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Abstract

Shrinkage is a common phenomenon during the drying of fruits and vegetables. The research aimed to study the mechanism
of drying shrinkage and investigate the potential use of low-field nuclear magnetic resonance (LF-NMR) for online monitor-
ing changes in shrinkage. The effects of drying parameters (temperature, power, and vacuum) on shrinkage of three types
of materials banana (fruit), carrot (vegetable), and Pleurotus eryngii (an edible fungus) were studied in the different drying
processes of hot air drying (HAD), microwave vacuum drying (MVD), infrared drying (IRD), and infrared freeze-drying
(IFD). During drying, material shrinkage mainly occurred in the early and middle drying stages with different characteristics
of retention volume and shrinkage equilibrium point of moisture content. The drying shrinkage was significantly related to
the change of MC in vacuolar compartment (p < 0.05). Reducing the drying time from drying beginning to the LF-NMR
Ay3/A5,(1), 1.e., when the water content between vacuolar compartment and cytoplasm was equal, was beneficial for reduc-
ing shrinkage, and the volume retention rate increased by 39.13%. The shrinkage model of BP-ANN based on LF-NMR
had a high prediction accuracy of shrinkage more than 95% and was excellent with the R* of 0.9989 and RMSE of 0.0087.
The shrinkage control strategy based on LF-NMR provided a reference for the development of artificial intelligence drying

equipment.
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Introduction

Drying is an important processing method of fruits and veg-
etables. New technologies such as microwave vacuum dry-
ing (MVD), infrared drying (IRD), microwave freeze-drying
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(MFD), and infrared freeze-drying (IFD) have made the dry-
ing more efficient and energy-saving (Deng et al., 2014;
Polat & Izli, 2022; Su et al., 2020; Zeng et al., 2022). Unfor-
tunately, shrinkage has always been an unavoidable defect in
all drying methods, which leads to the deterioration of prod-
uct quality such as a reduction in volume and an increase
in hardness (Wang et al., 2018a). Although the shrinkage
of freeze-drying products is relatively small, it cannot be
ignored (Blahovec et al., 2021; Chen et al., 2021). People put
forward higher requirements for product quality and product
appearance as one of the important indicators. To solve the
problem of shrinkage during drying has become important
research in the current food industry.

At present, the researches on drying shrinkage of fruits
and vegetables were not thorough enough, mainly focusing
on the shrinkage difference of final products after processing
(Agudelo-Laverde et al., 2014; Lespinard et al., 2014). There
were also fewer studies about shrinkage mechanism, process
optimization, and quality improvement (Macedo et al., 2021,
Polat & Izli, 2022; Yuyan et al., 2021). Establishing a real-
time monitoring method for fruit and vegetable shrinkage
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in the drying process is necessary for realizing shrinkage
control and is an indispensable part of the research on fruit
and vegetable intelligent drying (Cropotova et al., 2018).
Low-field nuclear magnetic resonance (LF-NMR) has made
great progress in detection accuracy and cost control and has
been widely used in many fields of fruits and vegetables pro-
cessing, which provides a technical choice for the study of
drying shrinkage (Chitrakar et al., 2019; Sun et al., 2019b).

In this research, drying shrinkage of bananas (fruit), car-
rot (vegetable), and Pleurotus eryngii (an edible fungus)
during drying by different methods, such as hot air drying
(HAD), MVD, IRD, and IFD, was studied from the LF-
NMR analysis results with the aim to solve three problems:
(1) to explore and improve shrinkage mechanism of fruits
and vegetables during drying; (2) to establish the detection
method and control strategy of shrinkage of fruits and veg-
etables during drying based on LF-NMR.

Materials and Methods
Materials and Sample Preparation

The fresh materials of carrot, banana, and Pleurotus eryngii
for all the experiments were purchased at once from a local
supermarket in Wuxi, China, and stored at 4 + 1 °C. Materi-
als larger than 25 mm in diameter were chosen and cut into
cylinders of 25 mm X 25 mm in size by special tool for the
pretreatment before drying.

Drying Experiment of Different Materials
Drying by HAD

In HAD, the effect of drying temperature on shrinkage was
studied. One hundred grams of pretreated samples (carrot,
banana, and Pleurotus eryngii) was evenly spread as a single
layer in a hot air oven for drying at 50 °C, 60 °C, and 70 °C
until the final MC was less than 0.08 g/g w.b., maintaining

the airflow rate of 1 ms™".

Drying by IRD

In IRD, the effect of drying temperature on shrinkage was
studied with the emission peak wavelength of 3.0 um. One
hundred grams of pretreated samples (carrot, banana, and
Pleurotus eryngii) was evenly spread as a single layer in
an infrared dryer (Intermediate-wave, Sentteck Co., Ltd.,

China) for drying at 50 °C, 60 °C, and 70 °C until the final
MC was less than 0.08 g/g w.b., maintaining the airflow

rate of 1 ms™.

Drying by MVD

In MVD, the effects of drying temperature, power, and vac-
uum on the shrinkage were studied. One hundred grams of
pretreated samples (carrot, banana, and Pleurotus eryngii)
was evenly spread as a single layer with a mass load of 0.21
kg/m?. The effect of drying temperature on shrinkage at 50
°C, 60 °C, and 70 °C was studied until the MC was less than
0.08 g/g w.b., maintaining the power of 200 W and vacuum
of 0.01 MPa; the effect of MW power on shrinkage at 100
W, 200 W, 300 W, and 400 W was studied until the MC was
less than 0.08 g/g w.b., maintaining the drying temperature
of 70 °C and vacuum of 0.01 MPa; and the effect of vacuum
on shrinkage at 0.01 MPa, 0.025 MPa, and 0.05 MPa was
studied until the MC was less than 0.08 g/g w.b., maintain-
ing the drying temperature of 70 °C and the MW power of
200 W.

