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ABSTRACT

The paper presents the use of computed tomography examinations to assess the effect of the pitting process on the
structure of cherry fruit. The digital volume correlation (DTC) method was used to assess fruit pitting. The aim of
this article is to evaluate internal changes in fruit volume, measure deformation, changes in weight, and changes in
cherry volume as a result of pitting with various tools. For pitting there are using conventional cross tool head and
innovative pitting technology using a rotary knife and a three and four-needle head. The modern VG Studio com-
puter program, designed for tomographic reconstructions, was used for the qualitative analysis of pitting in cherry
fruit. The use of modern tools for the analysis of tomographic reconstructions facilitates a range of procedures, in-
cluding qualitative analysis, measurements, porosity analysis, division into materials, determination of the share of
individual materials. Additionally, as evidenced in the present study, digital volume correlation is a valuable tool.
Tomographic reconstructions allowed for non-destructive measurements of deformations and damage to the fruit
during the pitting process. The voxel displacement tracking method was used to determine the deformations of
cherry fruit caused by different pitting technologies. The research results are presented in graphical form, includ-
ing histograms that taking into account the changes in mass and volume deformations. Furthermore, an analysis
of fruit mass losses was performed in order to validate the DVC method. The relative change in fruit volume and
mass caused by the pitting process was assessed. The research results indicate that the innovative pitting method
with three-needle head is characterized by less deformation and damage to the fruit and a smaller loss of the peri-
carp volume. The study points that three-needle and four-needle tools result in a reduced degree of fruit degrada-
tion in comparison to cross-shaped tools. However, when assessing the exterior surface, it should be noted that
additional cutting of the fruit facilitates the removal of the pit and reduces damage to the fruit during the process.

Keywords: X-ray, computed tomography, digital volume correlation, material deformation, non-destructive testing.

INTRODUCTION

From the perspective of the consumer, fruit
and vegetable quality characteristics are of par-
amount importance. Potential consumers of fruit
and vegetables focus on visual assessment, which
includes size, appearance, shape, color, texture,
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and surface defects [1]. Internal characteristics
such as firmness, internal defects, or tissue de-
cay are invisible and difficult to assess [1]. Non-
destructive testing techniques have been utilised
in the agricultural industry for years to determine
the ripeness and potential storage life of fruits
and vegetables. [2, 3]. The primary objective of
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non-destructive testing is the identification and
rejection of products exhibiting defects, such as
the presence of worms. In the study [4], the au-
thors employed computed tomography to identify
internal defects in chestnuts. It has been demon-
strated that, by means of CT scans, damaged
chestnuts can be detected, as well as the presence
of pores, mould, or internal tunnels. External
features are the most common factor influencing
customer choice, which translates into the eco-
nomic value of products. Manual testing is time-
consuming, costly, destructive process [5], and
often lack of objectivity. he assessment of fruit
and vegetable characteristics can be facilitated by
arange of techniques, including hyperspectral im-
aging within the visible or near-infrared spectrum
[6], Raman imaging, X-ray techniques, computed
tomography, magnetic resonance imaging [7], as
well as thermal imaging, terahertz imaging, ultra-
sound imaging, and microwave imaging [8]. In
addition, the study [3] used an innovative device
for real-time acoustic detection of fruit. The basis
of X-ray imaging is the use of contrast resulting
from differences in atomic number, density, and
thickness of internal structures and tissues, re-
vealing morphological and structural aspects [9]
and internal defects [10].

The study [5] focuses on the possibility of
processing and analyzing image data. Several
machine learning (ML) and deep learning (DL)
techniques can be used for this purpose, such as
K-nearest neighbors (KNN), artificial neural net-
works (ANN), support vector machines (SVM),
convolutional neural networks (CNN) with trans-
fer learning (TL), generative adversarial networks
(GAN), and recurrent neural networks (RNN).
These techniques have recently been used for in-
spection along with spectral data processing [5].

