
i=1 j=1
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—o0  poo 12A( — x") 6B(x — x™) },,
- + dx dy
£ /w[ (& =32+ ¢ =ym?) (W =32+ ¢ = y?)’ (34)
“ e e 124/ — y") 680/ —y")

- +
—ry—rg /;OO |: ((X’ —xM2 4+ (y — yn)2)7

((xl _ Xn)z + (yl _yn)2)4

i| dx’dy’

Box L.

e

Fig. 3. Domain £2° with puncher and flat stand.

Now to define ¥ on a triangle Ty, we define the three vertices of
this triangle by the indices 1, 2, 3 and from [31] we have

1
Hi = —— [(x2y3 — x3y2) + (y2 — y3)x + (x3 — X2)y],

2|Ti|
1
H, = ﬁ [(X3}/1 —x1y3) + 0/3 —J/1)X+ (%1 _x3)Y] ’
k
1
H; = ﬁ [x1y2 — x291) + (V1 —y2)x + (x2 — x7)y],
k
where
1 1 x1 »n
Tel = =det|1 X2 Yy2f.
2 1 x3 y3

With these definitions we have

= uiHi(x,y) + u3Hz (x, y) + ulHs (x, y);

u'|

Tic
1,1 ;.2 2 2
same for u,, us, uf, u, and us.

For our numerical simulations we will use two different stands:
one flat stand, see Fig. 3, and a stand made of two circles of 60 nm
radius, see Fig. 4.

On the flat stand we have to impose the displacement and the
rotation at one point in order to have a unique solution; on the
two circles stand we fix the displacement at two points which will
also fix the rotation. In the following we explain which points we
choose.

In the case of the flat support, we fix the vertex that is in contact
with the support at iteration 0 and we fix the horizontal translation
of the point in contact with the puncher at iteration 0. Let us

assume that (x;, y;), for 1 < i < N, are the vertices of our mesh
on £2°. We define

itop = argmax(yi), ibottom = argmin(yi)- (39)

We then fix the point at ipom and fix the horizontal translation in
X at igp.

In the case of circles support, we fix the two vertices in contact
with each circle at iteration 0. Let (x;, y;) = ( 7 ﬁ) be the
center of the left circle and let (x,, y,) = (%, —%) be the center
of the right circle. We then fix the displacement at

iope = argmin(y/(x — %)% + (vi — y1)?),
irignt = argmin(y/(x; — x,)2 + (vi — yr)?).

(40)

3.2. Algorithm

As explained before in order to solve the equations with a linear
model we are proceeding by increments of the constant F (and
therefore the vector F). Let N be the total number of increments;
we recall that the force exerted by the puncher on I}’ is

Fn+l :_n+1

Fn, for1<n<N, (41)
where n is the outer normal vector and £2" is the domain at
iteration n, ¢ is the deformation from 2° to £2", and ] is the
displacement from £2° to £2". Recall that we have ¢} "' = xo + @,
where X is the identity function on £2,. With these notation in

mind we have ateachstepn=20,...,N — 1:
(A(@"T, Wn) o = (F (@h), Vn) 1y + (Faan (@), Vn) o,
Vflh € V.
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Fig. 4. Domain £22° with puncher and circle stands.
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Fig. 5. Shape of the shell at iteration 7, 14, 21, and 28 on a flat support. This corresponds to F = 0.00514, 0.01027, 0.0154, 0.02054 nN.
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iteration = 7, Force = 0.00513333333333 nN
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Fig. 6. Shape of the shell at iteration 7, 14, 21, and 28 on a flat support with adhesion forces. This corresponds to F = 0.00514, 0.01027, 0.0154, 0.02054 nN.

For the sake of notational simplicity, we set
F (") =F"" (@) on I,
n+1, n 0 (43)
F' (@ =0 on £2°\ Ip.

Now our algorithm proceeds as follows: (pg = Id is known. Then
forn = 0,...,N — 1, we assume that ¢j; is known and compute
up:

1. Fix ¢" and compute @" using a Restart GMRES method on

AlgDupt! = F7(9") + faan(e}). (44)

2. Then we compute ™! = xo + "

We are then ready to compute the next step starting from ¢™*.

