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Abstract: Texture is an important indication of the quality of food products, and the analysis of texture
involves the measurement of their response when subjected to mechanical forces, such as cutting,
scissoring, chewing, and compression or stretching. There is a close correlation between the texture
of agri-food products and their mechanical properties. In this study, the textural characteristics of red
radish roots were analyzed under different storage conditions using a penetration test. The physical
parameters analyzed are the skin strength and elasticity, breaking point, ripening and softening
profile, and flesh firmness. The results of the breaking point after the products’ storage at room
temperature (tested after one, two, and three days, respectively) are: 184.96 N, 151.29 N, and 154.42 N,
respectively; for radishes stored at a temperature of 2.8 °C, the breaking point is: 132.12 N, 109.76 N,
and 141.16 N, respectively. The lowest value of firmness is recorded for the radishes tested fresh
at 78.98 N, and the highest value of firmness is for the sample of specimens kept at laboratory
temperature, that is, 103.96 N. The epidermal elasticity also undergoes significant changes during the
experiment, starting from an epidermal elasticity of 2.14 mm (fresh sample) to a value of 4.15 mm
(for the sample stored at laboratory temperature for three days). The experimental determinations
indicated that the highest value of the penetration force of 184.1 N was obtained for the product
stored at room temperature, and the lowest value of 109.76 N was obtained for the product stored at
2.8 °C.

Keywords: texture analysis; puncture test; penetration force; storage conditions; red radishes

1. Introduction

Texture has been defined as the mechanical, geometric, superficial, and corporal at-
tributes of a product perceptible through the kinetic and somesthetic receptors and (if
applicable) visual and auditory receptors from first bite to swallowing [1]. Consequently,
the texture of agri-food can be seen as the manifestation of agri-material rheological proper-
ties [1-7]. Texture analysis involves measuring the rheological response when materials are
subjected to mechanical forces such as: mechanical harvesting, cutting, shearing, chewing,
compression, or stretching [1,3,5,8,9]. The study of agri-food texture is important to deter-
mine the resistance of a product to mechanical stress (mechanical harvesting of fruit and
vegetables), to determine the deformation resistance of products subjected to processing,
transport, and storage, and to ascertain the mechanic behavior of an agri-food product
on consumption [4]. To evaluate the texture of agri-food materials, objective destructive
methods are used (three-point bending test, single-end bending test, compression and
puncture test, rebound test after applying tension, Warner-Bratzler shear test, etc.), as well
as non-destructive methods (ultrasound, spectroscopy, optical techniques, etc.) [2,10-12]
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(Table 1). Force/deformation methods, developed based on the engineering theory of mate-
rials, measure well-defined mechanical properties of food products and can be fundamental,
empirical, or imitative [1-3,13-16].

Table 1. Texture determination methods.

Method of Determination Product References

Three-point bending test flatbread, biscuits, orange peel and fruit [12,17]

Single-end bending test banana [18]

Destructive commercial neoprene rubber 1.6 mm thick;
Compression and puncture test  carrot, parsley, parsnip and celery; kidney; [1,15-17,19,20]
papayas; apples; orange peel and fruit
Warner—Bratzler shear test meat [21]
Ultrasound apples, mango, banana, peach; rice noodles [20,22-25]

Non-destructive Spectroscopy mango, banana, peach [22]

Optical techniques watermelon, two fluorescent dyes [26,27]

Solid materials, such as an apple or carrot, show the highest correlation between
sensory firmness and the instrumental method of analysis, the penetration test. The
structural and texture characteristics of materials depend on the integrity of the cellular
wall [11,28,29]. One study demonstrated the variation in carrot texture depending on the
processing conditions, measuring the tear point for each given condition [11].

Another characteristic of the texture, which defines the appreciation of an agricultural
product, in our case, red radishes, is the crunchiness of the product [13,28-30]. The crunchy
characteristic and acoustic pressure values strictly depend on the propagation of the tear
toward adjacent cells, where pressure exercised by the exterior cell wall causes a definitive
tear [28,30,31].

The physical characteristics of root vegetables can also be ascertained by measuring
the compression force and extrusion. Andelko [32] determined the hardness and firmness
of carrot root texture, when the carrot was fresh and during hydrothermal treatment [4,30].
The structure and texture characteristics of agri-food materials depend on the integrity
of the cell wall components [10,11]. There are several reasons for measuring the physical
characteristics of food: designing engineering processes, ascertaining structure and texture,
ascertaining shearing/cutting energy consumption, ascertaining mechanical behavior at
harvest, etc.

