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Abstract. The food industry relies on various technical processes, from storing, freezing, thawing, and packag-
ing to logistics. With the increasing population and the equational growth in food production, it is preferred to
have increased automation in the food industry to reduce human labor. To provide an automated and green solu-
tion, it is required to monitor and control food-processing steps, such as thawing. This research aims to design an
ultrasound-based setup that can monitor the pre-thawing state of food. A change in the signal by 20 %–27 % for
herring fish and 60.7 % for chicken soup was obtained when monitored from a frozen state to a room-temperature
state. Various other sample food products were tested, and related challenges and observations are discussed.

1 Introduction

Food processing is a rapidly growing sector today. In sim-
ple terms, it consists of all the different steps which are re-
quired for agricultural, meat, fish, and dairy products to tran-
scend into usable commodities with nutritional values. To
achieve this, different processing steps like heating, drying,
irradiation, chilling, and fermentation are used. Preservation
techniques like brining, freezing, extraction, and thawing of-
ten require technologies based on ultrasound, X-ray, or elec-
tromagnetic measurements for controlled and precise results
(Taufiq et al., 2015). In some food factories, the conveyor
belts are laced with infrared sensors to monitor the tempera-
ture of food items and thus help create a controlled freezing
system. Although it could still be a challenge to monitor the
decay in food at a molecular level, it helps to perform the
first screening test for identifying an unsuitable product. A
similar application is realized by using smart-camera systems
and image-processing algorithms to collect data on the food
product’s size, shape, and color at the conveyor belt. Later
the collected data are fed to a machine-learning algorithm
to help segregate usable and nonusable products (Cheng et
al., 2015). Detection of a foreign object or a falsely grouped
product can also be achieved with trained algorithms (Zhu
et al., 2021). Despite the high success rates of such algo-
rithms, some food items likely take a longer time to reflect
a physically noticeable change due to decay, and, thus, for

more accuracy, a secondary system that could also detect
the changes in the internal structure of food is also recom-
mended. A microwave system is also used to determine the
changes in food’s dielectric properties. In research using a
microwave on frozen hake fish, the time and temperature of
stored fish were monitored to sort them into defined groups
based on the season of catching, quality, etc., and a success
rate of 92 % was obtained for the assignment of the right
catching season (Ken et al., 2005). A very similar system also
works based on radio frequency. For controlled heating and
thawing of frozen tuna fish, samples were defrosted using
13.56 MHz parallel-plate radio-frequency systems (Llave et
al., 2014). It was observed that the thawing time was reduced
3-fold compared to conventional heating. Methods based on
the application of heat and high frequency could also bring
damage to food and especially when the experiment required
long hours of heat exposure.

A large scale of food products such as dairy, meat, fish in-
dustry, fresh or frozen vegetables, and fruits use ultrasound
methods in various processing steps (Gallo et al., 2018). A
very commonly used ultrasound method is based on pulse
echo, which is useful in the process where sound velocity
and attenuation are important. Examples of such processes
are food-quality checks, reduction in structural damages,
and various food-preservation steps (Schneider et al., 2009;
Arnold et al., 2009; Comandini et al., 2013). In some pro-
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cesses like cheese and bread cutting, ultrasound is promis-
ing for accuracy and precision. In some crucial food pro-
cesses like emulsification, drying, thawing, freezing, brin-
ing, and sterilization, the ultrasonic transmission method is
used (Bhargava et al., 2020). They can also be categorized
as the process where a change in the physical state of food
is intended to be brought or measured. For example, using
uniform heat transfer, processes like filtration, thawing, crys-
tallization, and sanitization can be achieved (Archer, 2004).
Each of the processes has its independent significance, and
the usage of ultrasound, in general, benefits the system by re-
ducing processing time and rapid temperature change. Freez-
ing is one of the most vital steps of food processing. It is not
only a traditional method of food preservation, but also ac-
cepts modern technologies like acoustic heating to stop the
growth of micro-bacteria. It also slows down enzyme activ-
ity, which can spoil food (George, 1993). Furthermore, some
of the physiochemical reactions bring off flavor, and changes
in color or texture changes in the food are also avoided dur-
ing freezing (Bahceci et al., 2005).

