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Abstract
In recent years, ultrasonic machining has been developing rapidly, and it is used in areas such as abrasive machining, cleaning, 
and welding. In this research, a magnetostrictive device with pure nickel conical core with cone angle of 30° was constructed. 
The observed sound pressure level was used as a measure of transducer performance. Also, the ability of the device to reduce 
the residual pesticide on cucumber surface due to cavitation was evaluated. The results showed that the sound pressure from 
simulation by JMAG-Designer software is almost the same as the sound pressure produced in the constructed transducer. 
To assess the performance of the device in removing residual pesticide from cucumber surface and evaluate the changes 
in peel texture of cucumber, the gas chromatography (GC) and scanning electron microscope (SEM) methods were used, 
respectively. The GC results showed that with 20 min treatment, the removal of pesticide based on height and chromatogram 
area was 75% and 83%, respectively. The SEM results showed that by increasing the treatment time, the stomatal pore area 
reduced from 144.74 μm2 (reference) to 30.56 μm2 (20 min treatment). These results are promising; hence, further research 
is suggested towards enhancing the device for commercial use in biomaterials processing operations such as cleaning and 
removing pesticides from fruits and vegetables.

Keywords  Magnetostrictive ultrasonic transducer · Residual pesticide · Cleaning · GC · SEM

Introduction

In recent years, ultrasonic machining has developed rapidly. 
It has been used in applications such as ultrasonic abrasive 
machining, cleaning, and welding. Fruits and vegetables con-
tain important nutrients that are essential for human health. 
But agricultural pesticides are widely used to protect prod-
ucts against insects, diseases, and maximizing crop yields. 
Residual pesticides have been considered in terms of their 

effects on human health as well as environmental effects 
because these pesticides cause diseases such as cancer and 
reproductive endocrine disorders (Mac Loughlin et al., 2018).

In general, different methods are used for peeling and clean-
ing agricultural products including manual, mechanical, chemi-
cal, enzymatic, and thermal (Tapia et al., 2015). Conventional, 
mechanical, and chemical methods and immersion in hot water 
cause adverse effects on the product (Wang et al., 2016). Alka-
line solution or steam pressure can also be used for this purpose. 
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However, these methods have some disadvantages such as exces-
sive water and chemical consumptions, high cost, as well as 
problems related to peeling waste (Pan et al., 2015). In addition, 
infrared (IR) (Li & Pan, 2014) and ultraviolet (UV) radiations 
(Ignat et al., 2015; Xu & Wu, 2014) can be used for peeling 
and cleaning agricultural products. Chemical methods use natu-
ral acids such as aceticacid, benzoicacid, citricacid, malicacid, 
sorbicacid, succinicacid, and tartaricacid (Tapia et al., 2015) as 
well as antimicrobial agents such as peroxyacetic acid, chlorine 
dioxide, ozone, electrolyzed water, chlorine (Doménech et al., 
2013), and Essential Organic Oils (EOS) (Zhang et al., 2014). 
These compounds, have some benefits such as antiseptic proper-
ties and reasonable price but raise concerns about the reaction of 
chlorine with organic matter and toxic properties (Maffei et al., 
2016). Alternative methods such as ultrasound can be used to 
remove residual chemicals from agricultural products with high 
performance (Lozowicka et al., 2016). Piezoelectric ultrasound 
transducers have been used for this purpose, but to amplify the 
amplitude of the generated waves, a horn, which causes power 
loss, must be used (Fang et al., 2018). In other words, due to the 
heating and low thermal conductivity of piezoelectric materials, 
it is necessary to use water as a coolant. But the use of cooling 
water increases the size of the ultrasonic transducer. Therefore, 
silicon layers can be used to focus ultrasound waves in a wide 
bandwidth. These silicone layers also provide the possibility 
of heat transfer (Chang et al., 2014) because the production of 
flat piezoelectric ceramics is economical and the sound fields 
can be concentrated with the help of acoustic lenses (Thomas 
et al., 2018). For this purpose, different materials can be used, 
such as composite polymers, which include metal powders and 
epoxy. Although these lenses improve the efficiency of piezo-
electric transducers, but as a problem, these lenses can only be 
used in special transducers (Sun et al., 2023). Magnetostrictive 
materials are good alternatives to convert electrical energy to 
ultrasound and used in various fields such as cleaning (Grange 
& Brown, 1969), sonochemistry, industrial processes, and medi-
cine because they have high energy density and high response 
speed (Cai et al., 2016). In order to optimize the design of these 
transducers at a lower cost, their performance should be exam-
ined in software environments with applied effective parameters. 
These parameters included the number of coil turns, electrical 
frequency, permanent magnets position, and core geometry. In 
fact, the fluctuations of magnetostrictive force in the longitudinal 
direction of the transducer are very important in the generation 
of ultrasonic waves. It has been shown that conical cores with an 
angle of 30° are able to generate the maximum fluctuations along 
the longitudinal axis (Gandomzadeh & Abbaspour-Fard, 2020).

