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Abstract: Chinese water chestnut (CWC) has become one of the most popular foods in China. The
textural properties of food contribute considerably to consumer preferences. Fresh fruits and vegeta-
bles are normally softened after thermal treatment. However, CWC retains most of its crispness and
hardness after steaming. To explore the relationship between thermal processes and sensory changes,
a method for measuring the texture of CWC is warranted. This study aimed to examine the textural
properties of CWC subjected to varying degrees of thermal treatments using instrumental and sensory
methods. Instrumental tests included the shear force test and puncture test, while trained panelists
assessed the sensory attributes. Two sensory attributes were selected for evaluation: crispness and
hardness. The results indicated that with the extension of thermal treatment time, the crispness and
hardness of CWC decreased slightly, while cells and starch grains were damaged. Sensory results
showed a significant correlation with shear force index (slope of rising curve) (p < 0.05) and puncture
index (slope of rising curve, slope of descending curve and compression work) (p < 0.05). There-
after, the instrumental tests parameters could be used to establish regression models for predicting
crispness and hardness and controlling the quality of CWC products.

Keywords: Chinese water chestnut; thermal treatment; textural properties; correlation

1. Introduction

Chinese water chestnut (CWC; Eleocharis dulcis) is a member of the Cyperaceae, which
inhabit swamp waters. Its round edible corm has red-brown peel, with a long brown,
triangular appendage. CWC is widely cultivated in southern China and India, and is
indigenous to the Hubei, Jiangsu, and Guangdong provinces [1]. In China, the cultivation
area of CWC is around 50,000 hm2, the output is more than 1.4 million tons, and the output
value is more than 14 billion Chinese Yuan [2]. According to traditional Chinese medicine,
CWC may be effective in treating hypertension, pharyngitis, and chronic nephritis [3].
Owing to its unique crispy texture and health benefits, the planting area of CWC ranks the
third in China, among aquatic vegetables [4].

Texture is the sensory and functional manifestation of the structural, mechanical, and
surface properties of food, and is detected through the senses of vision, hearing, touch,
and kinesthetics [5]. According to previous research, the textural property of food was an
important factor influencing consumer preferences [6]. Crispness, as one of these textural
properties, is important to many fruits and vegetables. However, thermal treatments alter
the texture of fresh products, making them softer and reducing their crispness [7]. To
explore the relationship between thermal processing and the change in crispness, and to
find out a more suitable processing method, the texture measurement of CWC is required.

No instrumental determinations could replace human evaluation, which makes sen-
sory determination important for evaluating food quality [8]. However, this is easily
affected by the evaluators’ hobbies, emotions, health status, and other factors, and it is
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therefore difficult to accurately characterize food texture due to limitations of language
expression [9,10]. Therefore, some researchers prefer to use instrumental measurements
which have greater reproducibility and are faster and less expensive. Non-destructive
techniques applied to the evaluation of food texture quality include near-infrared spec-
troscopy [11,12], machine vision techniques [13], laser-light backscattering imaging [14],
nuclear magnetic resonance [15], and ultrasonic techniques [16]. However, non-destructive
methods cannot measure food texture directly; thus, their results must be correlated with
destructive measurements [17]. At present, a texture analyzer is commonly used to objec-
tively evaluate the texture of fruits and vegetables [18–21]. To better estimate food texture,
several researchers have correlated instrumental analysis data with the sensory evaluation
of texture, including bread [22], cheese [23], yogurt [24], and apples [25]. However, it has
not been studied to analyze and predict the sensory quality of water chestnut through
texture parameters.

In this study, the changes in textural properties and the microstructure of CWC during
the steaming process were investigated. The effective instrumental parameter for CWC
texture measurement was further determined through analyzing the relationship between
instrumental and sensory results. A mathematical model for predicting sensory quality
was further established.