In the following section, the existing research in food tech-
nology using ultrasound is discussed.

1.1 Water content in food and usage of ultrasound in the
food industry

In general, chicken breast has 60 %–69 % of water content,
and fishes contain about 70 %–82 % of water (Popkin, 2011).

This points out the feasibility of having a measurement
system built on the properties of water, which can later be
used to comment on the conditions of the food sample.

In Astrain-Redin et al. (2021) the authors discuss the use
of ultrasound for contact freezing of chicken breast sam-
ples. The research focuses on using ultrasound technology
to reduce freezing time, hence potentially reducing the en-
ergy intake for the food-processing system and taking a step
towards “green” food processing. This also highlights that
water-holding capacity and cooking-loss values did not sig-
nificantly differ for the conventional control and ultrasonic
freezing systems. This creates a framework for utilizing ul-
trasound for the measurement of the water content of the
sample food item.

1.2 Monitoring systems based on ultrasound

The physical properties of food have a direct relationship
with the change in the temperature of the surroundings and
thus acoustic impedance changes concerning time and tem-
perature (Aparicio et al., 2008). This research describes a
system to monitor food items during their freezing and un-
freezing times and use the information to create a relation-
ship between the quality and state of food.

Research monitoring the various states from pure frozen to
thawing is presented in El-Kadi et al. (2013). The authors dis-
cuss a nondestructive ultrasound measurement technique to

characterize the fish-thawing process. Red drums and salmon
fillets were used for the study. It was observed that there is
a decrease of 65.5 % in the peak-to-peak voltage in the re-
flected signal during thawing. This also points out a decrease
in acoustic impedance.

Another research based on designing a poroelastic wave
model to study the propagation of ultrasound through frozen
orange juices is described by Carcione et al. (2007). The au-
thors compare the ultrasonic properties of partially frozen or-
ange juice based on their attenuation coefficients and wave
velocities with a wave model based on Kevin’s model and
Biot’s poroelastic theory to show good agreement with the
experimental data. This research helps in predicting the
freezing of orange juice using the characteristics based on
wave velocity and attenuation factors.

1.3 Scope of this study

It is well established that changes in acoustic impedance have
a direct relationship with the content of ice in food and also
with the condition of food. To explore the use of ultrasound
measurement techniques in the food industry, this research
aims at monitoring the changes in food during unfreezing and
also the various factors including the measurement setup, use
of ultrasonic gel for contact, suitability of test-food items,
and the challenges associated with them. The goal of the
study is to establish a continuous monitoring system to de-
cide when to stop thawing as per the requirement rather than
the fixed time. This also promises faster heating and energy
saving at the same time. For tender food products such as
fish, overheating could likely cause quality losses and dam-
age to the surface if continued. It also aims to study vari-
ous factors concerning the different types of food products
and the changes required in the setup for the same. The ex-
periments were repeated for multiple trials for frozen/un-
frozen food material with varying factors such as the type
of transducers used, frequency of operation, contact mate-
rial, pulse length, type of spring, and setup discussed in Jha
et al. (2022).

2 Material and methods

To understand the process of thawing in industry, we co-
operated with a company called TFE (The Fish Experts)
in Bremerhaven, Germany. The purpose was to understand
the technique used in common fish-processing industries and
also to understand the challenges faced by the concerned
working group. The surface temperature was measured to
monitor the progress of the tuna fish’s thawing process. iBut-
ton data loggers (DS19 series, Maxim Integrated) were at-
tached to the tuna loins of weight ranging between 2 and
5.2 kg. For the measurement, we had two loins of tuna fish
from Mexico and two loins from the Fijian islands. The loins
had a triangular cross section and were around 75 cm long
and up to 15 cm thick. To evaluate the data, the iButton was
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programmed and read out with a Java program, and the tem-
perature (ranging from −7 to +8 ◦C) was measured periodi-
cally. After attaching the logger carefully with the loins, they
were left for unfreezing in the production hall with no addi-
tional ventilation or heating system (Fig. 1). After 20 h, the
data loggers were detached. It was observed that the surface
temperature of the loins was between 0 and 4 ◦C.