Fruit pitting is the process of extracting the
pits from fruits such as cherries, plums, or olives.
The process can be done using special equipment
such as fruit pitting machines or at home, such as
using a hairpin or a fork. A conventional tool for
pitting is a cross tool. Following the pitting pro-
cess, the fruit can be frozen or used to make pre-
serves such as jams, preserves, juices, wines or
liqueurs [11]. It is recommended to limit the loss
of juices during the process of emptying the pits
from the fruit and, consequently, the weight of the
pitted fruit. The pitting methods that cause signif-
icant damage to the fruit during pit removal result
in losses in the volume and mass of the fruit. The
optimization of pitting implementation aimed at

reducing the losses in mass and volume of fruit
during pitting is expected to result in increased
profits for producers and the fruit and vegetable
processing industry. It is therefore advisable to
indicate the most advantageous method of pitting
that allows for effective management of fruit.

A number of studies have so far concentrated
on the qualitative description of individual fruits
and vegetables through the application of specific
non-destructive testing techniques. To the best of
the present author’s knowledge, no studies have
been published on the impact of the pitting pro-
cess on the external and internal quality of the
pitting process. Previous assessments have pri-
marily relied on imaging methodologies, with the
surface being the primary focus of evaluation.

The novelty of this article is the 3D qualita-
tive assessment of fruit after pitting with different
various tools. In light of the potential to evaluate
the internal quality of cherries without compro-
mising the integrity of the fruit itself, the inves-
tigative approach encompassed the utilisation of
computed tomography and digital volume cor-
relation techniques. These methodologies were
employed to ascertain the internal alterations in
cherries subsequent to pitting, to quantitatively
assess the deformation (i.e. the cavity formed
by the pits), and to determine the alterations in
cherry weight resulting from pitting. The use of
DVC for the analysis of CT images of cherries
was used as a way to quantify the effects of me-
chanical removal of the pit from the fruit. The au-
thors of the study decided to use computer tools
to determine the effect of the innovative pitting
technique on changes in mass, volume and, above
all, volume deformation of the cherry fruit during
pitting process.

Cherries are juicy, sweet fruits that are a popular
summer treat. They are cultivated on a large scale
in Europe, and in Poland, the Masovian Voivode-
ship s being the largest producer. It is evident that
cherries constitute a substantial source of vitamins
(A, B, C, K) and minerals (potassium, magnesium,
fiber). There are over a thousand known varieties
of cherries tee [12]. There are two main groups
of varieties producing fruit called “cockles” (var.
juliana) and “cartilages™ (var. duracina). The for-
mer has soft, juicy flesh, while the latter are more
compact, firm and more resistant to transport [13].
The fruit can be categorised into three distinct
shades: yellow, red or very dark red, almost black
[12]. The fruit of the most popular varieties range
in size from medium to very large, with a weight
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range of approximately 4 to 11 g [13, 14]. Tomo-
graphic examinations use X-ray radiation, which
was discovered in 1895 by Wilhelm Roentgen, for
non-destructive examinations. Radiographic ex-
aminations were very popular in the second half of
the 20th century in industry and medicine primar-
ily for the purpose of damage, bone fractures. Per-
formed on classic radiographic film - Radiographs
reflected the quality of the objects examined.
Thanks to physical phenomena consisting in the
absorption of photons by thicker or denser materi-
als, results in a consequent decrease in the number
of photons reaching the radiographic film [15, 16].
The technique of research using ionizing radiation
consists in archiving X-rays generated from an
X-ray tube subsequent to their passing through the
tested object on the surface of a digital detector or a
conventional radiographic film. As a consequence
of the obstruction encountered, X-rays experience
a reduction in intensity, thus leading to a decrease
in the dose of radiation reaches the receiver [17].
The thickness of the material, its density, and the
amount of radiation intensity decreases are all fac-
tors that can be used to predict the decrease in in-
tensity [18]. Each material has a characteristic lin-
ear attenuation coefficient. Hence, measurements
of X-ray intensity subsequent to its transmission
the tested object allow for volumetric evaluation.
On the other hand, combining of hundreds or even
thousands of individual photograps, differing by a
small angle of rotation of the tested object allows
for spatial visualization of the tested objects. As a
result, after the development process, the images
on the radiograph were characterized by different
degrees of optical density. Industrial computed to-
mography (CT) is a non-destructive method of ex-
amining the internal structure of objects. The tool
has the potential to function as an excellent instru-
ment for the purpose of quality control of products
and parts. It allows to analysis of objects made
of various materials including biological tissues
through minerals, ceramics, plastics, to metals and
their alloys. It is performed on industrial machines
with special software that allows to integration 2D
X-ray images into 3D models. Computed tomogra-
phy in the field of industry, the process of creating
a three-dimensional visualization of a detail based
on hundreds, or even several thousand X-ray im-
ages. Dedicated software combines a series of 2D
images into three-dimensional 3D objects.
Grayscale values correspond to the X-ray at-
tenuation of the material components, a function
of material density and atomic number and beam
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energy [19, 20.]. Composite materials composed
of combinations of materials will have different
contrasts, which enables identification of the
composite components.

