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Abstract

Potato bruising resulting from mechanical impact during production operations including harvest and post-harvest is a
significant concern within the potato production sector, leading to consumer complaints and economic losses. The
detection of instantaneous internal bruising poses a particular challenge as it can progress over time during storage or
transportation, making it difficult to identify immediately after external impact. This study aims to investigate the
progression of bruising and accurately represent the instantaneous dynamic deformation behaviour of potato tubers under
four pendulum bob impact cases (pendulum arm angles of 30°, 45°, 60° and 90°). To analyse the dynamic impact
deformation characteristics of the tubers, solid modelling based on a reverse engineering approach and explicit dynamic
engineering simulations were employed. The simulation results yielded valuable numerical data and visual representation
of the deformation progression. The loading conditions considered in this study indicated that the maximum stress values,
reaching 0.818 MPa at a pendulum arm angle of 90°, remained below the bio-yield stress point of the tuber flesh
(1.05 MPa) determined through experimental compression tests. Therefore, it was concluded that the impact did not cause
permanent deformation (i.e. permanent bruising) in the tuber. However, the numerical analysis clearly demonstrated the
sequence of stress occurrences, which is a key contributing factor to potential permanent bruising. In this regard, the
bruising energy threshold of 318.314 mJ (R?: 0.96) was interpolated. The numerical findings presented in this study can
aid in evaluating the susceptibility of tuber samples to bruising. By employing nonlinear explicit dynamics simulations,
this research contributes to the advancement of understanding complex deformation and bruising in solid agricultural
products. Moreover, the application of these techniques holds significant industrial implications for enhancing the
handling and transportation of agricultural produce.
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L* H. Kursat CELIK, PhD, Assoc. Prof. hkcelik@akdeniz.edu.tr ORCID: 0000-0001-8154-6993
! Ibrahim AKINCI, PhD, Prof. iakinci@akdeniz.edu.tr ORCID: 0000-0002-0057-0930
2 Mustafa ERKAN, PhD, Prof. erkan@akdeniz.edu.tr ORCID: 0000-0001-9729-9392
3 Allan E.W. RENNIE, PhD, Prof. a.rennie@lancaster.ac.uk ORCID: 0000-0003-4568-316X
Word Counts : Approximately 3700 (Except abstract page, acknowledgement and references)

Number of Figures ;8

Number of Tables D

Number of Supplementary File : -

Journal of Food Process Engineering 2


mailto:akinci@akdeniz.edu.tr

oNOYTULT D WN =

Journal of Food Process Engineering Page 4 of 19

1. INTRODUCTION

Potato production and related industries play a crucial role in global agriculture and the economy. Potatoes serve
as a fundamental food crop, ensuring food security and providing essential nutrients to hundreds of millions of people
worldwide. According to the Food and Agriculture Organization (FAQO) of the United Nations, the global potato
production reached approximately 376,120 MT in the latest data for 2021. China, with a production quantity of 94.30 MT,
India with 54.23 MT, and Ukraine with 21.36 MT were the top three potato-producing countries. The corresponding gross
production value worldwide was estimated at 88,844,248 thousand US dollars (current) in 2021 according to FAOSTAT
data (FAOSTAT, 2019). These statistics highlight the significant contribution of the potato industry to agricultural output
and the global economy. Additionally, potato production plays a significant role in the context of agro-food policy and
the Sustainable Development Goals (SDG) 2030 agenda. FAO reports that the approach focused in the agenda has been
synthesized as better production; better nutrition; a better environment; and a better life, leaving no one behind (FAO,
2022). By aligning potato production with the SDGs, agro-food policies can promote sustainable agricultural practices,
enhance food security, reduce poverty, and support rural development, as potatoes are a staple crop that can provide
nutrition and income for millions of people globally. The production and trade of potatoes not only meets the demand for
food but also generates substantial economic value, employment opportunities, and international trade relations. The
continued growth and development of the potato industry is crucial for ensuring food availability, economic stability, and
sustainable agricultural practices. However, mechanical damage to potatoes during harvesting, handling, and
transportation poses significant challenges. Bruising and physical injuries reduce the quality and marketability of potatoes,
leading to economic losses for farmers, processors, and distributors. The consequences of mechanical damage extend to
end users as well. Consumers expect visually appealing, high-quality potatoes, free from blemishes and bruising.
Damaged potatoes have reduced shelf life and negatively impact taste and texture, resulting in consumer dissatisfaction
and decreased confidence in potato products. Minimizing mechanical damage is crucial for the industry's sustainability
and meeting consumer expectations. Implementing proper handling techniques, improving transportation and storage
conditions, and adopting advanced technologies can help reduce bruising. By addressing these challenges, the industry

can deliver high-quality potatoes, maintain consumer satisfaction, and protect market demand.

