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Abstract—Objective: Recent outbreaks and pandemics6
have emphasized the need for safe and reliable viral inac-7
tivation methods. The purpose of this work is to develop8
a simple and effective modeling approach to investigate9
viral inactivation via microwave absorption mediated by10
dipolar coupling. Methods: Leveraging established tech-11
niques from the dynamic analysis of structures, a gener-12
alized Single-Degree-Of-Freedom (SDOF) model is devel-13
oped, which is fully consistent with the dipolar resonance14
mode. Results: The model can reproduce the main fea-15
tures of dipolar coupling with minimal computational time.16
Moreover, it allows mimicking the broadening of the reso-17
nance range associated with heterogeneous virus size, via18
Monte Carlo simulations, as well as water induced damp-19
ing. Conclusion: The results support the potential role of20
dipolar coupling for viral inactivation by microwave irradi-21
ation in the GHz range. The model can be used to assist22
in the interpretation of the experimental results, leading to23
an optimization of the inactivation protocols. Significance:24
The proposed approach is versatile and can be extended25
to describe more complex cases, such as non-spherical26
geometries and/or non-homogeneous material properties.27

Index Terms—Microwave, resonance, dipolar coupling,28
viral inactivation, generalized SDOF model, numerical sim-29
ulations.30

I. INTRODUCTION31

A IRBORNE pathogens (i.e., disease-causing microorgan-32

isms that can be transmitted through the air) represent a33

serious threat to public health [1]. Notable examples include34

influenza viruses, which cause the flu, SARS-CoV-2, responsible35

for COVID-19, and Koch’s bacillus, the causative agent of tu-36

berculosis. Airborne pathogens primarily spread through the air37
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when an infected person coughs, sneezes, or talks, releasing tiny 38

droplets that can be inhaled by others. Moreover, they can remain 39

alive on surfaces for varying lengths of time, depending on the 40

type of pathogen, the properties of the surface (e.g., stiffness, 41

porosity), and the environmental conditions (e.g., temperature 42

and humidity). Accordingly, it is crucial to implement disinfec- 43

tion measures to reduce the risk of outbreaks and pandemics. 44

A primary approach is viral inactivation, which refers to any 45

process that renders a virus non-infectious by destroying or 46

disabling its ability to replicate. 47

Chemical disinfectants are effective against a wide range of 48

microorganisms and are generally available at limited cost. How- 49

ever, some viruses can resist inactivation by chemical agents and 50

certain disinfectants may be toxic to humans and/or harmful 51

to the environment. These limitations have prompted growing 52

interest in safer and more sustainable alternatives [2]. In this 53

context, physical disinfection mechanisms offer valuable oppor- 54

tunities. In particular, virus disruption methods based on irradi- 55

ation have gained increasing attention in recent years. Although 56

ionizing radiation (such as ultraviolet, X-rays, and gamma rays) 57

is highly effective at inactivating viruses, it poses risks to human 58

health. As a result, non-ionizing radiation approaches, including 59

ultrasounds and microwaves, are preferred. Ultrasound-induced 60

cavitation disrupts viral particles and reduces their infectivity, 61

through mechanical, thermal, and oxidative effects. Microwaves 62

can inactivate viruses through both thermal and non-thermal 63

mechanisms [3], [4], [5], [6]. While thermal effects have been 64

widely used, non-thermal effects are drawing growing interest 65

due to their potential to achieve viral inactivation without relying 66

on elevated temperatures. 67

Non-thermal microwave viral inactivation may be based on 68

a resonant microwave absorption process that exploits the core- 69

shell charge separation characteristic of viruses [7], [8], [9]. 70

This charge separation enables dipolar coupling between elec- 71

tromagnetic waves and the specific “dipolar” vibration modes 72

of the virus. In particular, viruses are known to resonate in 73

confined-acoustic dipolar modes when exposed to microwaves 74

of matching frequency [7]. The resulting structure-resonant 75

energy transfer (SRET) from electromagnetic waves to the con- 76

fined acoustic vibrations (CAVs) within the virus can lead to 77

membrane fracture, caused by opposite oscillations of the viral 78

core and shell [10]. 79
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Yang et al. [11] investigated SRET from microwaves to in-80

