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Ultrasonic phacoemulsifiers and scalpels have transformed cataract surgery, enabling minimally invasive
procedures through small incisions while minimizing trauma to ocular tissues. Despite its potential to clean
the trabecular meshwork of the anterior chamber angle, restore its elasticity, and reduce intraocular pressure,
applying ultrasonic cavitation in glaucoma surgery has not been fully implemented so far. A mathematical
model of an ultrasonic scalpel for an ophthalmic phacoemulsifier used in glaucoma treatment has been
developed in this study, based on a 1%—wave vibrational drive for longitudinal displacements with a symmetric
piezoelectric transducer. This model enabled the calculation of acoustic longitudinal dimensions and the
simulation of its operation at the resonant frequency. The reciprocating-rotational oscillations of the scalpel
needle are achieved by incorporating helical grooves on the surface of the larger-diameter stage of the first
ultrasonic velocity transformer, which is in direct contact with the piezoceramic transducer. To enhance
the convenience of surgical intervention and reduce the risk of damaging internal eye structures, the tip
of the ultrasonic scalpel needle is angled at approximately 15°. The simulation results determined the
resonant frequencies of the ultrasonic scalpel with a straight and angled tip, which were 48,373 Hz and
48,702 Hz, respectively. Additionally, the vibration mode of the angled needle tip was identified, exhibiting
both longitudinal and bending components, confirming the proposed concept of using an angled tip to
improve surgical convenience and reduce the risk of injury to internal eye structures.The implementation
of the developed ultrasonic scalpel for glaucoma treatment addresses a significant scientific and applied
challenge in modern ophthalmology and mechanical engineering.
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Introduction

Despite the rapid development and widespread
adoption of innovative technologies in diagnosing and
treating glaucoma, this disease unfortunately remains
the leading cause of disability and irreversible bli-
ndness worldwide, including in Ukraine [1, 2]. The
introduction of advanced technologies in medicine
has opened new opportunities for doctors. Using
ultrasonic phacoemulsifiers and ultrasonic scalpels in
surgical treatment of cataracts has ushered in a new
era of performing minimally invasive eye surgeri-
es, enabling interventions through incisions smaller
than 1.2-1.3 mm without causing secondary traumatic
damage to eye tissues [3].

However, using ultrasonic cavitation in the surgi-
cal treatment of glaucoma has not yet found its
proper application. Nevertheless, preliminary studies
suggest that applying an ultrasonic scalpel to clean
the trabecular meshwork of the anterior chamber
angle, due to the secondary effects accompanying the

phenomenon of ultrasonic cavitation, holds certain
promise. Utilizing ultrasonic cavitation makes it possi-
ble, through the sound-capillary effect, to clear the
pores of the trabecular meshwork, restore and preserve
its elasticity, reduce resistance to aqueous humor
outflow, and, as a result, lower intraocular pressure,
thereby contributing to the successful treatment of
glaucoma and preventing the progression of this disease
[4-6].

The source of excitation of vibrations in the
ultrasonic scalpel is an ultrasonic vibration dri-
ve, which creates reciprocating and reciprocating
movements. This ultrasonic vibration drive includes
an ultrasonic piezoelectric transducer and a vibration
speed transformer with an end working surface, as well
as a needle that is longitudinally tightly attached at
one end to the end working surface of the vibrati-
on speed transformer, forming an additional vibrati-
on speed transformer. The other end of the needle
features a ball-shaped working surface, which signi-
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ficantly increases the area of the cavitating surface.
The scalpel includes a sealed longitudinal channel that
enables aspiration, which is the suction of fluid with
fine contaminant particles from the surgical site.

It should be noted that in ophthalmology, a similar
ultrasonic scalpel with an open tip, without a ball at
the end of the needle, has recently been introduced
for performing minimally invasive surgeries aimed at
cataract removal. This type of scalpel, due to its high-
frequency vibrations and the open sharp tip of the
needle, allows the cloudy lens of the eye to be broken
down for subsequent removal and replacement with
an intraocular lens. However, using such a scalpel for
cleaning the trabecular meshwork is not feasible, since
the small surface area of the thin-walled needle tip does
not, allow for the formation of a sufficiently developed
cavitation zone needed to induce the sound-capillary
effect. Moreover, due to the pressure difference in the
longitudinal aspiration channel, adjacent eye tissues —

including the surface of the trabecular meshwork — are
drawn into the channel, and the sharp open needle tip
causes significant trauma to these structures.

