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Abstract

Bacterial infections persist to be a serious public health challenge, and effective techniques
for their inactivation are essential. Effective sonic inactivation of bacteria like E. coli relies
on identifying their resonant frequencies. However, traditional methods of discovering these
frequencies through laborious physical experimentation can be time-consuming and costly.
This article proposes a novel method for determining the resonant frequency of E. coli using
a specially designed tensegrity model that incorporates spectral element formulation. The
model, which conforms to the shape of E. coli, allows for the calculation of resonant
frequencies without the need for time-consuming element sensitivity simulations. To
overcome issues related to rigid body motion, a small incremental operation is employed to
calculate the system determinant. The resonant frequencies obtained from the model are
found to be in excellent agreement with available experimental results. Additionally, the
model reveals that changes in E. coli geometry have a significant impact on inactivation
frequency, while other parameters such as density are less influential. The proposed
tensegrity model is a powerful technique that can provide rapid and accurate identification of
resonant frequencies, making bacterial inactivation instantaneous and more effective,
particularly during times of health crises.

Index Terms—E. coli, natural frequency, resonant, ultrasound inactivation.

1. Introduction
Ensuring drinking water security and cleanliness is of utmost importance to the essential
survivability of humans worldwide. Various diseases due to water contamination by bacteria,
viruses, and yeasts put great hazards on human health, especially in countries without proper
water treatment facilities. Conventional water treatment methods in physical, chemical, or
biological forms all present different limitations [1]-[7]. For instance, coagulation, aeration,
and adsorption techniques have been exercised to remove pollutants or microbes from the
water. The coagulation approach employs toxic coagulants like ferric chloride, aluminum
sulfate, poly ferric sulfate, poly aluminum chloride, etc. thereby highly threatening the water
quality. The aeration method is more difficult than the coagulation and adsorption due to the
use of sequencing batch reactors, the process of which requires also high time consumption.
The adsorption technique, though preferred, poses a new question of its long-standing impact
due to the use of synthetic materials that is toxicity-relevant [1]. The employment of
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chemicals in water treatment introduces an additional workload in handling their residual
before the product can be consumed. Therefore, several alternatives have been proposed and
continually improved to tackle these inadequacies.

It is discovered from scholarly works that the emerging sonification method has exhibited
some promising outcomes in the decontamination events of bacterial and viral activities in
various arenas like biomedicals, chemicals production, foods, drinks, and environment,
especially where clean and disinfected surroundings are of enormous importance [8]-[10].
Sonication is the process of breaking down bacterial cells through the application of sound
waves. The sound waves create pressure variations in the liquid medium that the bacteria are
suspended in, leading to mechanical stress on the bacterial cells. This can cause damage to
the cell membrane, leading to lysis or destruction of the bacterial cell walls, releasing the
DNA contained within. The concept has been extensively used in the cleaning of medical
laboratory instruments as well as food and drink processing equipment while proven
beneficial in the inactivation of microorganisms, such as Aureobasidium pullulans [11],
Bacillus subtilis [11]-[13], Enterobacter aerogenes [11], [14], Escherichia coli [12], [15],
Klebsiella pneumonia [15], Mycobacterium sp. [16], and Microcystis aeruginosa [17], to
name but a few.

Although the sonication method is highly attractive and to a certain extent effective, finding
the right frequency to inactivate the microbes or diseased cells by experimental trials has
proved to be both laborious and time-consuming. One fertile modeling technique able to
describe satisfactorily with simplistic conduct the mechano-functions of microbes is by
adopting the tensegrity model. Research advances in the past several years have evident the
great capability of tensegrity models in describing a range of cell mechanical behaviors,
including cell spreading, cell migration, cell detachment, mechano-sensation [18], etc.
Observing the ability to offer an accurate description of the tiny living bodies in various
aspects, the tensegrity model is, therefore, employed in the current work for determining the
resonant frequency of E. coli. The numerically determined resonant frequency narrows down
the range needed for the inactivation of E. coli in the utilization of the sonication apparatus.
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Fig. 1. E. coli tensegrity model
Table 1. Geometrical and material properties of E. coli
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Property Value Reference
Length, h [um] 0.3-6.0 [19]-[23]
Radius, r [um] 0.25-10 [21], [24], [25]
Skin thickness, t [nm] 2—-6 [26]
Density, o [g/mL] 0.19-1.1843 [27]-{29]

Young’s modulus, Eq [MPa]  0.12 — 150 [26], [30], [31]