Gaining a comprehensive understanding of the immediate deformation response to dynamic impact loading is a
critical challenge in the development of efficient agricultural and food product processing and packaging systems within
relevant industries. This is particularly important considering the complexities associated with the long-term storage of
these products. During the initial design stages of machinery systems, it is essential to accurately define certain aspects,
such as engineering properties, deformation behaviour, and bruise susceptibility of agricultural products under dynamic
deformation scenarios. However, describing these features can be highly intricate (Celik, 2017). Opara and Pathare (2014)
conducted a study focusing on measuring and analysing the mechanical damage caused to fresh horticultural produce,
specifically addressing the issue of bruising. The study revealed the absence of a universally accepted criterion for
assessing bruise susceptibility. Nevertheless, two commonly utilised physical measurements for evaluating mechanical
damage are the bruise area and bruise volume, in addition to calculating absorbed energy. Quantifying the amount of
damage relative to the absorbed impact or compression energy is crucial in determining bruise susceptibility (Brusewitz
& Bartsch, 1989; Celik, 2017; Garcia et al., 1988; Holt & Schoorl, 1977; Opara & Pathare, 2014; Pang et al., 1996). While
bruise volume is frequently employed as a measure of bruise damage, Pang et al. (1996) argue that bruise surface area is

a more suitable parameter for assessing product damage, offering different perspectives on this aspect.

In any case, the primary objective in assessing studies focused on agricultural product damage features is related

to determine the internal stress distribution and progression pattern occurring above the bio-yield stress point in organic
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materials under mechanical impact. This critical finding provides valuable insights into the nature and extent of damage

experienced by the product.

The literature on determining the bruising of agricultural products under dynamic impact loading has explored
various destructive and non-destructive experimental methods. The pendulum test has been widely utilised as a destructive
method by researchers (Abedi & Ahmadi, 2013; Eissa et al., 2012; Komarnicki et al., 2016; Nikara et al., 2020; W. Bajema
& M. Hyde, 1998; Xia et al., 2021; Xie et al., 2020, 2023; Yesiloglu Cevher, 2022). Non-destructive damage detection
of agricultural products through various technologies has also been commonly studied (Chen & Sun, 1991; El-Mesery et
al., 2019; Firouzjaei et al., 2018; Lu & Lu, 2017; Nturambirwe & Opara, 2020; Wang et al., 1988). Moreover, specific to
potato products, experimental research studies have been conducted to elucidate the mechanical deformation associated
with product bruising (Alvarez et al., 2002; Bentini et al., 2009; Deng et al., 2020; Hepworth & Bruce, 2000; Shahgholi,
Latifi, Imani, et al., 2020; Stropek & Gotacki, 2022). However, these experimental methods have limitations in illustrating
and describing the instantaneous internal bruise phenomenon that occurs during dynamic deformation cases, such as
impact loading during the mechanical pendulum impact of a product. This is because bruising involves subcutaneous
tissue failure without rupturing the skin of the product (Mohsenin, 1986). Therefore, numerical methods-based
engineering analysis and simulation techniques, such as Finite Element Analysis (FEA), offer a promising approach to
address such complex loading conditions of fruits and vegetables. FEA has been found useful in the research field of
deformation analysis of agricultural products (Cardenas-Weber et al., 1991; Celik, 2017; Celik et al., 2011; Puri &
Anantheswaran, 1993; Silveira Velloso et al., 2018; Zulkifli et al., 2020, 2021). By employing simulation techniques, it
becomes possible to better understand the internal bruise phenomenon and its impact on the agricultural products

deformations during dynamic loading scenarios.

