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Generalized Single-Degree-of-Freedom Model
to Study Viral Inactivation by
Radiated Microwaves
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Abstract—Objective: Recent outbreaks and pandemics
have emphasized the need for safe and reliable viral inac-
tivation methods. The purpose of this work is to develop
a simple and effective modeling approach to investigate
viral inactivation via microwave absorption mediated by
dipolar coupling. Methods: Leveraging established tech-
niques from the dynamic analysis of structures, a gener-
alized Single-Degree-Of-Freedom (SDOF) model is devel-
oped, which is fully consistent with the dipolar resonance
mode. Results: The model can reproduce the main fea-
tures of dipolar coupling with minimal computational time.
Moreover, it allows mimicking the broadening of the reso-
nance range associated with heterogeneous virus size, via
Monte Carlo simulations, as well as water induced damp-
ing. Conclusion: The results support the potential role of
dipolar coupling for viral inactivation by microwave irradi-
ation in the GHz range. The model can be used to assist
in the interpretation of the experimental results, leading to

an optimization of the inactivation protocols. Significance:

The proposed approach is versatile and can be extended
to describe more complex cases, such as non-spherical
geometries and/or non-homogeneous material properties.

Index Terms—NMicrowave, resonance, dipolar coupling,
viral inactivation, generalized SDOF model, nhumerical sim-
ulations.

[. INTRODUCTION

IRBORNE pathogens (i.e., disease-causing microorgan-
A isms that can be transmitted through the air) represent a
serious threat to public health [1]. Notable examples include
influenza viruses, which cause the flu, SARS-CoV-2, responsible
for COVID-19, and Koch’s bacillus, the causative agent of tu-
berculosis. Airborne pathogens primarily spread through the air
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when an infected person coughs, sneezes, or talks, releasing tiny
droplets that can be inhaled by others. Moreover, they can remain
alive on surfaces for varying lengths of time, depending on the
type of pathogen, the properties of the surface (e.g., stiffness,
porosity), and the environmental conditions (e.g., temperature
and humidity). Accordingly, it is crucial to implement disinfec-
tion measures to reduce the risk of outbreaks and pandemics.
A primary approach is viral inactivation, which refers to any
process that renders a virus non-infectious by destroying or
disabling its ability to replicate.

Chemical disinfectants are effective against a wide range of
microorganisms and are generally available at limited cost. How-
ever, some viruses can resist inactivation by chemical agents and
certain disinfectants may be toxic to humans and/or harmful
to the environment. These limitations have prompted growing
interest in safer and more sustainable alternatives [2]. In this
context, physical disinfection mechanisms offer valuable oppor-
tunities. In particular, virus disruption methods based on irradi-
ation have gained increasing attention in recent years. Although
ionizing radiation (such as ultraviolet, X-rays, and gamma rays)
is highly effective at inactivating viruses, it poses risks to human
health. As aresult, non-ionizing radiation approaches, including
ultrasounds and microwaves, are preferred. Ultrasound-induced
cavitation disrupts viral particles and reduces their infectivity,
through mechanical, thermal, and oxidative effects. Microwaves
can inactivate viruses through both thermal and non-thermal
mechanisms [3], [4], [5], [6]. While thermal effects have been
widely used, non-thermal effects are drawing growing interest
due to their potential to achieve viral inactivation without relying
on elevated temperatures.

Non-thermal microwave viral inactivation may be based on
a resonant microwave absorption process that exploits the core-
shell charge separation characteristic of viruses [7], [8], [9].
This charge separation enables dipolar coupling between elec-
tromagnetic waves and the specific “dipolar” vibration modes
of the virus. In particular, viruses are known to resonate in
confined-acoustic dipolar modes when exposed to microwaves
of matching frequency [7]. The resulting structure-resonant
energy transfer (SRET) from electromagnetic waves to the con-
fined acoustic vibrations (CAVs) within the virus can lead to
membrane fracture, caused by opposite oscillations of the viral
core and shell [10].