Other studies demonstrate the importance of the post-harvest mechanical proper-
ties of agri-food materials for the design and adoption of various handling, packaging,
transport, and storage systems [6,30]. Physical properties, such as: peel strength, breaking
strength, cutting energy consumption, pulp firmness, and post-harvest hardness of oranges
were determined under different storage conditions, from their behavior in the ambient
environment to refrigerated storage conditions [6,9,27,30,33-35].

As the plant materials mature, they undergo structural changes and texture (increases
in size, core hardness, and peel strength) [10,12,30,36-39]. Some agri-food products change
their quality slowly, and the time of harvest has a weak effect on textural properties, such
as carrots, onions, cabbage, and turnips. On the other hand, other plants go through rapid
texture changes and rapid physiological changes after harvesting, such as green beans and
sweet corn, which have raw seeds. Fruit ripeness is also an extremely important stage in
the harvesting process and can be classified into two groups: fruits with low rigidity, which
soften immediately after harvesting (strawberries, cherries, peaches, apricots, blackberries,
etc.) and fruits with a weakly moderate rigidity, which does not decrease immediately
after harvesting (apples, quinces, etc.). Choosing the optimal harvest time for these plant
materials is paramount for the entire production process [6,12].
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In this article, the authors aimed to determine the value of the penetration force for
red radish under different storage conditions. Given the small number of studies available,
this study was carried out to determine the physical characteristics of this product. The
paper aims to determine the physical characteristics of red radish roots, which can be
quantified by texture analysis (breaking point, sample firmness, pile elasticity, mechanical
work required to puncture the sample, as well as stiffness), in order to understand and
optimize different industrial processes.

2. Materials and Methods

The test used in this paper was the penetration test, which measures the force required
for a probe to penetrate a food sample to a pre-set depth. The penetration test, involving
both compression and shearing of a sample, is an empirical textural analysis technique that
somewhat mimics biting into a food product [3,10,11]. The physical parameters analyzed by
the penetration test, through which the texture of the red radish roots can be characterized,
are the evaluation of the strength and elasticity of the epidermis, the breaking point and
resilience, the ripening and softening profile and the firmness of the flesh [40—42]. A
penetration test destructively measures firmness by recording the force required for a
cylindrical probe, a Magness—Taylor penetration probe, or a ball probe to penetrate the
flesh of the vegetable up to a chosen distance and is frequently used for firmness testing of
a wide variety of food products and more [43—47].

The penetration test to identify the texture parameters was made using the texture
analysis equipment TA . Xplus Texture Analyzer from Stable Micro Systems (Godalming,
UK) (Figure 1), as well as Texture Exponent 32 software for result interpretation. The
penetration test was performed at a speed of 1.5 mm/s with the help of a steel cylinder
(P/2) of 2 mm in diameter, and the penetration depth was 5 mm. Each sample was tested
at four diametrically opposed points.

A — T e
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- : 1
Figure 1. Penetration test of red radish root using a cylindrical probe (P/2).

The force/time and force/distance penetration curves were used to calculate the
textural parameters such as the breaking point, sample firmness, skin elasticity, mechanical
work necessary to puncture the sample, and stiffness.

As previously stated, the product tested was the red radish, and 28 radishes were
used in the experimental determinations, which were previously weighed and divided
into 7 samples of 4 pieces. The samples used were not processed before analysis. In
order not to alter the mechanical characteristics and humidity, the product was removed
from the greenhouse, and the solid impurities were mechanically removed (using a soft
bristle brush in order not to damage the outer surface of the samples). Texture analysis of
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each sample was performed under three different storage conditions, as follows: tested
fresh, under environmental conditions (tested after one, two, and three days of storage),
and under refrigerated conditions, kept at a temperature of 2.8 °C (tested after one, two,
and three days). Differences in the radish mass for the three storage conditions and time
intervals are presented in Table 2.

Table 2. Mass determination and conditions for measuring the texture of red root radishes.