The unexposed parts of the loins (ones at the bottom side)
were still at a lower temperature value between 0 and 2 ◦C,
depending on their position, and due to less exposure to air,
the time taken by all the loins until the surface tempera-
ture had exceeded the 0 ◦C mark (on average) and fluctuated
greatly. For the two Mexico loins, the required time was 4.6
and 11.7 h and, for the Fiji loins, it required around 15 h.

It was also observed that different loins, based on their
shapes, took a different amount of time to react to the temper-
ature change. With such observations, it was clear that an au-
tomated timer-based thawing system impacts different parts
of fish differently and thus could impact the quality of food.

Measurement system: theory and design

Once the sound passes through the test food item, the ve-
locity of sound changes, based on the acoustic impedance,
creating a delay at the receiver end. The obtained delay is
found to be related to the amount of ice in the frozen system
and thus to readings taken at multiple stages; it establishes a
relationship with the condition of food and answers whether
it is a suitable time to start/stop thawing.

Having this understanding, the setup (Fig. 2) was designed
to transmit the ultrasonic waves from one transducer and re-
ceive them from another transducer. To achieve the same,
four commercially available transducers operating at 40 kHz
(AliExpress, Conrad), 200 kHz (AliExpress), 1 MHz (AliEx-
press) and Omron ultrasonic transducers (with an optional
wide range of frequencies between 1 kHz and 20 MHz) are
used. A software program written in the C programming lan-
guage was used with the microcontroller (Arduino-Nano) to
provide the pulses and thus drive the ultrasonic transducers.
The received signal was then amplified, and an oscilloscope
was used to read the signal out and also to observe the pulses
and the transmitted peak.

To design the electronics board, a MOSFET package with
low threshold values is used as a switching element. Indus-
trial Op-Amps with suitable power adapters are used to pro-
vide amplification in two stages. After multiple trials, it was
decided to use a pulse voltage of 15 V with a single pulse
length of 20 µs to trigger the circuit. The voltage-gain values
were kept variable, depending on the food item in the test.
For example, we needed a gain of 392 to test cucumber; for
the remaining products, a gain of 92 at first-stage amplifi-
cation was sufficient. Similarly, while using a 1 MHz trans-
ducer, a damping resistor varying in the range of 1–20 kOhm
was also needed. Further details about the electronic system
can be found in Table 1.

To understand the change in signal through food, exper-
iments were done to compare the signal strength through
frozen and unfrozen food samples. A lock-in amplifier (ZI
Instruments, Switzerland) and LabOne toolset software were
used to analyze the signals (Fig. 3). Vegetables like beet-
root, cucumber, radish, and sweet potatoes were cut into sizes
ranging from 3 to 12 cm and were tested at room temperature
and after they were frozen overnight at −5 ◦C.

The system setup was improved by replacing the wooden
holders with 3-D-printed flexible plastic materials to provide
better damping. After observing the changes in amplitude
and the signal strength for various vegetables, an experiment
was first conducted on an ice block and water to establish a
test case (Jha et al., 2022).

To establish the impact, ice blocks of varying thicknesses
(7, 3.5, and 1.3 cm) with water were used in a plastic box,
such that at every point of the experiment, a total of 7 cm of
the test sample is created between the transducers. Similar
room and temperature conditions were maintained to mea-
sure the change in delay values through them.

