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Abstract: To discuss the feasibility of non-destructive determination method
for carrot quality based on the acoustic signal, Pearson correlations between
the acoustic eigenvalues and the main compositions of carrot were
performed. It indicated that the water content, polysaccharide content and
pectin content of carrot were all significantly (P<0.01) correlated with
waveform index and sound intensity of acoustic eigenvalues in the time-
domain and TE in the range of 2-3, 3-4, 4-5, 5-6, 6-7, 7-8 and 8-9 kHz.
Through PCA analysis, 9 eigenvalues with good correlation can be reduced
into two principal component factors. The acoustic signals knocked by the
self-made signal collection platform could be a new nondestructive testing
technology for quality evaluation of carrots. These results will provide
essential information to determine the food attributes of agro-products
through acoustic signals.
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Introduction

Agro-products quality is the critical index chosen by
consumers and is always evaluated by chemical or
instruments analytical methods. However these methods
are time-consuming and destructive and it is difficult to
detect one by one in grading or selling, especially for the
retailers in the supermarket. Destructive methods cannot test
the agro-products that are not sold in supermarkets, only can
be sold after being graded again by sensory evaluation.
Hence, a measurement method with non-destruction,
portable, low-cost and fast is an urgent need for retailers or
ordinary consumers. However, there is lots of research about
non-destructive methods for detecting agro-products quality,
such as infrared spectrum, nuclear magnetic resonance,
computer vision, etc. (Kutsanedzie et al., 2019; Nicolai et al.,
2014). They are more suitable for the agricultural or food
industry due to the disadvantages of high cost and
sufficient space. As an alternative non-destructive
method, the acoustic vibration method possesses the
potential to be a measurement method with portable, low-
cost and fast (Zhang et al., 2018a).

Generally, there are three parts of the excitation
module, signal acquisition and signal processing during
the acoustic vibration method (Zhang et al., 2018b).
Firstly, in the excitation module, the sample was excited
by the excitation signal. The excitation methods mainly
include the impact and forced way, which need different
effects or forced devices (Taniwaki and Sakurai, 2010).
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The hammer or stick is the standard device for the impact
method, but it is challenging to provide repeatable
excitation for agro-products quality measurement. The
pendulum is another common device that can give
repeatable excitation by releasing it at the same angle.
These excitation devices possess the advantages of
simplicity, low-cost and convenience, suitable for
portable and non-destructive detection for agro-products
(Zhang et al., 2018a). The electrodynamic vibrator was
often used for the forced method to obtain excitation for
agro-products measurement (Abbaszadeh et al., 2013;
Terasaki et al., 2001). The random and swept sine wave
excitations in a wide frequency range were often used in
agro-products measurement (Abbaszadeh et al., 2014;
Muramatsu et al., 1999; 1997; Taniwaki and Sakurai et al.,
2010). The forced vibration method possesses good
repeatability, yet it was time-consuming and
inconvenient  for  agro-products  measurement.
Therefore, the pendulum may be a sound excitation
module for the non-destructive measurement of agro-
products. Secondly, in the acquisition module, the
response signal was collected via contact or non-contact
sensors and computer. The contact sensors, such as the
acceleration pickup and piezoelectric sensor, were
directly contacted with the surface of agro-products.
However, the attachment of contact sensor may affect the
original vibration of sample or cause damage to the
surface of agro-products (Taniwaki et al., 2009; Zhang et al.,
2018b). The non-contact sensors, including microphone
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and Laser Doppler Vibrometer (LDV), were not contacted
with the surface of agro-products and has been used in
many studies for agro-products measurement (Chen et al.,
1992; Li et al., 2018; Liu et al., 2020a; Muramatsu et al.,
1999; 1997; Murayama et al., 2006). Compared with a
microphone, LDV has more accuracy and stability.
Nevertheless, the investment of LDV was high and a
strong and stable reflected laser beam must be provided
(Zhang et al., 2018a; 2015a-b). The microphone has been
widely in some studies as a non-contact sensor for the
advantages of portability, fast and low-cost. Instead,
the response signal obtained by the microphone was
easily affected by ambient noise. (Chen et al., 1992;
Liu et al., 2015; 2017; 2020b). Therefore, if a microphone
is selected as a non-contact sensor to achieve non-destructive
measurement of agricultural products, eliminating the impact
of environmental noise will be a key issue. Lastly, in the
signal processing module, Fourier Transforms (FT) was the
most commonly used method for analyzing the response
signals. It can reflect the internal relationship between time-
domain and frequency-domain of stationary signals. Even so,
it cannot show the emergence and disappearance time of the
frequency signal (Heuchel et al., 2018; Do, 2018). Hilbert
Huang Transform (HHT) is another useful method for
analyzing the response signals. Compared with FT, HHT
was not constrained by the uncertainty principle and the real-
time change of frequency energy can be observed in time
domain (Huang et al., 1998; Huang et al., 1999).