Drying by IFD

In IFD, the effects of drying temperature and applied vac-
uum on the shrinkage were studied. One hundred grams of
pretreated samples (carrot, banana, and Pleurotus eryngii)
was evenly spread in a single layer in the IFD equipment
(Changzhou One-Step Drying Equipment Co., Ltd., Chang-
zhou, Jiangsu, China) for drying at 30 °C, 40 °C, and 50 °C
until the final MC was less than 0.08 g/g w.b., maintaining
the vacuum of 80 Pa; the effect of vacuum on shrinkage at
50 Pa, 130 Pa, and 250 Pa was studied until the MC was
less than 0.08 g/g w.b., maintaining the drying temperature
of 40 °C.

The Experiment of a Shrinkage Control Strategy
Based on LF-NMR

The experiment was performed to evaluate the effect of
LF-NMR-based control strategy on the shrinkage of carrots
during drying. The carrot was dried by MVD under five
methods as follows: (1) drying the carrot to the MC less than
0.08 g/g w.b. at 100 W; (2) the carrot was dried to the A,;
of 0 at 100 W, then dried to the MC less than 0.08 g/g w.b.
at 300 W; (3) the carrot was dried to the A,; of 0 at 100 W,
then dried to the MC less than 0.08 g/g w.b. at 300 W; (4)
drying at 100 W to A,3/A,,(50), then 300 W to the end; (5)
drying at 300 W to the end.
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Evaluation Index Measurement Method
Moisture Content

Samples were dried at 105 °C in a hot air oven until the weight
difference was less than 2 mg following the Chinese National
Standard (GB 5009.3-2016) (China, 2016). The moisture con-
tent (MC) was expressed by wet base (Sun et al., 2019a).

Shrinkage

The height and diameter of the sample were measured by digi-
tal Vernier calipers (Mitutoyo Corporation, Shanghai, China).

Microstructure

The micromorphology of the sample was evaluated by a scan-
ning electron microscope (Sul510, HITACHI, Japan) with a
magnification of 100 X and an optical microscope (Olympus
BX43, Tokyo, Japan).

Detection of LF-NMR

The transverse relaxation time (7,) was measured by an
LF-NMR analyzer (MiceoMR 20-030 V-1, Numag Electric
Co., Suzhou, China) with Carr-Purcell-Meiboom-Gill pulse
sequence (CPMGQG). SIRT algorithm of the NMR analysis soft-
ware was applied to transform the CPMG decay curve into 7,
in 100,000 iterative fittings. The detection parameters were
set as follows: (1) when MC > 0.3 g/g w.b., repetition time
(TR) of 5000 ms; echo time (TE) of 0.6 ms; number of echo
(Nech) of 5000; and scan number (NS) of 4; and (2) when MC
< 0.3 g/g w.b., TR of 3000 ms; TE of 0.1 ms; Nech of 5000;
and NS of 16.

Analysis of Data

Commercial SPSS 16.0 software (SPSS Inc., Chicago, USA)
and Origin 2017 (Origin Lab Corporation, Northampton, MA,
USA) were used to do the statistical analysis and plotting dia-
grams. The Unscrambler X (CAMO Software Inc., Oslo, Nor-
way) and MATLAB R2019a (The MathWorks Inc., Natick,
MA, USA) were used for modeling with the evaluation index
of coefficient of determination (R?), root mean square error
(RMSE), and the accuracy (AC) (Sun et al., 2019a).

— d
AC = <1_M> « 100% "
exp

where exp is the experimental data, and pred is the predicted
data.
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Results and Discussion
Theory of Shrinkage in Drying

Prothon and Ahrné (2003) thought that shrinkage went
through three stages, namely, cellular shrinkage stage, cell
collapse stage, and pore collapse stage, during the drying
process except in freeze-drying. However, they did not
give a specific classification standard and detail explana-
tion of shrinkage dynamics for each stage. The shrinkage
of fruits and vegetables has not been fully explained, but
the capillary theory and amorphous viscosity theory are
the accepted basic theories at present. According to the
capillary theory, there is surface tension at the liquid-gas
interface, which acts on the cell wall at the same time.
With evaporation, the radius of the semilunar surface
decreases, and the surface tension increases, resulting in
material shrinkage. Amorphous viscosity theory believes
that there is a glass transition temperature in fruits and
vegetables. When the temperature of the material is lower
than the glass transition temperature, the structure is hard
and does not shrink. When the temperature of the mate-
rial is higher than the glass transition temperature, the
molecular movement becomes active, giving higher fluid-
ity, which results in the shrinkage phenomenon. Although
two theories explain shrinkage from different perspec-
tives, neither of the two theories can perfectly explain the
shrinkage phenomenon in the whole process of drying. For
example, Zhengyu and Zhide (1996) illustrated that the
surface tension of water in large capillaries is very weak,
and its removal does not cause volume change. The capil-
lary theory is more suitable for the pore size less than 0.04
um. Although the capillary theory can explain pore col-
lapse, it is difficult to explain the cell shrinkage and cell
collapse process (Prothon & Ahrné, 2003). Amorphous
viscosity theory is mainly used to explain the shrink-
age during the freeze-drying process. Collapse and glass
transition temperature are interrelated in that significant
shrinkage can be noticed during drying only if the tem-
perature of drying is higher than the glass transition tem-
perature of the material at that particular moisture content.
It is necessary to improve the characterization theory of
shrinkage in the whole drying process of fruits and veg-
etables. Water in different subcellular organelles is often
characterized by different proton relaxation times. The
distribution of water proton transverse relaxation times
can therefore provide quantitative information about water
compartmentation. In addition, the extent to which water
diffusion is restricted by membrane and cell wall barri-
ers can also be measured by non-spatially resolved NMR
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diffusion techniques. The potential of LF-NMR relaxation
in monitoring water compartmentation and drying shrink-
age was explored theoretically and experimentally (Hills &
Le Floc'h, 1994). Hills et al. (1997) supervised the water
change in the apple drying process by LF-NMR with the
result that the dried shrinkage mostly resulted from the
loss of water from the vacuolar compartment with very
little change in the water content of either the cytoplasm
or the cell wall compartments.