In a specific test method, the pendulum impact test is vital for assessing the mechanical properties of solid
agricultural products like potatoes. It provides insights into their durability, resistance to damage, and impact energy
absorption. This information is crucial for developing packaging, handling protocols, and storage conditions that
minimize damage and ensure higher quality. The test also measures toughness and impact strength, aiding in variety
selection, process optimization, and reducing post-harvest losses. Overall, the pendulum impact test is an indispensable
tool for understanding the mechanical behaviour of agricultural products, enabling informed decisions to enhance quality

and minimize economic losses.

The objective of this study is to investigate the time-dependent occurrence of instantaneous bruising in a sample
potato tuber when exposed to dynamic loading caused by various pendulum bob impacts. To achieve this, explicit
dynamics simulations based on the finite element method (FEM) were employed and instantaneous deformation and stress

distribution progression of a sample potato tuber were simulated.

2. MATERIALS AND METHODS
2.1. Tuber Solid Model

The potato tubers, classified as solid-like agricultural crops, serve as an appropriate subject for investigating
instantaneous bruising simulation applications such as pendulum bob impact case handled in this research. The tuber
samples used in the experiment were Agria variety and they were randomly sourced from a supermarket in Antalya,
Turkey. The digitisation process employed a NextEngine-2020i 3D desktop laser scanner and Scan-StudioHD software.
Realistic three-dimensional (3D) computer-aided design (CAD) data of the potato tuber was obtained by utilising

advanced solid modelling techniques including reverse engineering approach. Subsequently, SolidWorks, a 3D

Journal of Food Process Engineering 4



oNOYTULT D WN =

Journal of Food Process Engineering Page 6 of 19

parametric solid modelling software, was used for the final refinement and additional modelling operations. Figure 1
provides a visual representation of the algorithmic digitisation process, highlighting the essential geometrical features of

the scanned tuber sample.

START
(Decision for Digitisation Process)

l

Laser scanning process ScanStudioHD process SolidWorks solid modelling process

@

|

Organised Outputs
(Visual & Numerical)

END
Is the process Is the process Is the process
providing satisfactory —— -~ providing satisfactory —— providing satistactory —~—
NO outputs? YES NO outputs? YES  NO outputs? YES
Whole Potato Tuber CAD Model Finalised solid model
Dimensions & Calculations Unit R fohePOfaI(3 tuber
measurement i
Lenght (7) 76.56
Volumetric dimensions Height (Y) mm 51.08 68.68 mm 76.56 mm
Width (X) 68.68
Mass® kg 0.144 =
Volume® mm? 132516.82 =
Surface area” mm? 12992.42 %
Sphericity [xy2)'"™) /7] . 0.94 =]
* Whole potato mass has been calculated ® Whole potato volume and surface area
automatically through cylindrical specimen values have been calculated automatically in
density (1089 kgm ~) solid modelling software

Figure 1. Digitising procedure of the potato tuber specimen

2.2. Determination of the material properties

The physical measurement and material testing procedures for the potato specimens in this study were based on
data from previous research, as documented in the literature (Caglayan et al., 2018). Experimental studies were conducted
at the Biological Material Test Laboratory, Department of Agricultural Machinery and Technology Engineering, Akdeniz
University, Antalya, Turkey. The compression tests followed the ASAE S368.4 W/Corr. 1 DEC2000 (R2017) standard
for food materials (ASABE Standard, 2017).

True stress-strain data were derived from the measurements of force-deformation progression obtained in the
experiments. These data were used to calculate the modulus of elasticity, a critical parameter for determining the extent
of deformation during the linear elastic loading phase of the materials (Blahovec, 1988; Thueze & Mgbemena, 2017,
Mohsenin, 1986; Shelef & Mohsenin, 1967; Sitkei, 1987; Stroshine, 1986). Beyond the elastic deformation range, certain
scenarios may involve plastic deformation cases. Plastic deformation of materials can be considered a type of material
failure. Plasticity is a characteristic displayed by materials that undergo initial elastic deformation but transition into
plastic deformation once a yield stress is reached (Chaboche, 2008). In fact, this phenomenon can also be observed in the
deformation of agricultural products and this applies to the majority of organic materials. Hence, stress values exceeding
the yield stress point can be defined as bruising for agricultural products. In this regard, an idealised homogeneous linear