The contamination level of products should be controlled 
in order to assure consumer health, improve the manage-
ment of agricultural resources, and prevent economic losses. 
This evaluation is performed by the MRL (maximum residue 
limits) index. This parameter actually determines the maxi-
mum allowable concentration of residual pesticides inside 

or outside food products in terms of  μg∕kg (Mac Lough-
lin et al., 2018). Many methods are used to detect residual 
pesticides on agricultural products. These methods include 
gas chromatography (GC), high-performance liquid chro-
matography (HPLC), HPLC/GC, mass spectra (MS) (Jiang 
et al., 2019), and enzyme-linked immunoassay (ELISA), 
GC–MS, liquid chromatography/mass spectra (LC–MS), 
and quadrupole time-of-flight mass spectrometry (Q-TOF 
MS) (Xiu-ping et al., 2017). In order to evaluate changes in 
the surface quality of biological materials due to ultrasonic 
application, a wide range of special tools and equipment are 
required. One of these common methods is the scanning 
electron microscope (SEM).

Fresh fruit and vegetables must be safe against microbiol-
ogy contamination and chemical content as they are gener-
ally consumed raw. As US processing has been reported to 
be a potential alternative to chlorine in disinfection steps, 
studies have been and must be further carried out in order to 
better understand the outcomes. The most common applica-
tions are shown in Table 1. The utilized frequencies were 20, 
30, 35, 40, and 135 kHz. Treatment times ranged from 2 s 
to 60 min. In addition, several organic materials have been 
evaluated. These include process water, juice “tomato, fruit, 
and orange,” fresh-sliced “button mushrooms and coconut,” 
meat “raw poultry,” and whole “watercress, calçots, and 
cucumber.” According to Table 1, most of these studies are 
related to piezo ultrasonic transducer, and few studies have 
been conducted on magnetostrictive ultrasonic transducers 
with pure nickel core. Also, previous studies have investi-
gated other parameters such as disinfection, microbial inacti-
vation, microorganism inactivation, and improving safety and 
quality. The results of these studies showed that, in addition 
to improving the quality and appearance of foods and veg-
etables, ultrasound is capable of decreasing microbial loads 
and microorganisms of organic materials. However, in the 
current research, not only the safety and quality parameters 
of the cucumber was considered, but also the performance 
parameters of the magnetostrictive transducer were studied.

In this study, the ability of a magnetostrictive transducer 
equipped with a conical core, made of pure nickel in generat-
ing ultrasonic wave, to create turbulence in liquid for clean-
ing fruits and vegetables was evaluated. Due to the limita-
tions of the existing load cells in measuring high-frequency 
forces, the performance of this transducer was evaluated 
by measuring its created sound pressure, using a decibel 
meter. The decibel meter data were then compared with the 
results of numerical simulation using the JMAG-Designer 
software. In addition, the performance of the device in creat-
ing cavitation to disperse waterproof paints in aqueous sol-
vents was investigated by image processing. On the other 
hand, cucumber is one of the most widely consumed prod-
ucts among fruits and vegetables, widely used in salads and 
cold soups. Few studies have been performed on the effect 
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of ultrasonic treatment time on cucumber washing. In this 
study, the amount of residual pesticide on cucumber and 
also the textural changes in its peel after ultrasonic treatment 
were investigated by GC and SEM methods, respectively 
because these changes affect the digestibility of cucumber 
peel and also its shelf life.

Materials and Methods

Manufacturing the Mechanical Parts of Ultrasonic 
Transducer

Nickel plates with 99.99% purity (Vale Inco, Canada) were 
purchased and used to make the magnetostrictive core. Pure 
metals have high melting temperatures which is 1455 °C 
for nickel (Smithells, 1976). By some modifications on the 
existing induction furnace (Ferdowsi University of Mashhad, 
Nano Laboratory), the pure nickel was cast in the prepared 
mold. After casting the pure nickel in the induction furnace, 
the cast specimen was machined to achieve the desired 
dimensions of the core. The housing and cap of the device 
were made of 316-L austenitic stainless steel. Among the 
characteristics of this steel are high resistance to corrosion, 
higher strength in high temperatures, good forming ability, 
and high tolerance to stress (AZoM, 2004). The housing and 
its cap are responsible for compressing the inside compo-
nents of transducer (core and winding). According to Fig. 1, 
in order to tighten the housing cap and compress the inter-
nal parts of the transducer, a head was built on the top of 
the cap. As shown in this figure, polyethylene material was 
used to make the coil spool of device. The thickness of this 
spool was considered to be 5 mm to ensure enough mechani-
cal strength in the coil during the winding process and also 
when applying high electrical power (due to relatively high 
heat) to the coil.

Electrical Specifications of Coil and Driver Circuit

The operating frequency of the magnetostrictive ultrasonic 
transducer was set to 20 kHz (Gandomzadeh & Abbaspour-
Fard, 2020). In this study, the inductance of the coil was 
compared in two different modes. Because at high frequen-
cies, based on the skin effect, the current through the coil 
tends to move away from the center of the wire. Therefore, 
the number of parallel strands of wire should be increased 
as much as possible in order to increase the cross section to 
pass high-frequency current (Bartoli et al., 1996). For this 
purpose, a bundle of 100-strand wire with a length of 10 m 
was prepared (known as Litz wire). The Litz wire consisted 
of 0.2 wires. Then the coil was wound with the same num-
ber of turns by ordinary wire and Litz wire and the results 
were compared. While winding the wires, insulation paper 
(Presspahn Limited) and air drying varnish were used to 
create electrical insulation and eliminate the vibrations of 
the wires, respectively.