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/
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Yang et al. [11] investigated SRET from microwaves to in-
fluenza A virus and showed higher inactivation ratio of viruses
at the dipolar resonant frequency (8.2 GHz). Wang et al. [12]
studied microwave absorption spectroscopy of SARS-CoV-2
virus and identified the resonant frequencies of the first and
second dipolar modes as 4 and 7.5 GHz, respectively. Con-
sidering the pleomorphic properties of SARS-CoV-2, Barbora
et al. [13] calculated effective resonant frequencies to be in
the 10-17 GHz range. Manna et al. [14], [15], [16] developed
an experimental in vitro model to demonstrate SRET-based
inactivation of influenza virus and SARS-CoV-2 in aerosols with
a microwave power density that is below the limit for safety
allowed by worldwide regulatory agencies. The influenza virus
was susceptible to higher frequencies, up to 16 GHz, whereas
SARS-CoV-2 exhibited sensitivity up to 12 GHz. Moreover,
the influenza virus required a longer exposure time (5 minutes
versus 1 minute) to attain the same level of inactivation of
SARS-CoV-2, under the same experimental conditions. Exper-
imental findings relevant to microwave resonant absorption of
viruses and associated viral inactivation are further detailed in
Table S1 of the Supplementary Material. Based on the observed
frequency-dependence of the inactivation, mechanical fracture
induced by resonant dipolar coupling has been pointed out as a
possible inactivation mechanism, though viral inactivation was
measured via functional assays (plaque assay) rather than direct
structural evidence [11], [16].

Notwithstanding the experimental evidence supporting the
use of microwaves for safe and effective viral inactivation, a full
understanding of the mechanisms involved is yet to be reached.
Unraveling those mechanisms would be critical to optimize the
inactivation protocols (e.g., frequency range, exposure time,
field intensity) depending on the morphological and structural
features of the specific pathogen. To this aim, modeling and
simulation represent a valuable tool [17]. A common approach
to estimate the resonant frequencies of a virus is based on
Lamb’s theory for the free vibration of an elastic solid sphere
[11], [16], [18]. Alternatively, the finite element method (FEM)
can be used (e.g., [8], [19], [20]), which allows to account for
non-spherical geometries, non-homogeneous elastic properties,
and/or different boundary conditions. For instance, Sun et al.
[8] investigated resonant dipolar coupling of rod-shaped viruses
and performed free-vibration FEM analyses to compare the
effect of a capsule shape versus a cylinder on the measured
longitudinal mode frequency; Nonn et al. [20] performed FEM-
based inverse analysis to determine mechanical properties of
SARS-CoV-2 virus from nano-indentation tests according to
five different non-homogeneous structural models (i.e., shell
models); Warsame et al. [19] performed FEM-based modal
analysis of SARS-CoV-2 virus, assuming that the virus is fixed
to a host cell by a variable number of spike proteins. Besides
versatility, FEM simulations easily provide displacement, strain,
and stress distributions within the virus, which is critical to elicit
the involved mechanisms. However, this comes at the cost of
increased computational time and memory requirements.

The aim of this work is to introduce a modeling approach
that is computationally efficient and at the same time fully con-
sistent with the dipolar resonance mode of the pathogen under

consideration. Specifically, following an approach commonly
used in the dynamic analysis of structures [21], we develop a
generalized Single-Degree-Of-Freedom (SDOF) model of the
dipolar coupling. Accordingly, the model uses the first dipolar
mode of the virus as a shape function. The shape function and the
associated model parameters are obtained through FEM-based
free vibrations analysis of the pathogen.

The rest of the paper is organized as follows: the basic theory
of dipolar coupling is introduced in Section II, the original
generalized SDOF model is developed in Section III, simulation
results are presented in Section I'V, and limitations and perspec-
tives are discussed in Section V.