Conditions for Product Average Products Average Mass Maximum Average
Testing the Products Initial Weight (g) Mass (g) Final Weight (g) Final Weight (g) Difference (g)
1 2 3 4 5 6 7
R1 63.97
R2 67.10
FR R3 58.40 63.87

R4 66.02
R5 66.35 58.49
R6 56.75 50.30

RAIRT R7 45.98 62.43 3958 54.93 7.50
R8 80.65 71.35
R9 65.29 44.37
R10 73.04 53.73

RA2RT R11 5774 62.67 40 45 44.76 17.90
R12 54.61 40.52
R13 54.72 37.97
R14 74.41 51.98

RA3RT R15 5474 61.25 37.07 42.12 19.13
R16 61.15 41.46
R17 50.96 49.40
R18 88.97 87.54

RAICR R19 4933 59.81 48.38 58.48 1.33
R20 49.99 48.58
R21 57.29 56.09
R22 67.40 65.27

RA2CR R23 53.22 57.23 5147 55.44 1.79
R24 51.01 48.93
R25 59.14 57.48
R26 58.32 56.85

RA3CR R27 52.96 64.76 5028 62.55 2.20
R28 88.62 85.62

R1-R28—number of radishes for testing; FR—fresh radishes; RA1CR—radishes after one day in the cold room;
RAIRT—radishes after one day at room temperature; RA2CR—radishes after two days in the cold room;
RA2RT—radishes after two days at room temperature; RABCR—radishes after three days in the cold room;
RA3RT—radishes after three days at room temperature.

In addition to the parameters generated by the texture analyzer, moisture and dry
matter were also determined for the product under study, using the KERN MLB 50-3N
thermobalance with a measurement accuracy of 0.01%, standard drying program, and
maximum temperature of 160 °C. Only a maximum of 15 g extracted from a single sample
was used for moisture determination, after which it was subjected to the penetration test. It
was considered that the sample should include components from the entire structure of
the red radish. To make the moisture determination process more efficient, the sample was
sectioned into small pieces.

3. Results

An important role in the textural analysis of agri-food products is played by the
moisture of the materials as well as the dry matter [6,33-35]. Therefore, the moisture and
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dry matter content of radishes was determined for each sample under the conditions listed
above, and the values obtained are presented in Table 3.

Table 3. Mass determination and conditions.

Samples Sample Moisture Dry Matter Remaining Total Time
Condition Weight (g) Content (%) (%) Weight (g) (min)
FR 14.846 96.295 3.705 0.550 58:45
RAIRT 14.829 94.597 5.403 0.802 59:35
RA2RT 14.753 94.058 5.942 0.874 58:47
RA3RT 14.834 93.670 6.330 0.939 60:03
RAICR 14.879 95.442 4.558 0.678 56:35
RA2CR 14.806 95.326 4.674 0.692 59:20
RA3CR 14.804 94.279 5.721 0.807 59:65

Due to the large number of graphs resulting from the experimental determinations
(112 graphical representations), only one set of graphical representations corresponding to
a single sample from each sample has been included in the paper (Figure 2).
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Figure 2. Penetration force/distance curves for each condition for testing the radish root: (a) fresh;
(b) RA1CR—radishes after one day in the cold room; (c) RA2CR—radishes after two days in the cold
room; (d) RA3BCR—radishes after three days in the cold room; (e) RA1RT—radishes after one day at
room temperature; (f) RA2RT—radishes after two days at room temperature; (g) RASRT—radishes
after three days at room temperature.

Analyzing the curves obtained from the experimental determinations, the following
conclusions can be drawn:

- Making a comparison with the graphs in the specialized literature [1,30,33], it can be
observed that those obtained for red radishes are not very different; the shape of the
diagrams is characterized by the product;

- The storage method of the product influences the value of the penetration force; for a
fresh product, the lowest value of the parameter studied was obtained as 106.1 N. The
highest values were obtained for products stored at room temperature, with values of
over 184 N (for all three storage periods);

- The variation over time in the penetration force for the three types of product storage
(fresh product, product stored at room temperature, and product stored at 2.8 °C)
differs distinctly as follows:

e Inthe case of the fresh product, it is found that for the first two tests after the probe
breaks the protective membrane of the product (product skin), the penetration
force decreases; then, after a displacement of about 3 mm in the product pulp, the
penetration force value increases to values higher than the membrane breaking
value. For tests 3 and 4, it is found that after penetration of the probe into the
product pulp, the penetration force does not exceed the breaking force of the
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product membrane. Once the penetration distance of 3 mm is exceeded, the
penetration force value reaches the value of 57.6-78.6 N. The difference between
the penetration force value of the product membrane and the final value (after
penetration of the probe into the product 5 mm) is between 42.5 and 48.4 N.