In pure induction circuits, the source power is used to 
create a magnetic field. Also in RLC circuits, if resistive, 
inductive, and capacitive loads are in series, the resonance 
frequency ( f

r
 ) is achieved when the magnetic resistance of 

the inductor load is equal to the capacitive resistance of the 
capacitive load. These circuits are called series resonant cir-
cuits. For this purpose and as seen in Fig. 2, the driver circuit 
designed by Mahbodtronics Company, Iran. This circuit has 
a half bridge consisting of two IGBTs and also a capacitive 
bank which was placed in series with the magnetostrictive 
transducer coil. The features of this circuit include switch-
ing high currents (more than 30 amps) with high operating 
frequency (more than 100 kHz). The driver is powered by a 
12-V power supply to switch IGBTs and supply the required 
voltage to the microcontroller and the other electronic com-
ponents via an LM7805 regulator. Also, a variable trans-
former was used to provide the required power of the magne-
tostrictive transducer. The operating frequency of the driver 
is adjusted by an ATMega8 microcontroller. As previously 
stated, given that the operation frequency of the transducer 
was considered equal to 20 kHz and the circuit inductance 
was equal to 74 μH , the capacitor bank capacitance was cal-
culated equal to 1 μF , because the resonant frequency of 
the driver circuit must be close to the desired operating fre-
quency. However, due to the fact that the required current of 
the transducer is infinite in the resonant frequency, the oper-
ating frequency of the microcontroller should be shifted as 
much as 10 to 20% to the inductive area. Therefore, by using 
the capacitor bank, the resonant frequency of the driver cir-
cuit was adjusted to approximately 18 kHz, and to move 
away from the resonance zone, the operating frequency of 
the microcontroller, which is the operating frequency of the 
transducer, was set at 20 kHz.Fig. 1   The exploded view of magnetostrictive ultrasonic transducer
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Sound Pressure Measurement

In magnetostrictive transducers, the fluctuations of the 
magnetostrictive force along the longitudinal axis are the 
key parameters affecting the cavitation phenomenon. Also 
according to the Nyquist law, the sampling rate of the 
generated ultrasound must be at least twice the operating 
frequency (Wang et al., 2021). Due to the high operating 
frequency in this study (20 kHz) on the other hand, low 
sampling rate of the existing load cells, it was not possi-
ble to directly measure the magnetostrictive force. So, the 
performance of the transducer was evaluated as its sound 
created, and the sound pressure measured from the real 
transducer was compared with the simulation model. So, 
according to Fig. 2, the ultrasonic generated by the device 
was measured by a decibel meter (TES-1358). The decibel 
meter was placed horizontally in front of the device. In this 
study, the dimensions of the transducer components, includ-
ing the core, spool, coil, and shell, were considered in the 
simulation according to the real sample. As shown in Fig. 3, 
the large diameter of the conical core (D), the small diam-
eter of the conical core (d), and its length (L) are 37, 1, and 
50 mm, respectively. The simulation of the transducer was 

carried out in the JMAG-Designer software environment, 
and the electrical parameters that cause the excitation of the 
transducer were selected according to Table 2.

The electrical parameters of the transducer were meas-
ured using a multimeter, clamp ammeter, and oscilloscope 
which are given in Table 2. The decibel value was measured 
in two different modes, i.e., when the driver circuit is turned 
off (solely surrounding sound with no sound from trans-
ducer) and when the magnetostrictive transducer is on (sur-
rounding sound + transducer sound). The sound level in the 
first and second mode was 35.6 and 66.5 dB, respectively. 
In other words, by turning on the driver circuit, the decibel 
increased by 30.9 dB.

Simulation in JMAG‑Designer Software

The effects of different parameters on the performance of 
the magnetostrictive transducer were investigated perform-
ing the simulation runs in the 3D environment of JMAG-
Designer 16.0 software. This simulation software is used 
for electrical, electromagnetic, mechanical, and thermal 
analysis of electrical equipment. The analysis of this soft-
ware is based on the so-called finite element method (FEM) 

Fig. 2   Sound pressure measure-
ment setup including the driver 
circuit and measuring devices

Fig. 3   The generated sound 
pressure level on a spherical 
shell with a diameter of 100 mm 
in the simulation model
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(Apostoaia, 2013). This transducer was analyzed by tran-
sient analysis method in JMAG-Designer software envi-
ronment. In this analysis, magnetostriction and FEM coil 
conditions were applied to a nickel core containing a cop-
per coil, respectively. The electrical circuit consisted of a 
current source and a coil. The boundary conditions used in 
this study were symmetry boundary and natural boundary. 
The former was applied to the surfaces, which are parallel 
to the magnetic flux, and the latter was applied to surfaces 
perpendicular to the magnetic flux. Moreover, in the mesh 
settings procedure, the basic settings were done by standard 
meshing method, based on the recommendations provided 
in the software instruction. In addition, the size of the ele-
ments in the element size section was selected automatically 
(Gandomzadeh et al., 2022). Then the sound pressure level 
was applied on the transducer as a model condition. The 
sound pressure was calculated on a spherical shell with a 
diameter of 100 mm.