Study on Shrinkage Mechanism of Typical Fruits
and Vegetables During Drying

Study on Shrinkage of Different Materials in HAD

Retention ratio (1) of volume, height, or diameter is an
important indicator of the shrinkage degree and is defined
as the ratio between the current volume (or length) of the
sample and that of the fresh sample, which is usually rep-
resented by 7 =/, or*/, . The greater the 7, the smaller

the shrinkage degree. Different materials have different
shrinkage characteristics under the influence of different
factors such as fiber direction, structure, and composition.
Figure 1 shows the results of the volume retention ratio of
the three samples after HAD and it was known that differ-
ent materials had their characteristics in longitudinal and
radial shrinkage. The longitudinal and radial shrinkage of
carrots was consistent, and the volume retention ratios were
all about 50%. Compared with the carrot, the banana had
an advantage of radial maintenance with an 11% volume
retention ratio higher than the longitudinal volume retention
ratio. On the contrary, Pleurotus eryngii had a stronger lon-
gitudinal maintenance effect. In the process of HAD, carrot,
banana, and Pleurotus eryngii in the longitudinal and radial
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Fig. 1 The shrinkage of materials in HAD

different dimensions had a serious shrinkage. In summary,
carrot had a very serious shrinkage, down to 13% of the
original volume, while the volume retention ratio of banana
was as high as 36%. This might be because carrots being a
higher fiber material, heat shrinkage is serious, while the
banana has high carbohydrate content and high viscous,
providing somehow support during the dehydration process,
which is conducive to the maintenance of the spatial struc-
ture. Honghong (2012) found that papaya with high matu-
rity was less prone to shrinkage than papaya with low matu-
rity due to its high sugar content. Lozano et al. (1983) found
that the volume retention ratio of carrot, pear, potato, and
garlic was from 10 to 30%. The higher the starch content in
the sample, the larger the retention volume and the smaller
the shrinkage so that the material finally has a good volume
retention ratio. The shrinkage of fruits and vegetables mate-
rial has different shrinkage characteristics due to its differ-
ent components.

Figure 2 shows the relationship between volume retention
ratio and moisture content (MC) during the process of HAD.
With the drying process, the MC decreased gradually, and
the material showed the law of rapid shrinkage at first, then
slowly change in shrinkage. There was an obvious inflection
point of shrinkage in MC variation (Blahovec et al., 2021).
There was a significant linear correlation between shrink-
age and MC on both sides of the inflection point. As can be
seen from Fig. 2a, when shrinkage was at the high MC stage,
Pleurotus eryngii and carrot had a more similar shrinkage
pattern. However, when MC was low, the volume retention
ratio of banana and Pleurotus eryngii had a smaller change,
while that of carrot lasted until the end of drying. There was
a more obvious inflection point in banana and Pleurotus
eryngii, which were 0.5 g/g (w.b.) and 0.7 g/g (w.b.) of MC,
respectively, while carrot had a wide inflection in the range
of 0.5-0.8 g/g (w.b.) of MC. Shrinkage is the result of radial
shrinkage and longitudinal shrinkage. It can be seen from
Fig. 2b and c that there were certain differences in radial
and longitudinal shrinkage laws for different materials. As
shown in Fig. 2b of longitudinal shrinkage, banana shriveled
rapidly at the beginning, and then at a slower rate, Pleurotus
eryngii shriveled rapidly and then stabilized, while carrots
slowly decreased in height throughout the drying process.
The radial shrinkage of carrot was the most serious, Pleu-
rotus eryngii was the second most, and banana was the least
at the same MC level.

The shrinkage of the three types of materials showed
obvious consistency, that is, at the beginning of drying, the
volume retention ratio reduced rapidly and showed a strong
linear relationship with MC, and then slowly or tended to
be stable. This was because, at the beginning of drying of
fruits and vegetables, water evaporated and dissipated, and
shrinkage of cells and large capillaries made up for space
loss. Therefore, volume shrinkage is related to water loss.