Il. PRINCIPLES OF DIPOLAR COUPLING

Let us consider ahomogeneous, isotropic, linear elastic sphere
of radius R and denote V7, and V7 as the sound velocities of lon-
gitudinal and transverse waves, respectively. The free vibrations
of the sphere were studied by Lamb [18] who classified them
into torsional and spheroidal modes, further distinguished by
their angular momentum number (/) and harmonic index (7).
The dipolar active mode corresponds to the spheroidal mode
with [ = 1, and the modes with harmonic indices n = 0 and
n = 1 exhibit significant relative displacement between the core
and the shell [7]. As a result, a core-shell charge structure is
necessary to enable dipolar coupling in nanoparticles. Due to
their inherent charge separation, viruses exhibit such a structure.
Liu et al. [7], [9] identified dipolar coupling as the primary
mechanism responsible for microwave resonant absorption in
spherical viruses, which they modelled as free homogeneous
nanoparticles.

According to Lamb’s theory, the circular frequency w of the
dipolar modes is obtained by solving the following equation
[18]:

2O, o, 0

—0, 1
MGHERTOK o
where:
wR wR
§= v, n= Vv 2)

and j; and jo are spherical Bessel functions of the first kind.
Equation (1) can be solved numerically (see e.g., [22]). A
parametric analysis of dipolar mode eigenfrequency is reported
in Section IV-A. As an example, assuming Vi = 1920 m/s,
Vr/ Vi, = 1/2 (i.e., Poisson’s ratio equal to 1/3), and R = 50
nm, the eigenfrequencies of the first (n = 0) and second (n = 1)
dipolar modes turn out to be 10.99 GHz and 22.13 GHz, re-
spectively. A visualization of those modes, obtained with FEM
analysis in COMSOL Multiphysics, is shown in Fig. 1, and
animated GIFs are provided as Supplementary Material (Figures
S1 and S2). The FEM model is described in Appendix A.

When the frequency of the microwaves matches the natural
frequency of the virus’s dipolar vibrations, the virus absorbs
the microwave energy efficiently. This can cause mechanical
stress, possibly leading to the disruption of the viral structure
and inactivation of the virus.
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Fig. 1. Visualization of the z-component (i.e., w) of the displacement
field of the first (2) and second (b) dipolar mode (arbitrary units).

[Il. GENERALIZED SDOF MODEL

Following a continuum-mechanic approach, the equations of
motion of an elastic solid subjected to an applied electric field
FE are given by [23]:

V~<(C:@d)+ch—pmd:O, 3)

where d and d denote the displacement field and its second time
derivative (i.e., acceleration), respectively; p. and p,, denote
charge density and mass density, respectively; C is the tensor
of elastic constants; and the symbols V and V- denote symmet-
ric gradient and divergence operators, respectively. Core-shell
charge separation is assumed, with uniform charge density
within each region. Accordingly, denoting by ¢ the overall
charge of the core/shell regions (i.e., +¢ in the core and —¢ in
the shell), the charge densities are given by p<°"¢ = ¢/v°°"¢ and
shell — g /vshell were v°°™ and v*"¢!! denote core volume
and shell volume, respectively.
The problem can be recast in the following weak formulation,
where dd denotes a virtual displacement field and null boundary
load is assumed:

/Q [((C : w) -V (5d) +pmd'-5d}d9

= | p.E-5ddQ, vid, )
Q

where €2 is the region occupied by the virus.

In order to develop the generalized SDOF model, the spa-
tial variation of the displacement field d is assumed to fol-
low that of the first dipolar mode, indicated by (), with
Cartesian components (u,v,w). The time variation is given
instead by an unknown scalar function p(t). Thus, d (x,t) =
@(x)p(t), dd (x) = @(x)op for any scalar dp. The function
() is normalized such that wperes — Weenter = 1;in this way,
p(t) represents the relative vertical displacement between the
poles and the center of the sphere.