The aim of this study is to develop a mathemati-
cal model of an ultrasonic scalpel for adapting known
ophthalmic phacoemulsifiers for the treatment of
glaucoma by using secondary effects that accompany
the phenomenon of ultrasonic cavitation, which
will allow performing minimally invasive surgical
interventions. The advantages of this study are the
calculation of the acoustic scheme of the ultrasonic
scalpel of the ophthalmic phacoemulsifier for the
treatment of glaucoma, the justification for the

development of a mathematical model, finite element
modeling of the vibration transducer, the calculati-
on of the acoustic longitudinal dimensions of the
ultrasonic scalpel and the modeling of its operation at
the resonant frequence.

Fig. 1. Stages of trabecular cleaning with a scalpel with an open sharp end of the needle: A — no aspiration,
B — suction of the trabecular meshwork into the open end of the scalpel during aspiration
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By modeling in the experiment of a clinical si-
tuation to reproduce glaucoma in the experimental
eye of an animal, the stages of trabecular cleaning
were carried out using an open-ended scalpel, wi-
thout a ball at the end of the needle. The stages
of trabecular cleaning are shown in Fig. 1, A-B. The
results demonstrate (Figure 1, B) that during aspirati-
on, the trabecular meshwork is sucked into the open
end of the scalpel. The open sharp end of the needle
destroys the trabecular meshwork and surrounding eye
tissues.

Injuring the structures of the eye during surgi-
cal interventions in the treatment of glaucoma is
unacceptable.

1 Ultrasonic Scalpel Acoustic

Scheme Calculation

The equation of longitudinal vibrations of an
ultrasonic piezoelectric composite transducer can be
written in the general form as [7-14]

82U_ 5 0 (58U>’
ox

a2

where: U is longitudinal displacement; S is cross-
sectional area of the transducer component; c is speed
of sound in the material of the transducer component.

Since, in this case, it is assumed that the ultrasonic
composite transducer has a certain natural frequency
and performs harmonic oscillations, the solution to
equation (1) can be expressed as

cax

(1)

U(z,t) =U(x) (Psinwt + Q coswt) .

Then, for the end cap that reduces the frequency and
the adjacent piezoceramic washer, the equations can
be written as follows

Ui(z,t) = (A cos 2z + Bsin wx) sin (wt + @) (2)
C1 C1

and

Us(z,t) = (C’ Ccos %x + Dsin Zm) sin (wt + ¢), (3)
where ¢; and ¢y denote the speed of sound in the
material of the frequency-reducing cap and the pi-
ezoceramic washer, respectively.

According to the calculation scheme of the
ultrasonic scalpel (Fig. 2), which represents the
most convenient lé—wave oscillating system in
ophthalmological practice, the boundary conditions for
the oscillating system with the origin at point O;, can
be represented as

U, =0 at =z =0;

oU
8—;:0 at = = aj + ag; (5)

(4)

Ui =Us
oU U at x = ay, (6)
BuSigs = BaSag -

where a1, F1,S1 and as, E5, So are the thickness, tensi-
le modulus of elasticity, and end surface area of the
frequency-reducing pad and the piezoceramic washer,
respectively.

Under condition (4) from equation (3), we obtain:

C=0. (7
Hence follows the expression:

Us (z,t) = Dsin & rsin (wt + ¢) .
C2

(8)

Condition (5) allows us to obtain the following
equality from equation (2)

Bcos — (a1 + a2) = Asin < (a1 + ag) .
C1 C1
From which
w
B = Atgc— (a1 + a2).
1

(9)

Substituting equation (9) into equation (2), we get:

Up(z,t)=A [cos © wtsin gJctgﬂ (a1+asz)|sin (wt+¢).
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Fig. 2. Acoustic calculation scheme of the ophthalmic
phacoemulsifier scalpel for glaucoma treatment based
on a lé—wavelength vibration drive of longitudinal di-
splacements with a symmetric piezoelectric transducer
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The first half of the boundary conditions (6) allows,
considering equations (8) and (10), to write

LW w LW w
Dsin —ag = A |cos —ag + sin —astg— (a1 + az))| -
C2 C1 C1 C1

From which we obtain the expression:

D = 08 ga2 + sin ﬂagtgﬂ (a1 + ag)] )

sin = asg [C c c1 c1
(11)
Considering the second half of the boundary condi-
tions (6), after differentiating equations (8) and (10),
we can write

A w w w
E{51— |:COS —agtg— (a1 + a2) — sin ag] =
Cc1 Cc1 C1 C1

D
= F5S55— cos ﬂag. (12)
C2 C2

After solving equations (11) and (12) together, we
get:
E151¢s ctgZas |cos Zap +sin Fastg (a1+a2)]

EaSsc;

w w M w
cos Zastg (a1+az) —sin Zap

(13)
From which we can write:
c1 + EgSgClctgéGQ + Elslcgtgﬁag
a1 = —arc — as.
! w gElSlcg — EgSgclctg;":agtg%ag 2
(14)

Considering that the angular frequency w = 2xf,
where f is the excitation generator frequency, equation
(14) allows calculating the thickness of the frequency-
reducing cap, given the material parameters, as well as
the selected size and material type of the piezoceramic
washer. If, according to the acoustic calculation scheme
(Figure 2), the design of the symmetric composi-
te piezoelectric transducer is used, and the second
frequency-reducing cap is made from the same material
as the first, we can write: a1 = af (Fig. 2).

Otherwise, to determine aj it is necessary to
use equation (14) again, replacing Fq,c¢; with Fjs, ¢,
respectively. Typically, this second cap is made as an
integral part of the first ultrasonic velocity transformer.

To calculate the second ultrasonic velocity
transformer, which in the considered scheme is
represented by a stepped concentrator with a load in
the form of a spherical-ended ball on the end of the
smaller-diameter step, we use the general form of the
longitudinal vibration equation (1). Since in this case
the assumption is also valid that the concentrator has a
natural frequency and performs harmonic oscillations,
the solution to equation (1) can be expressed as:

Uy (z,t) = (A cos 2 + Bsin :x) sin (wt + @) .

C4
(15)
For simplicity, the larger-diameter section of the
velocity transformer and the smaller-diameter section

(the needle) are assumed to be made of the same
corrosion-resistant material.

Likewise, for a cylinder that is mass-equivalent to
the structural element with a spherical surface, which,
when vibrating, will ensure the formation of the cavi-
tation region, the following expression can be written:

Us (z,t) = (C cos 2z + Dsin wx) sin (wt 4 ¢) ,

Cs Cs5
(16)
where c5 is the speed of sound in the material of the
cylinder that is mass-equivalent to the element with a
spherical surface.
The boundary conditions for the oscillatory system
with the origin of coordinates at point Os can be
written as follows:

Uy=0 at = =ag; (17)
Uy =Us
at z=0; 18
.5, 2% _ p,g, 00 (18)
ox ox
oUs
_— = = — ]_
pe 0 at x b, (19)

where Fj5 is the Young’s modulus of the material of the
spherical ball; S; i S5 are the cross-sectional areas of
the smaller-diameter step of the velocity transformer
and the equivalent cylinder, respectively; a3 is the
length of the smaller-diameter step of the transformer;
b is the height of the equivalent cylinder.