@ Springer
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Fig.2 Retention ratio of materials with moisture content: a volume, b height, and ¢ diameter

Moreover, the internal and external pressure difference of
materials is also an important power source of shrinkage at
the beginning (Jianrong et al., 2019; Yue, 2020). With the
loss of water and the increase of material temperature, there
are two types of water migration in the material: liquid phase
infiltration and gas transport. As the water in the large capil-
lary disappears, the internal and external pressure difference
force weakens, and the main force in the small capillary
gradually increases, that is, the surface tension becomes the
main factor affecting volume. With the further decrease of
water content, the glass temperature of the material gradu-
ally increases, the anti-shrinkage ability increases, and the
shrinkage slows down or stops. Lili et al. (2016) found that
at low MC, the material continuously transforms from a high
elastic state to a glass state, and its rigidity increases, which
counteracts part of the capillary force and hinders further
shrinkage.

@ Springer

Zhen (2019) found that in the heat pump drying of
Pleurotus eryngii, the volume retention ratio presented a
linear relationship with water content at the early drying
stage, and the change of volume shrinkage was no longer
obvious when the MC was reduced to 60%. The same
phenomenon occurred in the process of dehydration and
drying of banana, mango, pineapple, potato, and lemon
(Jianrong et al., 2019; Wang et al., 2018b). But the inflec-
tion of MC tending to be stable was lower than that in this
study, which might be the result of the many effects of
different materials, different drying methods, and drying
processes. It is also an interesting scientific question to
explore the key points that affect the shrinkage transition.
Gongnian et al. (2005) studied a vacuum freeze-drying
combined with a hot air drying method based on the char-
acteristics that shrinkage concentrated in the early drying
stage, which played a positive role in reducing shrinkage.
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As another indicator of the shrinkage degree, shrinkage
rate (y) was used to express the speed of shrinkage and was

i i

2 or —. Figure S1 shows

ti—1; t;~1;
clearly the relationship between shrinkage rate and MC dur-
ing the HAD process. The maximum shrinkage rate of carrot
was 38.50 mm*/min when the MC was 0.90 g/g w.b. The
peak volume shrinkage rate of Pleurotus eryngii and carrot
was similar, that is, the shrinkage rate increased sharply to
the maximum at the beginning of drying, and reached the
maximum shrinkage rate of 40.16 mm®/min when the MC
of Pleurotus eryngii was 0.87 g/g w.b. However, the differ-
ence of shrinkage rate between Pleurotus eryngii and carrot
was that after the peak of volume shrinkage, the shrinkage
rate of carrot decreased slowly, while Pleurotus eryngii
decreased quickly. Banana showed a trend of slowly increas-
ing and then decreasing shrinkage rate, and the MC at the
highest shrinkage rate was relatively low (0.65 g/g w.b.). The
radial and longitudinal shrinkage rates were all similar, that
is, the maximum longitudinal and transverse shrinkage rates
were reached at the same MC.

often represented by y =

Effect of Drying Methods on Material Shrinkage

The effect of four kinds of typical drying methods (HAD,
IRD, MVD, and IFD) on material shrinkage was studied.
To facilitate the intuitive explanation, Figure S2 shows the
real photos and SEM of dried carrot at three different levels
of MC (high, medium, and low MC). As can be seen, com-
pared with fresh carrot, the shrinkage of IFD carrot was little
with a light texture and white color. Pikal and Shah (1990)
believed that shrinkage happened only under drying tem-
perature higher than the glass transition temperature of the
material being dried in FID. While MC was a more impor-
tant factor affecting shrinkage in HAD, IRD, and MVD, viz.,
the shrinkage became more severe at lower MC. The volume
retention ratio of carrot changed greatly at high MC and
tended to be stable in the late drying stage, which further
proved that the main stage of shrinkage occurred during the
evaporation of water from vacuolar compartment. The car-
rots dried by IRD and HAD were similar in appearance, with
serious shrinkage, dark color, and hard texture. The carrot
dried by MVD was lighter in color and larger in retention
volume. These results were attributable to that, with higher
drying efficiency and shorter drying time, the volumetric
heating of MVD avoids great temperature fluctuations and
better preserves the structure and porosity in tissues (Talens
et al., 2017; Conte et al., 2019).

The internal structure of the carrot was also studied by
scanning electron microscopy (SEM). The carrot treated by
HAD and IRD had similar structural characteristics, with
dense texture, high hardness, and severe drying shrinkage.
The carrot treated by MVD had certain cracks but had larger

pores. There was a relatively complete cellular structure with
good homogeneity in carrot of IFD drying. Jingjing et al.
(2011) also found there was better pore structure in jujube
dried by microwave drying and freeze-drying. In the micro-
wave drying process, the high intensity of microwave energy
makes the water inside the carrot produce a certain degree
of gasification, and the swelling pressure of water vapor
weakens the effect of external pressure on the material to
a certain extent. Therefore, the carrot treated by MVD had
a large retention volume. Compared with HAD and IRD,
Miaoqing (2019) also found that Pleurotus eryngii treated by
MVD had a larger retention volume. Zongbo (2016) believed
that microwave expansion was the main force for improving
the retention volume (Zielinska et al., 2017).