Accordingly:

</Q (C : @go) .ﬁson) pop + (/Q Pmf - s0d9> iop

= < pE - L,on) op, Vop
Q
&)

from which, assuming an applied electric field along the unit
vector k parallel to z:

E=FEf(@t)k, (6)

with f(t) specifying the temporal variation of the electric field,
it results:

</ﬂ ((C : @ga) o@(pdﬂ) pop + (/Q Pm®P * LPdQ> pop

- ( / 'chdﬂ) qEf (t) op, ¥ép.
Q 4
@)

The integral quantities:

K:/ ((C:vp)ﬁcpdg, M:/pm<p.<pd9,
Q Q

L:/&wd(z, (8)
Q 4

represent the equivalent stiffness (K), the equivalent mass (M)
and the load participation factor (L), respectively.

By exploiting the arbitrariness of p, and adding a viscous
damping term (Cp), (7) leads to:

M (t) + Cp(t) + Kp (t) = LaEf (¢). ©)
Dividing by M, (9) is recast in the canonical form:

P (t) 4+ 2Cwop (t) + wip (t) = TgEf (t),

_JEp L. ¢ 1
WOENM T M T Mwy, 207

where wg = 27 fy, with fj eigenfrequency of the dipolar mode,
I" normalized load participation factor, ( damping factor, and )
quality factor. This simple model can be used to perform analyses
in both the frequency domain and the time domain. As shown
in Sections IV-C to I'V-E, it essentially provides the same results
as the 3D FEM model with a drastically reduced computational
cost.

(10)

with:

Y

IV. RESULTS
A. Parametric Analysis of Dipolar Mode Eigenfrequency

According to Lamb’s theory (Section II), the eigenfrequencies
of an elastic sphere depend on the radius 2 of the sphere and on
the sound velocities of longitudinal and transverse waves (V,
and V7). Fig. 2 shows the eigenfrequency of the first dipolar
mode (i.e.,l = 1, n = 0) as a function of particle radius R. The
latter varies in the range [30, 70] nm, which is characteristic of
the SARS-CoV-2 pathogen [24] and includes the range [40, 60]
nm typical of influenza virus. In panel A, the velocity ratio is
fixed at Vp/ Vi, = 1/2, which is a typical value for condensed
matter [25], while the longitudinal velocity ranges from 1000 to
2500 m/s. For a 50 nm radius, the eigenfrequency turns out
to vary from 5.7 to 14.3 GHz. In panel B, the longitudinal
velocity is fixed at Vz, = 1920 m/s, which was determined for
the wet Satellite Tobacco Mosaic Virus (STMV) using Brillouin
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Fig. 2. Parametric analysis: frequency of the first dipolar mode as
a function of particle radius, (a) for fixed velocity ratio and variable
longitudinal velocity, and (b) for fixed longitudinal velocity and variable
velocity ratio.

light scattering [25], while the velocity ratio ranges from 0.2 to
1/+/2. The corresponding Poisson’s ratios can be found from
the relationship [26], [27]:

1 1
v:(l—Q), (12)
2 1/ (Vr/Ve)” =1
and ranges from 0.48 to 0. For a 50 nm radius, the eigenfrequency
turns out to vary in the range [4.7, 12.2] GHz, though not
monotonically at high velocity ratios.

B. Computation of Generalized SDOF Model
Parameters

The parameters of the generalized SDOF model, namely the
integral quantities K, M, and L defined in (8), were com-
puted by using the FEM model - Eigenfrequency study (Ap-
pendix A). For a 50 nm radius, it turned out: K = 40.1 N/m,
M =8.40 x 1072 kg, and L = 0.019. According to (11), a

% \/% = 10.99 GHz is therefore
obtained, as expected, as well as a normalized load participation
factor I" of 2.29 x10'® kg'!. The maximum von Mises stress
factor in the sphere, yielding the maximum von Mises stress
upon multiplication by p(t), was also computed and turned out
to be tyar = 1.21 x 10'7 Pa/m.