Image Processing Procedure to Evaluate 
the Dispersion Effect of Transducer

In order to evaluate the performance of the device, a water-
proof paint dispersion test was used. In this test, the disper-
sion rate of waterproof paint in water was evaluated. Image 
processing is a technique to monitor various processes, 
including monitoring the ripening of agricultural products 
such as mango, banana, and apple in the ripening room 
to achieve the desired conditions (Eyarkai Nambi et al., 
2016). In this test, a drop of waterproof paint was poured 
at the bottom of a 50-cc glass bottle, and subsequently, by 
turning on the ultrasonic transducer, the paint dispersion 
process in aqueous solvent was filmed. In order to evalu-
ate the dispersion effect of the transducer by image pro-
cessing, color snapshots were captured after 10, 20, 30, 40, 
50, and 60 s (0.16, 0.33, 0.5, 0.66, 0.83, and 1 min), since 
the paint dispersion was negligible before 10 s (0.16 min). 
Red, green, and blue channels of the images were extracted 
using MATLAB software. Histogram adjustment was used 
to create more distinction between the background and the 
paint dispersed in the water. In other words, multiplication 
operations were used to increase color intensity (Łoza et al., 
2013). After reading the images in MATLAB software envi-
ronment, a suitable coefficient was selected to increase the 
color intensity by trial and error method, and this coefficient 
was applied to color images and the extracted channels.

Cucumber Sampling

The use of methods such as washing, peeling, blanching, smok-
ing, frying, boiling, and canning showed that the residual levels 
of pesticides decreased from 0.80 to 0.10 μg/kg. On the other 
hand, the use of some combined methods such as ultrasound 
and low-intensity electric currents reduces potato fungicides 
by 95.1% (Azam et al., 2020). In order to ensure the concen-
tration of residual pesticides on the crop, cucumbers prepared 
from a local greenhouse located in Fariman city, where bio-
logical pesticides were used to grow this product. The variety 
of these cucumbers was DIVA. Their average physical dimen-
sions, which include diameter, length, and mass, were 14.1 
and 27.3 mm, and 70.8 gr, respectively. In this study, Diazinon 
pesticide was used to investigate the effects of ultrasonic treat-
ment on reducing the residual pesticides on cucumber samples. 
This pesticide that is frequently used against insects on fruits 
and vegetables such as cucumbers, tobacco, forage, as well 
as soil nematodes. It is also used to protect greenhouses and 
mushroom farms from winged insects. In addition, Diazinon 
is one of the organophosphorus pesticides that affects human 
health and is easily absorbed through the gastrointestinal tract, 
skin, and respiratory tract (Cengiz et al., 2006). The chemical 
formulation of this pesticide is C12H21N2O3PS. Based on the 
application, this pesticide can be used from 1.12 to 8.97 kg per 
hectare, but for this purpose, considering the concentration 
of 2 ml∕L (Cengiz et al., 2006), the solution of Diazinon was 
spread evenly on the samples. The solution was sprayed by a 
hand sprayer with a tank capacity of 70 ml.

Ultrasonic Treatment

Since this transducer is equipped with a nickel core with low 
magnetostriction effects, its ultrasonic output power is low. For 
this purpose, in order to increase the effect of ultrasound waves 
on cucumber samples, a 250-ml lab beaker was used to place 
two cucumbers with the ultrasonic horn. In other words, the 
cucumber samples and transducer horn were immersed in the 
water of the beaker. Then, each sample was treated separately 
by ultrasound. The ultrasonic treatment time was variable and 
equal to 5, 10, and 20 min (Liang et al., 2012). However, due to 
the fact that more than 50% of the input power of these trans-
ducers is converted to heat, the propagation time of ultrasonic 
waves was such that every 1 min of propagation, the power 
supply was cut off for 2 min. This time pattern was considered 
for cooling the nickel core and the Teflon coil spool.

Table 2   Electrical 
specifications of coil used in the 
magnetostrictive transducer

Wire Specification Coil Specification

Wire Strands No. 100 Frequency 20 kHz
Wire Diameter/Gauge 32/0.2 mm Current 5 A
Wire Resistance 1.7 Ω Voltage 78 V
Inductance 74  μH
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Sample Preparation for GC

Gas chromatography was used to evaluate the changes in 
the amount of residual pesticide on cucumber samples. To 
perform this test, four samples including reference, 5 min, 
10 min, and 20 min treatments were selected. Each sample 
was first crushed separately in a blender at 9000 rpm for 
5 min and then placed in a variable-speed homogenizer. 
However, in order to ensure that all the cucumber pulps were 
crushed and prevent remaining pulps between the homog-
enizer blades, the blended samples were first completely 
crushed in a laboratory mortar and passed through filter 
paper. In the homogenizer, the samples were completely uni-
form for 2 min at variable speeds. The homogenized samples 
were transferred separately to the GC laboratory of Ferdowsi 
University of Mashhad in glass containers. Samples were 
evaluated by QuEChERS method (Koesukwiwat et al., 2010).

