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Abstract: In view of the poor effectiveness of existing potato cleaning methods in China and re-
flecting the findings of a research analysis of basic sizes and types of impurities on potato tubers, a
gradient cleaning method for potato based on a multi-step dry-cleaning and wet cleaning operation
was proposed. The method mainly consists of dry-cleaning and wet cleaning. The dry-cleaning
stage, which combines vibration and brushing, could effectively remove impurities such as residual
rhizomes, peeled potato skin, and large pieces of soil and crushed stone from the surface of potato
tubers. The wet cleaning stage adopts the gradient cleaning method of pre-cleaning, rough cleaning
and fine cleaning, which could further remove soil and crushed stone attached to the surface and
hidden in the sprout eyes of potato tubers. The optimal parameter combination for the gradient
cleaning method was determined as follows. The potato feeding amount was 3 t/h, the speed of
the rubber chain rod mechanism was 25 r/min, the speed of the first and third brush roller was
40 r/min, the speed of the second and fourth brush roller was 56 r/min, the moving speed of the
immersion mechanism conveying net chain was 0.04 m/s, the speed of the brush roller in the high
pressure spray and brush roller combination mechanism was 40 r/min, the ultrasonic power was
1200 W, the ultrasonic frequency was 33 kHz, the bubble intensity was 300 L/min, and the moving
speed of the conveying net chain in the ultrasonic and bubble combination mechanism was 0.05 m/s.
Taking the impurity removal rate and damage rate of potato tuber as the test indexes, a potato
cleaning performance test was carried out under the optimal parameters combination. The results
showed that the average impurity removal rate and damage rate of potato tubers were 99.05% and
2.48%, respectively. Additionally, the operational performance fully met the requirements for potato
cleaning. This study provides a new method for potato cleaning in China and can also provide a
reference for cleaning other root and tuber crops.

Keywords: potato; dry-cleaning; wet cleaning; gradient cleaning method; ultrasonic; bubble; impu-
rity removal rate; damage rate

1. Introduction

Potato (Solanum tuberosum L.) is an important crop worldwide and is widely cultivated
in China because of its rich nutritional value [1]. According to statistics of the Food and
Agriculture Organization of the United Nations (FAO), in 2019, China’s potato harvest
area was 4.91 million hectares, and the total output was 91.88 million tons, accounting for
28.34% and 24.80% of the world’s potato harvest area and total output, respectively, ranking
first in the world. Although China is a large potato producer, the level of post-harvest
processing mechanization is low, which seriously restricts the development of China’s
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potato industry [2]. In recent years, against the background of the implementation of
China’s potato main grain strategy and adjustment of crop planting structure, China’s
mechanized potato production is no longer limited to the two links of planting [3] and
harvesting [4] and has gradually extended to post-harvest processing [5,6].

Cleaning is one of the key links in post-harvest primary processing of potato, and its
performance has an important impact on the quality of subsequent intensive processing
products. At present, mechanized potato cleaning technology is mainly divided into dry-
cleaning and wet cleaning according to different operational modes [7]. The dry-cleaning
operation is completed using specific equipment without water treatment, which can
effectively avoid the perishable problem caused by water immersion of potatoes after
cleaning, and can be used for sales of fresh potatoes. Wet cleaning, which is used to
complete the impurity cleaning operation with specific equipment and high-pressure
water, is mainly used in the field of potato edible processing and intensive processing.
Research on mechanized potato cleaning in European countries and the United States has
already been initiated and the relevant technical equipment in those countries is relatively
mature. The representative companies include Bijlsma Hercules and Tolsma Grisnich in
the Netherlands and Vanmark in the United States, which have achieved standardized
production [7]. The research on mechanized potato cleaning technology and equipment
in China started late and the overall level of development has been low [8,9]. Cai Wei
et al. [10] designed a potato cleaning machine based on water jet, and the test results
showed that it achieved an average potato cleaning rate of 88.86%. Feng Zhuoran [11]
designed a squirrel cage potato cleaning machine, the test results of which showed a potato
cleaning rate of 94.95%. Ji Longlong [12] experimentally optimized the parameters of a
potato dry-type brush roller cleaning device, which was shown on the basis of test results
to have achieved a potato cleaning rate of 91.11%. The research by the above scholars
has further advanced the potato cleaning technical equipment in China, but the above
methods all use a single mechanism to complete the potato cleaning operation. However,
these single cleaning mechanisms and methods have problems such as poor cleaning
effectiveness or intensive water consumption. In China, the types of potato processing
can be subdivided into potato chip processing, French fries processing, whole powder
processing and starch processing. With the rapid development of the potato processing
industry in China, the existing cleaning methods cannot meet the needs of potato cleaning,
and there is an urgent need for new technologies and methods to replace them.