According to Lamb’s theory [18], the eigenfrequency fj is
inversely proportional to the particle radius R. Moreover, if ma-
terial properties (C, p,,) and overall charge (q) are independent
of R, by (8) it follows that K ~ R, M ~ R?, and L ~ RO.
Similarly, t,5; ~ R~'. Those dependencies were verified nu-
merically by running a Parametric Sweep on the virus radius in
the [40, 60] nm range.

frequency fo = % wp =

C. Frequency Response Analysis

According to (10), the transfer function from f(t) to p(t) is
given by:
INTD)
§2 + 2Cwos + w§
The Bode amplitude diagram of the von Mises stress o, nr =
tynr p is shown in Fig. 3, assuming unit field intensity £ and

overall charge ¢ = 1.16 x 107¢, reported in [11] for influenza
A (H3N2) virus. Two different values of the damping factor ¢

13)

—SDOF
---FEM
in air

—SDOF
---FEM
in water

7@ T
o o
< <
2 2
o 1) S
0 e 0
5 10 15 20 25 5 10 15 20 25
Frequency (GHz) Frequency (GHz)
(a) (b)
Fig. 3. Frequency response of a single virus (i.e., Bode amplitude

diagram of the von Mises stress o). Comparison of SDOF model
and FEM model, (a) in air and (b) in water.

are considered, to mimic the response of the virus in air (panel
A) or in water (panel B). Specifically, in the first case a low
value ¢ = (; = 0.02 (corresponding to ) = 25) is set, which
is associated to the intrinsic damping ((;) of the viral particle.
When the virus is in water, the overall damping factor ( is
given by the sum of the intrinsic damping factor (; and the
water-associated viscous contribution (,,. The latter is set to
Cw = 0.125 (corresponding to () = 4) in agreement with [9],
[12], [28]. The frequency responses obtained with the SDOF
model (blue solid lines) are compared with those obtained with
the FEM model — Frequency Domain study (green dashed lines),
showing a very good agreement. As expected, the SDOF model
successfully reproduces the resonance associated to the first
dipolar mode (10.99 GHz), while missing the smaller resonance
at 22.13 GHz, which is associated to the second dipolar mode.
On a workstation with Intel(R) Xeon(R) CPU E5-2660 v3 @
2.60GHz and 128 GB RAM, the computational time of the
SDOF model was negligible, while the computational time of
the FEM model was above 6 min per test.

It is noticed that airborne pathogens are typically transmitted
via droplets or aerosols. Accordingly, the air model (Fig. 3(a))
serves primarily as a comparative benchmark, to highlight the
influence of damping from the surrounding medium (Fig. 3(b))
or to approximate edge conditions such as nearly dry aerosols
or surface exposure.

D. Population Study Via Monte Carlo Simulations

Leveraging its accuracy and computational effectiveness, the
SDOF model was used to study the frequency response of a
population of viruses, accounting for their heterogenous size.
Following a Monte Carlo approach, a population of 20000
viruses with radii following a normal distribution with mean
value » = 50 nm and 10% coefficient of variation [12], [29]
was generated. The relevant coefficients of the SDOF model
were obtained from those associated with the average radius
by using the dependencies reported in Section IV-B: fy ~ R™!,
K~R M~R3L~RY and t,n; ~ R~!. The overall fre-
quency response of the population in air is reported in Fig. 4(a).
Considering the median behavior, the quality factor ) turned out
to be 4.4, reproducing the experimentally observed broadening
of the resonance range that is associated with heterogeneous
virus size [12]. The addition of the water damping further
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(a) (b)
Fig. 4. Frequency response of a population of viruses, (a) in air and (b)

in water. The red line denotes the median response, while the shaded
areas denote the interquartile range.

1x1U5

——sodF
---FEM ﬁ

Time (ns)

Fig. 5.  Time domain analysis of the dipolar coupling, in case of har-
monic electric field (10 GHz) modulated by a square wave (0.5 GHz).
The relative vertical displacement between the poles and the center
is reported, showing very good agreement between the SDOF model
solution and the FEM model solution.

decreased the quality factor down to ) = 2.4 (Fig. 4(b)). The
computational time of the Monte Carlo analysis was about 22 s.
By comparison, the FEM frequency response analysis of 20000
samples would require almost 3 months.