Sampling for SEM

SEM images were used to investigate the textural changes 
of cucumber peel caused by the application of ultrasonic 
waves. To perform this test, four samples including refer-
ence, 5 min, 10 min, and 20 min treatments were selected. 
Samples were prepared biologically (Smith & Fleming, 
1979), and then SEM images were taken in Central Labora-
tory of Ferdowsi University of Mashhad.

Results and Discussion

Sound pressure level was used as a measure of transducer 
performance. The performance of transducer was also inves-
tigated as its ability to disperse waterproof paints in aque-
ous solvents by image processing. Then Diazinon pesticide, 
which is widely used in agricultural applications including 
the production of cucumber, was used. After spreading 
Diazinon pesticide solution on cucumber products, ultra-
sonic treatment was applied on the samples for 5, 10, and 
20 min. To determine the residual pesticide and evaluate the 
peel texture of cucumber product, the GC and SEM methods 
were used respectively.

Sound Pressure Level Test

As previously stated, in order to reduce heat loss and select 
a suitable conductor for applying the high-frequency cur-
rent through the coil, the spool was wound by an ordinary 
wire and also Litz wire with the same number of coil turns. 
The purpose was to compare the performance of these two 
types of wirings. The results showed that the inductance of 

the coil with 100 turns for the coil with ordinary wire and 
Litz wire was 112.9 and 74 microhenry, respectively. Thus, 
by increasing the number of strands in the Litz wire, the 
resistance created at high frequencies decreases (Tourkhani 
& Viarouge, 2001).

In order to compare the real transducer with the simulation 
model, the sound pressure was measured. This parameter has 
been used to evaluate the performance of ultrasonic trans-
ducers (Ishiyama et al., 2003; Wang et al., 2006). The sound 
pressure produced is affected by the size of transducer. This 
increase is about 3 to 5 dB (Ishiyama et al., 2003). However, 
due to the small size of the transducer in this study, this effect 
can be ignored. Figure 3 shows the sound pressure distribu-
tion of the simulated transducer using the JMAG-Designer 
software. As mentioned, this 3D analysis was performed 
at a frequency of 20 kHz. The maximum point (red color) 
is located exactly in front of the transducer horn. But the 
minimum point (violet color) is located behind the image. 
The approximate position of this point was displayed by the 
software for the user on the spherical shell with a diameter 
of 100 mm. On the other hand, due to the high frequency, the 
position of the points changes in each snapshot. In this image, 
a moment of this analysis was shown.

In Fig. 4, the sound pressure level diagrams in three 
different modes are presented (simulated, real model, and 
ambient + real model). In other words, the decibel meter 
used in this test was able to measure the absolute decibel 
of the transducer and the decibel of the transducer along 
with the decibel of the ambient. Both were mentioned in 
the results. As seen the average sound pressure level in the 
simulated model, the absolute sound pressure level (solely 
from transducer) of the real transducer and the sound pres-
sure level of real transducer with ambient sound were 33.98, 
35.6, and 66.5 dB, respectively. A slight difference (4.5%) 
between the sound pressure level in the simulated model and 
the real transducer is seen. This is mainly due to the way of 
calculating the sound pressure. The sound pressure in the 
software environment was calculated on a spherical shell 
with a diameter of 100 mm, while in the real transducer, this 
was done by connecting the decibel meter directly in front 
of the core horn. Moreover, due to the mismatch of different 
properties of transducer in simulation and real model, some 
error is expected. Generally, in ultrasonic transducers, the 
transmitted power and sound pressure level increase with 
decreasing probe distance (Wygant et al., 2009).

Evaluating Dispersion Ability 
of the Magnetostrictive Device

By dropping the waterproof paint at the bottom of a glass 
bottle and applying the magnetostrictive transducer and 
filming the process, the color images and red, green, and 
blue channels were extracted in the MATLAB software 
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environment, because high-speed imaging can determine 
the formation of cavitation phenomenon and the growth of 
cavitation clouds (Gavaises et al., 2015).

However, as mentioned, the scaling method was used to 
improve the image contrast and increase the pixel intensity. 
Considering that the effective coefficients can be obtained 
by trial and error (Giachetti & Asuni, 2011), in this section, 
a coefficient of 2 was selected to scale the images. In Fig. 5, 
the elapsed times are displayed in the first column, and the 
other columns are the images extracted from different color 
channels. According to this figure, the right column shows 
the status of paint dispersion as control, i.e., the glass bottle 

that was not treated with the ultrasonic transducer is shown. 
As seen, in this case after 60 s (1 min), the waterproof paint 
on the bottom of the glass bottle does not disperse, and only 
the paint on the top of the bottle moves down. By using RGB 
color channels, the image features can be extracted (Eyarkai 
Nambi et al., 2016). As can be seen in this figure, and com-
paring the images of different color channels at 10, 40, and 
60 s (0.16, 0.66, and 1 min), it is observed that the images 
of the red color channel are clearer than the other channels 
and also more consistent with the RGB image.

