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In this study, a pineapple-starch-xanthan gum system was prepared using fresh pineapple juice, maize starch, and
xanthan gum (XG). The feasibility of using low-field nuclear magnetic resonance (LF-NMR) to predict pineapple
gels’ rheological properties and printability was evaluated. Results indicated that as maize starch and XG
increased, the gel transformed from unable to support printed models to a stable shape, eventually becoming too
viscous for printing. Principal component analysis and Fisher discriminant analysis classified the gels into four

categories based on their rheological properties, aligning with the actual printing results. Pearson correlation
analysis showed a strong correlation between the LF-NMR parameters and the rheological properties of gels. The
partial least squares (PLS) and back-propagation artificial neural network (BP-ANN) models constructed using
the LF-NMR parameters can effectively predict the rheological properties of pineapple gels. Therefore, LF-NMR is
a valuable, non-destructive method for quickly assessing pineapple gels’ 3D printing suitability.

1. Introduction

3D printing, also known as additive manufacturing, is a technology
that uses computer-aided design software to control and instruct digital
manufacturing machines to create three-dimensional objects by adding
material layer by layer (Fahmy et al., 2020). A lot of research is currently
being done on the 3D printing of various food materials. 3D food
printing technology based on fruit and vegetable raw materials can, not
only take advantage of the nutritional properties of fruits and vegetables
but also enable personalized customization of food products in terms of
appearance and nutrition (Piyush Kumar & Kumar, 2020). Pineapple, a
tropical fruit with a unique flavor and sweetness, contains a significant
amount of bioactive compounds, fiber, minerals, and nutrients. It has
anti-inflammatory, antioxidant, monitoring nervous system function,
and bowel movement-promoting properties (Ali et al., 2020). Despite
these health benefits, the sour taste and rough flesh of pineapple affect
the taste. The use of 3D printing technology can make the texture of

pineapple soft while maintaining its nutritional value. However, pine-
apple’s high water content, low viscosity, and high fluidity after pulping
do not meet the basic requirements for 3D printing materials.
Hydrocolloids have been widely used as thickeners for 3D printing of
various printing systems based on fruit juice, such as lemon juice (Yang
et al., 2017), mango juice concentrate (Yang et al., 2018), and straw-
berry juice (Liu, Bhandari, Prakash, et al., 2018). Commonly used hy-
drophilic food thickeners include starch, gelling gum, XG, cellulose, and
cellulose derivatives (Saha & Bhattacharya, 2010). Starch is widely used
in 3D printing due to its viscoelastic properties and ability to exhibit the
rheological behavior of shear-thinning and thixotropic non-Newtonian
pseudoplastic fluids (Maniglia et al., 2020). As an edible gum, XG can
be used to modulate and improve the texture, flowability, and stability
of food products. In 3D printing, XG has been shown to reduce the
extrusion hardness and improve the printing and mechanical properties
of the printed material (Jeon et al., 2023). In addition, XG can modulate
the network structure, rheological properties, texture, and stability of
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Fig. 1. Schematic diagram of Food Bot 3D printer structure (A), Schematic
diagram of 3D printed model (B).

starch gels to improve the precision of 3D printing (Liu, Zhang, &
Bhandari, 2018; Yu et al., 2022). As a result, XG is often used to improve
the 3D printing properties of pure starch and other materials. Overall, it
is possible to produce printable pineapple gels by adding starch and XG.
For example, Azam et al. (2018) achieved 3D printing based on vitamin
D-rich orange juice by adding starch and edible gum. Yu et al. (2022)
found that adding different ratios of XG and acacia bean gum to potato
starch could improve the mechanical strength and printing precision of
the starch.

Based on previous research on extrusion-based 3D printing, the
suitability of gels for this method is closely linked to rheological prop-
erties. The viscosity of the gel determines how difficult it is to extrude
from the syringe (Zhu et al., 2019). The modulus of storage (G’) and
complex modulus (G*) correspond to the elasticity and rigidity of the gel
and the stability after extrusion (Liu, Bhandari, Prakash, et al., 2018). It
is essential to consider rheological properties when selecting gels for 3D
printing. However, rheological testing is time-consuming and destruc-
tive. Rapid access to these rheological parameters could minimize the
necessary experimentation when evaluating several materials suitable
for 3D printing.