X-ray CT enabled three-dimensional visu-
alization and quantification of microstructural
changes, including pore number, volume, and
equivalent diameter, prior to and after fiber re-
inforcement. In [21], tomographic studies were
used to evaluate the addition of basalt fibres to
concrete. The research demonstrated that basalt
fibres create a complex spatial stress network,
optimizing the pore distribution and delaying
the propagation of microcracks. They effectively
disperse stress concentrations, mitigate small de-
fects, and refine pore structures, thereby increas-
ing the internal density and resistance to deforma-
tion. In [22], X-ray micro-computed tomography
was also used to visualize and characterize voids
and fibers (length, diameter, and orientation) em-
bedded in concrete. The 3D cracking phenom-
enon of concrete was analysed using X-ray mi-
cro-computed tomography, with the focus being
on the formation, development, width, shape, and
curvature of the cracking.

X-ray radiation is used in X-ray diffraction
studies [23] for quantitative and phase composi-
tion, crystal orientation [24] or structure of the
tested materials. CT imaging is definitely associ-
ated with medical research, as for example in [25]
CT imaging was used to examine patients with
severe or very severe airflow limitation having a
reduced pectoralis muscle area (PMA), which is
associated with mortality.

Digital volume correlation (DVC) is a com-
puter tool for measuring and analyzing the defor-
mation of various structures. This tool uses im-
ages obtained from computed tomography scans,
analyzing 3D models of the examined objects be-
fore and after deformation, respectively. Digital
volume correlation is an improved tool originally
based on two-dimensional digital image correla-
tion (2D-DIC) [26, 27]. Digital image and vol-
ume correlation (DIC and DVC) is very common-
ly used to measure strain and damage in compos-
ite materials, as it enables the identification of the
directionality and magnitude of internal strains —
especially interlaminar and internal damage [28].
Surface displacement photogrammetric tech-
niques can be used to infer damage resulting from
non-uniform surface deformation [28]. DVC has
the advantage over optical methods due to its
ability to perform analyses and measurements of
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internal strain. Furthermore, a distinction must
be made between in-situ and ex-situ DVC tests.
In-situ tests require the installation of a load and
temperature measuring device in the CT scanner.
In contrast, if the sample is subjected to loading
between CT reconstructions, dealing with ex-situ
tests. In-situ testing techniques allow for a de-
tailed understanding of the deformation state of
materials. Phenomena such as damage develop-
ment under load are best imaged in-situ, where a
constant load/strain can be maintained, excluding
any loosening of the specimen [29-32].

The core of the DVC technique is to track
(match or register) the same voxel points in vol-
ume images of a test object captured in different
states by a volume imager [33]. For this purpose,
local subvolume-based DVC algorithms and
global FEM-based DVC algorithms have been
developed in the DIC/DVC modules [34]. In
DVC measurements, subvolume size and shape
function are two critical user-defined parameters
that have a significant impact on the accuracy and
precision of detected displacements [35]. The size
of the subvolume should be small enough to allow
observation of changes relative to the reference
subvolume. The shape function should accurately
represent the local strain within the target subvol-
ume [34]. In the case of X-ray computed tomog-
raphy, the pattern is created as a result of changes
in the density of the material, such as pores in
castings, fragments of particles of other elements
inside the tested material [36]. The volume image
is divided into sub-volumes of the study, in which
the displacement of the pattern is calculated [36].