With regard to condition (17), equation (15) can be
written as follows:

A cos Ea3 = —Bsin i(13;
Cy Cy4
A (20)
a tgaz

Considering the first part of condition (18), equati-
ons (15) and (16) give:

A=C. (21)

The second part of condition (18) can be
transformed into the following form:

E4S4C4B = E5S5C5D. (22)

Condition (19) allows us to obtain from equation
(16):

Cs5 Cs5

—C'sin {w (b)] + D cos [w(b)} =0.
From which we have:

D = —Ctgb. (23)
Cs5
Then, taking into account (22), it can be written

as:
A

tgsas

E4S4C4 = CE5S5C5tg£b
Cs
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or, considering equation (21), we obtain:

w w E4S4C4
gc4 as g(:5 F=Sscs (24)
Then, it can be written as:
Cy E4S4C4
= —arctg————. 25
3 w are gE5S5C5tgib ( )

The length of the larger-diameter step of the second
velocity transformer will be determined from expressi-
on (25), considering that, in the absence of a load at
the end of the smaller-diameter step of the stepped
transformer, b = 0 and a3 = {:

3 (2n—1)m

=2t

» 3 (26)

where n is the order of oscillations.

In the case when n=1, that is, when the length of
the step is equal to i of the longitudinal deformation
wavelength, we obtain:

C3 T

l:
w2’

that is
=2

=i
The volume of the structural element with a spheri-

cal surface (Fig. 3) at the end of the scalpel needle can
be expressed by the following equation

(27)

V= Vsph - ‘/asp.channels» (28)

where Vipn and Vasp.channels denote the volume of the
spherical bead and the aspiration channels, respecti-
vely.

S

Fig. 3. Constructive element with a spherical surface
at the end of the ultrasonic scalpel needle

aspiration channels

Then the mass of this structural element is defined
as:

E,
my = TV
€y

(29)

For a cylinder equivalent in mass to the structural
element with a spherical surface, the following expressi-
on can be written:

r_Es

m = 2S5b.
5

(30)

By comparing expressions (29) and (30), we obtain:

b= E4VC§
N CiE5S5'

(31)

If the structural element with a spherical surface is
made of the same material as the scalpel needle, one
can write:

az = l—0b. (32)

The reciprocating rotational oscillations of the
scalpel needle are ensured by the helical grooves made
on the surface of the larger-diameter section of the first
ultrasonic vibration velocity transformer, which is in
direct contact with the piezoceramic transducer.

2 Justification for the Mathemati-
cal Model of the Ultrasonic
Scalpel

To determine the resonant frequency of the
ultrasonic scalpel, a finite element model of the vibrati-
on transducer was created. The transducer consists of
a stepped concentrator made of 12Kh18N9T stainless
steel, four piezoelectric rings made of APC-841 pi-
ezoceramic, and a frequency-lowering plate also made
of 12Kh18N9T stainless steel (Table 1).

Acoustic contact exists between all components
of the transducer, ensuring the propagation of the
ultrasonic wave along the entire length of the
transducer, achieved by compressing all components
into a package using a stud and a nut. In the modeling,
the stud and nut were not included in the calculati-
ons. In modeling, a bond simulating acoustic contact
was specified between all contacting components of the
transducer.

Table 1 Finite element model of the vibration transducer

Component Concentrator Step-down horn Piezoceramic
Material 12X18H10T 12X18H10T PCM-41
Young’s modulus, MPa 1,95 - 10° 1,95 - 10° 6,3 - 10*
Poisson’s ratio 0,3 0,3 0,3
Density, kg/m? 7900 7900 7600
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When modeling ultrasonic systems, the natural
frequencies, vibration modes and their harmonics,
locations of stress nodes and antinodes, selection of
waveguide mounting points in the housing, and even
the amplitude values of working surface vibrations are
determined (in this work, calculation of concentrator
vibration amplitudes was not performed).

The calculation consists of
analysis, which allows determining

frequency

the natural

U, Magnitude

+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00
+0.000e+00

frequencies, modes, and harmonics of the transducer
vibrations. The modeling frequency range was 42-
58 kHz. A 4-node tetrahedron C3D4 was selected as
the finite element type for the components.

The presented mathematical model made it possi-
ble to calculate the acoustic longitudinal dimensions of
the ultrasonic scalpel of the ophthalmic phacoemulsifi-
er for glaucoma treatment (Figs. 4-5) and to simulate
its operation at the resonance frequency (Figs. 6-9).