fluenza A virus and showed higher inactivation ratio of viruses81

at the dipolar resonant frequency (8.2 GHz). Wang et al. [12]82

studied microwave absorption spectroscopy of SARS-CoV-283

virus and identified the resonant frequencies of the first and84

second dipolar modes as 4 and 7.5 GHz, respectively. Con-85

sidering the pleomorphic properties of SARS-CoV-2, Barbora86

et al. [13] calculated effective resonant frequencies to be in87

the 10–17 GHz range. Manna et al. [14], [15], [16] developed88

an experimental in vitro model to demonstrate SRET-based89

inactivation of influenza virus and SARS-CoV-2 in aerosols with90

a microwave power density that is below the limit for safety91

allowed by worldwide regulatory agencies. The influenza virus92

was susceptible to higher frequencies, up to 16 GHz, whereas93

SARS-CoV-2 exhibited sensitivity up to 12 GHz. Moreover,94

the influenza virus required a longer exposure time (5 minutes95

versus 1 minute) to attain the same level of inactivation of96

SARS-CoV-2, under the same experimental conditions. Exper-97

imental findings relevant to microwave resonant absorption of98

viruses and associated viral inactivation are further detailed in99

Table S1 of the Supplementary Material. Based on the observed100

frequency-dependence of the inactivation, mechanical fracture101

induced by resonant dipolar coupling has been pointed out as a102

possible inactivation mechanism, though viral inactivation was103

measured via functional assays (plaque assay) rather than direct104

structural evidence [11], [16].105

Notwithstanding the experimental evidence supporting the106

use of microwaves for safe and effective viral inactivation, a full107

understanding of the mechanisms involved is yet to be reached.108

Unraveling those mechanisms would be critical to optimize the109

inactivation protocols (e.g., frequency range, exposure time,110

field intensity) depending on the morphological and structural111

features of the specific pathogen. To this aim, modeling and112

simulation represent a valuable tool [17]. A common approach113

to estimate the resonant frequencies of a virus is based on114

Lamb’s theory for the free vibration of an elastic solid sphere115

[11], [16], [18]. Alternatively, the finite element method (FEM)116

can be used (e.g., [8], [19], [20]), which allows to account for117

non-spherical geometries, non-homogeneous elastic properties,118

and/or different boundary conditions. For instance, Sun et al.119

[8] investigated resonant dipolar coupling of rod-shaped viruses120

and performed free-vibration FEM analyses to compare the121

effect of a capsule shape versus a cylinder on the measured122

longitudinal mode frequency; Nonn et al. [20] performed FEM-123

based inverse analysis to determine mechanical properties of124

SARS-CoV-2 virus from nano-indentation tests according to125

five different non-homogeneous structural models (i.e., shell126

models); Warsame et al. [19] performed FEM-based modal127

analysis of SARS-CoV-2 virus, assuming that the virus is fixed128

to a host cell by a variable number of spike proteins. Besides129

versatility, FEM simulations easily provide displacement, strain,130

and stress distributions within the virus, which is critical to elicit131

the involved mechanisms. However, this comes at the cost of132

increased computational time and memory requirements.133

The aim of this work is to introduce a modeling approach134

that is computationally efficient and at the same time fully con-135

sistent with the dipolar resonance mode of the pathogen under136

consideration. Specifically, following an approach commonly 137

used in the dynamic analysis of structures [21], we develop a 138

generalized Single-Degree-Of-Freedom (SDOF) model of the 139

dipolar coupling. Accordingly, the model uses the first dipolar 140

mode of the virus as a shape function. The shape function and the 141

associated model parameters are obtained through FEM-based 142

free vibrations analysis of the pathogen. 143

The rest of the paper is organized as follows: the basic theory 144

of dipolar coupling is introduced in Section II, the original 145

generalized SDOF model is developed in Section III, simulation 146

results are presented in Section IV, and limitations and perspec- 147

tives are discussed in Section V. 148

II. PRINCIPLES OF DIPOLAR COUPLING 149

Let us consider a homogeneous, isotropic, linear elastic sphere 150

of radius R and denote VL and VT as the sound velocities of lon- 151

gitudinal and transverse waves, respectively. The free vibrations 152

of the sphere were studied by Lamb [18] who classified them 153

into torsional and spheroidal modes, further distinguished by 154

their angular momentum number (l) and harmonic index (n). 155

The dipolar active mode corresponds to the spheroidal mode 156

with l = 1, and the modes with harmonic indices n = 0 and 157

n = 1 exhibit significant relative displacement between the core 158

and the shell [7]. As a result, a core-shell charge structure is 159

necessary to enable dipolar coupling in nanoparticles. Due to 160

their inherent charge separation, viruses exhibit such a structure. 161

Liu et al. [7], [9] identified dipolar coupling as the primary 162

mechanism responsible for microwave resonant absorption in 163

spherical viruses, which they modelled as free homogeneous 164

nanoparticles. 165

According to Lamb’s theory, the circular frequency ω of the 166

dipolar modes is obtained by solving the following equation 167

[18]: 168

4
j2 (ξ)

j1 (ξ)
ξ − η2 + 2

j2 (η)

j1 (η)
η = 0, (1)

where: 169

ξ =
ωR

VL
η =

ωR

VT
, (2)

and j1 and j2 are spherical Bessel functions of the first kind. 170

Equation (1) can be solved numerically (see e.g., [22]). A 171

parametric analysis of dipolar mode eigenfrequency is reported 172

in Section IV-A. As an example, assuming VL = 1920 m/s, 173

VT / VL = 1/2 (i.e., Poisson’s ratio equal to 1/3), and R = 50 174

nm, the eigenfrequencies of the first (n = 0) and second (n = 1) 175

dipolar modes turn out to be 10.99 GHz and 22.13 GHz, re- 176

spectively. A visualization of those modes, obtained with FEM 177

analysis in COMSOL Multiphysics, is shown in Fig. 1, and 178

animated GIFs are provided as Supplementary Material (Figures 179

S1 and S2). The FEM model is described in Appendix A. 180

When the frequency of the microwaves matches the natural 181

frequency of the virus’s dipolar vibrations, the virus absorbs 182

the microwave energy efficiently. This can cause mechanical 183

stress, possibly leading to the disruption of the viral structure 184

and inactivation of the virus. 185
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Fig. 1. Visualization of the z-component (i.e., w) of the displacement
field of the first (a) and second (b) dipolar mode (arbitrary units).