elastic material model can be described by utilising average true stress-true strain curves obtained from experimental tests
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1
2 on the potato flesh. Brusing threshold was assumed to be the material’s yield stress point (may be known as the bio-yield
i stress point). The resulting true stress-strain curves from the tests on potato specimens are presented graphically at the
5 conclusion of the testing procedures. Figure 2 provides detailed information about the testing procedures and the graphical
6 representations.
7
8
9 Base frame of the
compression unit N Compression test results
1 O “ Average curve: True Stress-True Strain conversion™
11 Computer aided
data acquisition Potato: Average curve
1 2 and display units 1.40 T -
13 o 1.20 1 :
14 b ‘ f 3 ' [ Elasiic
‘I Specimen Compressive = = g0 deformation
5 B plates 4 - z zone |,

ase plate £ 060 | = ]

16 It 0246810121416 7 o/ ¥y =31163x
Deformation { mm ) § 040 -

17 R10—, S fiEps] specimens ilesting /‘ Compression test results 2 020

“ Average curve: Force - Deformation

18 - : = : :
L2 characteristics of the potato specimens 0.00
b - ; = ” 0.0 02 04 06 08
1 9 Sectnn ) under compression \‘
dimensions in fmm) 3 True Strain ( mm mm' )

20
21 Experimental Test Details
22 Test Method : Compression
2 3 Specimen Type & Dimension : Cylindrical ( dia.20 mm * height 25 mm )

Test Device Capacity : 2000 N ( ESIT load cell )
24 Specimen Moisture Content 2 85.25 +2.81% ( wet-base, 10 specimens )
25 Ambient Room Temperature z 20°C

Nominal Compression Traveling Speed £ 5 mm min’’
26 Data Recording Sample Rate during Test 7 10 Hz
27 Number of Specimens utilised in the Test i 10 Specimens
28 Referenced Test Standard : ASAE S368.4 W/Corr. 1 DEC2000 (R2017)
29 : . . .
30 Figure 2. The testing procedures and the graphical representations
31
32
33 2.3. Simulation Set-up
34
35 In the simulation scenarios, a stainless-steel spherical pendulum bob with a diameter of 25 mm and a mass of
36 o . .
37 65.67 g was utilised to simulate freefall impact. The pendulum bob was released from predefined pendulum arm angles
38 onto the potato tuber placed on a fixed stainless-steel platform. The simulation considered real-life test conditions, and
ig the impact period was set at 1 s. The length of the pendulum arm (L) of 248.742 mm, measured from the bob's centre to
41 the arm's rotation centre, was calculated using the equation T=2 = [(L g'/)*], where T represents the time period of the
4; pendulum (s), L is the length of the pendulum arm (m), and g is the gravitational constant (9.81 m s'2). Four impact
4
44 scenarios were simulated, corresponding to initial arm angles of 30°, 45°, 60° and 90°. The input velocity at impact
45 moment in the simulation was calculated using the equation V=(2gh)%7, where g is the gravitational constant (9.81 m s2)
46
47 and h is the drop height (m). The frictional coefficients of static and dynamic parameters were assigned as 0.424 and
48 0.373, respectively (Yurtlu et al., 2011).The simulations were conducted using the explicit dynamics module of the
49 . . . . .
50 ANSYS Workbench commercial finite element method (FEM) code. The potato tuber model used in the simulation
51 assumed a homogeneous flesh structure. The simulation settings included frictional (nonlinear) contact definitions and an
g; idealised homogeneous linear elastic material model for the solid models. The simulation treated the impact scenarios as
54 time-dependent engineering problems, considering the effects of standard gravity (9.81 m s2).
55
56 The finite element (FE) model, representing the mesh structure, was created using the meshing functions
57 available in the FEA code. To ensure accurate results, part-based meshing approaches were utilised, where smaller
58
59 element sizes were assigned to specific contact zones. The determination of the appropriate element size for the FE model
60 involved conducting pre-trials to achieve optimal mesh quality. To assess the accuracy and quality of the FE model, an