Y
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Fig. 4. Computational model of the ultrasonic scalpel of the ophthalmic phacoemulsifier for glaucoma treatment
based on a lé—wavelength longitudinal vibration actuator with a symmetrical piezoelectric transducer
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Fig. 5. 3D model of the straight needle of the ultrasonic scalpel with a spherical tip
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Fig. 6. Simulation of the excitation of the ultrasonic scalpel at the resonance frequency
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Fig. 8. Simulation of the excitation of the ultrasonic scalpel at the resonance frequency in the case of an inclined

needle tip with a spherical tip
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Fig. 9. Bending oscillations of the needle with an inclined tip and spherical end at the resonance frequency in
an enlarged scale

As a result of the modeling, the resonant frequency
of the scalpel vibrations was obtained — 48,373 Hz.

To increase the convenience of the surgical
intervention and reduce the risk of damaging the
internal elements of the eye, the tip of the ultrasonic
scalpel needle is made inclined by approximately 15°.
When longitudinal oscillations of the needle are exci-
ted, a transverse component is generated, which
induces bending oscillations in the needle. Since the
inclined part of the needle is approximately 2-3 mm
long, such a structural inclination in the working
frequency range of resonance frequencies (22-66 kHz)
should not significantly affect the shape of the osci-
llations at the tip of the needle [9]. However, the
considerable length of the needle, its small diameter
with a longitudinal hole (wall thickness approximately
0.2 mm), as well as the inertial load in the form of
the spherical tip, lead to the formation of bending
oscillations in the needle, i.e., the final stage of the
vibration velocity transformer of the scalpel (Figs. 8,9),
which may result in fatigue failure of the needle.

The resonant frequency of the scalpel with a needle
having an angled tip is noted to be 48,702 Hz.

3 Discussion

In medicine and in particular in ophthalmology, an
ultrasonic scalpel of an ophthalmic phacoemulsifier has
been introduced, which is widely used in the treatment
of cataracts [15,16]. The discovery of phacoemulsificati-
on has been a boon for the medical community, since it
has become possible to emulsify the cataracts through
a small incision of 2-3 mm, providing ideal visual
results for the patient. To date, several modifications
of scalpels for cataract removal have been developed,

the structure of which has common features [15-19]: a
source of excitation of ultrasonic vibrations in the form
of an ultrasonic vibration drive of reciprocating and
reciprocating movements, which contains an ultrasonic
transducer and a transformer of oscillation speed with
an end working surface and a through longitudinal
sealed hole.

Furthermore, the scalpel contains a straight hollow
needle, which is longitudinally tightly attached at one
end to the end working surface of the oscillatory veloci-
ty transformer with the possibility of aspiration from
the eye of destroyed lens particles from the surgical site.
A flexible system for supplying a replacement irrigation
fluid is attached to the hollow needle (phaco needle)
from the outside, which helps remove the destroyed
particles of the lens. During the operation, the lens is
destroyed by creating intense movements of the end of
the needle with an ultrasonic frequency.

However, all known ultrasonic scalpels of
ophthalmic phacoemulsifiers [15-19] have a number
of limitations: the area of the thin-walled end surface
of the needle is very small, as a result of which the
phenomenon of ultrasonic cavitation during needle
oscillations is practically not observed, which makes it
impossible to use the secondary effects that accompany
the phenomenon of ultrasonic cavitation. It should also
be noted that the scalpel tip is sharp, which can lead
to injury and destruction of eye structures upon direct
contact.

In addition, the known ultrasonic scalpels of the
ophthalmic phacoemulsifier are not adapted and are
not used in the treatment of such a common disease as
glaucoma. Glaucoma is a disease that is very important
to treat, given the large number of factors that cause it.
The main one among them is an increased intraocular
pressure due to the impaired outflow through the
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trabecular apparatus of the eye, namely the trabecular
meshwork, which becomes clogged with eye metabolic
products throughout a person’s life, increasing resi-
stance to aqueous humor outflow from the eye.

According to the acoustic scheme of the
phacoemulsifier vibration drive, the scalpel needle tip is
located at the antinode of the established longitudinal
deformation wave, that is, it deforms with maximum
oscillation amplitude. This leads to intensive heating
of the working needle tip, which must be taken into
account when adjusting the power consumed by the
ultrasonic transducer. At the same time, additional
heating of the aqueous humor and eye tissues due to
heat energy release during cavitation bubble collapse
in the developed cavitation region near the spherical
surface at the needle tip must also be considered.