Carrot (Daucus carota) is one of the common
vegetables in the world. In this study, the main objective
was to investigate the feasibility of non-destructive and
portable measurements for carrot quality based on
acoustic signals for retailers in supermarkets or consumers.
The impact method of acoustic signal was pendulum
method. The microphone was chosen as non-contact sensors
for collecting acoustic signals. Meanwhile, the acoustic
signal processing method of time-domain and HHT were
combined to analyze the signals of portable signals. The
carrot quality indices, including water, sugar and pectin,
were detected and their correlations with the eigenvalues of
acoustic signals were analyzed. These findings would
provide a new portable non-destructive detection method of
acoustic signal for agro-products.

Materials and Methods

Samples

Totally 28 fresh carrots (diameter 4-5 cm, length 18-
20 cm) without damage were bought from a local market
in Jilin City, Jilin Province, China, in March 2018.

Acquisition of Acoustic Signal

The acoustic signal acquisition platform was designed
to simulate a pendulum for collecting the acoustic signals
from apples via steel ball knocking (Zhang et al., 2018b).
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The acquisition platform was composed of platform,
track, fixing device, rod, steel ball (diameter 5 cm, 50 g),
microphone (AT8033, Audio-Technica, Tokyo, Japan)
and computer (Aspire 4736ZG, Acer, Taipei, Taiwan,
China). The platform was placed in a relatively quiet room
with echoic decorative materials for avoiding ambient
noise. The sponge also enclosed the platform surface and
the fixing devices to eliminate noise from the experiment.
The microphone used as non-contact sensors was
connected to the computer and placed 2 cm away from the
sample’s equatorial axis (Liu et al., 2020b). The
microphone is a directional microphone that mainly
collects the sound signals in the vertical direction to
prevent environmental noise interference. The software’s
acoustic signal was recorded (Cool Edit Professional;
Adobe Systems, Los Altos, CA, USA) with a sampling
frequency of 44,100 Hz.

Acoustic Eigenvalues of the Acoustic Signal in
Time-Domain and Frequency-Domain

The acoustic signals as-acquired were denoised by a
wavelet denoising method. Our early studies confirmed
the sensory crispness of carrots was significantly related
to waveform index and acoustic energy (Liu et al., 2015;
2017). The formula of waveform index and acoustic
energy were listed in Table 1. According to the Hilbert-
Huang transform (Huang et al., 1998), the original signal
X(t) can be expressed as the sum of IMFs and a residual.
The formula was also listed in Table 1. This equation
enables us to represent the time and the instantaneous
frequency in a two-dimensional plot. This frequency-time
distribution is designated as Hilbert spectra. Preliminary
tests show the frequency of acoustic signals acquired from
this method varies within 1-10000 Hz. This result is
slightly different from our previous study on the
relationship between sensory brittleness and acoustical
signals, mainly because of differences in probes and
types of rupture between the reviews (Liu et al., 2015).
Through the HHT method, the frequency energy at
different frequency-domains could be well extracted.
From the Hilbert spectrum, we can determine the
energy at each frequency range. Based on the
experimental dispart the relative energy of acoustic
signals at each frequency range, each sample was sent
into eigenvalue extraction. The frequency-domain
eigenvalues showed the frequency band of acoustic
signals was concentrated at 0-10 kHz. Therefore, the
frequency range was divided into ten divisions of 0-1,
1-2, 2-3, 3-4, 4-5, 5-6, 6-7, 7-8, 8-9, 9-10 kHz.