Low-field nuclear magnetic resonance (LF-NMR) is a rapid, non-
destructive test that monitors the state and content of water in a sam-
ple’s tissue. It does this by exploiting the differences in transverse
relaxation time (T2) and relaxation peak area of different hydrogen
protons in a radio frequency field (Chen et al., 2017). Significant cor-
relations have been found between LF-NMR parameters and physical
characteristic parameters of food. For example, Zhang et al. (2021)
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reported that LF-NMR combined with partial least squares regression
can characterize the quality and physicochemical properties of fish
under different frying conditions. Luo et al. (2020) found that LF-NMR
and magnetic resonance imaging were effective in evaluating the gel
properties of hairtail surimi with potato starch. Gao et al. (2020) have
demonstrated that LF-NMR can evaluate ink water retention and ink
quality.

Previous studies on 3D printability prediction have been limited to
pure starch (Liu et al., 2020) or pure edible gum (Guo et al., 2020)
systems. Most research on fruit-based systems has focused on 3D
printability formulations. There are few studies on the 3D printability
prediction of fruit-based systems. Therefore, in this experiment, the
pineapple-maize starch-XG gel system was taken as the research object.
Firstly, the printability and rheological properties of different formula-
tions of pineapple gels were determined, and then the printability
characteristics of pineapple gels were classified using principal compo-
nent analysis (PCA) and Fisher’s discriminant analysis. The moisture
states of different gels were investigated by the LF-NMR technique.
Finally, partial least squares (PLS) and BP-ANN models between LF-
NMR parameters and the 3D printability of pineapple gels were
developed.

2. Materials and methods
2.1. Materials

Grade B imported golden pineapple was purchased from Baiguoyuan
in Luoyang, a Chinese fruit shop chain. Maize starch was purchased from
the local Dazhang supermarket in Luoyang. XG was purchased from
Yusuo Chemical Technology Co. Ltd., Shandong, China. The same batch
of maize starch and edible gum was used throughout the experiment.

2.2. Sample preparation

The pineapple with a moisture content of 87 + 0.2 % was washed
and diced. It was mixed with 45 % (w/w) distilled water, pulverized for
10 min using a screw pulper, and sieved to remove the foam. Then maize
starch was added at different levels of 15, 18, 21, 24, and 27 g /100 g
pineapple juice, and then XG was added at different levels of 0.8, 1.0,
1.2, and 1.4 g /100 g pineapple juice. After mixing well, 100.00 g of
weighed pineapple juice was added. Samples with varying levels of
maize starch and XG are labeled as follows: samples A-E for maize starch
(low to high) and samples 1-4 for XG (low to high).

The samples were homogenized for 5 min at 6400 rpm using a ho-
mogenizer (A25, Ouhe Machinery Equipment Co. Ltd., Shanghai,
China). Next, the mixtures were heated at 85 + 0.2 °C for 25 min. After
cooling to room temperature, the samples were refrigerated at 4 °C. The
samples were thawed to room temperature before printing. All mea-
surements were completed within 48 h.

2.3. 3D printing experiment

In this study, a Food Bot 3D food printer (Hangzhou Shiyin Tech-
nology Co., Ltd., Zhejiang, China) (Fig. 1A) was used. The 3D model
used is shown in Fig. 1B. The printing parameters were set as follows:
nozzle diameter = 1.2 mm, infill percentage = 100 %, nozzle moving
speed = 15 mm s~L. The printing process was done at 25 °C. When the
pineapple gel was deformed significantly during the printing process,
the printing was stopped and the corresponding printing percentage was
recorded. The printing percentage was obtained through the graphical
user interface of the printer control software. Gels that achieved a 100 %
printing percentage and maintained their intended shape without
collapsing for 30 min at room temperature were considered to have good
printability.
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Fig. 2. Rheological properties of pineapple gels: Viscosity profiles (A); Storage modulus (B); C: Loss modulus (C); D: Complex modulus (D).