It should be noted that to date, the principle of
trabecular meshwork cleaning using ultrasonic cavitati-
on and its secondary effects, the sonocapillary effect,
cleaning the pores of the trabecular meshwork, restor-
ing and maintaining the elasticity of the trabecular
meshwork, reducing the resistance to the outflow of
aqueous humor and, as a result, reducing intraocular
pressure for the successful treatment of glaucoma has
not been considered by scientists as a method of treat-
ing glaucoma. In the literature available to us, we
did not find a single literary source that described
similar studies [20—-22]. All this made the dissertation
research relevant, determined the goal and objectives
of this work and was reflected in the application for a
patent for an invention (a 2025 02635, N-28866 /2025,
03.06.2025) and a utility model (u 2025 02636, N-
28873/2025, 03.06.2025).

The innovation we propose consists in modeling the
tip of the scalpel with a new spherical surface shape,
the diameter of which is larger than the outer diameter
of the needle. The spherical tip of the scalpel has
holes that are connected to the longitudinal aspirati-
on channel of the needle. This will allow, due to the
sonocapillary effect and secondary effects during the
collapse of cavitation bubbles, to remove small particles
of the products of the vital activity of eye cells and will
help to restore microholes in the trabecular meshwork
of the eye and restore its elasticity without injuring the
surrounding tissues.

Generating an ultrasonic cavitation zone inside the
eye is noted to facilitate non-pharmacological sterili-
zation of the ocular fluid against harmful microorga-
nisms through cavitation-induced oxidation, as well as
thermal and mechanical effects [8]. Further research is
required to assess the molecular stability of medicinal
solutions used during surgical procedures under the
influence of ultrasonic cavitation of varying intensities.

Implementing the proposed methodology will
ensure the rational and safe application of ultrasonic
cavitation and vibration, contributing to the
advancement of minimally invasive glaucoma surgery.

Conclusions

The simulation results confirmed that the proposed
methodology allows for the calculation of all acoustic
longitudinal dimensions of the 1%—wavelength acoustic
scheme of the ultrasonic scalpel and ensures its effecti-
ve and safe application in ophthalmic practice during
minimally invasive surgical treatment of glaucoma.

The resonance frequencies of the ultrasonic scalpel
with a straight tip and an angled tip were calculated
as 48,373 Hz and 48,702 Hz, respectively. Furthermore,
the bending vibration mode shape for the angled
scalpel needle tip was identified.

The implementation of the developed ultrasonic
scalpel for glaucoma treatment is promising in solving
an important scientific and applied task in modern
ophthalmology and machine science.
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Metronuka po3paxyHKy yJIbTPA3BYyKOBO-
'O CKaJIbII€JId 3 1%-XBI/IJ'II)OBOIO aKycru-
YHOI0 CXE€MOIO Ta PO3BMHEHOIO II0OBEPX-
Helo KapiTaril

Hlapzopodcvruti C. B., Jlyeoscvruti O. @.,
Jaspinenxos A. /., Ilapzopodcvra 1. B.,
Koaom H. M.