2. Materials and Methods
2.1. Sample Preparation

CWCs were purchased from a local market in Hubei, China. Firstly, CWCs with
uniform shapes were selected, cleaned, and peeled. Standard cylinder samples were
obtained using a hole punch, nominally 10 mm in diameter. Each cylinder was cut into the
length of 10 mm by a mechanically guided razor blade [26]. The pot was then put on the
induction cooker (RT2134, Midea group, Foshan, China) and heated with 2000 W power.
The heating process was calculated from the boiling. Cylindrical samples were separately
steam-heated for 5, 10, 15, 20, 25, and 30 min.

2.2. Sensory Evaluation

The hardness and crispness of CWC were evaluated by sensory evaluation. Hardness
refers to the force applied by the molar teeth to compress the food and crispness refers
to the noise of food during mastication [27]. The panel was composed of five males and
five females between the ages of 22 and 24. The panelists preferred CWC. Panelists were
trained for 1–2 h each weekend and 35–45 h each year. Each panelist had at least one year
of training to recognize hardness and crispness in Table 1. Availability of the panel was
judged through the analysis of the number of correct answers over a period of time, while
the reliability was evaluated through the repeating test [8].

Table 1. The descriptions of the texture grades for the CWC.

Texture Grade Semantic Description Score

Hardest (Crispest) The pulp was hard and very juicy 8~10
Harder (Crisper) The pulp was crisp and juicy 6~8

Hard (Crisp) The pulp was not crisp like fresh fruits 4~6
Less Hard (Less Crisp) The pulp chewed somewhat gritty and had a little juice 2~4

Least Hard (Least Crisp) The pulp chewed like flour and had less juice 0~2

2.3. Instrumental Tests
2.3.1. Shear Force Test

Shear force analysis of CWC was carried out with the TA-XT plus Texture Analyzer
(Lotun Science Co., Ltd., Beijing, China). The shear force test can simulate the process of
tooth biting samples, and determine the mechanical properties of samples [28,29]. A-LKBF
test probe was selected. The test conditions were as follows: test mode: Measure Force in
Compression; run: Return to Start; record mode: target. The pre-test speed was set at 1, 3
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and 5 mm/s, respectively; the test speed was set at 0.5, 1 and 1.5 mm/s, respectively; the
post-test speed was set at 5, 10, and 15 mm/s, respectively; the compression ratio was set
at 10, 20, 30%, and the trigger force was set at 30 g. Each working condition was repeated
10 times.

The examination indicators were crispness and hardness. Orthogonal factor level
tables were established to analyze the optimal testing conditions by SAS software. The
fresh and processed samples were tested under optimized conditions and repeated 15 times
in each working condition. The maximum force, compressive work, return work, slope of
rising curve, and slope of descending curve were used as evaluation indexes.

2.3.2. Puncture Test

The puncture test can simulate the process of tooth piercing sample, which is generally
used to determine the gel strength of samples [30]. In order to produce downward pressure
and shear force at the same time, a steel indenter with the certain diameter (smaller than
material diameter) was used to pierce the fruit. Therefore, the P6 plate probe (6 mm
diameter) was used to test the texture of samples.

The test conditions were as follows: test mode: Measure Force in Compression; run:
Return to Start; record mode: target. The pre-test speed was set at 1, 3, and 5 mm/s,
respectively; the test speed was set at 1, 3, and 5 mm/s, respectively; the post-test speed
was set at 1, 3, and 5 mm/s, respectively; the compression ratio was set at 15%, 20%, 25%,
and the trigger force was set at 30 g. Each working condition was repeated 10 times. The
analysis of the data was similar to shear force tests.

2.4. Observation of CWC Cells

Periodic Acid-Schiff (PAS) stain is mainly used to detect carbohydrates in tissues.
Periodic acid oxidized the hydroxyl group to aldehyde group, and then Schiff reagent
reacted with aldehyde groups to make them appear purplish red [31]. The stained paraffin
sections (Wuhan Google biology Co., Ltd, Wuhan, China) were observed with a fluorescence
inverted microscope (Olympus IS70, Tokyo, Japan), and the starch granule morphology as
well as cell morphology were recorded.