2.4. Rheological properties measurements

The rheological measurements were conducted using a rheometer
(DHR-2, Shanghai Baosheng Industrial Development Co., Shanghai,
China) with the application of a 40 mm parallel plate and a testing gap of
1000 pm. Viscosity values were recorded at 25 °C with a shear rate
ranging from 0.1 to 10 s~1. The dynamic viscosity values of different
pineapple gels were then fitted by the power-law model, as follows:

n=Ky" €h)

where 1 indicates the viscosity (Pa-s), K indicates the consistency index
(Pa-s™), y indicates the shear rate (s’l), and n indicates the flow behavior
index.

Oscillation frequency tests were conducted between 1 and 100 rad/s
at a constant deformation of 0.1 % strain (within the linear viscoelastic
range). All the experiments were conducted at 25 °C and repeated at
least four times.

2.5. LF-NMR analysis

The transverse relaxation time (T3) of pineapple gels was measured
using an LF-NMR analyzer (MINI20-015 V-I, Shanghai Niumag Elec-
tronic Technology Co., Shanghai, China) with the magnet temperature
of 32 °C. The analyzer was firstly calibrated by oil sample using the free
induction decay (FID) method. Each sample consisted of 5.0 g of mixture

wrapped in PE film and inserted into an NMR glass tube. The NMR probe
was then inserted into the analyzer. Carr-Purcell-Meiboom-Gill (CPMG)
sequences were used to measure spin-spin relaxation time. The param-
eters used in the CPMG sequence were set as follows: P1 (pulse time of
90°) =11.52 ps, P2 (pulse time of 180°) = 26 ps, TD (sampling point) =
149,992, SW (spectral width) =100 kHz, SF (spectrometer frequency)
=21 MHz, NECH (number of echoes Echo Count) = 5000, NS (number of
repeated scans) = 16, TW (time waiting) = 2000 ms. Continuous T»
distribution profiles were obtained by analyzing the data acquired from
the CPMG pulse sequence using the simultaneous iterative reconstruc-
tion technique (SIRT) algorithm. Each measurement was performed at
least four times.

2.6. Data analysis

The 3D printability of different formulations of pineapple gels was
analyzed by principal component analysis (PCA) and fisher discriminant
analysis (FDA) based on rheological properties using SPSS 26.0 (IBM,
Chicago, IL, USA). The 3D printability of the pineapple gels was classi-
fied using the rheological parameters (G’, G", G*) and the consistency
index (K). Pearson correlation analysis (PCA) was then performed to
determine the correlation between G’, G", G*, and K and the LF-NMR
parameters. PLS modeling was performed using Unscrambler X 10.4.
Of all the test data, 75 % of the dataset was used for training and 25 %
for prediction. Rheological parameters were used as predictor variables
(Y) and LF-NMR parameters as input variables (X). The BP-ANN
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Table 1
Rheological parameters of different pineapple gels.
Samples  G’(Pa) G" (Pa) G*(Pa) Power law
K(Pa-s™) n R?
4224.23 537.61 4256.37 359.42 0.32 +
Al +151.96 +42.28 +137.65 +8.90 0.01 0.998
4419.41 548.48 4423.99 364.00 0.38 +
A2 +179.32 +34.88 +189.39 +8.29 0.01 0.998
4618.83 596.31 4663.91 383.87 0.37 +
A3 +71.75 +14.80 +70.33 +6.12 0.01 0.999
4778.33 628.17 4856.33 387.18 0.34 +
A4 +106.68 +44.90 +107.59 +8.90 0.01 0.998
6511.16 757.06 6692.06 462.92 0.34 +
Bl +199.27 +67.47 +196.30 +12.26 0.02 0.996
6784.69 829.24 6831.94 474.13 0.33 £
B2 +206.83 +29.07 +208.09 +17.50 0.02 0.995
7117.19 912.99 7175.35 497.29 0.33 +
B3 +129.54 +24.39 +128.87 + 16.75 0.02 0.996
7345.05 960.91 7400.42 546.43 0.36 +
B4 +175.12 +44.37 +172.95 + 20.30 0.02 0.995
8821.06 1113.87 8888.39 639.24 0.35 +
Cl +198.24 +108.71 +205.36 +22.93 0.01 0.998
9260.78 1191.32 9340.13 664.69 0.36
Cc2 +161.49 +62.08 +162.79 +11.61 +0.02 0.996
9513.15 1214.40 9600.18 708.91 0.36 +
C3 +110.23 +£72.27 +115.54 +23.86 0.02 0.995
9895.85 1230.22 9957.19 769.04 0.34 +
C4 +252.00 +89.60 +261.35 +22.30 0.02 0.996
12,486.10 1249.44 12,574.00 860.77 0.34 +
D1 +268.44 +91.14 +260.87 + 20.72 0.01 0.998
12,799.60 1281.35 12,893.28 905.42 0.34 +
D2 +248.44 +69.52 +256.62 +28.23 0.02 0.997
13,710.30 1291.41 13,808.70 918.80 0.33 +
D3 +103.19 +38.44 +106.72 + 27.99 0.02 0.997
13,962.11 1351.03 14,060.61 962.09 0.31 +
D4 +187.57 +62.58 +190.39 +28.81 0.01 0.998
15,704.90 1418.81 15,834.85 1080.61 0.36 +
El +238.12 +91.61 +233.75 + 45.23 0.02 0.995
16,007.20 1489.37 16,070.60 1134.62 0.35 +
E2 +153.17 +82.89 +156.40 + 45.14 0.02 0.994
16,241.60 1509.28 16,305.68 1170.67 0.33
E3 +165.94 +85.09 +166.74 +33.78 =+ 0.02 0.994
16,528.90 1585.89 16,596.86 1225.54 0.36
E4 +178.70 +87.29 +177.08 +47.72 + 0.02 0.995