Too high resolution (reducing the size of a
single voxel) generates an increase in file size and
requires the use of high computing power of com-
puters, which ultimately translates into analysis
time. Therefore, the details of the DVC package

algorithms supplied to programs for analyzing to-
mographic reconstructions affect the accuracy and
precision of measurements of deformation chang-
es in the analyzed reconstructions. In the work of
Lorenzo Grassi [37] there is a review of literature
on strain measurements on human bone samples
at the level of organs and tissues. Four strain mea-
surement methods were used to assess the chang-
es, i.e. strain gauges, fiber Bragg grating sensors,
digital image correlation and digital volume cor-
relation. Lorenzo Grassi at al [37] emphasize the
advantage of the DVC volumetric method over
the analysis of 2D DIC images and the potential
application of the method in qualitative research.

MATERIALS

The cheries used for testing were NIMBA
(prunus avium) from a single batch (Spain PS/4/
OMA1275). They were a relatively large size
of about 26-28 mm and medium sensitivity to
cracking. The cherries were dark red color and a
kidney shape [38]. Figure 1 shows the material
for the research.

In order to study the impact of the type of tool
and the method of pits removal, the tools shown in
Figure 2 were used. The removal of the pits from
the cherry fruit was assessed using three different
tools: a) cross, b) four-needle and c) three-needle
tool. In addition, the pits removal process was
compared for all three tools with an additional in-
cision of the fruit with a knife as shown in Figure
2d). The needles used in the study have a diame-
ter of 2 mm. The additional use of a 0.3 mm thick
knife results in an incision into the fruit to a depth
of approximately 4 mm. The incisions were made
automatically by a specially developed pitting
machine — Figure 4e). The tools were operated

Figure 1. Cherries of the NIMBA (Prunus avium)
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a)

Figure 2. Tools used for pitting cherries: (a) a cross-shaped tool, (b) a four-needle tool, (c) a three-needle tool,
(d) a knife for cutting under the fruit to facilitate pits removal, (e) testing station

mechanically without affecting the results of fruit
deformation. During the tests, the force exerted
by the tool on the fruit was set at 80 N.

CT SCANNING PROCEDURE

Tomographic examinations were performed
on a NIKON M2 LES SYSTEM computed to-
mography scanner (Figure 3). The experiment

employed a 225kV microfocus X-ray tube was
used. The VAREX XRD 1611 XP detector with
aresolution of 4048 x 4048 pixels and a pixel size
of 0.1 mm was used for archiving. The exposure
parameters are presented in Table 1.

The ambient temperature during the test was
18 °C. The tomography test time for a single sam-
ple was approximately nine minutes. The volume
of each fruit was automatically determined from
the histogram, and then the results were calibrated

-

Figure 3. NIKON M2 LES System computed tomography
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Table 1. X-ray exposure parameters

Parameter Value
Voltage 180 kV
Current 310 pA
Power 55.8 W
Filter No
Voxel size 25.01 ym
Projection 1520
Time per projection 354 ms
Distance source-sample 146.62 mm
Distance source-detector 586.33 mm

against a standard. The mass of the samples was
measured in each time using a Sartorius CPA124S-
OCE scale with a precision of 0.0001 g. Prior to the
commencement of the experimental procedure, the
scale was subjected to a process of calibration. The
samples were weighed approximately 75 hours af-
ter harvesting. Samples with a mean weight of 8.61
+0.16 g were selected for the tests. Each fruit was
weighed before testing. For the pitting analysis, six
cherries were tested for each tool, i.e., six for the
cross tool without cutting, six for the four-needle
tool without cutting, and six for the three-needle
tool without cutting. For the purpose of compari-
son, measurements of fruit weight were taken after
pitting with the cross tool, four-needle tool, and
three-needle tool with an additional cut. Further-
more, the fruit and pits were weighed again imme-
diately after the pitting process.