III. GENERALIZED SDOF MODEL186

Following a continuum-mechanic approach, the equations of187

motion of an elastic solid subjected to an applied electric field188

E are given by [23]:189

∇ ·
(

C : ∇̂d
)
+ ρcE − ρm d̈ = 0, (3)

where d and d̈ denote the displacement field and its second time190

derivative (i.e., acceleration), respectively; ρc and ρm denote191

charge density and mass density, respectively; C is the tensor192

of elastic constants; and the symbols ∇̂ and ∇· denote symmet-193

ric gradient and divergence operators, respectively. Core-shell194

charge separation is assumed, with uniform charge density195

within each region. Accordingly, denoting by q the overall196

charge of the core/shell regions (i.e., +q in the core and −q in197

the shell), the charge densities are given by ρcorec = q/vcore and198

ρshellc = −q/vshell, were vcore and vshell denote core volume199

and shell volume, respectively.200

The problem can be recast in the following weak formulation,201

where δd denotes a virtual displacement field and null boundary202

load is assumed:203 ∫
Ω

[(
C : ∇̂d

)
· ∇̂ (δd) + ρmd̈ · δd

]
dΩ

=

∫
Ω

ρcE · δd dΩ, ∀δd, (4)

where Ω is the region occupied by the virus.204

In order to develop the generalized SDOF model, the spa-205

tial variation of the displacement field d is assumed to fol-206

low that of the first dipolar mode, indicated by ϕ(x), with207

Cartesian components (u, v, w). The time variation is given208

instead by an unknown scalar function p(t). Thus, d (x, t) =209

ϕ(x)p(t), δd (x) = ϕ(x)δp for any scalar δp. The function210

ϕ(x) is normalized such thatwpoles − wcenter = 1; in this way,211

p(t) represents the relative vertical displacement between the212

poles and the center of the sphere.213

Accordingly:214 (∫
Ω

(
C : ∇̂ϕ

)
· ∇̂ϕdΩ

)
pδp+

(∫
Ω

ρmϕ ·ϕdΩ
)
p̈δp

=

(∫
Ω

ρcE ·ϕdΩ
)

δp, ∀δp
(5)

from which, assuming an applied electric field along the unit 215

vector k̂ parallel to z: 216

E = Ē f (t) k̂, (6)

with f(t) specifying the temporal variation of the electric field, 217

it results: 218(∫
Ω

(
C : ∇̂ϕ

)
· ∇̂ϕdΩ

)
pδp+

(∫
Ω

ρmϕ ·ϕdΩ
)
p̈δp

=

(∫
Ω

ρc
q
wdΩ

)
qĒf (t) δp, ∀δp.

(7)

The integral quantities: 219

K =

∫
Ω

(
C : ∇̂ϕ

)
· ∇̂ϕ dΩ, M =

∫
Ω

ρmϕ ·ϕ dΩ,

L =

∫
Ω

ρc
q
w dΩ, (8)

represent the equivalent stiffness (K), the equivalent mass (M ) 220

and the load participation factor (L), respectively. 221

By exploiting the arbitrariness of δp, and adding a viscous 222

damping term (Cṗ), (7) leads to: 223

Mp̈ (t) + Cṗ (t) +Kp (t) = LqĒf (t) . (9)

Dividing by M , (9) is recast in the canonical form: 224

p̈ (t) + 2ζω0ṗ (t) + ω2
0p (t) = ΓqĒf (t) , (10)

with: 225

ω0 =

√
K

M
Γ =

L

M
ζ =

C

2Mω0
=

1

2Q
, (11)

where ω0 = 2πf0, with f0 eigenfrequency of the dipolar mode, 226

Γ normalized load participation factor, ζ damping factor, and Q 227

quality factor. This simple model can be used to perform analyses 228

in both the frequency domain and the time domain. As shown 229

in Sections IV-C to IV-E, it essentially provides the same results 230

as the 3D FEM model with a drastically reduced computational 231

cost. 232

IV. RESULTS 233

A. Parametric Analysis of Dipolar Mode Eigenfrequency 234

According to Lamb’s theory (Section II), the eigenfrequencies 235

of an elastic sphere depend on the radius R of the sphere and on 236

the sound velocities of longitudinal and transverse waves (VL 237

and VT ). Fig. 2 shows the eigenfrequency of the first dipolar 238

mode (i.e., l = 1, n = 0) as a function of particle radius R. The 239

latter varies in the range [30, 70] nm, which is characteristic of 240

the SARS-CoV-2 pathogen [24] and includes the range [40, 60] 241

nm typical of influenza virus. In panel A, the velocity ratio is 242

fixed at VT / VL = 1/2, which is a typical value for condensed 243

matter [25], while the longitudinal velocity ranges from 1000 to 244

2500 m/s. For a 50 nm radius, the eigenfrequency turns out 245

to vary from 5.7 to 14.3 GHz. In panel B, the longitudinal 246

velocity is fixed at VL = 1920 m/s, which was determined for 247

the wet Satellite Tobacco Mosaic Virus (STMV) using Brillouin 248
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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 to249