Note: G’, G", and G* were recorded at 10 rad/s. K and n were achieved by fitting
viscosity data to the Power Law equation.

technique was implemented in MATLAB R2019a (MathWorks Inc.,
Natick, MA, USA) with the hidden layers of 10. The network was trained
using the Levenberg-Marquardt algorithm. LF-NMR parameters (20 x 4)
were used as input data, and rheological parameters as output variables
(1 x 80). The input data was randomly divided into 56 groups (70 %) for
training, 12 groups (15 %) for validation, and 12 groups (15 %) for
testing. The performance of the model was evaluated by calculating and
comparing the following parameters:

RMSEC = Z (}’cal _yact)z/n (2)

2
Rcz —1- Z (_ycal _yact) (3)

Z (.ycal - ymean)2
RMSEC =[5 (3 ) /1 @

> (.ypre - yact) ’

RZ=1- ; (5)
Z (.ypre - .ymean)
SD
D= RMSEP ©)

Food Chemistry: X 24 (2024) 101906

where yq is calibrated value; y, is the actual value; n is the number of
samples; Ymean is the average value; ypre is the predicted value; and SD is
the standard deviation of the prediction set. R? is the coefficient of
determination for the calibration data and Rf, is the coefficient of
determination for the prediction data, RMSEC is the root mean square
error for calibration and RMSEP is the root mean square error for pre-
diction. The residual prediction deviation (RPD) was used to evaluate
the regression performance of the three models.

Results are presented as meanststandard deviation. The perfor-
mance of the three models was assessed using Duncan’s test and sta-
tistical differences between the means were determined at the 95 %
confidence level. Data were plotted using Origin 2023 and the data were
further analyzed.

3. Results and discussion
3.1. Rheological properties of pineapple gels

3.1.1. Viscosity of different pineapple gels

As shown in Fig. 2A, at the same shear rate, the viscosity of different
types of pineapple gels increased with increasing levels of maize starch
and XG. It also indicated that the starch content had a greater effect on
the viscosity of the gels. This may be due to the slow leaching of amylose
during the starch gelatinization process (water bath) and the extensive
cross-linking of starch chains to form a dense cross-linked network
structure. On the other hand, the increase of the content of short
amylopectin after gelatinization is favorable to improving the density of
the starch microstructure (Cheng et al., 2022). In addition, the starch
content has a direct effect on the gel strength and apparent viscosity
changes (Liu & Ciftci, 2020). XG can form intermolecular associations,
resulting in the formation of a network structure of bound molecules
(McClements, 2021; Sugiharto & Rahman, 2020). The combination of
these factors resulted in an increase in the viscosity of the gels.