IMAGE PROCESSING AND DVC ANALYSIS

The Inspect-X Version V6.8 (Nikon Metrol-
ogy) program was used to transform 2D radio-
graphic images into 3D tomographic reconstruc-
tions. Prior to the creation of a 3D model from
the obtained individual 2D radiographic images,
a comparison was made between the first and
last images to ensure image alignment. Cross-
section visualization, analysis, observations, vol-
ume measurements of the examined objects, and
digital volume correlation were performed in the
VG STUDIO MAX version 2022.4 program from
Volume Graphics software.

Digital Volume Correlation is a module in
VG STUDIO MAX that allows to the calculation
of the displacement between the initial and de-
formed volumes. The DVC module for VGSTU-
DIO MAX, calculate the movement of each voxel

from one volume to another, to analyze in-situ
tests or part deformations based on actual compo-
nent loads. The software measures local displace-
ment and strain tensors, visualizes deformations
and movements using arrows or displacement
lines, and maps the results to finite element (FE)
meshes to verify simulations [33].

In the study, cherry fruits in their original
state — containing pits — were subjected to to-
mographic examination. The items were then
subjected to pitted: 6 pieces with a classic cross-
shaped tool, 6 pieces with a three-needle tool, and
6 pieces with a four-needle tool. Tomographic ex-
aminations were performed again. The obtained
3D models were then subjected to analysis using
DVC. Based on DVC, it is possible to graphically
determine the changes in fruit deformation in ac-
cordance with the tool employed for the pitting
process. Tomographic analysis facilitates the di-
mensional quantification of the channels that are
formed subsequent to the pitting process. In addi-
tion, the study used an innovative additional cut-
ting of the fruit to facilitate the removal of the pit.
The innovative technological solution developed
allows for reducing the forces necessary to extract
the pit [11] from the cherry fruit. Tomography of
the fruit was performed analogously, first on the
whole fruit and then after cutting and pitting with
various tools. Maximum material displacements
were measured for the purpose of DVC analysis.
The mean maximum material displacements for a
series of a given pitting tool without cutting were
compared to pitting with cutting.

The measurements were performed ex-situ
by analyzing the whole fruit. The initial volume
of cherries prior to pitting was selected as the ob-
ject before deformation. A comparison was made
between the volumes of cherries after pitting. The
“best fit” method was used to align volumes. For
the DVC analysis, the resolution was not modi-
fied and corresponded to the original resolution of
the CT reconstruction, 25 um resample voxel size.
The local non-linear transformation type was used.
Non-linear deformation is described by a non-
uniform displacement field. The field is defined by
displacement vectors on a regular grid of control
points. The field is interpolated between the con-
trol points, using cubic b-splines. The control point
spacing was set at 0.4, which corresponded to 16
voxels. Normalized cross correlation was used as a
similarity measure. The number of iterations was
set at 500. The volume of the fruit was determined
on the basis of tomograthic reconstructions, before
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the pitting process and after pitting, both the fruit
and the pits. Equation 1 describes the changes in
volume during the process of pitting.

AV=V,-V,-V, (1)

where: V| — volume of cherries before pitting;
V, = volume of cherries after pitting; V —

volume of pits after pitting.

The difference in the volume of the fruit prior
and volume of the fruit and pit after pitting enables
the calculation of the volume loss depending on
the type of tool used for pitting, as well as the ef-
fect of an additional incision in the fruit. The use
of computed tomography to illustrates the internal
changes occurring as a result of removing the pits
from the fruit is an excellent example of the use
of advanced technology to analyse the effects of a
process on a subject. Additionally, numerical data
in the form of a reduction in the actual volume of

the fruit show which of the pitting methods causes
the least damage least during pitting.