1/
√
2. The corresponding Poisson’s ratios can be found from250

the relationship [26], [27]:251

υ =
1

2

(
1− 1

1/(VT /VL)
2 − 1

)
, (12)

and ranges from 0.48 to 0. For a 50 nm radius, the eigenfrequency252

turns out to vary in the range [4.7, 12.2] GHz, though not253

monotonically at high velocity ratios.254

B. Computation of Generalized SDOF Model255

Parameters256

The parameters of the generalized SDOF model, namely the257

integral quantities K, M , and L defined in (8), were com-258

puted by using the FEM model - Eigenfrequency study (Ap-259

pendix A). For a 50 nm radius, it turned out: K = 40.1 N/m,260

M = 8.40× 10−21 kg, and L = 0.019. According to (11), a261

frequency f0 = 1
2π ω0 = 1

2π

√
K
M = 10.99 GHz is therefore262

obtained, as expected, as well as a normalized load participation263

factor Γ of 2.29 ×1018 kg-1. The maximum von Mises stress264

factor in the sphere, yielding the maximum von Mises stress265

upon multiplication by p(t), was also computed and turned out266

to be tvM = 1.21× 1017 Pa/m.267

According to Lamb’s theory [18], the eigenfrequency f0 is268

inversely proportional to the particle radius R. Moreover, if ma-269

terial properties (C, ρm) and overall charge (q) are independent270

of R, by (8) it follows that K ∼ R, M ∼ R3, and L ∼ R0.271

Similarly, tvM ∼ R−1. Those dependencies were verified nu-272

merically by running a Parametric Sweep on the virus radius in273

the [40, 60] nm range.274

C. Frequency Response Analysis275

According to (10), the transfer function from f(t) to p(t) is276

given by:277

H (s) =
ΓqĒ

s2 + 2ζω0s+ ω2
0

. (13)

The Bode amplitude diagram of the von Mises stress σvM =278

tvM p is shown in Fig. 3, assuming unit field intensity Ē and279

overall charge q = 1.16× 107e, reported in [11] for influenza280

A (H3N2) virus. Two different values of the damping factor ζ281

Fig. 3. Frequency response of a single virus (i.e., Bode amplitude
diagram of the von Mises stress σvM ). 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 282

A) or in water (panel B). Specifically, in the first case a low 283

value ζ = ζi = 0.02 (corresponding to Q = 25) is set, which 284

is associated to the intrinsic damping (ζi) of the viral particle. 285

When the virus is in water, the overall damping factor ζ is 286

given by the sum of the intrinsic damping factor ζi and the 287

water-associated viscous contribution ζw. The latter is set to 288

ζw = 0.125 (corresponding to Q = 4) in agreement with [9], 289

[12], [28]. The frequency responses obtained with the SDOF 290

model (blue solid lines) are compared with those obtained with 291

the FEM model – Frequency Domain study (green dashed lines), 292

showing a very good agreement. As expected, the SDOF model 293

successfully reproduces the resonance associated to the first 294

dipolar mode (10.99 GHz), while missing the smaller resonance 295

at 22.13 GHz, which is associated to the second dipolar mode. 296

On a workstation with Intel(R) Xeon(R) CPU E5-2660 v3 @ 297

2.60GHz and 128 GB RAM, the computational time of the 298

SDOF model was negligible, while the computational time of 299

the FEM model was above 6 min per test. 300

It is noticed that airborne pathogens are typically transmitted 301

via droplets or aerosols. Accordingly, the air model (Fig. 3(a)) 302

serves primarily as a comparative benchmark, to highlight the 303

influence of damping from the surrounding medium (Fig. 3(b)) 304

or to approximate edge conditions such as nearly dry aerosols 305

or surface exposure. 306

D. Population Study Via Monte Carlo Simulations 307

Leveraging its accuracy and computational effectiveness, the 308

SDOF model was used to study the frequency response of a 309

population of viruses, accounting for their heterogenous size. 310

Following a Monte Carlo approach, a population of 20000 311

viruses with radii following a normal distribution with mean 312

value r = 50 nm and 10% coefficient of variation [12], [29] 313

was generated. The relevant coefficients of the SDOF model 314

were obtained from those associated with the average radius 315

by using the dependencies reported in Section IV-B: f0 ∼ R−1, 316

K ∼ R, M ∼ R3, L ∼ R0, and tvM ∼ R−1. The overall fre- 317

quency response of the population in air is reported in Fig. 4(a). 318

Considering the median behavior, the quality factorQ turned out 319

to be 4.4, reproducing the experimentally observed broadening 320

of the resonance range that is associated with heterogeneous 321

virus size [12]. The addition of the water damping further 322
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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.

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 Q = 2.4 (Fig. 4(b)). The323