As the shear rate increased, the viscosity of the pineapple gel grad-
ually decreased, exhibiting a shear thinning property. This may be
because the network structure formed by the XG molecules was rapidly
destroyed during shearing (Liu et al., 2021). This property facilitated the
extrusion of the material and enhanced its static stability after extrusion
(Wilson et al., 2017). The viscosity curves were fitted by the power law
and the obtained fitting parameters of K and n are shown in Table 1. As
the starch and XG content increased, the K value increased, indicating an
increase in the viscosity of the gels (Guo et al., 2020). For example, the K
values of the gels from formulations Al to E4 were 359.417 + 8.901
Pa-s" to 1122.888 + 40.017 Pa-s". However, K values should not be too
high to obtain stable gel flow during printing. As expected, n < 1,
indicating that all the gels were pseudoplastic fluids. The K values varied
considerably between formulations, while n values varied insignifi-
cantly between formulations. It can be concluded that the main
parameter influencing the apparent viscosity in this case is the K value.

3.1.2. Dynamic oscillation frequency analysis

As shown in Table 1, the storage modulus (G’), loss modulus (G"),
and complex modulus (G*) of different formulations of pineapple gels at
10 rad/s were obtained. The G’ measured the energy stored in the ma-
terial during deformation and was an indicator of the material’s elastic
response. It reflected the material’s ability to recover its original shape
when stress was applied (Abdellatif et al., 2019). The G" measured the
energy dissipated during deformation and was an indicator of the ma-
terial’s viscous response. It reflected the energy loss due to internal
friction when stress was applied. The G* was a comprehensive indicator
of the material’s viscoelastic behavior, describing the total deformation
response under dynamic stress (Klost & Drusch, 2019). Higher values of
G’ and G* indicated greater resistance to deformation and higher me-
chanical strength of the gel, while the G" reflected the extrudability
through the nozzle (Liu et al., 2020). These parameters increased with
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increasing angular frequency. According to Fig. 1 (B, C, and D), the G’
values of all gels were found to be greater than their G" values. This
suggested that the behavior of the pineapple gels was closer to that of
elastic materials. The higher the values of G’ and G*, the better the
material’s resistance to external deformation and support properties
(Herranz et al., 2021; Liu et al., 2020). Furthermore, it was observed that
G’, G", and G* increased with increasing maize starch and XG content in
the gels. This could be attributed to the higher solid content, which led
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to a thicker gel and reduced fluidity. Moreover, XG with trisaccharide
side chains can form hydrogen bonds in aqueous solutions, providing
more viscoelasticity to gels (Dick et al., 2020). Previous studies also
showed that G’, G" and viscosity of starch composite gels increased with
increasing maize starch content (Cui et al., 2023). Similarly, Liu et al.
(2021) found that the rheological parameters of mushroom gels
increased with increasing XG content.

3.2. 3D printing performance

The 3D printing performance of different pineapple gels was evalu-
ated based on the printing percentage of the model in Fig. 1B. The results
are shown in Fig. 3. The addition of maize starch and XG had a signif-
icant effect on the 3D printing performance of the pineapple gels. When
formulated as A1-A4, the pineapple gels did not achieve 100 % print
completion and showed significant slump and skew (Fig. 3). As dis-
cussed in section 3.1.2, higher values of G’, G*, and K indicate higher
mechanical strength and better self-supporting ability of the gel, while a
higher G" value indicates that the material is more difficult to extrude
from the nozzle. From Table 1, it can be seen that G’ (4224.230 +
151.955-4778.331 + 106.684 Pa), G* (4256.372 + 137.648-4856.332
+ 107.592 Pa) and K (359.417 + 8.901-387.183 + 8.903 Pa-:s") of
pineapple gels in formulations A1-A4 were lower than those in other
formulations. This indicated that the mechanical strength of pineapple
gels in formulations A1-A4 was insufficient to support the weight of the
material above them, resulting in poor printability. However, these gels
had good flowability and were labeled as unsupportable but flowable
gels. As the maize starch and XG content increased, as to formulations
B1-B4 and C1-C4, the pineapple gels showed a 100 % printing per-
centage with clear lines and a fluent extrusion process. This was because
the pineapple gels in these formulations had suitable G’ (6511.157 +
199.268-9895.846 + 252.001 Pa), G* (6692.057 + 196.297-9957.190
+ 261.34 Pa) and K values (462.918 + 12.256-769.044 + 22.301
Pa-s™). This rheological property allowed the gels to be continuously
extruded from the nozzle and had sufficient mechanical strength to
effectively support multilayer stacked structures for 3D printing. The
pineapple gels under these formulations (B1-B4 and C1-C4) were labeled
as supportable and flowable gels.
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Table 2
Classification of pineapple gels by Fisher discriminant analysis.