Since the images extracted from red channel were more 
consistent with the RGB images, the histogram of this channel 

Fig. 4   Comparison of sound 
pressure levels in three different 
modes

Fig. 5   Color images of the paint 
dispersion evolution, extracted 
from different color channels
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was drawn for different elapsed times as shown in Fig. 6. At 10 
and 20 s (0.16, and 0.33 min) elapsed times, which are shown 
in Fig. 6a and b respectively, it is observed that the higher 
gray scales have a small number of pixels, and the lower gray 
scales have less than 400 pixels, implying less dispersion of 
the paint. But over time at 40, 50, and 60 s (0.66, 0.83, and 
1 min), which are shown in Figs. 6d, e and 5f, respectively, it 
is observed that the number of pixels with higher gray scales 
has decreased to zero, but the number of pixels with lower 
gray scales increased to values above 1000. The evolution of 
pixel’s grayscale over time shows the paint dispersion process. 
This indicates that turbulence has occurred in the liquid due 
to the operation of the magnetostrictive ultrasonic transducer, 
which has caused the paint to spread.

For further investigation and eliminating the color effects 
of the transducer probe in the achieved images, the space 
around the transducer probe was divided into six parts, 
because depending on the type of research, parts of the 
image that are fixed or variable can be cut and deleted or 
processed (Labrosse et al., 2005). In other words, accord-
ing to Fig. 7, three parts on the right side and three parts on 
the left side of the transducer probe with the same dimen-
sions (60 pixels wide by 50 high) were selected. The red 

channel histograms data were extracted at 60 s (1 min), and 
the mean value was calculated for all gray scales. By analyz-
ing this data, it was found that the mean value (72) is related 
to the gray scale 41. Therefore, to calculate the percentage 
of surface occupied by the waterproof paint in each of the 
six parts, all pixels whose gray scale was less than 73 were 
counted. Because by counting the number of pixels that have 
a special property, the amount of the surface and its changes 
can be achieved (Eyarkai Nambi et al., 2016). Then at dif-
ferent elapsed times, the number of pixels was introduced as 
a percentage of the occupied area. According to this figure, 
since the dispersion of waterproof paint at the bottom of the 
glass bottle is non-uniform, it is observed that the cropped 
image at the lower end of the left side has an occupancy level 
of 62% at 10 s (0.16 min), and at the end of 60 s (1 min) the 
occupied area reaches 81%. But at the lower right side, the 
occupied area is initially 28% and at the end about 100%. 
But in the middle parts, the paint dispersion speed increases 
from 20 to 40 s (0.33 to 0.66 min), so that in 40 s (0.66 min), 
more than 80% of these areas are occupied by blue paint. At 
the upper parts, up to 40 s (0.66 min), the dispersion speed is 
very low (less than 40%), but it is observed that between 40 
and 60 s (0.66 to 1 min), this increases rapidly so that more 

Fig. 6   Red channel histogram 
at different elapsed times of 
applying the paint. (a) 10 s. 
(0.16 min). (b) 20 s (0.33 min). 
(c) 30 s (0.5 min). (d) 40 s 
(0.66 min). (e) 50 s (0.83 min). 
(f) 60 s (1 min)
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than 90% of these areas are occupied by blue paint. In other 
words, the cavitation phenomenon created by mechanical 
waves of the ultrasonic transducer initially creates bubbles at 
the lower parts. But over time, these bubbles burst and move 
upward to dissolve the blue paint in the middle and then the 
upper layers. Because over time and increasing the radius of 
the bubbles and reaching their critical radius and pressure, 
the bubbles become unstable and their density decreases, so 
the bubbles begin to move upwards. Also, by increasing the 
Reynolds number, which indicates turbulence in the fluid, 
tails are created on the new bubbles, which intensifies the 
cavitation phenomenon and increases the tendency to last 
longer after the disappearance of the main bubbles (Brennen, 
2013). As a result, the magnetostrictive ultrasonic transducer 
causes the complete dispersion of the blue paint in the glass 
bottle for 60 s (1 min) by creating the cavitation phenom-
enon. In general, employing image processing method is 
useful in studying the dynamic behavior of clouds created 
by cavitation phenomenon in aqueous solvents (Hutli et al., 
2019). So that by using gray images, dimensional parameters 
such as the length of the created cavitation clouds can be 
measured (Wu et al., 2019).

GC Test

Microorganisms are among the natural contaminants of 
fresh products. Observance of hygienic principles of such 
products is done by washing in tap water to remove residual 
pesticides, contaminants, and plant residues and reduce the 
microbial load on the peel of fruits (Fava et al., 2011). The 
effects of ultrasonic cleaning for 5, 10, and 20 min on the 