In view of the above problems, and to provide new technologies and methods that
support the potato cleaning and production industry, this study proposes a gradient
cleaning method for potato based on a multi-step operation of dry-cleaning and wet
cleaning that first performs preliminary cleaning through dry-cleaning and then performs
fine cleaning through multi-step wet cleaning.

2. Materials and Methods
2.1. Determination of Basic Sizes and Types of Potato Tuber Impurities

The three-dimensional size of potato tubers and the types of impurities contained in
potato tubers have an important influence on the selection of cleaning methods and the
design of cleaning mechanisms. The basic sizes and types of impurities of potato tubers
were determined. The potato samples originated from Yancheng City, Jiangsu Province,
China, the variety was Netherlands No. 15, and the harvest season ranges from May to
June every year. The potato tuber moisture content was 80.12%, and the moisture content
in impurities of soil and crushed stone was 9.23%.

The three-dimensional length, width, and height of 100 potato tubers, as shown in
Figure 1, were measured with a digital vernier caliper (Model: MNT-150T, manufacturer:
Shanghai meinaite Industrial Co., Ltd., measurement accuracy: 0.01 mm). Ten potatoes
were randomly selected as a group to determine their types of impurities and mass ratio
with an electronic balance (Model: HC60001XG, manufacturer: Shanghai Huachao Electric
Appliance Co., Ltd., China, measurement accuracy: 0.1 g).
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Figure 1. Schematic diagram of three-dimensional size. Note: the x axis represents the length
direction, the y axis represents the height direction, and the z axis represents the width direction.

2.2. Overall Process Flow and Selection of Key Operation Parameters for Cleaning Method
2.2.1. Overall Process Flow of Cleaning Method

The gradient cleaning method is carried out through dry-cleaning and wet cleaning
equipment. Firstly, dry-cleaning equipment is used to remove impurities such as peeled
potato skin, residual rhizome and large pieces of soil and crushed stone on the surface of
potato tubers. Then, the wet cleaning equipment is used to remove the soil and crushed
stone attached to the surface and hidden in the sprout eyes of potato tubers after the
dry-cleaning operation through a multi-step operation of pre-cleaning, rough cleaning and
fine cleaning. The dry-cleaning and wet cleaning combination can effectively solve the
problem of low impurity removal rates in potato cleaning. The overall process flow of the
gradient cleaning method for potato is shown in Figure 2.
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2.2.2. Constructional Features, Operating Principle, and Parameters Selection of
Dry-Cleaning Equipment

(1) Constructional features and operating principle

As shown in Figure 3a, in light of the potato tubers three-dimensional size and its
characteristics of mainly containing impurities such as residual rhizomes, peeled potato
skin and soil and crushed stone, the dry-cleaning equipment is mainly composed of a
feed port, a rubber chain rod mechanism, shaking mechanism, four groups of brush roller
mechanism, a drive system, and a discharge port. The equipment can be used to complete
the impurity removal of potato tubers independently and it can be arranged in front of the
wet cleaning equipment for impurity removal by combined types. The overall dimension
of dry-cleaning equipment (length × width × height) is 2810 × 830 × 1450 mm. Among
them, the rubber chain rod mechanism adopts a flexible rubber finger with an effective
working width of 470 mm. The shaking mechanism adopts a double wheel eccentric type.
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The four groups of brush roller mechanisms adopt flexible long nylon brush wire, and the
brush wire length is 50 mm.
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rod mechanism.