Formulation Calibration set Prediction

label set

A B C D Total Correctly classified (%) A B C D Total Correctly classified (%)

Al-A4 10 10 100 6 6 100

B1-C4 21 1 22 95.5 9 1 10 90

D1-D4 10 10 100 6 100

E1-E4 11 11 100 5 5 100

Total 53 98.9 27 97.5

A: unsupportable but flowable gels; B: supportable and flowable gels; C: supportable but less flowable gels; D: supportable but non-flowable gels.
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However, when the starch content was increased to 24 g /100 g for
formulations D1-D4, the extrusion of the pineapple gels became diffi-
cult. Some lines did not follow the intended trajectory, and the surface
became rough. Nevertheless, the printing of the complete model could
still be accomplished. This might be due to the higher viscosity (Fig. 1A)
and yield stress (Fig. 1B) of these samples, which increased the extrusion
difficulty and decreased the printing performance of the pineapple gels.
The pineapple gels in these formulations were labeled as supportable but
less flowable gels. When the maize starch addition was further increased
(formulations E1 to E4 with maize starch addition of 27 g/100 g), the
pineapple gels were essentially impossible to extrude and unable to
complete the print. This was because the K value, representing the
mechanical strength of the gels, was too high. The extrusion force of the
printer could not reach the minimum force that could allow the gel to be
continuously extruded, resulting in poor extrudability and line breakage
after extrusion (Guo et al., 2021). Therefore, the pineapple gels under
these formulations were labeled as supportable but non-flowable gels.

Based on actual printing, the printing behavior of pineapple gels can
be classified into four categories: unsupportable but flowable gels (for-
mulations A1-A4), supportable and flowable gels (formulations B1-C4),
supportable but less flowable gels (formulations D1-D4), and support-
able but non-flowable gels (formulations E1-E4).

3.3. Principal component analysis (PCA) based on rheological properties

From Section 3.2, it can be seen that the rheological data of different
classified pineapple gels are within a certain range, respectively. To
further understand the relationship between the rheological data G’, G,
G*, and K and the actual 3D printing results, the 3D printing behavior of
pineapple gels was classified by PCA. Fig. 4 showed a plot of the scores
on the PC1-PC2 axis, with a contribution of 99.93 % and 0.06 % for PC1
and PC2, respectively. A cumulative contribution of 99.99 % for PC1 and
PC2 meant that these variables explained most of the information
related to the 3D printing properties. On the PC1 axis, it was evident that
the pineapple gels of all formulations were classified into four cate-
gories, which did not overlap with each other. Formulations A1-A4 were
classified into a group corresponding to an unsupportable but flowable
category, while formulations B1-C4 were classified into a group corre-
sponding to a supportable and flowable category. Formulations D1-D4
fell into a group corresponding to a supportable but less flowable cate-
gory, and formulations E1-E4 fitted into a group corresponding to a
supportable but non-flowable category. This classification was consis-
tent with the result in Fig. 3.

3.4. Fisher discriminant analysis (FDA) based on rheological properties

Fisher discriminant analysis is a statistical method for classifying the
samples of unknown classes by training the samples that have been
given the categories (Li et al., 2020). The basic idea is to project the
multidimensional data in a certain direction to minimize the distance
between the same classes. This way, the distance between different
classes is maximized, allowing the samples to be best separated when
projected in that direction. The rheological data such as G’, G", G*, and K
of pineapple gels were used as variables for discriminant analysis. 53
groups were randomly selected as training samples, while 27 groups
were chosen as testing samples for discriminant analysis. As can be seen
from Fig. 5, the distances between the four categories under the
discriminant function were relatively far, indicating good classification.
The classification accuracy of the calibration and prediction data was
98.9 % and 97.5 %, respectively (Table 2). The first type of classification
was unsupportable but flowable gels with a classification accuracy of
100 %. The second classification type was supportable and flowable gels
with 98.9 % classification accuracy for the validation set and 97.5 %
classification accuracy for the prediction set. The third type was sup-
portable but less flowable gels, and the fourth type was supportable but
non-flowable gels, both with 100 % classification accuracy for the
validation and prediction sets. The classification results of the Fisher
discriminant analysis based on the rheological data of pineapple gels
were also consistent with the actual 3D printing classification results.
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Fig. 7. Pearson correlation analysis between rheological parameters and LF-NMR parameters. (G’: Storage modulus; G": Loss modulus; G*: Complex modulus; K:
Consistency index. The symbol ** indicates a significant difference at P < 0.01. The symbol * indicates a significant difference at P < 0.05.)