computational time of the Monte Carlo analysis was about 22 s.324

By comparison, the FEM frequency response analysis of 20000325

samples would require almost 3 months.326

In passing, hybrid approaches combining FEM simulations327

with machine learning have also been explored to address com-328

putational challenges. For instance, Mukhopadhyay et al. [17]329

trained a machine-learning model on FEM-generated data to330

efficiently perform Monte Carlo simulations.331

E. Time-Domain Analysis332

Besides the frequency response analysis, the SDOF model333

can be used to study the dipolar coupling between the virus334

and the applied electric field in the time domain, by solving335

(10) for p(t). Several types of electrical stimulation (Ēf(t))336

can be easily addressed. As an example, Fig. 5 shows the case337

of harmonic stimulation at 10 GHz, modulated by a square338

wave at 0.5 GHz (in air medium). Since the frequency of the339

applied field (10 GHz) is close, but not equal, to the eigenfre-340

quency of the first dipolar mode (10.99 GHz), a beat followed341

by an exponential decay is observed. For validation purposes,342

the solution p(t) of the SDOF model is compared with the343

relative vertical displacement between the poles and the center344

of the sphere provided by the FEM model – Time Domain345

study. A very good agreement is found (the relative error in the346

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 347

model exceeds 10 minutes, whereas that of the SDOF model is 348

negligible. 349

Additional examples are presented in Fig. 6. A harmonic 350

stimulation with unit amplitude at the resonant frequency (10.99 351

GHz) induces rapidly growing oscillations that stabilize at a von 352

Mises stress amplitude of 2.71 kPa (panel A). By comparison, 353

a square wave stimulation with same amplitude and frequency 354

elicits oscillations with a steady-state amplitude of 3.45 kPa 355

(panel B). As expected, this value is 4/π times greater than the 356

previous one, reflecting the amplitude of the square wave’s fun- 357

damental harmonic. However, from an experimental standpoint, 358

harmonic excitations are easier to generate and control, making 359

them a more practical choice. Assuming a threshold stress to 360

fracture the lipid envelope of 141 kPa [11], due to the linearity 361

of the model, an applied electric field of about 54 V/m would be 362

required. On the other hand, nanoscale fatigue could play a cru- 363

cial role [20], reducing the stress threshold that leads to fracture, 364

and accordingly the required electric field. By contrast, since the 365

capsid of non-enveloped viruses is more resistant than the lipid 366

membrane of enveloped viruses [2], higher electric fields may 367

be needed for mechanical inactivation of non-enveloped viruses. 368

The case of a chirp stimulation with frequencies ranging 369

from 2.75 to 44 GHz is shown in panel C (air medium) and 370

panel D (water medium). As expected, a maximum response 371

is found near the resonant frequency (10.99 GHz), with its 372

amplitude strongly affected by the chirp duration and viscous 373

damping. 374

V. DISCUSSION 375

By encapsulating a system’s essential dynamic characteristics 376

with a minimal number of parameters (mass, stiffness, damping), 377

generalized SDOF models provide foundational understanding 378
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and enable quick, practical analysis of structures that would379