Determination of Water Content

According to the National Standard of China, the
water content was determined by the weight difference
method (Liu et al., 2020a).
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Determination of Polysaccharide Content
Standard Curve of Glucose

Firstly, 20 mg of analytically pure glucose was
correctly weighed, dissolved in distilled water and diluted
to a 500 mL volumetric flask. Then the glucose solution
of 0, 0.5, 1, 1.5 and 2 mL were added into the five test
tubes and then diluted with distilled water to 2 mL. Each
tube was then added with 1 mL of 6% phenol solution and
5 mL of concentrated sulfuric acid solution. The tubes
were shaken evenly, cooled and colored at room
temperature for 30 min. Then the absorbance at 490 nm
was measured. A blank control was set by using 2.0 mL
of distilled water instead. A standard glucose curve was
plotted with glucose concentration as the X-axis and
absorbance as the Y-axis (Liu et al., 2020a).

Measurement of Carrot Polysaccharides

Carrot polysaccharides were extracted by water
extraction and alcohol precipitation method and then
detected by phenol sulfuric acid method. Specifically,
carrot samples stored for 0 (fresh), 5, 10 and 15 days were
crushed and weighed (each 15 g). Each sample was added
with an appropriate amount of anhydrous ethanol and then
put into a water bath at 50°C for 20 min. After filtering,
the residues were added with 450 mL of distilled water,
immerse-extracted in a water bath at 60°C for 6-8 h and
then leached. The filtrates were concentrated in a
rotational evaporimeter to 1/5 of the original volume.
Then after centrifugation at 4000 r/min for 20 min, the
supernatants were collected and added with four
volumes of anhydrous ethanol. After placement in a
refrigerator for 24 h for precipitation, the three
polysaccharide samples were taken out and centrifuged
again for 20 min. The precipitates and the dried carrot
polysaccharide crude samples were weighed, dissolved
also and diluted to 100 mL. Each sample (1 mL) was
diluted to 2 mL. To each tube, 1 mL of 6% phenol
solution and 5 mL of concentrated H,SO4 was added
and colored at room temperature for 30 min. Then the
absorbance at 490 nm was measured. A blank control
was set by using 2.0 mL of distilled water instead.

Determination of Pectin

The pectin’s determination method was modified
based on the agro-product industry standard-Determination
of pectin content in fruits and their products by
Spectrophotometry (Liu et al., 2020a).

Standard Curve of Galacturonic Acid

Galacturonic acid standard solution of 0, 20.0, 40.0,
60.0, 80.0 and 100.0 pg/mL were prepared, 1.0 mL of
galacturonic acid standard solution with different
concentration were accurately absorbed into a 25 mL
stoppered test tube, 6 mL of concentrated sulfuric acid
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was added respectively. The solution’s test tubes were
shaken, heated in a boiling water bath for 20 min and then
cooled. The tubes were added 0.5 mL of 0.15% carbazole
ethanol and were placed in the dark for 2 h. The
absorbance of the tubes was measured at 530 nm. A
standard galacturonic acid curve was plotted with
galacturonic acid concentration concentration as the X-
axis and absorbance as the Y-axis.

Determination of Carrot Pectin

The carrots should be Pre-treated as follows: The
carrots were washed and sliced and they were boiled in
boiling water for 4 min. Then the samples were dried at
65°C for 12 h.

The pre-treated samples of 2.5 g were weighed and
placed ina 100 mL conical flask. Then 95% ethanol of 40
mL was added and heated in a boiling water bath for 30
min. After filtration, the precipitation was taken in a 100
mL beaker and added 30 mL of water to heat for 30 minina
50°C water bath. Next, fix the volume of solution to 100 mL,
which is the sample’s pectin solution. Pectin solution of 0.1
mL was diluted with 0.9 mL of water and the absorbance of
the mixture was determined according to the determination
method of the galacturonic acid standard curve. The
calculation of pectin content is shown in the formula:

pxV

%) =
(%)= 000

100

Where:

Q = The content of pectin in carrots, %

p = The content of galacturonic acid found from the
standard curve, pg/mL

The constant volume of pectin precipitation, mL
Sample weight, g

\%
m

Principle Component Analysis

Principle Component Analysis (PCA) is the standard
method to reduce variables that correlated to each other.
PCA can compress the original lots of variables into
several new variables (Liu et al., 2020b). Many acoustic
eigenvalues were studied in this study, PCA will be used
to condense the acoustic eigenvalues’ dimension.

