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We demonstrate the possibility of detection and monitoring of bubbles emerging near the tip of
an optical ¯ber by means of ultrasonic method. The excitation of bubbles at their resonant
frequencies is performed using short ultrasonic pulses having a wide frequency range simulta-
neously with their modulation by means of a long pulse of a monochromatic frequency. This
method allows detection of bubbles of various sizes. Used signal processing method, which allows
increased bubble detection accuracy, is proposed for research in environments of biological-like
medium which show continuous variations in structure and properties when exposed to optical
emission. The method has been demonstrated on model objects: in a liquid and in a biological
tissue phantom using various methods of bubble generation (hydrolysis and optical emission).
We studied bubble formation by the tip of a ¯ber of the surgical laser LSP-007/10 \IRE Polus"
with a wavelength of 0.97�m coated with a highly absorbing graphite layer.

Keywords: Bubble generation; ultrasonic inspection of bubbles; subharmonic ultrasound
modulation; laser surgery.

1. Introduction

The laser with optical ¯ber having a strongly ab-
sorbing coating applied on its tip is widely used for
the ablation of pathogenic biological tissues.1–3

Heating of the tip coating to high temperatures
makes it possible to obtain a variety of practically
signi¯cant results. On the one hand, it considerably
increases the cutting speed and reduces blood loss,
which has a bene¯cial e®ect on post-surgery wound

healing.4–6 On the other hand, it gives rise to
acoustic °ows and leads to the generation of bubbles
of di®erent sizes ranging from fractions of a milli-
meter, the noise of which is heard as a \boiling"
noise, to the size of the micron level.3,7,8 The cavi-
tation bubbles collapse, creating powerful acoustic
streaming and shock waves causing, in particular,
the death of bacteria, and thereby sterilizing the
wound.9,10

*Corresponding author.

This is an Open Access article published by World Scienti¯c Publishing Company. It is distributed under the terms of the Creative
Commons Attribution 4.0 (CC-BY) License. Further distribution of this work is permitted, provided the original work is properly
cited.

Journal of Innovative Optical Health Sciences
Vol. 9, No. 5 (2016) 1650013 (8 pages)
#.c The Author(s)
DOI: 10.1142/S1793545816500139

1650013-1

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
6.

09
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

03
.2

40
.1

26
.9

 o
n 

10
/2

1/
18

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.

http://dx.doi.org/10.1142/S1793545816500139


Changes in tissue properties may result in non-
uniform ablation followed by overheating of par-
ticular areas of the tissue and the formation of
necrosis. In order to eliminate this negative factor,
automatic adjustment of laser power by measuring
the temperature of the optical ¯ber tip is used.2

Optical methods are commonly employed for de-
tection of single bubbles at the tip of the optical
¯ber. This is acceptable, however, only for relatively
large bubbles or bubbles moving with low speed.
Multiple bubbles, including micron-sized ones, are
very di±cult to detect. Thus, there is a need to
develop an acoustic method for bubble monitoring
that would permit to use the measured results
not only for ascertaining the presence of bubbles
of a certain size, but also to allow some control of
bubble generation similarly to the adjustment by
temperature.

The most suitable solution for the above pro-
blems is the use of combination of linear and non-
linear pulse ultrasonic methods.7–11 These methods
have been developed to a considerable extent for the
detection of single bubbles excited by acoustic
waves at their resonant frequencies of di®erent
modes of oscillation in a water.12 Use of the above
methods is well-known in relation to the detection
of bubbles during decompression, or phospholipid-
coated micro-bubbles in order to increase ultrasonic
image contrast.13,14 The peculiarity of measurement
conditions at this paper is primarily that the envi-
ronmental parameters and structures exposed to
the optical emission and emerging acoustic °ows are
constantly changing. Secondly, the emerging bub-
bles have a wide range of sizes: from a few microns,
which are prone to cavitation, to ones which are
100s of microns across and which can be observed
visually.

The purpose of this work was to develop the
ultrasound methods to detect the size of bubbles
in a water or biological tissue generated by laser
radiation near the tip of an optic ¯ber.