2.5. Data Analysis

The orthogonal experiment results were presented as means ± standard deviation
(SD) of at least 5 repeated measurements. The significant differences were evaluated with
SPSS Version 24.0 software (SPSS Inc., Chicago, IL, USA). Correlations were estimated with
the Pearson test at p < 0.05 significance level using SAS Version 9.4 software (SAS Institute,
Cary, NC, USA).

3. Results and Discussion
3.1. Effect of Steaming Time on Sensory Texture of CWC

The hardness of CWC was slightly greater than its crispness, and both showed a
decreasing trend with the extension of steaming time (Table 2). Loh cooked CWC with
water, steam, and pressure, showing that the fracturability dropped slightly, which was
consistent with our study [32]. The highest values for hardness and crispness were found
in fresh CWC. Turgor pressure generated by osmosis through the plasma membrane was
attributed to this change [33]. However, following steam treatment, the hardness and
crispness of CWC remained at the levels of “hard” and “crisp”, respectively. When the cells
lost turgor pressure, they could be more easily deformed before being destroyed, and this
resulted in a tender texture [34].
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Table 2. The effect of steaming time on hardness and crispness of CWC.

Steaming Time Sensory Score of Hardness Sensory Score of Crispness

0 9.10 ± 0.74 a 8.30 ± 1.99 a

5 7.10 ± 1.67 b 7.40 ± 1.34 ab

10 7.00 ± 1.58 b 7.00 ± 0.71 ab

15 7.50 ± 1.12 b 6.60 ± 0.55 b

20 6.90 ± 1.02 b 6.40 ± 0.89 b

25 6.20 ± 0.84 b 6.60 ± 1.14 b

30 6.60 ± 0.89 b 6.40 ± 0.55 b

Values followed by different letters are significantly different (p < 0.05).

3.2. Instrumental Tests
3.2.1. Shear Force Test and Puncture Test

The range analysis was used to identify the influence of the test conditions on the standard
deviation of the results. The analysis results for shear force test were described in Table 3.
According to the value of Ki, the optimal scheme for maximum force was A1B3C3D3; for
compression work was A1B1C1D1; for return work was A1B1C1D1; for slope of descending
curve was A2B1C1D1; for constant of descending curve was A2B1C1D1.

Table 3. The range analysis results of shear force test.

Maximum
Force/g

Compression
Work/(g·mm)

Return
Work/(g·mm)

Slope of
Descending

Curve/(g/mm)

Constant of
Descending

Curve/(g/mm)

(A) Pre-test
speed/(mm/s)

K1 236.8 652.4 75.2 1416.9 3015.1
K2 298.4 707.4 99.0 1115.8 2481.4
K3 253.2 676.1 76.1 1431.1 2994.8
R 61.5 55.0 23.8 315.3 533.7

(B) Testing
speed/(mm/s)

K1 287.7 218.2 54.2 1156.7 1017.6
K2 305.9 639.4 96.6 1360.3 2832.6
K3 194.8 1178.2 99.5 1446.9 4641.1
R 111.1 960.0 45.3 290.2 3623.5

(C) Post-test
speed/(mm/s)

K1 287.7 218.2 54.2 1156.7 1017.6
K2 305.9 639.4 96.6 1360.3 2832.6
K3 194.8 1178.2 99.5 1446.9 4641.1
R 111.1 960.0 45.3 290.2 3623.5

(D) Compression
ratio/%

K1 287.7 218.2 54.2 1156.7 1017.6
K2 305.9 639.4 96.6 1360.3 2832.6
K3 194.8 1178.2 99.5 1446.9 4641.1
R 111.1 960.0 45.3 290.2 3623.5

optimal experimental conditions A1B3C3D3 A1B1C1D1 A1B1C1D1 A2B1C1D1 A2B1C1D1

Summarily, the suitable testing parameters for shear force test were determined as
follows through the comparison of the schemes: the pre-test speed was 1 mm/s, the testing
speed was 0.5 mm/s, the post-test speed was 5 mm/s, and the compression ratio was 10%.