Statistical Analysis

All data of carrot polysaccharide content and acoustic
signal characteristics were analyzed by one-way Analysis
of Variance (ANOVA) on SPSS for Windows, version
rel. 10.0.5, 1999 (SPSS Inc., Chicago, IL, USA).
Correlations among the means were identified using the
Pearson correlation test. All the programs for the
extraction of acoustic signal characteristics were
written on Matrix Laboratory (Matlab; Math Works
Inc., Natick, MA, USA).
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Table 1: Acoustic signal eigenvalues in Time-domain and Frequency-domain

Acoustic signal eigenvalues Calculation formula

Connotation

Waveform index (Time-domain)
N-1

Sound intensity (dB) (Time-domain) E = Z| X(i) §
n=0

Es=10log)_Si

i=1

Total energy in each frequency

domain (dB) (Frequency-domain)

N-1 N-1
Y, = Z| x(i)P/ Jt/N (Z| x(i) |j The ratio of acoustical signal energy and the root-mean-square of amplitude
n=0 n=0

Total energy of sampling points of discrete acoustic signal

Total energy of different frequency is calculated by HHT

Results
The Standard Curve of Glucose and Galacturonic Acid

The standard curves of glucose and galacturonic acid
are shown in Fig. 1. The glucose curve equation was y =
5.7729x+0.0005 (R? = 0.9994), the standard curve has a
good correlation between the concentration of glucose 0-
0.12 mg/mL and absorbance (Fig. 1A). The equation of
the galacturonic acid curve was y = 0.0045x-0.0035, (R?
= 0.9965), the standard curve has a good correlation
between the concentration of glucose 0-100 pg/mL and
absorbance (Fig. 1B).

Changes of Main Carrot Compositions and Acoustic
Eigenvalues

The changes of main compositions, including water,
polysaccharide and pectin, were shown in Table 2. The
water and pectin content was declined with the
prolonging of storage days. The water content of fresh
carrots was more than 90.30£0.18%. With the increase
of storage days, the water content of carrots gradually
decreased. On the 15th day of storage, the water
content of the carrot fell to about 86.34+0.30%. The
pectin content of fresh carrots was the highest, reaching
about 17.58 +-0.51%. With the increase of storage days,
the pectin content in carrots gradually decreased. The
pectin content decreased to about 7.64 =0.32% on the
15th day. On the contrary, the polysaccharide
concentrations slowly rose with the prolonging storage
time. The content of polysaccharides in fresh carrots
was the lowest. The polysaccharide concentration after
15 d of storage increased by nearly one-fold compared
with fresh samples.

The acoustic eigenvalues in Time-Frequency of
carrot were listed in Table 2. Each sample was
measured in triplicate. The time-domain and
frequency-domain eigenvalues of the carrots both
changed to different degrees after storage for a
different duration. Waveform index and Sound
intensity of Time-domain characteristics showed a
rising trend with the extension of storage time. The
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frequency-domain energy of acoustic signals was
concentrated within 0-1 kHz, but the frequency-domain
energy changed irregularly with the prolonging of
storage time. Compared with other frequency-domain
ranges, the frequency-domain energy at 1-2 or 2-3 kHz
was also tremendous but changed irregularly. On the
contrary, the energy at 2-3, 3-4, 4-5, 5-6, 6-7, 7-8, 8-9,
9-10 kHz was small, which showed specific sensitivity.

Correlations of Main Carrot Compositions with
Time-Domain or Frequency-Domain Eigenvalues

Correlations between the main carrot compositions
and acoustic signals were analyzed according to
Pearson’s method by SPSS. The correlation
coefficients of main carrot compositions with acoustic
signals were illustrated in Table 3.

As is shown in Table 3, the water content,
polysaccharide content and pectin content of carrot
were all significantly correlated with waveform index
and sound intensity (both P<0.01) of acoustic
eigenvalues in the time-domain and were significantly
correlated (P<0.01) with TE in the range of 2-3, 3-4, 4-
5, 5-6, 6-7, 7-8 and 8-9 kHz. This result is consistent
with previous detection of sugar content in sweet potato
based on acoustic signals (Liu et al., 2020).