Bukopucrants yabTpa3ByKOBUX (HaKOEMyIbCU(IKATO-
PiB Ta CKaJIbIIEJIB IIPX XiPYPridHOMY JIKYBAHHI KATaPaKTH
BIOKPHUJIO HOBY €mOXy JJIsi IIPOBEIEHHS MAaJIOIHBA3UBHUX
omepariii Ha Ol 1 MOXKJIMBOCTE!l BUKOHAHHS BTPYJaHHS
opu Majmx po3pizax 6e3 moOIYHMX TPABMATHIHUX YIIKO-
KEHb TKAHWH OKa. B TOil JKe Yac BUKOPUCTAHHS YJIb-
TPa3BYKOBOI KaBiTallli mpy XipyprivyHoMy JIKyBaHHI TJIa-
YKOMHI HA CHOTOZHI IIOKH He 3HAMIIIO CBOTO HAJIEXKHOTO
3aCTOCYBAHHSI, XOYa MAa€ $BHI MEPCHEKTHUBU IS OWIHINE-
HHS TPabeKyIsIpHOI CITKM KyTa IepeaHbol KamMeph OKa,
30epeKeHHs 1 BiJHOBJIEHHs 11 €/JIACTUYHOCTI 1, K HACJIi-
JIOK, 3HMKEHHSI OYHOTO THCKY. Po3pobiieHa MaTeMaTHIHA
MOeTb YIBTPA3BYKOBOTO CKAJIBIIEsT O(MTATHMOIOTIIHOTO
dakoemynbcudikaTopa g JIKyBaHHA IJIAyKOMH Ha 0asi
1 %—XBI/IJII)OBOI‘O BiOpaIiHOTO IPUBOY MO30BXKHIX HepeMi-
M€HDb 3 CHMETPUIHIM T €30€/IeKTPUIHIM TIePETBOPIOBAYEM,
fAKa TO3BOJINJIA PO3PAXyBaTH aKyCTUYHI ITO340BXKHI PO3Mi-
PY Ta IPOBECTH MOJIEJIIOBAHHS HOr0 pOOOTH Ha PE30HAHCHIM
9acTOTi. 3BOPOTHO-00EPTOBI KOJMBAHHS TOJIKU CKAJIbIIEJIs
3a0e31e9yI0ThC 33 PAXyHOK BUKOHAHHY I'BUHTOBUX Ka-
HABOK HA IIOBEPXHi CTyIeHs Oi/IbINOr0o JiaMerpa IepIIoro
YABTPA3BYKOBOTO TPaHCGHOPMATOPA KOJIMBAIHHOI IIBUIKO-
cri, gkuil 6e3r0cepeHbO KOHTAKTYE 3 II €30KePAMITHIAM IIe-
perBopioBadeM. [lyist 30iIbIIeHHST 3pYYHOCTI XipypridaHOTro
BTPY4YaHHs Ta 3MEHIIEHHS PU3WKY TPABMYBAHHS BHYTDi-
LIHIX €JIEMEHTIB OKa KiHeIp I'OJIKHA YIbTPA3BYKOBOI'O CKAJIb-
et 3pobsIeHo HaxmyeHnM pubm3Ho Ha 15°. B pesysbraTi
MOIe/TIOBaHHs Oy PO3PAXOBaHI PE30HAHCHI YACTOTHU YiIb-
TPA3BYKOBOI'O CKAJIbIIEJIS 13 IIPAMUM Ta HAXUJICHUM KiHIEM,
saki ckjaam 48373 ' ta 48702 T’y Bigmosizuo. Takox Bu-
3Ha4YeHO (HOPMY KOJIMBAHb MPU HAXUIEHOMY KIHII TOJIKH
CKaJIbIIeJid, B KN LPUCYTHH AK II03J0BXKHH, TAaK 1 3ru-
HaJIbHA CKJIQ/I0BA, IO HiATBEP/KYE 3AMPOIIOHOBAHY 17€I0
BUKOPHUCTAaHHS HAXWUJIEHOIO KiHIIA CKAJIBIIEJIA i 301/1b-
IIE€HHS 3PYYHOCTI XipypPrivHOrO BTPYYAHHS Ta 3MEHIIEHHS
PU3UKY TpaBMYyBaHHS BHYTDIIIHIX eJeMEeHTIB OKa. Bipo-
Ba/I2KEHHSI PO3POOJIEHOTO YIHTPA3BYKOBOT'O CKAJIBIIEIS IS
JIKYBAHHS TJAAQYKOMU € 6araToOoDIISIOUNM JIjIsT BUPITIEH-
HsI BayKJIMBOTO HAYKOBO-IIPUKJIAIHOIO 3aBJAHHS CyJaCHOI
odraabMoI0ril Ta MAITMHO3HABCTBA.

Karouo6i ca06a: yIbTPa3BYK; yABTPA3BYKOBA KaBiTa-
mis; 3BYKO-KAIIgpHUN edeKT; eJaCTHYIHICTD; CKAJIbIIED;
TJIayKOMa; Tpabexysia
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