internal verification process was conducted. In this process, a skewness metric was employed, which measures the
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deviation of the elements from equilateral cells. A skewness value of 0 indicates perfect cell quality, while a value of 1
indicates fully degenerated cells. The range of values between 0 and 1 allows for the classification of cell quality: 0 to
0.25 is considered excellent, 0.25 to 0.50 is good, 0.50 to 0.75 is fair, 0.75 to 0.9 is poor, and values above 0.9 indicate
bad or degenerate cell quality. By employing this skewness metric, the FE model's mesh quality was assessed, ensuring
that the elements were properly shaped and conducive to accurate simulations. This internal verification step contributed
to the overall reliability and validity of the FE model used in the analysis (ANSYS Product Doc., 2019a; Brys et al.,
2004). The FE model exhibited an average skewness metric value of 0.244. This indicated that the FE model demonstrates
its capability to accurately represent the geometry and physics of the problem under investigation. For the bob impact
simulation, a solve time of 0.01 seconds was chosen, taking into account the relevant time intervals associated with the
impact moment, deformation progression, and rebound period. This duration allows for accurate analysis of the system's
behaviour and the energy absorption process. The existing literature on non-linear FEM-based analyses extensively covers
non-linearity within three primary categories: boundary conditions (contact) nonlinearity, material nonlinearity, and
geometry nonlinearity (SolidWorks Doc., 2010; Wakabayashi et al., 2008). In the context of this FEA study, the emphasis
is placed on boundary conditions, particularly the non-linearities arising from geometry and contact. The investigation
specifically targets the effects of geometry and contact nonlinearity. By focusing on these aspects, the study aims to gain
a comprehensive understanding of how non-linear boundary conditions, resulting from geometry and contact, impact the
behaviour of the system being analysed. To ensure reliable and efficient analysis solving, the workstation utilised for the
simulations was equipped with high-performance components. It featured an Intel Core 17-4910Q processor operating at
2.9 GHz, 32 GB of RAM, and an NVIDIA Quadro K2100M graphics card with 2 GB of DDR5 memory. Schematic
description of the boundary conditions, FE model details and material properties assigned in the simulation are given in

Figure 3 (Finney & Hall, 1967; SolidWorks Product, 2019).

= Standard earth gravity
Boundary Conditions (9.81 ms?) FE model

(Mesh structure)

Support Potato
platform tuber

Cross section
of the mesh structure

Spherical pendulum bob
0.00 40.00 80.00 (mm)
I I—
> - - - - - 2000 50.00
Material properties assigned in the simulations
3 Force at Details of the Final FE Model (Mesh Structure )
e io-yield A
Modulus of  Poisson's i Bio-yield :
) e : / Yield : Density Job Title : Potato - Pendulum Bob Impact
Material Elasticity Ratio . / Yield g s
Point Poitt Meshing Approach 2 Adaptive Sizing
Average Skewness Value / Quality Measure @ 0.244 / EXCELLENT
MPa - MPa N i
( ): -) ( ) () L) Element Types (ANSYS WB Code) i Tet4 / Hex8 / Wed6
3.1163 5 F
Potato Tuber . 04927 1050 447650 1089 Mare Element Size () : 44
(R™:0.9793) Min. Element Size ( mm) t 08

Resolution Level B 4

Stainless Steel’ 205000 0.265 170 - 8027
Total Number of Elements E 39103

1. Modulus of Elasticity ( tan @) . Elastic deformation zone (fangeni of the {riue Siress-1rue strata curve) o .

2. Paisson's Ratio - (Finney and Hall, 1967) Total Nuniber of Nodes - 8589

3. SolidWorks - Material library (AIST Type 3161 siainless steel)

Figure 3. Schematic description of the boundary conditions, FE model details and material properties
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3. RESULTS AND DISCUSSION