residual pesticide are shown in Table 3. Ultrasonic waves in 
water cause cavitation. Therefore, in the medium, micron-
sized bubbles are formed quickly and burst. In such condi-
tions, small explosions are created that provide the power 
of cleaning. According to this table, the Diazinon residue 
decreases with increasing time. Ultrasonic cleaning in 20 min 
has significantly reduced this pesticide. In other words, by 
using external standard method in GC test, the results showed 
that the residual pesticide based on the height of the chroma-
togram for the reference, 5, 10, and 20 min were 1, 0.27, 0.26, 
and 0.25, respectively. Also, the residual pesticide based on 
the area under the chromatogram for the reference, 5, 10, and 
20 min were 1, 0.21, 0.18, and 0.17, respectively. In other 
words, using the magnetostrictive ultrasonic transducer for 
20 min, the residual pesticide based on the height and chro-
matogram area were 25% and 17%, respectively. For ultra-
sonic cleaning, it is assumed that the sound bubbles created 
by the cavitation phenomenon oscillate over the peel products 
at a distance of several tens of nanometers. The flow created 
by the bursting of the bubble can lead to tensile and shear 
forces over the peel. This flow will cause cleaning (Lee et al., 
2018). In a study that used ultrasonic treatment for 20 min to 
remove pesticides from cucumber product, the residual pes-
ticides for trichlorfon, dimethoate, dichlorvos, fenitrothion, 
and chlorpyrifos were reported 17.1%, 47.8%, 50.2%, 15.6%, 
and, 37%, respectively (Liang et al., 2012). Also, in another 
study that used piezoelectric transducers with variable pow-
ers and times for tomato product, the results showed that by 
considering 300 W and 15 min, the residual pesticide for 
DDVP was 89% (Heshmati & Nazemi, 2018). Probably, the 
small volume of the lab beaker and also considering the 2 

Fig. 7   Cropping the areas 
around the magnetostrictive 
ultrasonic probe into six parts 
with the same dimensions (60 
pixels wide by 50 high). The 
location of the graphs cor-
respond to the position of the 
cropped area
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min interval for each 1min treatment are the main reasons 
that have improved the results of this study compared to other 
studies. Because according to Table 3, by applying ultrasonic 
waves for 5 min, the reduction of Diazinon pesticide was 
more than 73%. On the other hand, in the ultrasonic bath, 
the power level is not high enough because the transducer 
vibrations enter the tank through a metal wall. Therefore, 

sound waves form a sustainable wave pattern in the tank, 
and the distribution of the ultrasonic field is not uniform. But 
the uniformity of this distribution in a probe system is less 
than in an ultrasonic bath. So that intense vibrations occur at 
the tip of the probe, causing a hole or corrosion in the metal 
probe (Lee et al., 2018).

SEM Imaging

The micro-images of the middle part of the cucumber were 
selected for measuring the dimensions of the peel features. 
All SEM images were taken at 2500 magnification and 
working distance of 8 mm. According to Fig. 8, the peel 
features of the cucumber product such as stomatal pores 
were observed by SEM images. In other words, the stomatal 
pores and their guard cells that are elliptic were evaluated. 
Stomatal pores are involved in the gas exchange of many 
fruits and vegetables such as cucumber and are embedded 
in the epidermis for several microns (Smith & Fleming, 

Table 3   GC test results for different treatment times on cucumber

*Height-based results
**Area-based results

Sample Elapsed 
Time (min)

HBR* Reduction  
(%)

ABR** Reduction 
(%)

Reference - 1 - 1 -
No. 1 5 0.27 73 0.21 79
No. 2 10 0.26 74 0.18 82
No. 3 20 0.25 75 0.17 83

Fig. 8   SEM images for different treatment times. (a) Reference. (b) 5 min. (c) 10 min. (d) 20 min at 8 mm working distance, 20 kV voltage, and 
2500 magnification
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1979). As can be seen in this figure, by increasing the time 
of ultrasonic treatment, the opening area of stomatal pores 
decreases so that the highest opening area is related to the 
reference (Fig. 8a) and the lowest opening area is related 
to the 20 min treatment (Fig. 8d). The results of a study 
showed that by applying ultrasound for 2 min on the surface 
of the recalcitrant squash cotyledon, the stomatal pores and 
ridges of the guard cells were still in place. But after 10 min, 
the edges of the guard cells and the surrounding areas were 
smoothed. After 30 min, severe peel damage was observed 
so that epidermal cells and stomatal pores were damaged, 
and also large cracks were observed on the peel surface 
(Ananthakrishnan et al., 2007). As mentioned, ultrasonic 
waves not only clean the cucumber product, but also close 
the stomatal pores, and this will probably increase the shelf 
life of the product without affecting the content of organic 
and mineral materials as well as mechanical properties. 
Because according to the researches, the ultrasonic treat-
ment of cherry tomatoes, strawberries, and palm fruits has 
almost doubled the shelf life without affecting their contents 
(Montalvo-González et al., 2018).

Also, according to Fig. 8, it is observed that with increas-
ing treatment time, the peel texture of the cucumber product 
has been worn. So that by increasing this time, the depth of 
cavities on the cucumber peel has decreased and the pitting 
wall thickness has increased. The color uniformity in the 
20 min treatment (Fig. 8d) compared to the 5 min treat-
ment (Fig. 8b) justifies this peel erosion. The results of a 
study showed that by applying ultrasound for 2 min on the 
surface of the recalcitrant squash cotyledon, the surface of 
the epidermal cell in the reference was higher than the cell 
junctions. By applying ultrasonic treatment for 2 min, the 

surface of the epidermal cell and the cell junctions were 
disproportionately worn. By increasing the treatment time 
for 10 min, this erosion increased so that the surface of the 
epidermal cell was approximately equal to the cell junctions 
(Ananthakrishnan et al., 2007).