Table 3
Performance parameters of PLS and BP-ANN models.

Rheological properties Model Calibration set Validation set Prediction set

RZ RMSEC R RMSEV RZ RMSEP RPD
G’ (Pa) PLS 0.953 907.161 0.942 1017.782 0.952 938.297 4.471
G" (Pa) 0.929 77.693 0.915 77.503 0.927 92.714 3.52
G*(Pa) 0.951 924.844 0.941 1034.618 0.954 929.971 4.508
K(Pa-s") 0.938 70.569 0.925 79.172 0.934 76.111 3.714
G’ (Pa) BP-ANN 0.998 223.906 0.970 629.243 0.980 649.220 6.348
G" (Pa) 0.994 24.901 0.991 40.370 0.982 43.288 7.277
G*(Pa) 0.997 286.304 0.992 384.154 0.987 533.243 7.843
K(Pa-s™) 0.994 23.239 0.984 29.216 0.992 30.366 9.454

G’: Storage modulus; G": Loss modulus; G*: Complex modulus; K: Consistency index.

3.5. LF-NMR analysis

Fig. 6 showed the variation in T curves of different formulations of
pineapple gels. In these curves, there were mainly three relaxation
peaks, which were To; (0.57-3.05 ms), Tsy (18.73-49.77 ms), and T3
(351.11-905.48 ms). Typically, To; represented tightly bound water
associated with the gel structure. However, due to the very short
relaxation time, hydrogen atom signals from solids (maize starch and
XG) were also included. T22 represented weakly bound water, reflecting
immobilized water molecules in the pineapple gel network. T3 repre-
sented free water, indicating the presence of freely movable water
molecules within the gel network structure. All pineapple gels had the
highest relaxation peak area (Azz) for weakly bound water. This

indicated that the water state of pineapple gels in these experimental
formulations was mainly weakly bound water. As the content of maize
starch and XG increased, the T curve shifted to the left with decreases in
Ta1, Ta2, and Ta3. This indicated a decrease in water molecular mobility
in the pineapple gels. This decrease occurred because an increase in
starch content formed a stronger gel network. An increase in XG created
more polysaccharide linkages, forming a denser network structure with
maize starch. Water molecules reoriented more slowly in this denser
network because they were more tightly bound to the large biopolymer
structures via hydrogen bonds. (Ozel et al., 2017). Additionally, it was
observed that the area of the Ay, relaxation peak gradually decreased
while the area of the Ay; peak increased. This change was attributed to
the branching of XG molecules combining with the amylose in maize
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Fig. 8. Predicted rheological properties of pineapple gels based on LF-NMR parameters by PLS model. (A) Storage modulus (G’); (B) Loss modulus (G"); (C) Complex

modulus (G*); (D) Consistency index (K).

starch. This combination hindered the rearrangement of amylose. Indi-
rectly, it caused more hydroxyl groups in starch molecules to be exposed
and interact with water molecules, leading to a decrease in Ayy and an
increase in Ag; (Krystyjan et al., 2022). Furthermore, the solid matrix
(maize starch and XG) itself contained a large number of hydrogen
atoms, which also contributed to signal intensity (Kolehmainen, 2016).
With the increase in XG and starch content, more water molecules were
trapped in the dense gel network. This increased the number of

restricted hydrogen atoms, collectively leading to an increase in the Ay
peak area.