As shown in Figure 3b, the dry-cleaning equipment adopts the principle vibration and
brushing combination. The working process can be divided into two stages. The first is
mainly to remove some impurities mixed in potatoes, and the second is mainly to remove
impurities attached to the surface of potato tubers. The specific working principle is that
the mixture of potatoes and impurities falls into the rubber chain rod mechanism through
the feed port and the soil blocks, crushed stone and other large particle impurities are
removed under the joint action of the rubber chain rod mechanism and shaking mechanism.
Then, the potatoes continue to move forward under the joint action of the four groups of
the brush roller mechanism and rubber chain rod mechanism. The impurities attached
to the surface of potato tubers can be removed by the circumferential rolling brushing
operation. Finally, the cleaned potato is output from the discharge port.

(2) Parameter selection

The potato feeding amount, and both the speed of the rubber chain rod mechanism
and the brush roller, have great influence on the effectiveness of dry-cleaning. Through
simulation and experimental verification, the single factor test was carried out. The
conditions of the test included a potato feeding amount of 3 t/h, 4 t/h and 5 t/h, a rubber
chain rod mechanism speed of 15 r/min, 25 r/min and 35 r/min, the speed of the first
and third brush rollers of 30 r/min, 40 r/min and 50 r/min, and the speed of the second
and fourth brush rollers of 42 r/min, 56 r/min and 70 r/min. Through this process, the
test analyzed the force, collision characteristics and cleaning quality of potatoes during
cleaning operation [13].

2.2.3. Constructional Features, Operating Principle, and Parameters Selection of Wet
Cleaning Equipment

(1) Constructional features and operating principle

Because the dry-cleaning operation removal rate of impurities attached to the surface
and hidden in the sprout eye of potato tubers is poor, the impurities of potatoes after
the operation of dry-cleaning equipment are mainly concentrated on the attached soil on
the surface and the hidden soil and crushed stone in the sprout eyes. According to these
characteristics, the structure of wet cleaning equipment is determined as shown in Figure 4,
which is mainly composed of the water immersion mechanism, high pressure spray and
the brush roller combination mechanism, and the ultrasonic and bubble combination
mechanism. The immersion mechanism is composed of conveying net chain and immersion
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tank. The high-pressure spray and brush roller combination mechanism is composed of
short filament brush roller, high pressure spray assembly and water tank. The ultrasonic
and bubble combination mechanism is mainly composed of an ultrasonic vibration plate,
ultrasonic generator and bubble spray tube assembly.
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Figure 4. Constructional features and operating principle of wet cleaning equipment. 1. Conveying
net chain of immersion mechanism; 2. Immersion tank; 3. Short filament brush roller; 4. High
pressure spray assembly; 5. Ultrasonic vibration plate; 6. Cleaning tank; 7. Conveying net chain of
ultrasonic and bubble combination mechanism; 8. Bubble spray tube assembly.

The wet cleaning equipment adopts the method of pre-cleaning, rough cleaning,
and fine cleaning to remove the residual impurities on the potato tubers. The specific
working principle was that once the potatoes enter the immersion mechanism after dry-
cleaning the impurities on the surface, the sprout eyes will become fluffy through the water
immersion operation. Secondly, the potatoes entered the high-pressure spray and brush
roller combination mechanism to roughly clean the impurities on the surface under the
joint action of high-pressure water spray and brush rotation. Then, the potatoes entered
the ultrasonic and bubble combination mechanism for fine cleaning, in order to remove
the residual impurities on the surface and sprout eyes through ultrasonic cavitation and
bubble scouring. Finally, the cleaned potatoes fell into the collection basket from the outlet.

The overall dimension of wet cleaning equipment (length × width × height) is
11,550 × 1780 × 1850 mm. On the basis of the structural size of the whole machine and the
actual operation requirements, the length of the immersion mechanism is 4 m, and the
width is 0.8 m. According to the structural form and size of the brush roller of the existing
high-pressure spray and brush roller combined cleaning machine, the working length of
the high-pressure spray and brush roller combined mechanism is designed to be 1.5 m, and
the brush roller eqipment is mainly composed of 22 short brush rollers with a diameter of
65 mm. The ultrasonic cleaning and bubble cleaning of the combination mechanism share
the same cleaning tank. Based on the impurity containing characteristics of rough cleaned
potato tubers, in order to facilitate processing, the length of the cleaning tank was 4 m, and
the width is 0.8 m.