Several experiments were carried out for chicken soup (Jha
et al., 2022), herring fish, ham (Fig. 4), and freshly-cut meat
slices under frozen and unfrozen conditions. The same setup
and similar ones room temperature conditions are used for all
the measurements. A climate control chamber with the pos-
sibility of letting the cables in with a closed door was used to
ensure uniformity in the test conditions. A standard freezing
temperature of −10 ◦C was maintained overnight in the cli-
mate chamber. Over the day, the temperature was increased
to up to +10 ◦C to replicate the pre-thawing conditions.

3 Results

The initial setup to record the change in temperature at
the fishery resulted in interesting observations with differ-
ent fishes, based on the position of the iButton data logger. It
was found that loggers inside the foil tend to be 0.2 to 2 ◦C
colder than outside the foil. However, the logger placed at the
tail of the fish (with a thickness of around 2–3 cm) recorded
6 ◦C. To summarize these measurements, it can be pointed
out that, based on the shape and the air packets available to
the test food item, a different part of the same sample heats
up differently. From these observations, a note to take a uni-
form food sample was taken.

Following the outcomes, the uniform size and length
of different vegetables were first tested using the lock-in
amplifier. Out of cucumber, sweet potatoes, beetroot, and
radish, the most distinguishable results were obtained for
beetroot. Regardless of the chosen length or the frequency
of operation, it was noted that, for a frozen beetroot, a
lower amplitude was obtained. However, for lower frequen-
cies (< 20 kHz), a similar amplitude was obtained for both
frozen and unfrozen states. We also noticed that when we
tested beetroot at room temperature, the signal obtained was
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Figure 1. Frozen Mexican tuna loin with IButtons data loggers for temperature measurement.

Figure 2. Setup designed for the ultrasonic measurement system. The system consists of electronics and software to drive the ultrasonic
transducers placed in 3-D printed holders and is supported using springs and metal rods for mechanical stability and also for creating a
holder for sample food of dimensions up to 20 cm in length and 8 cm in width.

stronger for a higher frequency of around 30 kHz. Similar
measurement steps were taken for cucumber and radish and,
in this trial instead of measuring amplitude, the change in
signal delay was measured (Table 2).

To understand the effect of freezing in depth, slices of ice
with increasing thickness were placed in a box with water. As
the speed of sound is faster in ice, we could study the change
in average sound speed from 1.35 km s−1 (0 % ice+ 100 %
water) to 3.18 km s−1 (100 % ice+ 0 % water). For a length
of 7 cm of ice, a time delay of 22 µs suggests the speed
of sound in ice as measured with this setup is 3.18 km s−1,
whereas, in theory, the speed of sound in bubble-free ice is
approximately 3.9 km s−1 (Vogt et al., 2009). The ice block
used in the experiment was not completely bubble free, and
the transducers themselves have a metallic casing, which
could be interfering with the expected sound propagation that
justifies the difference between experimental and theoretical
values of the speed of sound in ice.

Similar experiments were repeated for herring fish in slices
of 3 cm thickness, and there was a slight change in the delay
value ranging from 20 % to 27 % in different trials. As shown
in Fig. 5, the transmitted signal in blue was sent through one
transducer and, after a delay, the receiving transducer picked
up the signal. The figure shows the difference in the speed of
sound transmission from frozen to unfrozen states. However,
as the fish was slowly unfreezing, a new peak in the signal
was observed. It is expected that, as more and more ice melts
away, the signal through the fish will get stronger, and hence
the non-noticeable peaks highlight themselves.

4 Conclusion

A laboratory-based setup for measuring the changes in ultra-
sonic signals, concerning the ice content in the food sample,
was achieved. The setup could be used on various vegetables,
fish, and meat products. A change of 20 %–27 % in the sig-
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Table 1. Electronic system – design and specifications.