The analysis results for the puncture test are described in Table 4. According to the
value of the Ki, the optimal scheme for maximum force was A2B3C3D3; for compression
work it was A2B3C3D3; for return work it was A1B3C3D3; for the slope of the descending
curve it was A2B3C3D3; for the constant of the descending curve was A3B3C3D3.
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Table 4. The range analysis results of the puncture test.

Maximum
Force/g

Compression
Work/(g·mm)

Return
Work/(g·mm)

Slope of
Descending

Curve/(g/mm)

Constant of
Descending

Curve/(g/mm)

(A) Pre-test
speed/(mm/s)

K1 530.2 448.6 50.3 41,616.6 48,762.6
K2 514.4 216.6 299.0 13,216.5 60,765.1
K3 713.2 387.4 107.2 26,709.7 31,868.0
R 198.8 231.9 248.7 28,400.1 28,897.2

(B) Testing
speed/(mm/s)

K1 987.4 363.0 273.5 50,860.4 106,366.9
K2 413.8 364.7 94.2 18,865.4 20,568.1
K3 356.7 324.8 88.7 11,816.9 14,460.7
R 630.7 39.9 184.8 39,043.5 91,906.2

(C) Post-test
speed/(mm/s)

K1 987.4 363.0 273.5 50,860.4 106,366.9
K2 413.8 364.7 94.2 18,865.4 20,568.1
K3 356.7 324.8 88.7 11,816.9 14,460.7
R 630.7 39.9 184.8 39,043.5 91,906.2

(D) Compression
ratio/%

K1 987.4 363.0 273.5 50,860.4 106,366.9
K2 413.8 364.7 94.2 18,865.4 20,568.1
K3 356.7 324.8 88.7 11,816.9 14,460.7
R 630.7 39.9 184.8 39,043.5 91,906.2

optimal experimental conditions A2B3C3D3 A2B3C3D3 A1B3C3D3 A2B3C3D3 A3B3C3D3

Thereafter, the suitable testing parameters for the puncture test were determined as
follows: the pre-test speed was 3 mm/s, the testing speed was 5 mm/s, the post-test speed
was 5 mm/s, and the compression ratio was 25%.

3.2.2. Instrumental Determination of CWC at Different Steaming Times

The textural properties of CWC at different steaming times were determined based
on the optimization of measurement conditions. Figure 1A shows a plot of the hardness
versus steaming time. The hardness of CWC was characterized by the slope of rising curve.
Figure 1B illustrates a plot of the crispness versus steaming time. The crispness of CWC
was characterized by the slope of descending curve. A smaller slope indicated more brittle
CWC. A plot of the compression work versus steaming time is presented in Figure 1C.
The area between rising curve and coordinate axis represents compression work. A plot
of the return work versus steaming time is described in Figure 1D. The area between the
descending curve and coordinate axis meant return work. A plot of the maximum force
versus steaming time is reported in Figure 1E, where the maximum force showed strength.
Maximum force was a common choice to evaluate hardness and crispness [19,20]; however,
it was not very applicable in this experiment. On the contrary, the slope of rising curve and
descending curve were more suitable to evaluate hardness and crispness.

3.3. Effects of Steaming on the Cell Morphology and the Starch Granule Morphology of CWC

Figure 2A–D show the morphological images of cells and starch granules of CWC
under different steaming times. The white parts are the parenchyma cells of CWC, and
the red small granules are the starch granules. Figure 2A shows the cells of fresh CWC.
The cell diameter of fresh CWC ranged from 60 to 110 µm, with an average diameter of
approximately 80 µm, which was nearly eight times larger than starch granules. The cell
wall had a clear outline, and a large number of starch granules were unevenly distributed
in the cells. In some cells, starch granules were densely distributed, while there were few or
no starch granules in others. The thick cell walls may protect CWC from suffering structural
destruction during thermal processing [35].
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Figure 1. The results of the instrumental test. (A) slope of the rising curve; (B) slope of the descending
curve; (C) compression work; (D) return work; (E) maximum force.
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Figure 2. The images of the cell and starch. (A) without steaming; (B) steaming for 10 min; (C) steaming
for 20 min; (D) steaming for 30 min.