2. Materials and Methods

2.1. Experimental setup

The complex nature of bubble generation and
their lifetime depends on a variety of signi¯cant
factors: the bubble size, their environment, the
temperature, pressure, etc.15–17 The same bubble
may simultaneously have both linear and nonlinear

properties, and may be excited both at its funda-
mental resonant frequencies, and at its ultra- and
sub-harmonic frequencies.18–22 The size of a bubble
changes continuously throughout its whole lifetime,
and this naturally leads to corresponding changes
in its resonant frequencies. Bubbles of a given size
are generally detected using ultrasound location
methods based on recording the amplitude of the
subharmonic of the emitted ultrasonic wave.23–30

Parametric excitation of a bubble at its resonant
frequency f2 ¼ f1/2, where f1 is the frequency of the
emitted wave, allows detection of the bubble with a
high degree of con¯dence. At the same time, bub-
bles will be excited on the f1 frequency as well.
Methods of excitation using short pulses are there-
fore preferable for the inspection of bubbles which
have a range of sizes. A wide excitation spectrum
allows excitation of all sizes of bubbles at the same
time. The bubbles may then be categorized by size
using a software-based method, by means of signal
analysis in various frequency ranges.19 This work
combines both methods: the excitation is performed
by a rectangular radio pulse including 8–10 cycles at
the f1 frequency. Such a pulse has steep rising edges
and a pulse duty factor equal to 3–4. This type of
complex signal has a wide excitation spectrum with
a predominance of excitation in synchronous mode
at the f1 and f2 frequencies. The frequency used for
determining bubble location is selected within a
range up to 10MHz, which is necessary in order to
detect the micron-size bubbles that, being prone to
cavitation, usefully provide an antiseptic e®ect.

The base diagram of the setup used for mea-
surement is shown in Fig. 1. The layout of the
transducers for di®erent measurement conditions
is shown in Fig. 2.

Initially used ultrasonic locator emitted 10 cycles
at a frequency f1 ¼ 2:92MHz in the trigger excita-
tion mode using a rectangular pulse with pulse
duty factor 3 using a T1 transducer. The ultrasonic
repetition pulse frequency was fr ¼ 5Hz, and the
excitation amplitude was 40V. The axes of the
wide-band emitting and the receiving T2 transdu-
cers intersected at a distance of d1 ¼ 15–20mm
from the plane of the working surfaces. Both
transducers were 6mm in diameter, and 20mm
long. The ultrasonic signal received from T2 was
ampli¯ed by a two-stage wide-band, low-noise am-
pli¯er based on AD811, and AD8005 chips, and
after that sent to the ¯rst input of an AKIP-75244B
USB-oscilloscope and recorded on a computer. The
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second input of the oscilloscope was used for
temperature measurement. Temperature was mea-
sured with a 3.05�1.4�1.02mm TC1047A using
a standard connection to an ampli¯er based on an
OP07CP chip.

The light source was generated by an LSP-007/
10 \IRE Polus" surgical laser, as used for dissection
and coagulation of biological tissues during surgery.
The laser was operated in continuous emission
mode: with a wavelength of 0.97�m; a maximum
power of P ¼ 10W and a silica optical ¯ber with a
waveguide diameter of 0.5mm. The optical ¯ber tip
was placed at the distances of d2 ¼ 0–20mm,
d3 ¼ 0–20mm from the intersection point of the T1
and T2 ultrasonic transducer axes.

2.2. Measurement technique

Processing of the signal from the ultrasonic locator
output was performed as follows. Each front of
signal repetition frequency actuating the emission
of an ultrasound pulse started the recording of
the signal re°ected from the location zone using
an USB-oscillograph with a 15 bit capacity and a
sampling frequency of 125MHz. Each measurement
cycle, including the on/o® turning of the laser,
allowed the recording of up to 100 oscillograms of

received signals. The same 8.2�s time interval was
selected for analysis of all the recorded oscillograms,
corresponded to area of bubbles occurrences. Spec-
tra corresponding to the oscillation frequencies of
the bubbles excited by the ultrasonic pulses were
calculated for each oscillogram using 8192 counts.