At the same time, according to the structure of the cleaning tank and the conveying net
chain, in order to ensure the fluidity of potatoes and avoid the influence of the conveying
net chain on the ultrasonic cavitation effect, the ultrasonic vibration plate adopted the top
vibration installation mode. The vertical distance (H) between the bottom surface of the
vibration plate and the upper surface of the conveying net chain was 13 cm.

(2) Parameter selection

The key working parameters of the immersion mechanism, high pressure spray
and brush roller combination mechanism, and the ultrasonic and bubble combination
mechanism of wet cleaning equipment were determined through further experiment.

1. Selection of key parameters of immersion mechanism

The movement speed of the immersion mechanism conveying the net chain, namely
the immersion time, was the key operation parameter affecting the immersion quality. As
shown in Figure 5, selecting potatoes with more than 90% of the surface covered with
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impurities was the research object. When there were still two or more impurities with
a size of more than 1.5cm in a potato tuber after cleaning, it was regarded as unclean.
Comparing the high-pressure spray and brush roller combined cleaning after immersion in
the water to measure the different effects. At the same time, the cleaning effectiveness of
the high-pressure spray and brush roller under different immersion time of 30 s, 60 s, 90 s
and 120 s were studied.
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2. Selection of key parameters of high-pressure spray and brush roller combination
mechanism

According to relevant research [14,15], the speed of the brush roller in the high-
pressure spray and brush roller combination mechanism is the key factor. Therefore, taking
the potatoes after immersion as the object, the combined cleaning effects of high pressure
spray and brush roller under the conditions of brush roller speed of 30 r/min, 40 r/min
and 50 r/min were studied.

3. Selection of key parameters of ultrasonic and bubble combination mechanism

The ultrasonic and bubble combination mechanism is mainly composed of ultrasonic
cleaning and bubble cleaning. During the operation, it is first treated to make the residual
impurities on the surface and in the sprout eyes by ultrasonic, and then cleaned by bubbles.

(a) Selection of key parameters of ultrasonic cleaning equipment

The ultrasonic cleaning was mainly composed of an ultrasonic vibration plate and
generator [16]. The residual impurities on the surface and in the sprout eyes were made
fluffy by the ultrasonic cavitation [17]. Based on the application status of ultrasonic in
cleaning, the selected ultrasonic vibration plate and generator is shown in Figure 6. Among
them, the ultrasonic vibration plate is composed of 24 oscillators with a power of 50 W. If
increasing or decreasing 150 W each time through the keys on the panel, the ultrasonic
generator will be adjusted along with the power.
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Figure 6. Ultrasonic vibration plate and generator. (a) Ultrasonic vibration plate; (b) Ultrasonic
vibrator. (c) Ultrasonic generator.

The frequency, the power, and the cleaning time of ultrasonic have an important
influence on cleaning quality [18–20]. As shown in Figure 7, using the aluminum foil
corrosion [21] for testing, the ultrasonic cavitation effects at the bottom of the ultrasonic
vibration plate, under the conditions of frequencies of 20 kHz, 33 kHz and 50 kHz, generates
a power of 1200 W and cleaning time of 1 min. Under the same conditions the testing
effects were 5 cm away from the bottom of the vibration plate and 10 cm, respectively.
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Under the conditions of 33 kHz frequencies, the cleaning effects of rough cleaned potatoes
in 20 s, 40 s and 1 min was compared.

Agriculture 2021, 11, 1139 7 of 15 
 

 

   

(a) (b) (c) 

Figure 6. Ultrasonic vibration plate and generator. (a) Ultrasonic vibration plate; (b) Ultrasonic vi-

brator. (c) Ultrasonic generator. 

The frequency, the power, and the cleaning time of ultrasonic have an important in-

fluence on cleaning quality [18–20]. As shown in Figure 7, using the aluminum foil corro-

sion [21] for testing, the ultrasonic cavitation effects at the bottom of the ultrasonic vibra-

tion plate, under the conditions of frequencies of 20 kHz, 33 kHz and 50 kHz, generates a 

power of 1200 W and cleaning time of 1 min. Under the same conditions the testing effects 

were 5 cm away from the bottom of the vibration plate and 10 cm, respectively. Under the 

conditions of 33 kHz frequencies, the cleaning effects of rough cleaned potatoes in 20 s, 40 

s and 1 min was compared. 