Figure S3 shows the effect of the four drying methods
on the radial shrinkage and longitudinal shrinkage of three
kinds of materials respectively. It can be seen that the shrink-
age of both longitudinal and radial directions of all materials
dried by IFD was not obvious; this is because, during the
cryosublimation process, the material temperature is always
below the disintegration temperature to maintain high sup-
port strength. In addition, gaseous water does not produce
serious surface tension on the capillary, and the material
finally retains a relatively complete cell structure and small
shrinkage. Compared with HAD, MVD and IRD had a
smaller degree of longitudinal shrinkage. The effect of MVD
on the longitudinal retention ratio of carrot and banana was
significantly increased by 48.10% and 37.72%, respectively,
while the effect on the longitudinal shrinkage of Pleurotus
eryngii was not significant (p > 0.05). Conte et al. (2019)
found that compared with HAD, the retention ratio of apple
slices dried by microwave increased by more than 50%,
which had an obvious effect. Kog et al. (2008) studied the
shrinkage regularity of quince in freeze-drying (FD), IFD,
fluidized bed drying (FBD), and HAD, and in the process of
osmosis pretreatment, hot air drying, and found the material
dried by FD had minimum shrinkage and retention volume
up to 90%. Compared with HAD, IRD, FBD, and osmosis
pretreatment could improve the retention volume.

Effect of Drying Temperature on Material Shrinkage

The increase of drying temperature led to the aggravation
of material shrinkage as shown in Fig. S4a, which might be
because the increase of temperature accelerates water diffu-
sion and rapid evaporation, resulting in the increase of inter-
nal and external pressure difference of material in a short
time, so the shrinkage is obvious (Vallespir et al., 2019).
Xueyuan et al. (2015) studied the volume retention ratio of
apples during medium-short-wave IRD and found that the
higher the drying temperature, the smaller the volume reten-
tion ratio. Compared with the temperature at 95 °C, the vol-
ume retention ratio of potato (Yue, 2020) and garlic (Abbasi
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et al., 2011) induced with the increase of temperature during
drying. In the frying dehydration method, the volume reten-
tion ratio of Pleurotus eryngii increased by 17.5% at 75 °C
(Zhengxiang, 2016). Haonan (2020) proposed that the drying
temperature difference between the sample and the glass tran-
sition temperature of materials was also an important cause
of shrinkage. In heat pump drying of jujube chips, the greater
the temperature difference, the smaller the volume retention
ratio. Karathanos (1993) proposed the same shrinkage theory
based on the temperature difference. However, the lower the
drying temperature is not the better; too long drying pro-
cess would increase the overall effect of shrinkage factors,
resulting in increased shrinkage (Pikal & Shah, 1990). Lili
et al. (2016) found that under too low drying intensity, the
internal water penetration of carrot was slower and the cell
wall deformation was larger. Qinghui et al. (2017) found that
in the shrinkage experiment of ginkgo biloba by HAD, the
volume retention ratio first increased and then decreased with
the increase of drying temperature.

Effect of Vacuum on Material Shrinkage

Figure S4b shows the relationship between vacuum and vol-
ume retention ratio in MVD and IFD. It can be seen that the
material volume retention ratio increased with the decrease of
pressure, that is to say, improving the vacuum degree of the
drying environment is beneficial to the maintenance of prod-
uct volume. This is because in the process of water evapora-
tion, the improvement of vacuum on the one hand can reduce
the effect of pressure difference on the material, at the same
time can improve the drying rate, and shorten the shrinkage
time. In IFD, the low vacuum can also reduce the triple point
of water and is beneficial to prevent the formation of liquid
water, which is the common cause of shrinkage in IFD.

Effect of Microwave Power on Material Shrinkage

Figure S5 shows the effect of microwave intensity on physical
shrinkage, and it can be seen that the volume retention ratio
increased first and then decreased with the increase of micro-
wave power intensity. When the microwave power increased
from 100 to 300 W, the retained volume of carrot increased by
29.57%. When the microwave intensity continued to increase,
the material shrinkage is serious, and its volume decreased.
This may be because the high intensity of processing con-
ditions destroyed the cellular structure of the carrot, result-
ing in material collapse. Miaomiao et al. (2020) believed
that microwave made water vaporize into steam in a short
time, and the volume expanded instantly at a speed greater
than its diffusion speed, which expanded the spatial structure
of the material and formed a large porosity channel. Yuyan
et al. (2021) found persimmon shrinkage obviously in dry-
ing condition of low microwave power and, with the increase

@ Springer

of microwave power, persimmon fruit expansion of internal
organization with large convex on the material surface. When
power continues to be increased, a big difference of vapor
pressure made the moisture in the form of liquid water inside
the persimmon fruit surface of direct precipitation, causing
the product quality very poor, and shrivel. Lili et al. (2016)
found in the shrinkage experiment of carrot dried by infrared
radiation that with the increase of drying intensity, the vol-
ume retention ratio of carrot showed a trend of first increasing
and then decreasing. The material picture shows the influence
of microwave intensity on the internal structure of the mate-
rial in a more intuitive and detailed way as shown in Fig. S5.
The internal structure of carrot dried at low power was dense
and complete and, with the increase of microwave power, the
pore gradually increased and became larger. When the micro-
wave power was 300 W, the material porosity reached the
maximum. As the microwave intensity continued to increase,
the pores fused into large airways, the rigid structure was
destroyed, and the tissue collapsed seriously.