In passing, hybrid approaches combining FEM simulations
with machine learning have also been explored to address com-
putational challenges. For instance, Mukhopadhyay et al. [17]
trained a machine-learning model on FEM-generated data to
efficiently perform Monte Carlo simulations.

E. Time-Domain Analysis

Besides the frequency response analysis, the SDOF model
can be used to study the dipolar coupling between the virus
and the applied electric field in the time domain, by solving
(10) for p(t). Several types of electrical stimulation (Ef(t))
can be easily addressed. As an example, Fig. 5 shows the case
of harmonic stimulation at 10 GHz, modulated by a square
wave at 0.5 GHz (in air medium). Since the frequency of the
applied field (10 GHz) is close, but not equal, to the eigenfre-
quency of the first dipolar mode (10.99 GHz), a beat followed
by an exponential decay is observed. For validation purposes,
the solution p(t) of the SDOF model is compared with the
relative vertical displacement between the poles and the center
of the sphere provided by the FEM model — Time Domain
study. A very good agreement is found (the relative error in the

3t inair

7,4 (kP2)

E (V/m)
%
E (V/m)
_gg

0 1 2 3 0 1 2 3
Time (ns) Time (ns)
(a) (b
I 3| inwater
© ©
& £2
5 5 1 v 0.36
0 L
E E
= = O\
w Woo 1 2 3
Time (ns) Time (ns)
(© (d

Fig. 6. Time domain analysis of the dipolar coupling (SDOF model,
von Mises stress) in case of: (a) harmonic stimulation and (b) square
wave stimulation, at 10.99 GHz (eigenfrequency of the first dipolar
mode) in air; (c) and (d) chirp stimulation from 2.75 to 44 GHz, in air
and water, respectively.

L2-norm is 4%). However, the computational time of the FEM
model exceeds 10 minutes, whereas that of the SDOF model is
negligible.

Additional examples are presented in Fig. 6. A harmonic
stimulation with unit amplitude at the resonant frequency (10.99
GHz) induces rapidly growing oscillations that stabilize at a von
Mises stress amplitude of 2.71 kPa (panel A). By comparison,
a square wave stimulation with same amplitude and frequency
elicits oscillations with a steady-state amplitude of 3.45 kPa
(panel B). As expected, this value is 4/7 times greater than the
previous one, reflecting the amplitude of the square wave’s fun-
damental harmonic. However, from an experimental standpoint,
harmonic excitations are easier to generate and control, making
them a more practical choice. Assuming a threshold stress to
fracture the lipid envelope of 141 kPa [11], due to the linearity
of the model, an applied electric field of about 54 V/m would be
required. On the other hand, nanoscale fatigue could play a cru-
cial role [20], reducing the stress threshold that leads to fracture,
and accordingly the required electric field. By contrast, since the
capsid of non-enveloped viruses is more resistant than the lipid
membrane of enveloped viruses [2], higher electric fields may
be needed for mechanical inactivation of non-enveloped viruses.

The case of a chirp stimulation with frequencies ranging
from 2.75 to 44 GHz is shown in panel C (air medium) and
panel D (water medium). As expected, a maximum response
is found near the resonant frequency (10.99 GHz), with its
amplitude strongly affected by the chirp duration and viscous
damping.

V. DISCUSSION

By encapsulating a system’s essential dynamic characteristics
with a minimal number of parameters (mass, stiffness, damping),
generalized SDOF models provide foundational understanding
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and enable quick, practical analysis of structures that would
otherwise require more complex multi-degree-of-freedom mod-
els. This simplicity is particularly useful for preliminary design
and identifying key dynamic behaviours.