 

Figure 7. Schematic of position relationship of ultrasonic cleaning. 

At the same time, based on the adjustment range of the ultrasonic generator, the alu-

minum foil corrosion on the bottom position of the vibration plate was used. Under the 

frequency of 33 kHz, the influence of power on the ultrasonic cavitation when the gener-

ator power was in the range of 300–1200 W in 40s was determined.  

In order to explore the sound field distribution between the ultrasonic vibration plate 

and the conveying net chain, the digital ultrasonic sound intensity measuring instrument 

(Figure 8a) was used for testing the sound intensity on the bottom surface of the vibration 

plate, 5 cm away from the bottom surface of the vibration plate and 10 cm respectively, 

under the conditions of 33 kHz frequency of the ultrasonic vibration plate and the 1200 W 

power of the generator. As shown in Figure 8b, where the quarter plane of the ultrasonic 

vibration plate is measured [22], the side length of the effective range was 45 × 25 cm, and 

a dot was placed at an interval of 5 cm on each side. Finally, a total of 60 points were 

measured. 

Ultrasonic vibration plate

Cleaning trough

Conveying

net chain

Liquid level

Bottom surface of

ultrasonic

vibration plate

5cm from the bottom

surface of ultrasonic

vibration plate

10cm from the

bottom surface of

ultrasonic vibration

plate
H

Figure 7. Schematic of position relationship of ultrasonic cleaning.

At the same time, based on the adjustment range of the ultrasonic generator, the
aluminum foil corrosion on the bottom position of the vibration plate was used. Under
the frequency of 33 kHz, the influence of power on the ultrasonic cavitation when the
generator power was in the range of 300–1200 W in 40 s was determined.

In order to explore the sound field distribution between the ultrasonic vibration plate
and the conveying net chain, the digital ultrasonic sound intensity measuring instrument
(Figure 8a) was used for testing the sound intensity on the bottom surface of the vibration
plate, 5 cm away from the bottom surface of the vibration plate and 10 cm respectively,
under the conditions of 33 kHz frequency of the ultrasonic vibration plate and the 1200 W
power of the generator. As shown in Figure 8b, where the quarter plane of the ultrasonic
vibration plate is measured [22], the side length of the effective range was 45 × 25 cm,
and a dot was placed at an interval of 5 cm on each side. Finally, a total of 60 points were
measured.
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(b) Selection of key parameters of the bubble cleaning equipment

The bubble cleaning equipment is composed of a bubble nozzle device and an air
pump. It mainly uses high pressure air flow to the water in the cleaning tank to produce
bubbles, and then roll the water to clean the potatoes. In this process, the cleaning quality
is affected significantly by the bubble strength (gas flow) and cleaning time. Concerning
the types of impurities after rough cleaning and ultrasonic cleaning, the two parts share
a cleaning tank and therefore cannot achieve good cleaning when the bubble intensity
is small, while the ultrasonic cavitation effect will be ruined if the intensity is too large.
Therefore, in light of previous studies on bubble strength during cleaning operations [23,24],
taking the impurity containing potatoes after rough cleaning and ultrasonic treatment as
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the research object, this method was compared with the effect under the conditions of
bubble strength of 250 L/min, 300 L/min and 350 L/min.

2.3. Gradient Cleaning Test of Potato
2.3.1. Test Conditions

The gradient cleaning test was conducted from 28 October to 5 November 2020, in
Jiangsu Li gong fruit and vegetable Machinery Co., Ltd. (Address: No. 6, Nanshan Road,
Xinghua City, Jiangsu Province, China). The basic parameters and types of impurities in
the test were similar to those of the above measured potato tubers. The test instruments
and equipment mainly included gradient cleaning equipment of potato (Developed by the
author’s team), ultrasonic sound intensity measuring instrument (Model: GBS-UEC300P,
manufacturer: Beijing Zhongxi Yuanda Technology Co., Ltd., measurement accuracy:
0.1%), electronic tachometer (Model: FLUKE931, manufacturer: Fluke testing instruments
(shanghai) co., ltd., measurement accuracy: +0.02%), electronic platform scale (Model:
TCS, manufacturer: Zhejiang Jinhua Nantian post and Telecommunications Equipment
Manufacturing Co., Ltd., China, measurement accuracy: 0.01 kg).