Establishment of Fruits and Vegetables Drying
Shrinkage Model Based on LF-NMR

LF-NMR is a potential nondestructive detection method
to monitor the distribution and amount of water proton in
different subcellular compartments based on different and
characteristic water proton transverse relaxation times (7)
determined mainly by fast proton exchange between water and
exchangeable protons on biopolymers and dissolved metabo-
lites (Hills & Le Floc'h, 1994). The shortest transverse relaxa-
tion time 7,, could be assigned to water associated with cell
walls, and would be the result of chemical exchange effect due
to fast proton exchange between water and hydroxyl protons
on the rigid cell wall polysaccharides (pectin, cellulose, hemi-
cellulose). The intermediate relaxation time 77, could distin-
guish water residing in the cytoplasm and could be explained
on the basis of a proton chemical exchange between water
and proteins of the cytoskeleton and enzymes and the high
viscosity of the cytosol. The highest relaxation time 7,5 could
be attributed to water located within the vacuole, arising from
the chemical exchange with sugars and other low weight com-
pounds that constitute the dilute solution of the sap (Nieto
et al., 2013). According to the distribution of water, T, of
carrot, banana, and Pleurotus eryngii can be divided into T,
0.1-1 ms; T,;, 1-10 ms; T,,, 10-100 ms; and T,3, 100-1000
ms (Sun et al., 2019¢). The corresponding total signal ampli-
tudes of different water were A,(, A,;, A,,, and A,;, and the
total signal amplitude of all water was Ay, (Lv et al., 2017).

Data Analysis of LF-NMR

As shown in Fig. S6 for the T, distribution of the three fresh
materials, the T,; of Pleurotus eryngii, carrot, and banana
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Fig.3 The LF-NMR signals of different materials with volume retention ratio: a carrot b banana, and ¢ Pleurotus eryngii

were 310, 357, and 580 ms respectively. It was clear that
the water from vacuolar in banana was more diffuse and
exchangeable. One more interesting thing was that the T,
distribution of Pleurotus eryngii was multiexponential with
two main relaxation components. As to the amount of water
proton, different materials had different water states. Most of
water came from vacuolar, accounting for 87.46% in banana,
68.77% in Pleurotus eryngii, and 86.32% in carrot. Due to
the higher content of protein, A,, accounted for a greater pro-
portion (28.80%) in Pleurotus eryngii. The T, distribution of
carrot during HAD was also studied as shown in Fig. S7. As
the drying time increased, drying is seen to result in a reduc-
tion in the peak area of the vacuolar compartment relative
to the other compartments from 11,526.84 to 4.05 a.u. and a
gradual shift in the vacuolar peak to shorter 7,, which can be
explained in terms of two exchange mechanisms: chemical

exchange and diffusive exchange. Chemical exchange gives
rise to a dispersion of T, and diffusive exchange gives rise to
multiexponential behavior (Hills et al., 1990). For example,
in the later stage of drying, the ingredient of macromolecular
materials (such as enzymes, proteins) enhances the ability of
base materials to the water (Sun et al., 2019c¢).

Figure 3 shows the relationship between volume retention
ratio and MC during the drying. As can be seen, the water
content from cell wall compartments in the three materials
was small, the water content from vacuolar compartment in
carrot was the highest, the proportion of water from cyto-
plasm in banana increased, and Pleurotus eryngii had a
higher proportion of water from cytoplasm than carrot and
banana, which explains why carrot shriveled the most seri-
ously in the three materials. At the same time, the water in
carrot is mostly from vacuolar compartment, so the change
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Table 1 The MCs of shrinkage inflection point and A,3/A,, (1) in different drying methods

HAD IRD MVD
Carrot Banana Pleurotus Carrot Banana Pleurotus Carrot Banana Pleurotus
eryngii eryngii eryngii
Key npoint 0.55+0.11 0.51+0.10 0.65+0.13 0.55+0.10 0.50+0.10 0.58 +0.12 0.53+0.12 0.45+0.08 0.53 +0.10
AplAy =1 0.60+0.12 0.51+0.11 0.70+0.10 0.58 +0.13 0.55+0.10 0.65+0.13 0.57+0.14 0.50+0.12 0.60 +0.12

of water from vacuolar compartment in the drying process
is similar to the change of total water. Although banana and
Pleurotus eryngii had more water from cytoplasm, resulting
in a certain difference in the content of water from vacuolar
compartment and cytoplasm in the drying process, the trend
of change was the same, namely, with the drying process, the
material gradually shrank, and the total water and vacuolar
water content continued to decrease. During the whole dry-
ing process, the water from cytoplasm of carrot and banana
firstly increased and then decreased, which was because
with the decrease of the vacuolar water, the carbohydrate
concentration increased, prompting partial vacuolar water to
be converted into cytoplasm water (Sun et al., 2019c). The
change rule of water from cytoplasm of Pleurotus eryngii
was different from that of carrot and banana. The cytoplasm
water was converted to vacuolar water at the early drying
stage, which was also the reason why the change of water
content from vacuolar compartment of Pleurotus eryngii
was not significant at the early drying stage.

Consistent from the “Study on Shrinkage of Different
Materials in HAD” section with regard to changes in volume
retention ratio and MC, Fig. 3 also shows that the key points
of LF-NMR signals appeared at the inflection point of dry
shrinkage, that is, after the volume retention ratio of carrot,
banana, and Pleurotus eryngii tended to be stable, the mate-
rial volume did not change much, although the LF-NMR
signals still decreased. Interesting but important informa-
tion was found here that at the inflection point of volume
retention ratio, the signal amplitude of A,; was equivalent to
Aioal (A3/A g1 = 1). Therefore, it was guessed that when the
signal amplitude of water from vacuolar compartment and
that of water from cytoplasm were equivalent, it was the key
point for the transition of shrinkage from osmotic pressure
difference to surface tension caused by small capillaries.