Precise calculation of bubble sizes and their os-
cillation time taking into account the e®ects of
thermal and mass transfer, changes of the surface
tension coe±cient and other e®ects depending on
wavelength of ultrasound, is rather complicated,
needs a lot of factors to be considered and may be
found in Refs. 31–33. Since for our study the cal-
culation accuracy was not crucial, and it was rather
important to estimate only the range of sizes of the
bubbles under study, the bubble radius was calcu-
lated using a simpli¯ed equation:

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3�P0

� þ 3��1ð Þ�2�
�R

q

2�R
;

where � ¼ 4/3 is the adiabatic index of the gas, P0 is
the static pressure in the water, � is the surface
tension, � is the density of the water; and R is the
bubble radius.22,34,35

The received echo-signal typically contains mul-
tiple re°ections from objects in the location zone, in

Fig. 1. Experimental setup for detection of bubbles.

Fig. 2. Setup of transducers for various environments.

Ultrasonic inspection of micro-bubbles
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particular, from environmental structures with dif-
ferent acoustic impedances, and from the tip of
¯ber. Those re°ections mask the signals re°ected by
the bubbles themselves, and qualitatively distort
their spectra. This necessitates a change in the
processing algorithm to increase the speci¯city of
bubble detection, a supporting signal can be sub-
tracted from the received echo-signal. This may be
done using various methods depending on the
measurement conditions.

If the measurement conditions related to changes
in the particular environmental parameters before
and after exposure to the optical radiation do not
change signi¯cantly, e.g., if the optical ¯ber is in
water, then the supporting signal may be repre-
sented by the oscillogram recorded before the start
of laser radiation. This supporting signal is sub-
tracted from all subsequent oscillograms. Prior to
substruction it is assumed that such oscillograms
correspond to re°ections only from the bubbles.
If bubbles with di®erent sizes independently man-
age to disappear or collapse within the time interval
between two subsequent ultrasonic pulses, which
often happens in actual practice, then the di®erence
between the adjacent pulse signals is also insigni¯-
cant, as in the previous case. If bubbles are gener-
ated continuously for each pulse, then the di®erence
between the signals will be reduced, although
bubbles will still be present. The question that
has to be answered apart from this is how we can
monitor the dynamic changes in the spectrum.
Using the accumulation of the peak values of
spectrum amplitudes reduces the noise immunity
although it allows us not to miss the generation
of bubbles of a particular size. Using the accumu-
lation of average values makes the detection of in-
dividual bubbles impossible, but in this case we
can identify continuously emerging bubbles in the
region under study.

Choosing the processing method requires pre-
liminary clari¯cation both of the features of bubble
generation in relation to the environment of the
region under study, and the resolution of the
problem of the detection of speci¯c bubbles which it
is critical not to miss. For instance, for the detection
of bubbles in the blood during decompression, or for
control of the overall level of bubble distribution
generated in the environment, which is important
for controlling laser ablation. Let us now consider
the peculiarities of bubble detection in various
environments used during ultrasonic inspection.

2.3. Bubble detection in water during
their generation by hydrolysis

Veri¯cation of the proposed method of measurement
was performed by means of the traditional way of
detection of bubbles emerging in water by hydrolysis
(Fig. 2(a)). The hydrolysis device comprised a steel
needle of diameter 0.3mm, and 50mm long, and a
copper rod of diameter 1.5mm. There was a 3mm
gapbetween the needle and the rod.Bubbles emerged
along a 15mm uncoated section of the needle as
a result of applying a voltage of 4V DC to the rod.
To initiate the generation of predominantly small
bubbles, the needle was excited contactless, using
a solenoid with a frequency of 39Hz which matched
its ¯rst °exural mode. The needle was placed below
the ultrasonic location area in such a way that
the jet of emerging bubbles was in a location zone
of d1 ¼ 20mm and d2 ¼ 15mm. The voltage was
applied to the needle t0 ¼ 4 s after starting recording.
The resulting spectrum changes with time are
shown in Figs. 3(a) and 3(b). Figure 3(c) shows the
peakSp(f) and average Ss(f) spectrumvalues in three
oscillograms starting from the moment t1 ¼ 3:6 s
(noise) and t2 ¼ 8 s (signal from the bubbles) plotted
on one axis, and the calculated bubble radius
values plotted on the other axis. The oscillogram for
t1 was used as the supporting signal to be subtracted.