2.3.2. Test Factors and Indicators

(1) Test factors

During the test, the main operating parameters of dry-cleaning and wet cleaning
equipment were obtained from previous research, together with the test optimization in
this paper. Specifically, the potato feeding amount was 3 t/h. In the dry-cleaning, the speed
of the rubber chain rod mechanism was 25 r/min, the speed of the first and third brush
roller was 40 r/min, and the second and fourth was 56 r/min. In the wet cleaning, the
moving speed of the immersion mechanism conveying net chain was 0.04 m/s, the speed
of brush roller in the high pressure spray and brush roller combination mechanism was
40 r/min, the ultrasonic power is 1200 W, the ultrasonic frequency is 33 kHz, the bubble
intensity was 300 L/min, and the moving speed of the conveying net chain in the ultrasonic
and bubble combination mechanism was 0.05 m/s.

(2) Test indicators

According to the requirements for impurity and mechanical damage indexes in the
grading of commercial potatoes, as stipulated in the Chinese national standard code of
practice for the grading and inspecting of commercial potatoes: GB/T 31784-2015 [25], the
performance test was carried out with the impurity removal and damage rate of potato
tubers. Based on the relevant contents of identification standard for the vegetable washing
machine: DG/T 125—2019 [26], it is defined that the impurity removal rate of potato tuber
is the percentage of the weight of potato cleaned after the cleaning equipment operation
among the sampled potato. When the cleaning equipment began, the potato tubers with
more than 1.0 cm impurities diameter and less than 2 sides were cleaned. The damage
rate of potato tubers is defined as the percentage of mechanical damage potatoes in the
sampled after the cleaning equipment operation. The mechanical damage is defined as
the damaged potato interior or if the potato tuber skin has scratches of more than 1.5 cm,
or the area of a single scratch and skin breaking point exceeds 200 mm2. The calculation
equations of impurity removal rate T1 and damage rate T2 of potato tubers are as follows:

T1 =
M − M1

M
× 100% (1)

T2 =
M2

M
× 100% (2)

Among them, M is the weight of potato samples, kg; M1 is the weight of uncleaned
potatoes, kg; M2 is the weight of potatoes with new mechanical damage, kg.
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2.3.3. Test Methods

During the test, three samples were taken at equal intervals at the discharge port of
the cleaning equipment, and the weight of each sample was about 50 kg. In each sample
received, the uncleaned potatoes with new mechanical damage were picked manually.
Then, they were weighed respectively and the impurity removal rate and damage rate of
potato tuber were calculated according to Equations (1) and (2). The average value of three
tests were taken as the final result. Figure 9 shows the test equipment of dry-cleaning and
wet cleaning.
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3. Results
3.1. Determination of Basic Sizes and Types of Potato Tubers Impurities

As shown in Figure 10, the value and range of three-dimensional potato tubers are
displayed. The length of the potato tubers ranges from 90 to 120 mm, accounting for 76%
of the statistical quantity. The average value of the length direction is 105.58 mm, and the
standard deviation is 12.87. The width ranges from 55 to 85 mm, accounting for 88% of the
statistical quantity. The average value of the width direction is 71.19 mm, and the standard
deviation is 9.88. The height ranges from 45 to 75 mm, accounting for 88% of the statistical
quantity. The average value of the height direction is 63.04 mm, and the standard deviation
is 8.74.
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As shown in Figure 11a, potato tubers mainly contain impurities such as residual rhi-
zome, peeled potato skin and soil and crushed stone. The proportion of various impurities
contained in potato tubers are shown according to their weight in Figure 11b. Among them,
soil and crushed stone mostly account for about 85%.
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3.2. Selection of Key Operation Parameters of Cleaning Method
3.2.1. Parameter Selection of the Dry-Cleaning Equipment

According to the parameter optimization test of dry-cleaning equipment conducted by
the author’s research group in the early stage [13], it was obtained that the potato cleaning
quality of dry-cleaning equipment is better when the potato feeding amount is 3 t/h, the
speed of the rubber chain rod mechanism is 25 r/min, the speed of the first and third brush
roller is 40 r/min, and the second and fourth brush roller is 56 r/min. This provides a
foundation for the selection of operation parameters of dry-cleaning equipment in the
follow-up test of this study.