Figure 2B–D show the changes of CWC cells with the extension of steaming time.
Following 10 min of steaming treatment, protoplasts of large parenchymal cells in the
center of the CWC appeared to shrink. After 20 min of processing, the large parenchymal
cells in the center of the CWC were significantly deformed, and their original morphology
could not be distinguished. For 30 min of treatment, the outline of the cell wall between
the large parenchymal cells in the center of CWC was unclear. Furthermore, the size
of melting starch granules was much larger than the original size. The high molecular
weight amylopectin could not leach out of the granules, which lead to the inside area
of starch granules presenting dark red color. Moreover, the peripheral area of the starch
granules with light red may be because of the leaching of amylose and low molecular
weight amylopectin [36].

In summary, with prolongation of the steaming treatment, the cell walls gradually
shrunk, resulting in the disruption of the cell morphology, and finally cell wall lysis. The
sensory texture of hardness and crispness also decreased. This phenomenon was related to the
decrease in the swelling force [37], the solubilization of pectic in the middle lamella [38–41],
and the multiple changes of the cell wall matrix components [42].

3.4. Correlation Analysis

According to the Pearson’s test, Table 5 presents the significant correlations between
the instrumental measures and sensory methods. In the shear force test, the slope of rising
curve was positively associated with hardness and crispness, while compression work was
positively associated with crispness. In the puncture test, the slope of descending curve
was negatively correlated with hardness, and compression work was negatively correlated
with crispness. It was also reported that sensory crispness and hardness were strongly and
positively correlated with slope of rising curve [25].
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Table 5. The dependence analysis of the instrumental and sensory assessments.

Index Slope of Rising
Curve/(g/mm)

Slope of
Descending

Curve/(g/mm)

Compression
Work/(g·mm) Return Work/(g·mm) Maximum Force/g

Shear force indexes
Hardness 0.905 *** −0.724 * 0.717 * 0.646 0.397
Crispness 0.890 *** −0.782 ** 0.889 *** 0.818 ** 0.644

Puncture indexes
Hardness 0.855 ** −0.901 *** −0.760 ** −0.536 0.242
Crispness 0.783 ** −0.868 ** −0.9038 *** −0.6022 0.4209

*, **, *** mean the correlation were significant at the 0.1, 0.05, and 0.01, respectively.

On relating the evolution of crispness (C) to change in compression work of puncture
test (Wp1), slope of rising curve of shear force test (Ks1) and compression work of shear
force test (Ws1), the following regression Equation (1) was obtained:

C = 12.4244 − 318.4434 Wp1 + 0.0007 Ks1 + 89.3458 Ws1, (R2 = 0.9167, p = 0.0398) (1)

On relating the evolution of hardness (H) to change in slope of rising curve of shear
force test (Ks1), the following regression Equation (2) was obtained:

H = 7.3607 − 0.0035 Ks1, (R2 = 0.8202, p = 0.0323) (2)

The results of the multivariate analysis confirmed that the instrumental tests parame-
ters chosen were relevant to the regression models predicting crispness and hardness. The
prediction model could calculate crispness and hardness of CWC using the Texture Analyzer.

4. Conclusions

The changes of texture, sensory and micromorphology characteristics of CWC under
different steam-heating times (0, 5, 10, 15, 20, 25, 30 min) were evaluated for the quality
control of CWC products. Steam-heating could reduce the hardness and crispness of
fresh CWC, but the extension of steam-heating time had little effect on the change of
sensory characteristics of CWC. Meanwhile, it was found that the trend of the slope
of rising curve and descending curve were more consistent with the sensory change of
CWC. During thermal processing, the morphology of cells and starches was disrupted
gradually, and some microstructures may reduce the texture loss caused by thermal process.
Additionally, two regression models were developed through the results of Pearson’s
test, which provided a more convenient method to evaluate the textural properties of
CWC from the industrial and commercial perspectives. Further studies on the changes
of some characteristic compounds during thermal processing could be undertaken to
comprehensively explore the thermal stability of CWC.
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