To verify this conjecture, the inflection points of shrink-
age and the LF-NMR signal point of A,3/A,,,; = 1 of the
three kinds of samples dried by different methods were stud-
ied, and the results are shown in Table 1. As can be seen
from the table, the MC at the signal of A,5/A,, = 1 was very
similar to the MC at the volume inflection point, and the
deviation was between 4 and 13% on the whole. It can also
be seen that LF-NMR had higher accuracy for the processing
method with softer action intensity. The accuracy deviation
of IRD was between 5 and 12% and that of MVD was 7 and

@ Springer

13%. Therefore, the signal critical control point of A,3/Aq
= 1 has practical significance for process guidance.

Volume shrinkage ratio ({) represents the relative dimen-
sional change in volume and is often represented by AV /V,,.
Figure S8 shows the relationship between material shrinkage
ratio and signal change ratio of A,; and A, When the value
is on the line, it indicates that the shrinkage ratio is equal
to the water loss rate; when it is above the line, it indicates
that the water loss rate is greater than the volume shrinkage
rate; and when it is below the line, it indicates that the water
loss rate is less than the volume shrinkage rate. As shown in
Fig. S8, compared with the change of water from vacuolar
compartment in the three kinds of materials, the correlation
between the change of total water and the volume shrinkage
was stronger. The signal change of A,; in carrot and banana
was over the bisector, suggesting that the decrease of the water
from vacuolar compartment reducing rate was greater than
the material volume shrinkage rate; this is because the water
loss from vacuolar compartment in the two kinds of material
is mainly divided into two parts, one is the volume shrinkage,
the other is converted into cytoplasm water; Fig. S8 can be
very good to prove the argument. However, the change ratio
of A3 in Pleurotus eryngii was below the bisector line, which
indicated that in addition to the loss of water from vacuolar
compartment, the loss of water from cytoplasm was also the
main factor of volume shrinkage, which made the contribu-
tion as high as 50%. Therefore, the causes of drying volume
shrinkage were different with different material properties.
The change ratio of Ay, content in banana and Pleurotus
eryngii was all above the bisector line in the late drying stage,
and the phenomenon of abrupt increase appeared in banana
and Pleurotus eryngii, which was because the change of mate-
rial shrinkage decreased and the volume tended to be stable
in the late drying period, and the rate of water loss was much
higher than the rate of volume change.

Correlation Analysis of Signal and Shrinkage

At present, one of the important problems of intelligent dry-
ing is the lack of technical means of online monitoring of
material state. It is very important to establish an effective
and accurate monitoring method for intelligent equipment
manufacturing. LF-NMR can reflect the shrinkage change
during the drying process of fruits and vegetables. The
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quantitative model of volume shrinkage based on the signal
of LF-NMR was studied, providing ideas for precise con-
trol of intelligent drying. Figure 4 shows the relationship
between the volume retention ratio (1) and the signal of A,,
and Ay, during banana drying. The data of the whole dry-
ing process and the data of high MC were analyzed by linear
fitting respectively. It is known that the correlation coef-
ficient (R%) between volume retention ratio and Ay, and
A,; was 0.9187 and 0.967 respectively in the linear fitting
of whole drying data and 0.9814 and 0.9807 respectively in
the linear fitting of high MC. The result showed that in high
MC, the A, was more suitable for the numerical mod-
eling of volume shrinkage, which is because the water from
vacuolar compartment is involved in the change of the water
from cytoplasm, which leads to a slight deviation from the
value of the volume shrinkage. To verify the law, the cor-
relation of other drying patterns was studied and the results
are shown in Table S1. The same conclusion was that the
volume shrinkage model based on the signal of LF-NMR
should be built in two parts. The A,; was adopted in the high
MC, and A, was adopted in the low MC stage, which was
positive for the accuracy of the model.

To improve the accuracy of the model, the model of vol-
ume shrinkage based on multiple parameters such as drying
method, types of material, Ay, Ay}, Ayy, Ays, and A, Was
also studied. The result showed that the additional informa-
tion of multiple parameters significantly improves the R* and
accuracy of the model. In later model builds, the default is
full information as the input parameters.

Analysis of Shrinkage Model Based on Signals of LF-NMR

Multiple linear regression (MLR) method, support vector
machine (SVM) method, partial least square (PLS) method,
and back propagation artificial neural network (BP-ANN)
are the mainstream and excellent numerical fitting models.
To achieve accurate prediction and control of the drying pro-
cess, volume shrinkage models based on these four methods
were evaluated with R? and root mean square error (RMSE).
In all models, the inputs were drying method (HAD, IRD,
and MVD), type of material (carrot, banana, and Pleurotus
eryngii), Ay, Ayy, Ayy, Ays, and Ap,; and the output was
the volume retention ratio. A total of 1230 groups of data
were collected, including 540 groups of HAD data, 480
groups of IRD data, and 210 groups of MVD data. The
performance comparison of different models is shown in
Table S2, in which the BP-ANN model showed the best per-
formance with the R* of 0.9989 and RMSE of 0.0087. The
main parameters of the optimal BP-ANN model were the
topology of 7-20-1, transfer function of tansig and purelin,
and training function of trainlm. In order to test the actual
prediction of shrinkage ratio, 24 groups of experimental data
(8 groups of data for each of three different materials) were
used for the evaluation of the result. The test result in Fig. S9
showed that the residual difference between the predicted
value and the actual value was mainly concentrated in the
range of —0.03-0.05 with the R? of 0.9886 and RMSE of
0.0217. The prediction accuracy (AC) of the model was dif-
ferent in the whole drying process. At the beginning drying
stage, that is, with high moisture content, the model had a
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Table 2 Results of a shrinkage