Principal Component Analysis Based on
Eigenvalues of Acoustic Signals

From Table 3, the water content, polysaccharide
content and pectin content of carrot were significantly
correlated with nine eigenvalues of acoustic signals, so
the Principal Component Analysis (PCA) was adopted
to reduce the nine correlated eigenvalues. It can be seen
from Fig. 2, the PCA diagrams of water content (Fig.
2A\), polysaccharide content (Fig. 2B) and pectin
content (Fig. 2C) of carrots were almost identical,
without any difference. All the nine eigenvalues of
acoustic signals can be reduced into two dimensions.
The waveform index and sound intensity constituted
PC1, the total energy in the frequency bands of 2-3, 3-
4, 4-5, 5-6, 6-7, 7-8 and 8-9 kHz constituted PC2.
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Table 2: Main compositions and acoustic eigenvalues in time-frequency of carrots during different storage periods (N = 28, average

* stdv.)
Fresh 5 days 10 days 15 days

Water content (%) 90.30+0.18* 88.99+0.24° 87.15+0.19¢ 86.34+0.304
Polysaccharide content (%) 0.70+0.02¢ 0.9440.03¢° 1.08+0.08° 1.39+0.08*
Pectin content (%) 17.58+0.512 14.90+0.17° 12.72+0.34¢ 7.64+0.324
Waveform index 22.14+6.60° 30.15+4.36° 64.24422.55° 62.69+7.55¢
Sound intensity (dB) 7.19+1.85° 7.08+3.11° 17.2949.142 19.9945.772
TEO0-10 kHz 91.34+42.95b 33.71£30.01¢ 71.38+£19.22%° 157.834+25.34%
TE1-2 kHz 3.88+2.14° 1.45+0.66° 1.95+0.63¢ 6.17+0.40?
TE2-3 kHz 0.93+0.46> 0.56+0.59°¢ 1.23+£0.26% 1.61£0.372
TE3-4 kHz 0.33£0.22¢ 0.21+0.07¢ 0.81+0.20° 1.02+0.072
TE4-5 kHz 0.21£0.17¢ 0.29+0.28°¢ 0.61£0.17° 1.09+0.32¢
TE5-6 kHz 0.25+0.19¢ 0.28+0.19¢ 0.61£0.12° 1.11+£0.212
TE6-7 kHz 0.25+0.18° 0.22+0.11° 0.36+0.06° 1.51+0.32¢
TE7-8 kHz 0.17+0.14° 0.12+0.06° 0.23+0.06° 1.19+0.292
TES-9 kHz 0.10+0.09° 0.10+0.04° 0.16+0.03P 0.50+0.128
TE9-10 kHz 0.05+0.04¢ 0.06+0.03% 0.14+0.03° 0.38+0.142

Table 3: Correlations of between main compositions of carrot and acoustic eigenvalues (N = 28)

WAC (%) POC (%) PEC (%) WI SI 0-1kHz 1-2kHz 2-3kHz 3-4kHz 4-5kHz 56kHz 6-7kHz 7-8kHz 8-9kHz 9-10 kHz

WAC (%) 1 -0.9327 09427  -839%* -710** -0.275 -0.122 -0.4827  -0.7817 -0.762" -0.784" -0.646" -0.6337 -0.669” -0.231
POC (%) 1 -0.969"  .778**  758**  0.413" 0.221 0.509™  0.737" 0.848” 0.860”  0.793” 0.788"  0.765" 0.127
PEC (%) 1 - 740%*  -671** -0.455"  0.306 -0.535"  -0.779" -0.830" -0.861" -0.823™ -0.813" -0.823" -0.173
WI 1 901**  0.27 0.122 483** TLIR* 694*%*  694**  B13F*  466* 484** 0.29
SI (dB) 1 404 0.208 .505** 624%*%  704**  BQ5**  531*¥* 576 511 0.178
TE 0-10 kHz 1 0.656™  0.645” 0519 0.601™ 0.659”  0.660” 0.744™  0.697"  -0.151
TE1-2 kHz 1 0.518"  0.276 0.406"  0.413" 0.584” 0.560”  0.514" -0.127
TE2-3 kHz 1 0.541™  0.758” 0.682”  0.561” 0.624” 0.661™  -0.057
TE3-4 kHz 1 0.749™  0.877"  0.660” 0.702"  0.752" 0.326
TE4-5 kHz 1 0.907"  0.802” 0.830"  0.821" 0.099
TE5-6 kHz 1 0.825™ 0.876™  0.875" 0.180
TE6-7 kHz 1 0.890™  0.848™  -0.015
TE7-8 kHz 1 0.964™  -0.031
TES-9 kHz 1 0.024
TE9-10 kHz 1