The technique which has been developed actually
allows monitoring of the generation of bubbles with
sizes varying from a few millimeters to tens of mil-
limeters, by means of linear and nonlinear (using
the harmonics of the f2 frequency) methods at the
same time. If signal analysis is used in combination
with subtraction of the reference signal, then the
signal to noise level may reach 40 dB at some fre-
quencies, greatly improving measurement accuracy.
Accumulation of peak or average spectral compo-
nent amplitude values shows that the changes in the
spectrum envelope match qualitatively. That the
ranges of signal/noise ratios of these remain the
unchanged indicates that bubbles of the same size
are generated continuously, but that there are also
many bubbles with radius of a few microns, i.e.,
ones that are prone to cavitation.

2.4. Bubble detection in water during
heating by optical radiation

Figure 2(b) shows a diagram of the setup for the
detection of bubbles generated as a result of solid
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body heating in water at the same time as its tem-
perature is measured. Optical emission was used to
heat a TC1047A (S2) thermal sensor located at a
distance, d2, ranging from 2 to 20mm. The laser
emission power P was either 3W, 6W, or 9W.
Figure 4(a) demonstrates the changes in the
amplitudes U1, and U2 of the spectral components
at frequencies f1 and f2 as well as the average
temperature of the sensor. Figure 4(c) shows the
signal spectra for P ¼ 9W, d2 ¼ 4mm, t1 ¼ 4 s,
t0 ¼ 5 s (the moment of laser actuation), t2 ¼ 10 s,
and t3 ¼ 12 s (the time when the laser was turn o®).

The average sensor temperature may exceed
100�C when P > 6W and d2 < 6mm, which, being
the boiling point of water, results in intensive bub-
ble formation. The bubble generation process starts
only when the laser turns on, which is con¯rmed by
the increasing amplitudes of the signal spectral

components received within the range of 0.1–
5.0MHz (see Fig. 4(a)). The intensity of bubble
generation is reasonably high because the levels of
the spectrum peak and the average value di®er by
less than 5 dB across the whole range (Fig. 4(b)).
This di®erence is considerably greater during hy-
drolysis (Fig. 3(c)).

It is obvious that if any object reaches boiling
point as a result of absorption of the optical radia-
tion this will result in bubble generation. So
strongly absorbing coating is applied on the tip of
the optical ¯ber to increase its temperature.2,6,8

Typically, a carbon-containing compound supplied
with the surgical laser is used.

However, its life time is then only tens of seconds
when used for ablation in a biological environment.
An increase in working time may be achieved by
applying the strongly absorbing coating, made of

(a) (b) (c)

Fig. 4. Amplitude of the f1 and f2 frequencies and sensor temperature (—), and changes of the average (�) and peak (~) values of
the signal and noise spectra for un-coated optical ¯bers (a, b) and with a strongly absorption coating (c).

(a) (b) (c)

Fig. 3. Instantaneous signal spectra after starting water hydrolysis (a and b) and changes in the average (�), and peak (~)
spectrum values, and bubble sizes (—) depending on frequency.

Ultrasonic inspection of micro-bubbles
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mixture of polymethyphenylsiloxane resin ¯lled
with 0.5–1.5�m graphite powder. This specially
developed technique allows the cutting of biological
tissue for 10–15min. In our experiments the extent
of shading by the absorption layer did not exceed
20% of laser radiation. The setup of transducers for
this case are shown in Fig. 2(c) for d1 ¼ 8mm and
d2 ¼ 12mm. Figure 4(c) demonstrates the spectra
of signals received during bubble generation at the
heated area of water nearly to the tip of ¯ber. It can
be clearly seen that, even in clear water, the heated
optical ¯ber generates bubbles intensively. The level
of the spectral components over noise exceeds 20 dB
which is comparable to the level from bubbles gen-
erated during hydrolysis (see Fig. 3(c)). The coated
optical ¯ber tip e®ectively generates bubbles with
sizes varying from a few microns to tens of microns.
Additional tests showed that a localized acoustic
°ow with a cross-section of less than 2mm and a
length of 3–5mm is created along the axis of the
coated optical ¯ber.