4. Numerical simulations

In this section, we present the results of 3 simulations. Simula-
tions 1 and 2 are done on the flat stands, but for Simulation 1 the
adhesion forces are 0 so that the virus deforms only because of F
and for Simulation 2 the adhesion forces are present. Simulation 3
is done on the two circles without any adhesion forces. Adhesion
was not included at this point to allow the separate analysis of the
influence of substrate geometry.

4.1. Simulation 1: on the flat support without adhesion forces

Our first simulation, on a flat support, is done with F =
0.022 nN and f,5, = 0. Fig. 5 shows the results of the shape of
the virus for the intermediate values of F = 0.00514, 0.01027,
0.0154, 0.02054 nN.

4.2. Simulation 2: on the flat support with adhesion forces

The following simulation is done on a flat support where F is
close to 0.02 nN and f.4, is defined as in (34). Fig. 6 shows the
results of the shape of the virus shell for the intermediate values
of F = 0.00514, 0.01027, 0.0154, 0.02054 nN.

4.3. Simulation 3: on the two cylinders support without adhesion
forces

This simulation is done on two circles as support where F is
close to 0.03 nN and f,5, = 0. Fig. 7 shows the results of the
shape of the virus that correspond to the intermediate values for
F =0.07, 0.014, 0.021, 0.028 nN.

Remark 4.1. Alternatively we may see the transformation 2° —
2 = 2V as a whole, where the unknowns are both the final state
(given by ¢ = ¢V, (2% = £ with displacements u(x’) =
o(x°) — x%), and the distribution of stresses ¢ in 2 (expressed
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Fig. 7. Shape of the virus at iteration 7, 14, 21, and 28 on circles support. This corresponds to F = 0.07, 0.014, 0.021, 0.028 nN.

in either £2° or £2). Here the mechanical equations are meant to
be written in the deformed space 2 = 2" which is unknown.
We leave this problem for future studies as it pertains to nonlinear
elasticity with large deformation [32], or possibly to some other
model of nonlinear mechanics.

For example, we can also deal directly with a nonlinear model
for which

1
&ij = E(Ui,j + Uji + Ukillj), (45)
and in our algorithm we would consider

1
&ij = E(u?’j + Ul + g ) (46)

Fig. 8 shows how much the virus has been displaced with
respect to the force F for the three simulations considered.
For reasonable adhesion magnitude and the flat stand, the
displacement-force curves are very similar overall between the
case with and without adhesion. Only the initial deformation and
the area of contact with the flat support are somewhat different
because of the adhesion forces. However, the force-displacement
curve from simulation of indentation on a substrate modeled
by two adjacent cylinders is significantly different from that of
the flat stand. Recent AFM nanoindentation experiments on such
corrugated substrates have also found significant differences in the
elastic response compared with flat substrate measurements [28].

5. Conclusion

In conclusion, we have performed finite-element simulations of
the deformation of an elastic shell on a substrate with emphasis
on the role on the substrate-shell interaction. For the first time,
adhesion interactions between the substrate and the shell being
indented by a normal distributed force were considered. Our find-
ings, although qualitative due to the two-dimensional nature of the
model, inform recent experiments of AFM indentation of virus par-
ticles. We have found that for shells of thickness and elastic prop-
erties similar to those of typical small icosahedral RNA viruses, the
effect of adhesion forces on the effective elastic constant is minimal
although the shell flattens at the contact point due to adhesion. For
typical nanoparticle-substrate adhesion forces, with the exception
of small differences at initial indentations, the force-displacement
curves are similar with and without adhesion. Therefore, adhesion
on a flat surface is not expected to affect measurements of the elas-
tic constant for viruses in any appreciable way. We have also in-
terrogated the extent by which substrate morphology may affect
mechanical readout in nanoindentation experiments for the same
model system. When the substrate was not flat, like in the case
of the spherical shell being lodged in a circular cusp, the apparent
stiffness measured by indentation was significantly different from
that of a flat surface.
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Fig. 8. The height displacement of the virus in our three simulations.
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