otherwise require more complex multi-degree-of-freedom mod-380

els. This simplicity is particularly useful for preliminary design381

and identifying key dynamic behaviours.382

The SDOF model developed in this work is based on the383

continuum hypothesis. While the accuracy of this approximation384

may decrease at scales near 50 nm, prior research supports this385

approach. For instance, Liu et al. [7] showed that treating a386

virus as an elastic sphere (Lamb’s theory) can predict the dipo-387

lar resonance frequencies observed experimentally. Moreover,388

continuum-based modelling approaches were successfully used389

in several previous works (e.g., [8], [9], [11], [17], [19]). On390

the other hand, accounting for finer molecular effects calls for391

higher-resolution methods, at the expense of increased compu-392

tational cost.393

Modelling resonant dipolar coupling of viruses requires a394

few geometric and material parameters. Virus shape, size and395

envelope thickness can be measured with good accuracy with396

advanced microscopy techniques such as cryo-electron mi-397

croscopy [30]. Virus density is approximately 1350 kg/m3, re-398

flecting their composition as a mixture of proteins (with densities399

near 1300 kg/m3) and nucleic acids (around 1700 kg/m3) [31].400

On the other hand, mechanical properties like Young’s modulus401

(Y ) are not well established, with reported values that exhibit402

large variations depending on the measurement approach. In the403

present work, a Young’s modulus of 3 GPa was used. This value404

results from the values assumed for the density (1350 kg/m3)405

and for the sound velocities ( VL = 1920 m/s, VT / VL = 1/2)406

[25]. Other works that estimate the Young’s modulus from407

atomic-force-microscopy indentation experiments report lower408

values. For instance, Nonn et al. [20] reported a Young’s modulus409

on the order of tens of MPa. The proper estimation of particle410

mechanical properties is critical, since it affects the resonance411

frequency, which is proportional to the square root of Y .412

Another property that requires further experimental investi-413

gation is the charge within the virus. In fact, charge amount414

and spatial distribution directly affect the force induced on the415

virus by microwave dipolar coupling, and therefore the estimated416

stress for a given applied electric field.417

In the proposed SDOF model, the equivalent stiffness K is418

directly proportional to the Young’s modulusY , while the equiv-419

alent mass M scales with the mass density ρm. Consequently,420

the resonance frequency (ω0 =
√

K/M ) is proportional to the421

square root of the ratio between the Young’s modulus and the422

mass density,
√

Y/ρm. Additionally, the load participation factor423

L is influenced by the charge densityρc, assumed to be uniformly424

distributed throughout the shell and the core.425

In constructing the SDOF model, we used the dipolar eigen-426

mode corresponding to n = 0 (i.e., the lowest-frequency dipolar427

mode) as the shape function. The SDOF model could also428

be built by considering the second (n = 1) or third (n = 2)429

eigenmode as the shape function. However, those higher-order430

modes exhibit increasingly complex spatial profiles, with val-431

ues alternating between positive and negative. This leads to432

progressively weaker coupling with the external driving force,433

whose spatial distribution is governed by core-shell charge sep-434

aration. The reduced coupling of higher modes is confirmed by435

experimental evidence (cf., e.g., Fig. 2 of [7]) and by FEM 436

analysis of frequency response (cf. Fig. 3(a), dashed line). 437

In the present work, our aim was to develop a general frame- 438

work for modelling a spherical virus and to demonstrate the 439

feasibility of the SDOF reduction. The model complexity could 440

be further increased, for instance, to account for the virus’s 441

non-homogeneous structure. As a first step, we performed a 442

parametric FEM-based free vibration analysis by varying either 443

the shell or the core Young’s modulus (cf. Figure S3 of the Sup- 444

plementary Material). The results indicate that, while the effect 445

of the shell’s Young’s modulus is quite modest, variations in the 446

core’s Young’s modulus from 0.8 to 5.6 GPa lead to changes 447

in the dipolar mode frequency ranging from 6.3 to 14 GHz. 448

For any parameter set, the relevant displacement field of the 449

first dipolar mode could serve as a shape function for develop- 450

ing the corresponding SDOF model. Additional features—such 451

as nonlinear constitutive behavior, pre-stress due to osmotic 452

pressure, constraints simulating the attachment to a host cell, 453

or a non-uniform charge distribution across the core and the 454

shell—could similarly be incorporated into the free vibration 455

analysis to derive a corresponding shape function for the SDOF 456

reduction. Nevertheless, this poses a challenge due to the limited 457

availability of reliable estimates for viral material properties 458

and charge distribution, which are scarcely documented in the 459

current literature. 460

VI. CONCLUSION 461

We developed a generalized SDOF model for the investiga- 462

tion of viral inactivation via dipolar coupling under microwave 463

irradiation. The proposed model uses the first dipolar mode as a 464

shape function. Model parameters are derived from FEM-based 465

free vibration analysis. While relying on a reduced-order rep- 466

resentation, the model captures the key physical mechanisms 467

underlying SRET and enables accurate prediction of viral re- 468

sponse in both the frequency and time domains. 469

The generalized SDOF model demonstrates very good agree- 470

ment with full 3D FEM simulations, while reducing computa- 471

tional costs by several orders of magnitude. It accurately repro- 472

duces the resonance behavior associated with the first dipolar 473

mode and accounts for damping effects due to surrounding 474

media, such as water. Moreover, it can be effectively applied 475

to population studies via Monte Carlo simulations. The latter 476

focused on virus radius to represent stochastic biological vari- 477

ability and captured the experimentally observed broadening of 478

the resonance due to size heterogeneity. Uncertainty in Young’s 479

modulus, though significant, is epistemic and was addressed 480

through parametric analysis, revealing that Young’s modulus 481

changes lead to substantial shifts in resonance frequency. 482

The model provides a versatile framework for interpreting 483

experimental data and optimizing exposure protocols, and it can 484

be extended to accommodate more complex viral morphologies 485

and heterogeneous material properties. As a perspective, joint 486

numerical and experimental activities are required to calibrate 487

material parameters, damping factors, and charge distributions, 488

thereby enhancing predictive reliability across viral species and 489

environmental scenarios. 490
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APPENDIX A491

FEM MODEL492

The FEM model was developed in COMSOL Multiphysics493

6.2, with the Structural Mechanics Module. To reduce the com-494

putational time, a 15° sector of the sphere was studied, un-495

der cyclic-symmetry periodic conditions. The Solid Mechanics496

physics was used, with a Linear Elastic Material model. Material497

properties, namely, the shear modulus G and the bulk modulus498

B were computed from the following relationships [23]:499

G = V 2
T ρm, B = V 2

Lρm − 4

3
G, (14)

assuming VL = 1920 m/s, VT = VL /2, and ρm = 1350 kg/m3.500

This density value is commonly used for viruses, which are a501

complex of proteins (density around 1300 kg/m3) and nucleic502

acids (density around 1700 kg/m3) [31]. Unless otherwise stated,503

a radius of 50 nm was assumed, which is typical of SARS-CoV-2504

[24] and spherical forms of influenza viruses [32], and a shell505

thickness of 3.6 nm [30].506

An Eigenfrequency study was set for the free vibration anal-507

ysis. Specifically, the first 20 eigenfrequencies were determined508

and those relevant to the spherical eigenmodes were com-509

pared with the theoretical ones (Lamb’s solution) for validation,510

achieving an excellent agreement (∼ 10−5 relative difference).511

The solution corresponding to the first dipolar mode (f0 = 10.99512

GHz) was identified and used to compute the integral quantities513

in (8), which are required to implement the SDOF model, as well514

as the relevant maximum von Mises stress factor in the sphere515

(tvM ).516

The FEM model was also used to investigate the interaction of517

the virus with an applied electric field, for comparison purposes518

with the SDOF model. Both the frequency response analysis519

(Frequency Domain study) and the transient response analysis520

(Time Domain study) were performed. For the transient response521

analysis, a null-average-w constraint was imposed, to prevent522

kinematic instability. The Rayleigh model was used to intro-523

duce damping in the FEM model (see e.g., [21]). Specifically,524

the mass-proportional and stiffness-proportional parameters of525

the Rayleigh model were computed by assigning the (same)526

damping factor ζ at two eigenfrequencies (i.e., the first torsional527

mode, 7.64 GHz, and the first dipolar mode, 10.99 GHz).528

Hexahedral elements (quadratic serendipity) were used. Typi-529

cal mesh sizes were 8400 elements for the Eigenfrequency study,530

and 1600 elements for the Frequency Domain and Time Domain531

studies.532

DISCLOSURE533

P. Bia, M. L. and A. M. are employees of Elettronica S.p.A.534

The remaining authors declare that they have no conflicts of535

interest related to this work.536

REFERENCES537

[1] L. Song et al., “Airborne pathogenic microorganisms and air cleaning538
technology development: A review,” J. Hazardous Mater., vol. 424, 2022,539
Art. no. 127429, doi: 10.1016/j.jhazmat.2021.127429.540