The SDOF model developed in this work is based on the
continuum hypothesis. While the accuracy of this approximation
may decrease at scales near 50 nm, prior research supports this
approach. For instance, Liu et al. [7] showed that treating a
virus as an elastic sphere (Lamb’s theory) can predict the dipo-
lar resonance frequencies observed experimentally. Moreover,
continuum-based modelling approaches were successfully used
in several previous works (e.g., [8], [9], [11], [17], [19]). On
the other hand, accounting for finer molecular effects calls for
higher-resolution methods, at the expense of increased compu-
tational cost.

Modelling resonant dipolar coupling of viruses requires a
few geometric and material parameters. Virus shape, size and
envelope thickness can be measured with good accuracy with
advanced microscopy techniques such as cryo-electron mi-
croscopy [30]. Virus density is approximately 1350 kg/m?, re-
flecting their composition as a mixture of proteins (with densities
near 1300 kg/m3) and nucleic acids (around 1700 kg/m3) [31].
On the other hand, mechanical properties like Young’s modulus
(Y) are not well established, with reported values that exhibit
large variations depending on the measurement approach. In the
present work, a Young’s modulus of 3 GPa was used. This value
results from the values assumed for the density (1350 kg/m?)
and for the sound velocities ( V;, = 1920 m/s, Vir/ Vi, = 1/2)
[25]. Other works that estimate the Young’s modulus from
atomic-force-microscopy indentation experiments report lower
values. For instance, Nonn et al. [20] reported a Young’s modulus
on the order of tens of MPa. The proper estimation of particle
mechanical properties is critical, since it affects the resonance
frequency, which is proportional to the square root of Y.

Another property that requires further experimental investi-
gation is the charge within the virus. In fact, charge amount
and spatial distribution directly affect the force induced on the
virus by microwave dipolar coupling, and therefore the estimated
stress for a given applied electric field.

In the proposed SDOF model, the equivalent stiffness K is
directly proportional to the Young’s modulus Y, while the equiv-
alent mass M scales with the mass density p,,. Consequently,
the resonance frequency (wg = +/K/M) is proportional to the
square root of the ratio between the Young’s modulus and the
mass density, \/Y/p,,. Additionally, the load participation factor
Lisinfluenced by the charge density p., assumed to be uniformly
distributed throughout the shell and the core.

In constructing the SDOF model, we used the dipolar eigen-
mode corresponding to n = 0 (i.e., the lowest-frequency dipolar
mode) as the shape function. The SDOF model could also
be built by considering the second (n = 1) or third (n = 2)
eigenmode as the shape function. However, those higher-order
modes exhibit increasingly complex spatial profiles, with val-
ues alternating between positive and negative. This leads to
progressively weaker coupling with the external driving force,
whose spatial distribution is governed by core-shell charge sep-
aration. The reduced coupling of higher modes is confirmed by

experimental evidence (cf., e.g., Fig. 2 of [7]) and by FEM
analysis of frequency response (cf. Fig. 3(a), dashed line).

In the present work, our aim was to develop a general frame-
work for modelling a spherical virus and to demonstrate the
feasibility of the SDOF reduction. The model complexity could
be further increased, for instance, to account for the virus’s
non-homogeneous structure. As a first step, we performed a
parametric FEM-based free vibration analysis by varying either
the shell or the core Young’s modulus (cf. Figure S3 of the Sup-
plementary Material). The results indicate that, while the effect
of the shell’s Young’s modulus is quite modest, variations in the
core’s Young’s modulus from 0.8 to 5.6 GPa lead to changes
in the dipolar mode frequency ranging from 6.3 to 14 GHz.
For any parameter set, the relevant displacement field of the
first dipolar mode could serve as a shape function for develop-
ing the corresponding SDOF model. Additional features—such
as nonlinear constitutive behavior, pre-stress due to osmotic
pressure, constraints simulating the attachment to a host cell,
or a non-uniform charge distribution across the core and the
shell—could similarly be incorporated into the free vibration
analysis to derive a corresponding shape function for the SDOF
reduction. Nevertheless, this poses a challenge due to the limited
availability of reliable estimates for viral material properties
and charge distribution, which are scarcely documented in the
current literature.