* refers to P<0.05; ** refers to P<0.01. WAC: Water Content; POC: Polysaccharide Content; PEC: Pectin Content; WI: Waveform Index
SI: Sound Intensity(dB); TE: Total Energy of different frequency bands
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Fig.1: Stand curve of glucose (A) and galacturonic acid (B)
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Fig. 2: PCA Charts of acoustic eigenvalues correlated with water (A), polysaccharide (B) and pectin (C) in the Time and Frequency domain

Discussion

The reason of the changes of main compositions may be
that the respiration of carrots is more active during the
shelf-life (Shibairo et al., 1997; 2002). Since pectin is the
main component of the cell wall, postharvest carrots’
storage time is closely related to pectin (Paniagua et al.,
2017). With the longer storage time of carrots, pectin was
hydrolyzed gradually by pectinase and the content of

pectin  decreased gradually. The increase of
polysaccharide content may be due to other
macromolecular  substances in carrot, if gum,

macromolecular carbohydrate, fat and other substances
are continuously decomposed into small molecules of
reducing sugar with the participation of related biological
enzymes (Goulas et al., 2014). In contrast, the
characteristic value of the sound signal did not show a
special regular change, which is similar to the results of
our previous research (Liu, 2015, 2020a).

Limited by the test time and personnel, this study did
not analyze many samples to build an evaluation model
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for carrot quality. However, the above results confirmed
that it is feasible to evaluate carrot quality based on the
knocking vibration acoustic signal. Since the technic of
the acoustic signal is applied in food quality evaluation
(Drake, 1963; 1965), there is still no unified determination
method for food quality evaluation based on technic of the
acoustic signal. Besides, the different processing methods
of acoustic signals, such as Time-domain theory, FT,
Wavelet transform and HHT, have been used to analyze
the correlations between the food quality attributes and
the acoustic eigenvalues (Conde et al., 2007; Liu et al.,
2015; Taniwaki and Sakurai, 2010; Wang et al., 2018). In
the previous study, we have found that many acoustic
eigenvalues processed by Time-domain and HHT
correlated with the firmness, crispness and sugar content
of some agricultural products (Liu et al., 2015; 2017;
2020b). Hence, in order to explore the feasibility of a non-
destructive determination method for carrot quality based
on acoustic signals, the acoustic eigenvalues processed by
the combination of Time-domain and HHT were chosen
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to analyze the correlations with water content,
polysaccharide content and pectin content. The pendulum
method was used to be the impact method, which has the
advantages of simplicity, low-cost and convenience for food
evaluation. The 2 principal components by PCA in this study
may be helpful for the non-destructive determination method
for carrot quality based on acoustic signals.

Conclusion

Vibration acoustic signals acquired through the
pendulum method has been proved to possess potential
application value in non-destructive testing of
agricultural products. The sound signal processing
method used in combination with Time-domain and
HHT has proved to be an effective method for
analyzing carrot portable sound signals. The main
compositions of carrot, including water content,
polysaccharide content and pectin content of carrot,
were all significantly correlated with waveform index
and sound intensity (both P<0.01) of acoustic
eigenvalues in the time-domain and were significantly
correlated (P<0.01) with TE in the range of 2-3, 3-4, 4-
5, 5-6, 6-7, 7-8 and 8-9 kHz. These correlated
eigenvalues were reduced into two components by
PCA. These results may provide essential non-
destructive clues for determining the quality of
agricultural products through the acoustic signals.
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