3.2.2. Parameter Selection of Wet Cleaning Equipment

(1) Selection of key parameters of immersion mechanism

Tests have proved a cleaning rate of more than 10% after water immersion compared
to no water. Additionally, the results show that immersion time has an important influence
on cleaning effectiveness. In the test range, the more time spent on immersion, the higher
the corresponding cleaning rate. In light of factors such as the productivity of the whole
machine and the influence of too long immersion time on the quality of potato tubers, the
optimal immersion time was finally selected as 90 s. At this time, the movement speed of
the immersion mechanism conveying net chain is 0.04 m/s.

(2) Selection of key parameters of high-pressure spray and brush roller combination
mechanism

The results show that the cleaning quality is best when the speed of the brush roller is
30 r/min, but the efficiency is low. When it is 50 r/min, the tubers surface could not be
fully cleaned because the potatoes moved too fast, and the cleaning effect is poor; When
it is 40 r/min, the cleaning effect is better, and the operation efficiency also meets the
requirements. Therefore, the speed of the brush roller is finally selected as 40 r/min. At the
same time, as shown in Figure 12, the types of impurities of potato tubers cleaned by high
pressure spray and brush roller combination mechanism are mainly concentrated at both
end faces and sprout eyes, which provides a basis for the study of subsequent fine cleaning.

(3) Selection of key parameters of ultrasonic and bubble combination mechanism

a. Selection of key parameters of ultrasonic cleaning equipment

In terms of the ultrasonic frequency, the results show that the corrosion of aluminum
foil is relatively uniform under the action of 33 kHz. In terms of the ultrasonic power, it
shows that the sound field is strong under the action of 1200 W. In terms of the ultrasonic
cleaning time, the results reflect that the impurities at the end face and sprout eye of potato
tubers become fluffier when the ultrasonic action time is 40 s. Even if the ultrasonic action
time is increased, the effect on stubborn impurity is not obvious. Therefore, the optimal
ultrasonic frequency, power and cleaning time are 33 kHz, 1200 W and 40 s, respectively.
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Additionally, the ultrasonic sound intensity measurement results are shown in Figure 13.
The results show that the ultrasonic sound intensity is in the range of 0.30~0.55 w/cm2, and
the overall distribution is relatively uniform, which can meet the needs of potato cleaning.
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b. Selection of key parameters of bubble cleaning equipment

The results show that when the bubble strength is 300 L/min, the residual impurities
of potato tubers have been cleaned basically. For some impurities that have not been
cleaned off, it is still unable to wash off them by continuously increasing the bubble
strength. Therefore, the bubble strength is finally selected as 300 L/min. At the same time,
since ultrasonic cleaning and bubble cleaning share a set of conveying net chains, in order
to realize the effective connection and matching of the two parts, the cleaning time of the
bubble eqipment is 40 s. At this time, the movement speed of the conveying net chain in
the ultrasonic and bubble combination mechanism is 0.05 m/s.

3.3. Gradient Cleaning Test of Potato

The gradient cleaning process of potatoes is shown in Figure 14. The potato tubers are
subjected to the process of vibrating chain rod and dislocation brush roller dry-cleaning,
water immersion pre-cleaning, high pressure spray and brush roller rough cleaning, and
ultrasonic and bubble fine cleaning. The results are shown in Table 1. According to
the results, the average impurity removal rate and damage rate of potato tubers were
99.05% and 2.48% respectively, which can fully satisfy the requirements of potato cleaning
operations in China.
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Figure 14. The gradient cleaning process of potato. (a) Dry-cleaning; (b) Pre-cleaning; (c) Rough
cleaning; (d) Fine cleaning of ultrasonic; (e) Fine cleaning of bubble; (f) Cleaning effect.

Table 1. Results of cleaning test.