2.5. Bubble detection in a phantom

of tissue

An optical ¯ber with a coating based on epoxy resin
was used for the destruction of a tissue phantom
made of 2% agar. The phantom had a cylindrical
shape of 68mm diameter by 28mm thick (see Fig. 2
(d)). Its side surface was in contact with T1 and T2
transducers at a distance of 14mm from the base of
the cylinder. The tip of the optical ¯ber was pressed
into the cylinder surface to a depth of 2mm at
the point located at the distance of 15mm from the
top of the cylinder. Laser heating was actuated at

t0 ¼ 5 s after starting the record of oscillograms.
This resulted in a rapid melting of the agar in a
direction perpendicular to the axis of the T1 and T2
transducers. The laser was turned o® after 5 s.
Heating by the coated optical ¯ber tip is followed by
both the generation of bubbles having di®erent size
and a change in the structure of the phantom,
causing continuous changes in the oscillograms of
the received ultrasound waves. To reduce the e®ect
on the signal being studied by exposure to struc-
tural changes in the environment and sudden
changes in di®erential signal amplitudes, it is rea-
sonable to combine the method of signal processing
including subtraction of the supporting signal with
the approach of over-period subtraction. For this
purpose, the supporting signal is continuously cal-
culated as the average signal of the N currently
obtained oscillograms on the assumption that
structural changes in the tissue will be insigni¯cant
over the period N=fr. Thus, the signal obtained for
study is the di®erence between the current oscillo-
gram and the previous average value of the sup-
porting signal. N ¼ 3 was used for this study. The
signal processing results are shown in Fig. 5. After
laser switching on the bubbles generation in the
phantom (see Fig. 5(a)) is beginning. Those bubbles
continue emerging after the laser switches o®. The
peak and average values of the signal spectra for
noise (t1 ¼ 3 s) and at the moment of laser switch-
o® (t2 ¼ 10 s) are close to each other. In comparison
with the bubble generation in water (Figs. 4(b)
and 4(c)), the di®erence between the signal from the
bubbles and the noise is reduced, and the signal
spectrum is narrowed under the in°uence of changes
in the viscosity of the phantom material. Study of

(a) (b) (c)

Fig. 5. Instantaneous signal (a) and current signal (b) in relation to the spectrum and the change of amplitude of the f1 and f2
frequencies with laser run-time.
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the harmonic amplitude changes for the f1 and f2
frequencies over time shows a periodicity of occur-
rence of harmonics, with the 0.15Hz, 0.3Hz, and
0.9Hz frequencies being caused by boiling in the
water stream.

3. Conclusion

The studies conducted showed that an optical ¯ber
with its tip shaded with a highly absorbing coating
can be used as a source of simultaneous heating of
biological tissues or °uids, and the generation of
powerful micro-bubbles. Bubble generation depends
on the power of the optical radiation and the
absorption properties of the optical coating. In
practice, during the destruction of the biological
tissue the cutting conditions and the bubble gen-
eration intensity will be constantly changing. Bub-
ble generation and control of this may be performed
by means of pulse ultrasonic method using bubble
excitation by simultaneous short and long pulses
of ultrasonic waves. Conditions of bubble genera-
tion may be stabilized for the purpose of further use
of detoxifying properties of bubbles in water or bi-
ological tissue. This stabilization may be achieved,
for instance, by means of continuous monitoring
of the bubble generation by determining the levels
of the spectral components of the received ultra-
sonic wave signals. There are good reasons to use
preliminary processing to increase the accuracy of
detection of the signals from the bubbles. This
preliminary processing consists of periodic subtrac-
tion of the average value of the oscillograms
obtained during several previous ultrasound pulses
from the currently received oscillogram of the
signal.
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