RESULTS AND DISCUSSION

Non-destructive testing, including radio-
graphic testing [39], is particularly well-suited to
quality testing and detecting internal changes in
materials. As confirmed in [40], the implementa-
tion of non-destructive testing during operational
procedures allows the technical inspection of ma-
terials. Based on the volume data of the tested
fruits obtained from tomographic reconstructions
of the fruits before and after pitting, graphs of the
average fruit volume loss depending on the type
of tool used to remove the pits were drawn up as
shown in Figure 4. The mean values were deter-
mined based on measurements of volume loss for

AV, mm3
600
535.5
500
427.2
386.1
400
330.7
305.0
272.0
300
200
100
0
cross tool cross tool + cut  four-needle tool four-needle tool + three-needle tool three-needle tool
cut +cut
900,0
850,0
800,0
750,0
E 700,0
-
< 650,0
6000 ==@==traditional pitting
550,0 == g3dditional cut of the|
’ fruit during pitting
500,0

three-needle tool

four-needle tool

cross tool

Figure 4. Graph of mean volume loss of the fruit due to pitting, depending on the pitting tool and method
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six fruits pitted with a specific tool. Furthermore,
the graph shows the effect of an additional cut in
the fruit prior pitting.

In turn, the data of mean fruit mass measure-
ments prior and after pitting allowed for the prep-
aration of graphs of mass losses depending on the
type of tool used to remove the pits, as shown in
Figure 5. The mean values were determined based
on formula No. (1) of mass loss measurements for
six fruits pitted with a specific tool. In addition,
the graph ilustrates the effect of an additional cut
in the fruit prior to pitting.

Based on the graphs, it can be stated that the
largest losses in volume and mass of the fruit
were observed in the case of pitting with a classic
cross tool. The use of a four-needle tool for pit-
ting reduces the volume losses by approximately
150 mm® (1.8%) and mass losses by around 0.02
g (7.5%) compared to the cross tool. Reducing the
number of needles to three allows for directional
removal of the pits from the fruit, while causing

030 0.269

0.249

0.25 0.222
0.20
0.15
0.10
0.05
0.00

cross tool cross tool + cut

four-needle tool

less impact on the fruit itself when compared to
the use of a four-needle or cross tool. As a result
of using a three-needle tool, an average of about
230 mm?® (2.8 %) smaller volume loss and about
0.046 g (16.9%) smaller mass loss of the fruit
during pitting was obtained compared to the clas-
sic cross tool. In addition, analysis of graphs 4
and 5 indicate that the use of a fruit cut prior to
the pitting process causes an additional reduction
in volume loss during pitting from 33 mm? (0.4%)
for the three-needle head to 108 mm? (1.3%) for
the cross head.

In order to visualize the internal changes of
fruits pitted using different methods, Figures 68
present tomographic visualizations of cross-sec-
tions of classically pitted fruits, whole fruits and
fruit cut with the use of additional fruit cutting.
The figures also show cross-sections near the cen-
ter of the fruit with the maximum dimensions of
voids after the pits has left the fruit during pitting.

Am, g

0.223
0.209 0.199

four-needle tool + three-needle tool three-needle tool +
cut cut

0,80

0,70

0,50
L")
£ 0,40
<1
0,30
0,20

0,10

0,00
three-needle tool

e
—

four-needle tool

==@==traditional pitting

==@==additional cut of the
fruit during pitting

cross tool

Figure 5. Graph of mean mass loss of the fruit due to pitting, depending on the pitting tool and method
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As illustrated in Figures 6 to 8a cross-sections
of 3D models of tomographic reconstructions of
cherry fruits after pitting with a classic cross tool, a
four-needle head, and a three-needle head, respec-
tively, are presented. In addition, Figures 6—8b il-
lustrate cross-sections of 3D models following the
induction of pitting and prior cutting of the fruit.

Subsequent to the removal of the pits, mea-
surements were taken of the holes that had been
created. As illustrated in Table 2, the mean values
from six fruits pitted with each tool are presented.
In addition, measurements of mean diameter were
taken of two perpendicular diagonals of the holes
obtained after pitting. The table also contains the
average maximum displacement values for spe-
cific tools, generated during DVC analyses.