Test No. Impurity Removal Rate/% Damage Rate/%

1 99.13 2.25
2 99.36 2.71
3 98.67 2.49

Mean 99.05 2.48

4. Discussion

In China, the potatoes of post-harvest are mainly divided into fresh food (for cooking)
and processing according to their uses [25]. Both of them need cleaning [7]. Because the
edible parts (tuber) of a potato grows under the soil, it is easy for them to suffer a large
number of impurities after harvest. Additionally, the shape and size of potato tubers
are different, making them difficult to clean mechanically. The existing potato cleaning
methods in China commonly use a single mechanism, such as a water jet [10], squirrel
cage [11] and a dry brush roller [12]. However, these methods have many problems
such as poor cleaning effect or large water consumption, which cannot meet the needs of
production and water resource conservation [8,9]. In consideration of the requirements
of high impurity removal rate of raw potato for processing products such as potatoes,
fresh-cut vegetables, potato chips, potato flakes and starch in China, this study proposed a
gradient cleaning method of potato. The potato cleaning operation is carried out by the
combination of dry-cleaning and wet cleaning.

Compared with the water jet, squirrel cage and dry brush roller cleaning structures,
the gradient cleaning method proposed in this study can improve the cleaning effect and
reduce damage and water consumption effectively. During the test, the dry-cleaning link
was able to effectively remove impurities such as residual rhizomes, peeled potato skin,
large pieces of soil and crushed stone of potato tubers [13]. Through multi-step cleaning,
the wet cleaning link is used to remove the impurities attached to the surface and hidden
in the sprout eyes which are uncleaned by dry-cleaning [7]. For potato cleaning, short-term
cleaning cannot ensure the effectiveness, and long-term cleaning will put the potato in
contact with the brushing mechanism continually, damaging tubers’ skin [9]. In this study,
the dry-cleaning link can pave the way for wet cleaning, and most impurities can be cleaned
in advance by combining vibration and brushing, which can not only effectively reduce the
burden of wet cleaning and improve the final cleaning effect, but also reduce the discharge
of high concentration wastewater [10,11]. Additionally, because the key components of
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each operation mechanism adopt flexible rubber and nylon brush wire, it will have little
impact damage on potato tubers.

In the general, while the gradient cleaning method proposed in this study includes
many operation links, compared with a single cleaning mechanism, it can effectively
remove the large particle impurities contained in the potato tubers and reduce the burden
for the subsequent wet cleaning by the dry-cleaning. Practice has proved that cleaning
efficiency and quality can be significantly improved when large particle impurities are
removed by dry-cleaning and then cleaned by wet cleaning.

In the follow-up, we will further take other root and tuber crops such as sweet potato,
carrot, and white radish as the test objects, to test the cleaning effect and quality of the
gradient cleaning method proposed in this study on different crops, so that this technical
method can be better popularized and applied.

5. Conclusions

This study proposed a gradient cleaning method of potato based on multi-step oper-
ation. The method was carried out through dry-cleaning and wet cleaning, respectively.
Firstly, dry-cleaning was used to remove impurities such as peeled potato skin, residual
rhizome and large pieces of soil and crushed stone contained in the potatoes. Then, wet
cleaning was used to remove the impurities attached to the surface and hidden in the
sprout eye of potato tubers.

According to the previous research and the parameter optimization test, the optimal
parameter combination of the gradient cleaning method is obtained as follows. The potato
feeding amount is 3 t/h, the speed of the rubber chain rod mechanism is 25 r/min, the speed
of the first and third brush roller is 40 r/min, the speed of the second and fourth brush roller
is 56 r/min, the moving speed of immersion mechanism conveying net chain is 0.04 m/s,
the speed of the brush roller in the high pressure spray and brush roller combination
mechanism is 40 r/min, the ultrasonic power of 1200 W, the ultrasonic frequency of 33 kHz,
the bubble intensity of 300 L/min, and the moving speed of the conveying net chain in
the ultrasonic and bubble combination mechanism is 0.05 m/s. The results of cleaning
test under the optimal parameter combination showed that the average impurity removal
rate is 99.05% and the average damage rate is 2.48%, which can meet the relevant needs of
potato cleaning.
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