e In the case of a product kept at a temperature of 2.8 °C, for a period of 24 h, the
variation in the penetration force is approximately similar to that of the fresh
product. For the product kept for more than one day, the variation curve of the
penetration force is wavier, even reaching a jagged appearance in the case of test
1 for the product kept for 3 days at 2.8 °C. The difference between the value of the
penetration force of the product membrane and the final value for the product
kept for one day is on average 66.17 N; for products kept for 2 and 3 days at
2.8 °C, the difference decreases by 33-35%;

e  For the product kept at room temperature, the shape of the diagrams obtained
from the experimental determinations is different from the other two sets of
experiments. In this set of experiments, it is found that product penetration
occurs after a probe displacement of more than 2 mm (for products kept at room
temperature for one day) or even more (for products kept at room temperature
for more than one day).

Such determinations aim at highlighting the fact that the way products are stored
directly influences the physical properties of the products, that is, the processing properties.

The Texture Exponent 32 software was used to identify the values of the following pa-
rameters: the breaking/bioyield point, specimen/flash firmness, mechanical work required
to pierce the specimen (until the breaking point was reached), skin elasticity, mechanical
work required after the breaking point, specimen stiffness, and total mechanical work.
Due to the large number of values obtained from the experimental determinations, as
specified above, and analyzing the 112 diagrams resulting from the experimental determi-
nations, Table 4 shows the average values of these parameters for each set of experimental
determinations and the standard deviation (SD) for each parameter presented.

Table 4. The average value of the parameters measured by the puncture/penetration test on the
radish root.

Samples Conditions
Bioyield Point (N)
SD
Flash Firmness
(N)
SD
Work of Penetration
(N-mm)
SD
Elasticity of the Skin(mm)
SD
Work of Penetration (N-mm)
SD
Stiffness (N/mm)
SD
Total Work of Penetration
(N-mm)
SD

FR 109.529 21.64 78971 10.63 135298 69.13 2.14 093 216.219 29.09 61.744 2829 362.452 50.08
RAICR 132126 2295 89.766 9.28 137798 6590 1.95 0.87 242910 25.08 80.302 3448 423.563 50.17
RA2CR 109.768 20.69 80.304 1093 171.334 9022 254 114 219874 2990 53781 2829 362.580 45.69
RA3CR 141.163 2298 88235 11.31 120410 56.04 1.75 0.59 238.737 30.60 86.649 20.51 423976 43.17
RAIRT 184.967 37.60 103.773 24.39 281.823 66.56  2.81 051 229.343 77.06 65417 757 424411 56.46
RA2RT 151.293 25.13 103.968 18.79 261.389 36.46 4.12 0.60 264.652 6206 37144 7.24 341.270 44.86
RA3RT 154.428 18.23 102.521 13.75 278.458 37.08 4.15 0.61 289.562 6157 37296 452 358932 39.02

In Figures 3 and 4, the results obtained from the determinations of the firmness and
breaking point of radishes, corresponding to the moisture content of the radishes and the
difference in mass, are shown statistically.
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Figure 3. A statistical representation of flash firmness of radish root for four samples with different
moisture contents: (a) products kept at a temperature of 2.8 °C; (b) products kept at room temperature.
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Figure 4. Statistical representation of bioyield point for radish root corresponding to samples with
four specific mass differences: (a) products kept at a temperature of 2.8 °C; (b) products kept at
room temperature.

The following conclusions can be drawn after analyzing the graphical representation
in Figure 3:
The lowest product firmness value is obtained for fresh products;
Both for products stored at 2.8 °C and for those stored at room temperature, it is found
that their firmness value is higher than that of fresh products with an average of about
9% and 30.9%, respectively.
e  Regardless of how the product is stored, it is found that the firmness has a decreasing trend.