Experiment Detected Predicted  Accuracy Drying
control str.ategy Pased on shrinkage shrinkage time
LF-NMR in drying m m (min)

Drying at 100 W to the end 0.23 0.26 86.96% 100

Drying at 100 W to A,3/A,, (0), then 300 W to the end  0.25 0.31 76% 90

Drying at 100 W to A,3/A,, (1), then 300 W to the end  0.27 0.33 77.78% 65

Drying at 100 W to A,3/A,, (50), then 300 W to the end 0.32 0.41 75% 47

Drying at 300 W to the end 0.33 0.38 87.88% 40

higher prediction accuracy (AC > 95%). In the late drying
stage, there are more factors affecting the shrinkage besides
the water and the AC decreased to 80%. However, the model
meets the drying needs of actual production and has great
potential in the intelligent control strategy.

Application of Shrinkage Control Strategy Based
on LF-NMR in Drying

It is known from the “Data Analysis of LF-NMR” section
that the ratio value of A,;/A,, is the key point of shrink-
age change during drying, based on which the application
of shrinkage control strategy during the MVD process of
carrot was studied in this part. In the range of 100-400 W
microwave power, the volume retention ratio of the dried
product increased first and then decreased with the increase
of microwave power, so 100 W and 300 W were selected as
the control parameter. During the drying process, the volume
retention ratio decreased rapidly and then the material vol-
ume tended to be stable when A,3/A,, reached 1. Therefore,
three signal points of A,3/A,, (50) (A,3/A,, = 50) of high
MC, A,4/A,, (1) of volume shrinkage stable inflection point,
and A,3/A,, (0) of low MC were selected. Five experiments
were designed respectively as follows: (1) drying at 100 W
to the end; (2) drying at 100 W to A,3/A,, (0), then 300 W
to the end; (3) drying at 100 W to A,3/A,,(1), then 300 W
to the end; (4) drying at 100 W to A,3/A,, (50), then 300 W
to the end. At the beginning of drying, the shrinkage model
based on LF-NMR was used to detect the state of materials
online in real time, and the microwave power was adjusted
according to the experimental design when drying to the
predetermined point of A,3/A,,. The dried shrinkage ratio,
the shrinkage ratio predicted by LF-NMR model, shrinkage
accuracy (AC), and drying time were taken as experimental
evaluation indexes, and the results are shown in Table 2.
The accuracy of carrot dried in 100 W and 300 W set
power during drying was 86.96% and 87.88%, respectively,
while the prediction accuracy of variable power drying was
76%, 77.78%, and 75%, respectively. It can be seen that
the change of drying parameters during the drying process
has a certain influence on the model prediction accuracy.
Other drying factors should also be considered to improve
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the performance of the model. Compared with fixed 100
W microwave power drying process, the volume of mate-
rials increased by 39.13%, 17.39%, and 8.69% at A,3/A,,
(50), Ay3/A,, (1), and A,3/A,, (0), respectively. It can be seen
that the enhancement of drying power is more beneficial to
the retention of volume at the stage of high MC, while the
change of microwave power has no obvious effect on vol-
ume improvement during the low MC stage. As the critical
point of drying parameter adjustment, A,3/A,, (1) is of great
significance for process control and improvement of mate-
rial appearance quality. Therefore, LF-NMR is feasible in
the monitoring and optimization of material volume during
fruits and vegetables drying and has potential application
value for the development of intelligent equipment.

Conclusion

In this research, three typical materials, namely banana
(fruit), carrot (vegetable), and Pleurotus eryngii (an edible
fungus), were used in different drying processes, including
HAD, MVD, IRD, and IFD, to analyze the effects of dry-
ing parameters (temperature, power, and vacuum) on shrink-
age. The shrinkage mainly occurred in the early drying stage
and then tended to stabilize. Different materials and drying
methods had different effects on the longitudinal and radial
shrinkage. Banana had the best volume retention ratio of 36%
among the three samples after drying and IFD was the best
way to dry fruits and vegetables with less loss of volume
appearance. Appropriate microwave treatment was found to
increase volume retention of fruits and vegetables, especially
for materials with high starch content. Low temperature and
pressure environments were found favorable for weakening
drying shrinkage. LF-NMR was used to monitor the shrinkage
change during process and found that there was a significant
linear relationship between shrinkage and water loss at high
moisture content. The signal of A,3/A,, (1) was the key point
for the transition of dry shrinkage from osmotic pressure dif-
ference to surface tension caused by small capillaries. Full
signal information (A, A5, Ay, Ays, and Aq,,) can greatly
improve the prediction performance of drying shrinkage
model compared with just using A,; or A, Four shrinkage
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models, namely MLR, SVM, PLS, and BP-ANN, based on
information of LF-NMR were studied, and the best and the
most optimized BP-ANN model had good performance with
the R? of 0.9989, RMSE of 0.0087, and higher prediction
accuracy (AC > 95%). The shrinkage control strategy, based
on LF-NMR, appears to be effective and has potential applica-
tion value for the development of intelligent equipment.
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