3.6. Correlation analysis between rheological parameters and LF-NMR
parameters

To clarify the relationship between the LF-NMR properties and the
rheological properties of the pineapple gels, a correlation analysis was
performed and the results are shown in Fig. 7. Significant positive cor-
relations were observed between the rheological parameters G’, G", G*,
and K with each other with correlation coefficients greater than 0.9. This

indicated similar trends for these rheological parameters in pineapple
gels under different formulations. However, As3 and T3 demonstrated
low correlations with the rheological parameters, indicating that the
rheological properties of different types of pineapple gels were less
affected by the free water. In contrast, Ap; and T2; showed highly sig-
nificant positive correlations with the rheological parameters, with
correlation coefficients ranging from 0.881 to 0.956. While A and Tos
showed negative correlations with rheological parameters, with corre-
lation coefficients ranging from —0.904 to —0.913 and — 0.551 to
—0.612, respectively. The above results indicated that LF-NMR param-
eters had significant correlations with the rheological properties of
pineapple gels to varying degrees. It was feasible to predict the rheo-
logical properties of pineapple gels using LF-NMR parameters.

3.7. Prediction of rheological parameters of pineapple gels based on PLS
and BP-ANN models

The rheological properties have an important influence on the 3D
printing properties of food materials. G’ and G* are related to the
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Fig. 9. Predicted rheological properties of pineapple gels based on LF-NMR parameters by BP-ANN model. (A) Storage modulus (G); (B) Loss modulus (G"); (C)

Complex modulus (G*); (D) Consistency index (K).

elasticity of the material, which reflects its ability to provide support and
resist deformation during the printing material, and determines whether
the pineapple gel of different formulations can complete the construc-
tion of the model. G" and K are related to the flowability of the material.
The flowability of the printing material is reflected by the material’s
ability to flow under external extrusion, and is better when G" and K are

smaller. Since the LF-NMR parameters Ag;, To1, Ago, and Toy were
strongly correlated with the rheological parameters. This suggested that
LF-NMR had the potential to predict the changes in G’, G", G*, and K.
PLS is a linear modeling approach that correlates a predictor variable
(Y-variable) with several dependent variables (X-variables) (Li et al.,
2019). In this study, the rheological parameters (G’, G", G*, and K) were
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used as Y variables and the LF-NMR parameters (A1, T21, A2z, and T22)
were used as X variables to establish PLS models. The predictive per-
formance of the model was assessed using R?, RMSE, and RPD values as
shown in Table 3. It can be seen that PLS models had a good predictive
performance for G’, G", G*, and K with Rf, values of 0.952, 0.927, 0.954,
and 0.934, respectively. The RPD values were also above 3.0. The results
suggested that LF-NMR could be used to predict the rheological prop-
erties of pineapple gels (Cascant et al., 2016). Fig. 8 showed the corre-
sponding model in detail.

BP-ANN, a mathematical model simulating the neural feedback of
the human brain, can self-learning, self-adaptation, and strong fault
tolerance. It can deal with complex non-linear problems (Zhu et al.,
2021). BP-ANN was used for modeling and the results are shown in
Table 3 and Fig. 9. The RZ and R3 values for the calibration and pre-
diction sets of G’, G", G*, and K were very high, ranging from 0.980 to
0.998. The RPD values were 6.348, 7.277, 7.843 and 9.454, respectively.
Higher R? and RPD values than PLS models proved that BP-ANN models
had better prediction results. This indicated that the 3D printability of
pineapple gels can be predicted by BP-ANN combined with LF-NMR
parameters, with superior performance in prediction.

4. Conclusions

In this paper, we investigated the printing performance, rheological
properties, and LF-NMR characteristics of pineapple gels with different
contents of maize starch and XG. The actual printing results classified
the pineapple gels into four categories: unsupportable but flowable gels,
supportable and flowable gels, supportable but less flowable gels, and
supportable but non-flowable gels. Based on the PCA analysis and Fisher
discrimination of rheological properties, the pineapple gels could be
accurately classified into four categories. And the classification results
were consistent with the actual printing results. The prediction results
showed that the PLS and BP-ANN models with LF-NMR parameters (A1,
Ta21, A, and Top) as input variables can accurately predict the rheo-
logical properties of pineapple gels. Therefore, the prediction of print-
ability can be achieved by determining the class of pineapple gels
through the ranges of rheological parameters obtained from the models.
In conclusion, the feasibility of using LF-NMR to predict the rheological
properties and printability of pineapple gels has been primarily
confirmed.
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