An analysis of the graphical representations in Figure 4 shows:

e  Compared to the two ways of storing the product, the amount of force required to
pierce the product is on average 16.5% less than products stored at 2.8 °C and on
average 46.6% less than those stored at a room temperature;

e  Comparing the two storage methods shows that the amount of force required to pierce
the product is 25.78% lower for the product stored at 2.8 °C than for the product stored
at room temperature.

In order to identify the correlations between the parameters used and those obtained
from the experimental determinations, a hierarchical cluster (used to build a hierarchical
tree; the results obtained are presented in the form of a dendrogram diagram) analysis
was carried out (Figure 5), and it was found that regardless of the way the products are
stored, the firmness and the force required to pierce the product are closely related. This is
evidenced by the fact that the two parameters are part of the same cluster.

The same conclusion can be drawn from the graphical representation using main
component analysis (used to reduce the number of variables in regression and clustering,
give the linear combination of the variables and gives a maximized variance) (Figure 6).
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Figure 6. Analysis of main components: (a) product stored at 2.8 °C; (b) product stored at a

room temperature.

4. Conclusions
The most commonly used methods for the determination of the textural properties
of vegetables are those that apply high deformation forces, and they are a destructive
texture analysis method. However, due to the nature of these tests, they do not provide an
understanding of the microstructure of radishes and the force deformation mechanisms
and collapse on a cellular level.
The storage conditions recorded different values for each red radish sample, subjected
to the experiment (Table 2), such as:
- The largest mass difference between the tested product and the fresh product is found
for products stored at room temperature and is 19.13 g;
- The smallest mass difference between the tested product and the fresh product is
found for products stored at 2.8 °C and is 1.33 g.



Processes 2024, 12, 282

11 0f 13

In order to carry out the puncture test, the authors initially sought to determine certain
physical characteristics of the product (these are presented in Table 3), which are intended
to validate the data presented in Table 2.

From the analysis of the obtained results, it can be observed that during the penetration
of the sample, a series of deformations appear (Figure 2a—f). From the analysis of these
representations, the following conclusions can be drawn:

- Both for the fresh products and for those stored at a temperature of 2.8 °C, the force
diagram shows a number of ripples. These undulations are accentuated for samples
kept in the cold room and less accentuated for the produce kept at room temperature.
It is assumed that the undulations are generated by the resistance to aging given by
the firmness of cells containing a large amount of water;

- For products stored at room temperature, it is noted that they have increased elasticity,
which is evidenced by the distance travelled by the probe to penetrate the pericarp
(which reaches more than 4 mm);

- Regardless of how the product is stored, it is found that all the diagrams obtained
describe, for the first part, the elastic and plastic deformation of the epidermis and
its subsequent penetration. It is found that after the penetration of the probe into
the product, due to the deformation of the cells and the water content, the product
resists randomly.

It was observed that the penetration force varies inversely with the moisture and mass
content of the radishes, with higher values of the penetration force being measured for the
radishes with a lower moisture and mass content (Figures 3 and 4).

The crunchiness of radishes increased with the storage period, from 78.97 N to 103.96 N
for the product stored at room temperature. For products stored at a temperature of 2.8 °C,
the difference between the penetration force for the fresh product and the product stored at
different time intervals is a maximum of 11 N.

It can also be stated that the elasticity of the epidermis is strongly dependent on
the storage conditions, registering higher values for radishes stored at room temperature
(Table 3), namely 103.96 N.

Since it was not possible to carry out mathematical modelling between the input and
output parameters, corresponding to the study carried out, we resorted to the identification
of correlations based on statistical analysis. Following the statistical analysis carried out
within this framework, it was found, using two methods of analysis (hierarchical cluster
analysis and main component analysis), that there is a strong correlation between the
product firmness and the bioyield point. This is specific to the penetration test with a steel
cylinder (P/2) of 2 mm in diameter and a penetration depth of 5 mm; therefore, in the
future it is necessary to continue the research using other penetration devices for agri-food
products and to identify the main factors influencing this process.

With regard to the ways to further develop this research, given the use of plant
materials (fruits and vegetables) in the food industry, it is necessary to further study
the changes that may occur at the cellular level under different conditions of storage
and preservation of these plant materials. The theoretical studies and experimental results
presented in this paper can constitute a useful and at the same time indispensable material in
approaching other similar topics in the field, for the optimization of the entire technological
process of the production, transport, and storage of agri-food materials of vegetable origin.
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