VI. CONCLUSION

We developed a generalized SDOF model for the investiga-
tion of viral inactivation via dipolar coupling under microwave
irradiation. The proposed model uses the first dipolar mode as a
shape function. Model parameters are derived from FEM-based
free vibration analysis. While relying on a reduced-order rep-
resentation, the model captures the key physical mechanisms
underlying SRET and enables accurate prediction of viral re-
sponse in both the frequency and time domains.

The generalized SDOF model demonstrates very good agree-
ment with full 3D FEM simulations, while reducing computa-
tional costs by several orders of magnitude. It accurately repro-
duces the resonance behavior associated with the first dipolar
mode and accounts for damping effects due to surrounding
media, such as water. Moreover, it can be effectively applied
to population studies via Monte Carlo simulations. The latter
focused on virus radius to represent stochastic biological vari-
ability and captured the experimentally observed broadening of
the resonance due to size heterogeneity. Uncertainty in Young’s
modulus, though significant, is epistemic and was addressed
through parametric analysis, revealing that Young’s modulus
changes lead to substantial shifts in resonance frequency.

The model provides a versatile framework for interpreting
experimental data and optimizing exposure protocols, and it can
be extended to accommodate more complex viral morphologies
and heterogeneous material properties. As a perspective, joint
numerical and experimental activities are required to calibrate
material parameters, damping factors, and charge distributions,
thereby enhancing predictive reliability across viral species and
environmental scenarios.
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APPENDIX A
FEM MODEL

The FEM model was developed in COMSOL Multiphysics
6.2, with the Structural Mechanics Module. To reduce the com-
putational time, a 15° sector of the sphere was studied, un-
der cyclic-symmetry periodic conditions. The Solid Mechanics
physics was used, with a Linear Elastic Material model. Material
properties, namely, the shear modulus G and the bulk modulus
B were computed from the following relationships [23]:

4

3 G, (14)
assuming V7, = 1920 m/s, Vi = V, /2, and p,,, = 1350 kg/m3.
This density value is commonly used for viruses, which are a
complex of proteins (density around 1300 kg/m?) and nucleic
acids (density around 1700 kg/m3) [31]. Unless otherwise stated,
aradius of 50 nm was assumed, which is typical of SARS-CoV-2
[24] and spherical forms of influenza viruses [32], and a shell
thickness of 3.6 nm [30].

An Eigenfrequency study was set for the free vibration anal-
ysis. Specifically, the first 20 eigenfrequencies were determined
and those relevant to the spherical eigenmodes were com-
pared with the theoretical ones (Lamb’s solution) for validation,
achieving an excellent agreement (~ 107 relative difference).
The solution corresponding to the first dipolar mode (fy = 10.99
GHz) was identified and used to compute the integral quantities
in (8), which are required to implement the SDOF model, as well
as the relevant maximum von Mises stress factor in the sphere
(tvM )

The FEM model was also used to investigate the interaction of
the virus with an applied electric field, for comparison purposes
with the SDOF model. Both the frequency response analysis
(Frequency Domain study) and the transient response analysis
(Time Domain study) were performed. For the transient response
analysis, a null-average-w constraint was imposed, to prevent
kinematic instability. The Rayleigh model was used to intro-
duce damping in the FEM model (see e.g., [21]). Specifically,
the mass-proportional and stiffness-proportional parameters of
the Rayleigh model were computed by assigning the (same)
damping factor ( at two eigenfrequencies (i.e., the first torsional
mode, 7.64 GHz, and the first dipolar mode, 10.99 GHz).

Hexahedral elements (quadratic serendipity) were used. Typi-
cal mesh sizes were 8400 elements for the Eigenfrequency study,
and 1600 elements for the Frequency Domain and Time Domain
studies.
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