Ultrasound produces intense pressure, shear force, and 
temperature gradient in the material, which cause mechani-
cal rupture in the texture. In other words, by propagation 
sound energy, which is mechanical oscillations, through the 
medium, three types of waves are created, which are (1) 
longitudinal waves that move in the direction of displace-
ment, (2) shear waves that are perpendicular to the wave 
main motion, and (3) Rayleigh waves that travel very close 
to the material surface. Therefore, these three types of waves 
create alternating expansions and contractions. During these 
cycles, millions of small bubbles form that grow by absorb-
ing energy from the medium, and when they cannot absorb 
more energy, they become unstable and burst violently. This 
releases a large amount of energy known as cavitation. A 
bubble can burst at or near the top of a cell wall. When this 
happens above the cell surface, it can potentially cause cavi-
ties in the cell wall (Montalvo-González et al., 2018). On 
the other hand, the bursting of bubbles created by transient 
cavitation causes serious physical conditions. These condi-
tions include high temperature (up to 5000 K), high pressure 
(up to 1000 atm), high rate of cooling and heating (up to 
1010 K∕s ), shock waveforms, and high-speed water jet (156 
km∕h ) (Lee et al., 2018).

Photoshop software was used to investigate the effects of 
ultrasonic mechanical waves on the peel texture of cucumber 
products accurately. In other words, the dimensions of the 
stomatal pores, the guard cell wall thickness, and pitting wall 

Fig. 9   Changes in stomatal pore 
area, guard cell wall thickness, 
and epidermis wall thickness for 
reference, 5-, 10-, and 20 min 
treatment times
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thickness were calculated using the scaling method. Since 
the stomatal pores are ellipsoid, the area of these pores can 
be calculated using the ellipsoid area equation ( A = �ab ; 
where in this equation, A, a, and b are the stomatal pore area, 
the major diameter of the ellipse, and the minor diameter of 
the ellipse (Smith & Fleming, 1979)). Based on the effects 
of the cavitation phenomenon and what was mentioned 
above, according to Fig. 9 by increasing the treatment time, 
the stomatal pore area reduced from 144.74 μm2 (reference) 
to 30.56 μm2 (20 min treatment). Also, the guard cell wall 
thickness increased from 1.49 μm (reference) to 4.16 μm. 
But according to this figure, the increasing trend of guard 
cell wall thickness is ascendant for 10 min and then is almost 
constant. This trend may be due to the higher location of 
guard cells relative to the epidermis and also the lower thick-
ness of the guard cell walls relative to the wall thickness 
of the epidermis cells. This increases the erosion process 
speed in the early minutes. Then the guard cell wall thick-
ness increases due to erosion, and the cell height becomes 
equal to epidermis cells and as a result, the increasing trend 
of the guard cell wall thickness or erosion speed decreases. 
In addition, the epidermis wall thickness increased from 
2.20 μm (reference) to 4.78 μm (20 min treatment). Accord-
ing to this figure, the increasing trend of the epidermis cell 
wall thickness is still ascendant. Therefore, by increasing 
ultrasonic treatment time, significant peeling will be done 
in the cucumber samples.

Conclusion

In this research, a magnetostrictive ultrasonic transducer 
was built, and its ability in creating cavitation in fluid (for 
cleaning of delicate fruits and vegetables) due to its gener-
ated mechanical waves was evaluated. Based on the previous 
finding, a conical core made of pure nickel (as an abundantly 
available, less expensive, less hazardous material) with a 
cone angle of 30° was used. The results showed that the 
sound pressure of the simulated model and the real trans-
ducer are almost the same. In addition, the ability of the 
transducer to disperse waterproof paints in aqueous solvent 
was evaluated by image processing method. Comparing the 
red, green, and blue channels with the RGB image, it was 
observed that the red channel is able to display more details 
of the RGB image. The results showed that the transducer is 
able to disperse more than 90% of waterproof paints in the 
glass bottle after 60 s (1 min). It was also observed that the 
cavitation phenomenon initially moves the paint at the bot-
tom of the glass bottle and then causes to spread the paint 
towards the middle layers and finally in the upper layers. In 
addition, the GC test results showed that the residual pesti-
cide based on the height and chromatogram area were 75% 
and 83%, respectively. Also, by increasing the treatment 

time, the stomatal pore area decreases so that the maxi-
mum opening area was observed in the reference and the 
minimum area for the sample of 20 min treatment time. By 
increasing the treatment time, the peel texture of cucum-
ber is worn so that the epidermis cell depth decreased and 
the epidermis wall thickness. This erosion can be justified 
by comparing the color uniformity in the 20 min treatment 
and the 5 min treatment. However, as mentioned, one of the 
challenges of this study is the low effect of magnetostrictive 
nickel core. So a small lab beaker (250 ml) was selected to 
place two cucumbers with the ultrasonic horn. For future 
research, it is suggested that the effects of increasing the 
number of transducers and increasing the horn length in 
large container be investigated.
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