Further, a complexity-minimized modeling technique, from its methodology perspective to
the details of the model, like the currently employed tensegrity model helps in facilitating
economy in time, budgetary, and effort specifically at the events of parametric investigation,
including variations in geometries and materials of the virus attributed to the dynamic nature
and uncertainties that occurred in characterization.
2. Tensegrity modeling methodology
A. Geometrical and Mechanical Modeling Details
Single cell of E. coli is a complex biological body that comprises several constituents. Its
main components include the cell wall, plasma membrane, cytoplasm, capsular wall,
nucleoid, pili, ribosome, and flagellum. For the tensegrity model construction, the chief
geometrical details required are the cell length, diameter, and skin thickness (measured from
the outer capsular wall to plasma membranes) by its assumed rod shape. To characterize E.
coli cells mechanically, overall Young’s modulus and density are of concern. Table 1
summarizes the relevant geometrical and material properties stated above for the tensegrity
model. Fig. 1 schematizes the tensegrity model as adopted from the triplex variant to
represent the E. coli cell. The tensegrity model consists of 12 members: 3 rods to handle
compressive forces as well as top and bottom sets of triangulated 6 cables plus the outer 3
vertically inclined cables for tensile forces.
Note that p and Eq in Table 1 are global properties measured for the whole E. coli cell.
Tensegrity is typically a lattice-like structure comprising tension-resisting cables and
compression-handling rods. Hence, these global properties are first converted to the
equivalent local member properties. These are then used to prescribe the material
characteristics of members of tensegrity. For brevity, Young’s modulus and density of a
member of the tensegrity model can be expressed, respectively, as
E = 8 nEgrt (1)
" 3A(VZ +4)
and

_r ()
Pm=T1g

where A is the cross-sectional area of each member. The coordinates of tensegrity can be
determined using the following.

x-coordinates:
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x = {r —T cOS (g) —7T coS (g) —7r sin (g) 0 rsin (g)}T )
y-coordinates:
y = {0 r sin (g) —r sin (g) r cos (g) —r rcos (g)}T 4)

z-coordinates:
z={0 0 0 h h R} (®)

B. Spectral Element Model Formulation
The definition of the tensegrity members exhibited in Fig. 1 is formulated employing the
spectral element technique. It has been chosen attributed to its superiority to the finite
element method (FEM) in evaluating the resonant frequency of a structure. FEM does not
cover all important high-frequency wave modes unless a high element number is provided
through fine discretization. It is owing to its formulation that relies on the frequency of
independent polynomial shape functions used. This jeopardizes its accuracy, more so at high
frequencies, which are short wavelengths relevant.
The weak form of governing equation for the frequency domain is first expressed as [32],
[33]

L (6)
j dd[—w?pAd — E.d" — F(x)]dx = 0
0
Integrating by parts leads the weak form to
L L 7
f [~w?pAdéd + E.d'8d'ldx — 8dF (x)|5 — f §dF(x)dx =0 ()
0 0
Substitution of the dynamic shape functions into (7) yields
2 agT g ®
[—w*pAF'F + F,F F'ldxtd = (fo + f»)
0
from which f, is the spectral nodal forces vector
fo=1h L =0 fW} 9)
and
(10)

fo = [ FQFT G w)dx
0

The spectral element stiffness equation for one element from (8) can be expressed as

S(w)d = f(w) (11)
where
L 12
S(w) :f [~w?pAFTF + E,F'"F']dx (12)
0
whereas
f(w) = fa(®) + fr(w) (13)
The spectral element equation in matrix form is written as
S11 512] (14)
S =
@)= 15, s,
where
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Fig. 2. Determinant of Sg(w) vs frequency
Table 2. Verification of present tensegrity model with references

Existing work fres [kKHz]  Current f¢s determination [kHz] Difference [%]

10100

o

1050

System determinant, log S (w)|

100

20.0 [35] 20.0 0.0
30.0[19] 30.02 0.07
Sij = —Faj;—Aw’pByy, 1,j=1,2 (15)
with
_ (kE+K3)L
11T et
— _ —(egkf+esk3)L
U1 = A1 = T e)?
_ (eSki+efk3)L
%22 = (e2—eq)?
— (ef+e3)L _ _ —(eq1+e))L _ 2L
B = _(62_61)2., 12= P21 = —(ez—e1)2 ) Pz = —(ez_el)z, (16)
by noting that
e, =e kil jj =12 (17)
and
pA
kip= T |[— (18)
) F,

The transformation of the spectral element matrix equation from local to global definitions is
performed employing the coordinate transformation matrix where the global system is
expressed as (as opposed to that of local in (11))
S(w)d = f(w) (19)

from which [36], [37]