[2] M. Sadraeian et al., “Virus inactivation by matching the vibrational res- 541
onance,” Appl. Phys. Rev., vol. 11, no. 2, 2024, Art. no. 021324, doi: 542
10.1063/5.0183276. 543

[3] B. W. Hoff et al., “Observed reductions in the infectivity of bioaerosols 544
containing bovine coronavirus under repetitively pulsed RF exposure,” 545
IEEE Trans. Biomed. Eng., vol. 70, no. 2, pp. 640–649, Feb. 2023, doi: 546
10.1109/TBME.2022.3199333. 547

[4] C. Wang, X. Hu, and Z. Zhang, “Airborne disinfection using microwave- 548
based technology: Energy efficient and distinct inactivation mechanism 549
compared with waterborne disinfection,” J. Aerosol Sci., vol. 137, 2019, 550
Art. no. 105437, doi: 10.1016/j.jaerosci.2019.105437. 551

[5] J. Van Impe et al., “State of the art of nonthermal and thermal processing 552
for inactivation of micro-organisms,” J. Appl. Microbiol., vol. 125, no. 1, 553
pp. 16–35, 2018, doi: 10.1111/jam.13751. 554

[6] P. Wust et al., “Non-thermal effects of radiofrequency electromag- 555
netic fields,” Sci. Rep., vol. 10, no. 1, 2020, Art. no. 13488, doi: 556
10.1038/s41598-020-69561-3. 557

[7] T. M. Liu et al., “Microwave resonant absorption of viruses through dipolar 558
coupling with confined acoustic vibrations,” Appl. Phys. Lett., vol. 94, 559
no. 4, 2009, Art. no. 043902, doi: 10.1063/1.3074371. 560

[8] C. K. Sun et al., “Resonant dipolar coupling of microwaves with con- 561
fined acoustic vibrations in a rod-shaped virus,” Sci. Rep., vol. 7, no. 1, 562
Dec. 2017, Art. no. 4611, doi: 10.1038/s41598-017-04089-7. 563

[9] T. M. Liu et al., “Effects of hydration levels on the bandwidth of microwave 564
resonant absorption induced by confined acoustic vibrations,” Appl. Phys. 565
Lett., vol. 95, no. 17, 2009, Art. no. 173702, doi: 10.1063/1.3254251. 566

[10] Y. Xiao, L. Zhao, and R. Peng, “Effects of electromagnetic waves 567
on pathogenic viruses and relevant mechanisms: A review,” Virol- 568
ogy J., vol. 19, no. 1, 2022, Art. no. 161, doi: 10.1186/s12985-022- 569
01889-w. 570

[11] S. C. Yang et al., “Efficient structure resonance energy transfer from 571
microwaves to confined acoustic vibrations in viruses,” Sci. Rep., vol. 5, 572
Dec. 2015, Art. no. 18030, doi: 10.1038/srep18030. 573

[12] P. J. Wang et al., “Microwave resonant absorption of SARS-CoV-2 574
viruses,” Sci. Rep., vol. 12, no. 1, Dec. 2022, Art. no. 12596, doi: 575
10.1038/s41598-022-16845-5. 576

[13] A. Barbora and R. Minnes, “Targeted antiviral treatment using nonionizing 577
radiation therapy for SARS-CoV-2 and viral pandemics preparedness: 578
Technique, methods and practical notes for clinical application,” Plos 579
One, vol. 16, no. 5, May 2021, Art. no. e0251780, doi: 10.1371/jour- 580
nal.pone.0251780. 581

[14] P. Bia et al., “Selected microwave irradiation effectively inactivates air- 582
borne avian influenza A(H5N1) virus,” Sci. Rep., vol. 15, no. 1, 2025, 583
Art. no. 2021, doi: 10.1038/s41598-025-85376-6. 584

[15] A. Manna et al., “Endemic respiratory viruses inactivation in aerosol by 585
means of radiated microwaves,” Med. Res. Arch., vol. 11, no. 10, pp. 1–10, 586
2023, doi: 10.18103/mra.v11i10.4486. 587

[16] A. Manna et al., “SARS-CoV-2 inactivation in aerosol by means of 588
radiated microwaves,” Viruses, vol. 15, no. 7, Jul. 2023, Art. no. 1443, 589
doi: 10.3390/v15071443. 590

[17] T. Mukhopadhyay et al., “Probing the stochastic dynamics of coron- 591
aviruses: Machine learning assisted deep computational insights with 592
exploitable dimensions,” Adv. Theory Simul., vol. 4, no. 7, Jul. 2021, 593
Art. no. 2000291, doi: 10.1002/adts.202000291. 594

[18] H. Lamb, “On the vibrations of an elastic sphere,” Proc. London Math. Soc., 595
vol. s1–13, no. 1, pp. 189–212, 1881, doi: 10.1112/plms/s1-13.1.189. 596