Computed tomography allows for measuring
the length, volume, and analysis of the occur-
rence of pit voids. The reconstructions were used

@Distance 1: 9.1062 mm

a)

to measure the maximum dimensions of the chan-
nels in the central part of the fruit following pit-
ting. Comparing the obtained tomographic recon-
structions of the cherry fruit after the process of
pitting with a three-needle spearhead and a classic
spearhead with a cross-shaped tool, can observe
an approximate magnitude 0.4 mm greater de-
struction of the pericarp in the case of pitting with
classic cross-shaped tools. The obtained medium
values confirm. The use of a cross-shaped tool
during the pitting process resulted in pits with an
average diameter of 8.3 mm. Subsequent to the
replacement of the pitting tool with a four-needle
head, the hole of pits exhibited an mean diameter
of 8.1 mm, whilst the three-needle tool yielded a
mean diameter of 7.9 mm. An additional cutting
in the cherry during pitting reduces the pit canal
to an average diameter of approximately 7.99 mm
for the cross tool, 7.74 mm for the four-needle

Figure 6. View of the 3D CT model of a cherry fruit after pitting with a classic cross-shaped tool (a) without
undercutting the fruit, (b) with the fruit cut before pitting

o83

a)

b)

Figure 7. View of the 3D CT model of a cherry fruit after pitting with a four-needle tool (a) without undercutting
the fruit, (b) with the fruit cut before pitting
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a)

b)

Distance 1: 9.5583 mm)|

Figure 8. View of the 3D CT model of a cherry fruit after pitting with a three-needle head (a) without
undercutting the fruit, (b) with the fruit cut before pitting

Table 2. Mean diameter (d, ) and maximum material
displacement (¢__ ,) after pitting

Type of tool for pitting d,, mm € 20 MM
Cross tool 8.3132 5.9073
Cross tool + cut 7.9870 5.3607
Four-needle tool 8.0774 4.8595
Four-needle tool + cut 7.7405 4.1161
Three-needle tool 7.8780 4.8076
Three-needle tool + cut 7.6021 4.1004

tool, and 7.60 mm for the three-needle tool.
Figures 9—-11 present graphical representations
of digital volume correlation analyses of sweet
cherries of the NIMBA (Prunus avium) fruits fol-
lowing pitting with a classic cross-shaped tool, a
four-needle head and a three-needle head. In ad-
dition, Figures 9—11b illustrate cross-sections of

Displacement magnitude [mm]

4.1661
3.7500
3.3339
29179
25018
2.0858
1.6697
1.2537
0.8376
0.4216

0.0055

a)

)

3D models following the pitting process and prior
cutting of the fruit. Tomographic reconstructions
of sweet cherries before pitting were selected as
the base material for analysis, while reconstruc-
tions of the same fruits after pitting were selected
after deformation.

DVC from CT images enables the acquisition
of 3D deformation and damage measurements
that are practically impossible to achieve using
other characterization techniques [28]. The use
of DVC enables the identification of subsurface
damage [28] and the characterization of internal
tissues [9]. As illustrated on Figure 911, graphi-
cal visualizations of internal changes in the fruits
— present the magnitude of displacemnets inside
the fruits. The VG Studio software determines the
maximum displacement of the material post pit-
ting in comparison to the fruit prior to pitting. The

Displacement magnitude [mm]

5.3607

4.8250

4.2892

3.7534

3.2176

26818

PALI)

1.6103

1.0745

0.5387

0.0029

Figure 9. View of the 3D digital volume correlation model of a cherry fruit after pitting with a classic cross-
shaped tool (a) without undercutting the fruit, (b) with the fruit cut before pitting
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1.1831
0.5926

0.0021

a)

b)

Displacement magnitude [mm]
5.3607

4.8250
4.2892
3.7534

3.2176

26818

21460

1.6103

1.0745

0.5387

0.0029

Figure 10. View of the 3D digital volume correlation a cherry fruit after pitting with a four-needle tool
(a) without undercutting the fruit, (b) with the fruit cut before pitting

Displacement magnitude [mm]
4.8076

4.3271
3.8466
3.3661
2.8857

2.4052

N 1.9247

1.4443
0.9638
04833

0.0028

a)

)

Displacement magnitude [mm]

4.1004
3.6912
3.2820
28728
2.4636
2.0544
1.6452
1.2360
0.8268

0.4176

0.0084

Figure 11. View of the 3D digital volume correlation of a cherry fruit after pitting with a three-needle head (a)
without undercutting the fruit, (b) with the fruit cut before pitting

mean values of the maximum material displace-
ments from 6 fruits pitted using each method are
summarized in Table 2.