S(w) =TT'S(w)T (20)
where d and f(w)are the transformed displacement and force vectors, respectively. Next, the
spectral elemental matrix can be written as
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Fig. 3 Variation in the resonant frequency of E. coli for changes in h and p at Eq = 25 MPa
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ri, Si, and t; are the directional cosines of the local degrees of freedom with respect to the
global coordinate system. The assembly of (19) for each member is carried out by matching
the number of degrees of freedom in the global coordinate system as
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Fig. 5 Variation in the resonant frequency of E. coli for changes in r and h at E; = 25 MPa for
(a) p =190 fg/um?, (b) p = 687.15 fg/um?, and (c) p = 1184.3 fg/um®. Note: r and h in um,
and f in Hz in the plots

Se(w)dg = fe(w) (23)
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The natural frequencies of the model are determined by setting the determinant of the global
system to zero.

ISe(w)| =0 (24)
A tensegrity global dynamic matrix system tends to singularity to fulfill (24) so the common
determinant can be problematic. Thus, a small incremental operation proposed by [39] to
attain the system determinant that tends to zero is adopted.

Height Density Radius

150000
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0 2 - 400 800 12000.3 0.6 0.9
Fig. 6. Main effects of each factor on f (Hz)

3. Results and Discussion

A. Verification
The formulated and constructed tensegrity model is first used to compute the first natural
frequency that causes resonance using the geometrical and material details from literature.
From the diverse geometrical and material details collected from each paper, a sample of the
real component of the determinant of Sg(w) vs frequency plot is presented in Fig. 2 for E. coli
studied in [34]. The resonant frequency, f.s, for the examined E. coli is attained from the
frequency that locates the first major valley in the figure, i.e., fes = 20 kHz. Table 2 lists the
determined frequencies by the present tensegrity model vs. those of references [19], [34],
[35]. It can be witnessed that the current model can predict accurately the resonant frequency
used to inactivate different types of E. coli examined from the existing literature. The
agreements are close. Therefore, the potency of the tensegrity model is evident.

B. Parametric Exploration
As properties of E. coli cells vary a great deal from one source to another, as can be observed
in Table 1, it is worthwhile to interpret the resonant frequencies parametrically focusing on
the upper and lower bounds gathered from the literature. An analysis of variance (ANOVA)
has been executed for the lengths, radiuses, and densities found from these sources [40], [41].
Since many works show dominantly the global Young’s moduli of the cell are approximately
25 MPa, this parameter has been set constant.
The effects of the variation of numerous factors (h, r, and p) on f, in which one of the terms is
fixed, can be observed in Fig. 3. The ranges from Table 1 have been limited to h = 0.3 — 4
um, r=0.25 -1 um, p = 190 — 1184.3 fg/um?. Figs. 3(a), (b), and (c), Figs. 4(a), (b), and (c),
as well as Figs. 5(a), (b), and (c) are plotted by fixing r, h, and p to a minimum, mid, and
maximum of the ranges, respectively. Varying either h or p does not affect much the
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computed f. The huge influence of r can be observed in the global elevation of the surface

response in Figs. 3(a), (b), and (c) where varying h or p will not infer much effect as can be

seen in the almost flat condition of the plots. The significance of r can also be noticed in Figs.

4(a), (b), and (c), as well as Figs. 5(a), (b), and (c), in which a rise in r changes the response

surface in a declining manner whereas varying h or p inflicts a relatively much lesser effect in

the resulted response in f. The major influence of r on f can be extracted and seen in Fig. 6.

Again, h or p affect comparatively little the resonant frequency of E. coli. Besides, it can be

learned that r and p show an inverse correlation with f, even more so as affected by r. Though

slightly influenced, f increases with h.

4. Conclusion

The resonant frequencies of E. coli with various geometrical and material properties have

been determined numerically using the tensegrity model adopting the spectral element

formulation. It is presented that the model can accurately predict the resonant frequencies by
comparing them with existing literature results. From ANOVA, it was determined that the
geometrical parameter, specifically the cell radius, influences significantly the resonant
frequency of E. coli. Its density contributes with a somewhat lower effect secondly. When
other parameters are fixed, the resonant frequency of E. coli increases following a drop in its
radius and density while a rise in length produces the same outcome only slightly. It is found
that the radius of E. coli affects most significantly the resonant frequency used to inactivate
the bacteria. The current technique can be extrapolated to other harmful bacteria in the events
of drinking water treatment as well as medical and laboratory equipment disinfection.
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