Sensor range 200 kHz
(AliExpress)

40 kHz
(AliExpress)

40 kHz
(Conrad)

1 MHz
(AliExpress)

1 kHz to 20 MHz
(Omron)

Holder material Flexible Rigid Flexible Flexible Rigid

Instrumentation
amplifier

AD8429 AD 8429, 8091 AD 8429, 8091 AD 8429 AD 8429

Voltage gain 91.90 92 to 392 92 to 392 91.90 91.90

Damping resistor None None None Variable (1 to 20 k�) 1 kOhms

Pulse voltage 15 V 15 V 15 V 15 V 10 V

Pulse length 20 µs 20 µs 20 µs 4 µs 20 ms/4 µs

Polarity Alternate positive
and negative pulses

Alternate positive
and negative pulses

Alternate positive
and negative pulses

Five pulses with alter-
nate polarity

Negative pulses

Tested food
item(s)

Radish
Sweet potato
Beetroot
Chicken soup
Ham
Herring fish

Radish
Cucumber
Sweet potato
Beetroot
Chicken soup
Herring fish

Radish
Cucumber
Sweet potato
Beetroot
Chicken soup
Herring fish

Radish
Sweet potato
Chicken soup

Radish
Sweet potato
Chicken soup

Figure 3. Initial measurement setup (a) made with wooden holders (20× 20× 15 mm3), facilitating a space to accommodate a sample of
dimension 10 cm in length and 8 cm in width, and (b) the change in amplitude versus frequency response for a cucumber of length 6 cm
using a lock-in amplifier.

Table 2. Change in delay based on the physical state and length of
the sample vegetable.

Vegetable Length Time (µs)

Frozen Room
temperature

Radish 11.5 cm 117 508
6 cm 125 230

Cucumber 5.5 cm 67,6 123
3 cm 54 109

nal delay could be measured for herring fish. Using the same
setup on packed chicken soup, a change in the delay signal of
60.7 % was measured (Jha et al., 2022). However, for the ham
piece, no significant change in signal could be measured, and

more work is required in qualitative analysis for repeated tri-
als. It is suspected that ham contains only 7 %–8 % of added
water and, for an experiment based on water properties, it
might not be sufficient to reflect a noticeable change in the
signal.

Compared to meat or fish products, vegetables like cucum-
ber and beetroot contain a high percentage of water, and the
tests on cucumber and beetroot met the expectation of an in-
creasing time delay with increasing water content. However,
the relative increase in delay with the size of the food sample
was not justified. On the other hand, while testing with the
sweet potato sample, no significant difference was observed,
regardless of the temperature and physical state.

During the measurement, it was observed that different
food products had different responses to freezing. For ex-
ample, the same length of cucumber when frozen did not
have the same reduction in amplitude as beetroot. For some
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Figure 4. Test setup with an oscilloscope for an ice block (7 cm), showing the measurement through the ice block of known length (7 cm) to
study the change in the speed of sound through the various phases of meltdown. (b) Measuring the change in signal delay through a herring
fish in a climate chamber using 200 kHz ultrasonic transducers.

Figure 5. Change in signal delay concerning time while a 3 cm-thick herring fish was unfrozen from −10 to +10 ◦C and (b) oscilloscope
measurement of the delay signal.

of the soft-food items (vegetables or fish), the shape of the
test food changed during unfreezing, and it created missing
or loose contacts with the sensor setup. Hence, it is recom-
mended to use a stable mechanical setup that could adapt
itself to changing shapes in food and thus ensure stable con-
tact throughout the measurement. To gain more stability in
the setup, springs with metal plates were used, but for fur-
ther enhancements in the setup, a provision of automatic bal-
ance in the system with changing shape could be provided. It
was also noted that ultrasonic transducers working at differ-
ent frequencies worked best based on the food type used. For
example, 200 kHz transducers provided the best results with
beetroot and fish, and the 40 kHz transducers had their best
performance only for chicken soup. Thus, it is recommended
to find a suitable frequency of operation with respect to the
food product.
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