The largest changes inside the fruit, with
a maximum diameter of 5.91 mm can be ob-
served in the case of pitting with a classic cross
tool. When pitting with a four-needle tool, a
maximum material displacement of 4.86 mm
can be observed. In contrast, when pitting with
a three-needle tool results in a maximum mate-
rial displacement of 4.81 mm is attined. Replac-
ing a large-surface tool - a cross with needle tools
causes smaller deformations inside the fruit at the
point of entry of the tool into the workpiece. An
additional cut in the fruit prior pitting causes a
reduction in the deformation field at the point of
exit of the pits from the fruit. For the cross tool,
a reduction in the maximum material displace-
ment to 5.36 mm can be observed, while for the
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four-needle and three-needle tools, the reduction
is 4.2 and 4.10, respectively. The aforementioned
factors ultimately result in diminished fruit mass
loss during pitting. This work will contribute to
obtaining more accurate information about the
pitting process. Furthermore, it is predicted that
new knowledge about the mechanism of the pit-
ting process and the results of the tool’s impact on
fruit weight and volume loss during pitting. Sup-
porting fruit selection techniques with artificial
intelligence [1] improve the quality of products
offered to customers.

CONCLUSIONS

DVC studies have been shown to create sig-
nificant opportunities for the application in oth-
er studies of composite, biological materials or
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strength testing. The findings of the conducted
studies provide evidence to support this claim:

The lowest volume losses were observed dur-
ing pitting with a three-needle head with the fruit
undercut, followed by the four-needle head, with
the greatest losses occurring for the cross tool.
The substitution of the cross-shaped pitting tool
with a three-needle tool has been demonstrated
to reduce the volume loss of pitted fruit by ap-
proximately 43%. However, the use of an addi-
tional cutting implement and a three-needle tool,
in comparison with conventional pitting utilising
a cross-shaped tool, has been demonstrated to re-
sult in a volume reduction of approximately 49%.

The findings of the mass loss studies confirm
the results obtained from tomographic analyses
and digital volume correlation. The most substan-
tial average mass losses were observed for pitting
with a cross tool, amounting to approximately
0.27 g. Substituting the pitting tool with a three-
needle head resulted in a reduction of fruit mass
losses by approximately 17%, and the combina-
tion of an additional cut and a three-needle head
led to a further reduction of 26%.

In order to limit the deformation of the mate-
rial, it is advisable to replace the classic cross tools
for pitting with a four-needle or three-needle tool.
Pitting with a four-needle tool results in smaller
holes around the pit with an average diameter of
0.24 mm, while pitting with a three-needle tool
results in smaller channels around the pit with an
average diameter of 0.44 mm compared to a cross
tool. Furthermore, an additional cut of the cherry
fruit before pitting reduces the average diameter
of the pit channel by 0.33 mm for the cross tool,
0.34 mm for the four-needle tool, and 0.28 mm
for the three-needle tool.

Digital image correlation is a method of mea-
suring maximum material displacement during
pitting. The maximum material displacement
achieved was greatest for the cross tool, reach-
ing an approximate value of 8.31 mm. The re-
placement of the pitting head with a four-needle
tool resulted in a reduction of maximum mate-
rial displacement by 0.13 mm, while utilising a
three-needle tool led to a decrease of 0.43 mm.
Moreover, the additional cut reduced the maxi-
mum material displacement by an average of ap-
proximately 0.3 mm for each method.

The study confirms the hypothesis that substi-
tuting cross tools with a three-needle pitting tool
and creating an additional incision in the fruit will
minimize waste during the pitting process.

The utilization of tomographic testing and
digital image analysis in a range of applications,
including those requiring high-quality materials,
such as in the military and aviation industries, is a
testament to their versatility and efficacy.

It is advisable that analogous research be ex-
panded to encompass fruits and vegetables that
are particularly vulnerable to damage during pit-
ting processes. Subsequent research will concen-
trate on cherries, which are comparable in size to
sweet cherries but are more vulnerable to damage.
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