[19] C. Warsame et al., “Modal analysis of novel coronavirus (SARS 597
COV-2) using finite element methodology,” J. Mech. Behav. Biomed. 598
Mater., vol. 135, Nov. 2022, Art. no. 105406, doi: 10.1016/j.jmbbm.2022. 599
105406. 600

[20] A. Nonn et al., “Inferring mechanical properties of the SARS-CoV-2 601
virus particle with nano-indentation tests and numerical simulations,” 602
J. Mech. Behav. Biomed. Mater., vol. 148, Dec. 2023, Art. no. 106153, 603
doi: 10.1016/j.jmbbm.2023.106153. 604

[21] A. Chopra, Dynamics of Structures: Theory and Applications to Earth- 605
quake Engineering, Pearson College Div, 2016. 606

[22] G. J. Taylor, J. Margueritat, and L. Saviot, “Comment on manna et al. 607
SARS-CoV-2 inactivation in aerosol by means of radiated microwaves,” 608
Viruses, vol. 15, 2023, Art. no. 2110, doi: 10.3390/v15102110. 609

[23] M. E. Gurtin, “The linear theory of elasticity,” in Linear Theories of Elas- 610
ticity and Thermoelasticity, C. Truesdell, Ed., Berlin, Germany: Springer- 611
Verlag, 1973, pp. 1–295, doi: 10.1007/978-3-662-39776-3_1. 612

[24] N. Zhu et al., “A novel coronavirus from patients with pneumonia in China, 613
2019,” New England J. Med., vol. 382, no. 8, pp. 727–733, Feb. 2020, doi: 614
10.1056/nejmoa2001017. 615

https://dx.doi.org/10.1016/j.jhazmat.2021.127429
https://dx.doi.org/10.1063/5.0183276
https://dx.doi.org/10.1109/TBME.2022.3199333
https://dx.doi.org/10.1016/j.jaerosci.2019.105437
https://dx.doi.org/10.1111/jam.13751
https://dx.doi.org/10.1038/s41598-020-69561-3
https://dx.doi.org/10.1063/1.3074371
https://dx.doi.org/10.1038/s41598-017-04089-7
https://dx.doi.org/10.1063/1.3254251
https://dx.doi.org/10.1186/s12985-022-01889-w
https://dx.doi.org/10.1186/s12985-022-01889-w
https://dx.doi.org/10.1038/srep18030
https://dx.doi.org/10.1038/s41598-022-16845-5
https://dx.doi.org/10.1371/journal.pone.0251780
https://dx.doi.org/10.1371/journal.pone.0251780
https://dx.doi.org/10.1038/s41598-025-85376-6
https://dx.doi.org/10.18103/mra.v11i10.4486
https://dx.doi.org/10.3390/v15071443
https://dx.doi.org/10.1002/adts.202000291
https://dx.doi.org/10.1112/plms/s1-13.1.189
https://dx.doi.org/10.1016/j.jmbbm.2022.105406
https://dx.doi.org/10.1016/j.jmbbm.2022.105406
https://dx.doi.org/10.1016/j.jmbbm.2023.106153
https://dx.doi.org/10.3390/v15102110
https://dx.doi.org/10.1007/978-3-662-39776-3_1
https://dx.doi.org/10.1056/nejmoa2001017


8 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 0, NO. 00, 2025

[25] B. Stephanidis et al., “Elastic properties of viruses,” Biophys. J., vol. 93,616
no. 4, pp. 1354–1359, 2007, doi: 10.1529/biophysj.107.109033.617

[26] J. Miklowitz, The Theory of Elastic Waves and Waveguides (North-Holland618
series in Applied Mathematics and Mechanics), vol. 22, North-Holland:619
Amsterdam, 1994.620

[27] K. F. Graff, Wave Motion in Elastic Solids. New York, NY, USA: Dover621
Publications, 1991.622

[28] V. A. Fonoberov and A. A. Balandin, “Low-frequency vibrational modes623
of viruses used for nanoelectronic self-assemblies,” Phys. Status So-624
lidi B Basic Res., vol. 241, no. 12, pp. R67–R69, Oct. 2004, doi:625
10.1002/pssb.200409062.626

[29] M. Laue et al., “Morphometry of SARS-CoV and SARS-CoV-2 particles in 627
ultrathin plastic sections of infected Vero cell cultures,” Sci. Rep., vol. 11, 628
no. 1, Dec. 2021, Art. no. 3515, doi: 10.1038/s41598-021-82852-7. 629

[30] S. Klein et al., “SARS-CoV-2 structure and replication characterized 630
by in situ cryo-electron tomography,” Nature Commun., vol. 11, no. 1, 631
Dec. 2020, Art. no. 5885, doi: 10.1038/s41467-020-19619-7. 632

[31] H. M. Mazzone, CRC Handbook of Viruses: Mass-Molecular Weight 633
Values and Related Properties, Boca Raton, FL, USA: CRC Press, 1998. 634

[32] N. M. Bouvier and P. Palese, “The biology of influenza viruses,” Vaccine, 635
vol. 26, no. 4, pp. D49–D53, 2008, doi: 10.1016/j.vaccine.2008.07.039. 636

https://dx.doi.org/10.1529/biophysj.107.109033
https://dx.doi.org/10.1002/pssb.200409062
https://dx.doi.org/10.1038/s41598-021-82852-7
https://dx.doi.org/10.1038/s41467-020-19619-7
https://dx.doi.org/10.1016/j.vaccine.2008.07.039


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