The experimental compression testing of the material enabled the construction of the stress-strain curve for the
flesh of the tuber. From these test data, the modulus of elasticity and the bio-yield stress point were determined to be
3.12 MPa and 1.05 MPa, respectively. These findings underline that the tuber's modulus of elasticity, as determined in
the experiments, align reasonably well with the findings reported in relevant literature (Bentini et al., 2009; Finney &
Hall, 1967; Huff, 1971; Shahgholi, Latifi, & Jahanbakhshi, 2020; Timbers et al., 1965). Furthermore, the experimental
results revealed that the bruising threshold force, corresponding to the bio-yield stress point (1.05 MPa), was measured
to be 447.65 N for the tuber flesh under quasi-static compression. Once the setup stage, which involved assigning
experimental material properties, was completed, simulation scenarios were executed and the results were recorded. The
simulation results provided valuable numerical data and visual representations of the deformation progression. The visual
outputs effectively demonstrated the time-dependent and instantaneous stress progression and distribution on the tuber
during the pre-described impact of the pendulum bob. In Figure 4 to Figure 7, which corresponds to the simulation output,
the total energy progression, reaction force at the fixed platform, and stress sequence on the tuber are illustrated
graphically. This includes simulation visual outputs for the bob impact case described in the FEA-A, FEA-B, FEA-C, and
FEA-D scenarios, with pendulum arm angles of 30°, 45°, 60°, and 90°, respectively. The simulation capabilities enabled
the investigation of stress and deformation progression from the impact moment to the rebound moment, providing
insights into the mechanical stress development and the peak point deformation shape of the product. This valuable
information can be utilised to design structures and mechanisms for postharvest and packaging operations. The simulation
results indicated that there were nonlinear variations in stress levels over time during the impact of the pendulum bob.
Representing this complex event through physical experiments is highly challenging. The numerical findings revealed
that the maximum equivalent stress values, occurring at different time intervals, were 0.528 MPa (at 0.003 s), 0.626 MPa
(at 0.002 s), 0.702 MPa (at 0.002 s), and 0.818 MPa (at 0.002 s) for the scenarios FEA-A, FEA-B, FEA-C, and FEA-D,
respectively. Additionally, the corresponding absorbed (internal) energy values in the simulations were determined as
21.20 mJ, 46.30 mJ, 79 mJ, and 158 mJ, respectively. Furthermore, it was observed in all free-fall pendulum bob impact
cases, as described in the simulation scenarios, that potential energy was converted to kinetic energy during the tuber's

impact and subsequently transformed into internal and contact energy (energy absorbed by the tuber) upon impact.

In Figure 4 to Figure 7, the simulation results demonstrate that upon the initial contact of the bob at impact, there
is a nonlinear increase in stress levels. The peak stress values occur at approximately 0.003 s for FEA-A and 0.002 s for
FEA-B, FEA-C, and FEA-D, across the scenarios. After reaching the peak, the stress values gradually disperse throughout
the inner structure until the tuber comes into contact with the fixed support platform. Upon contact with the platform, a
decrease in stress is observed, followed by a second increase in stress levels at around 0.006 s for FEA-A and 0.005 s for
FEA-B, FEA-C, and FEA-D, respectively. The progression of reactions aligns with the stress progressions observed in
the results. However, in the FEA-D scenario, there is a fluctuation in the peak regions of the reaction forces, likely due to

the higher impact on the tuber and the subsequent rebound from the platform.
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All the simulation results consistently indicated that there was no disruption in the conservation of energy. The
results demonstrated a stable conservation of energy state. To validate this observation, a comparative analysis was
conducted between the empirical and FEA results for total energy. The relative differences were calculated as 1.25%,
1.35%, 1.40%, and 1.40% for FEA-A, FEA-B, FEA-C, and FEA-D, respectively. These results indicate a good correlation
between empirical and simulation studies. The stress values obtained from the simulations were determined to be below
the bruising threshold, also known as the bio yield stress point. This implies that the tuber experienced only temporary
deformation under the specified boundary conditions, indicating the absence of permanent bruising in the predefined
impact scenarios. However, there is a possibility that an increase in the bob's mass could lead to permanent bruising on
the tuber. In this regard, when examining the exponential extrapolation between stress and internal energy in relation to
the tuber's material yield stress point (1.05 MPa), which represents the threshold for permanent bruising, the energy
absorption (internal energy) at the bruising threshold was estimated to be 318.314 mJ (R%: 0.96). Consequently, this
finding indicates that a minimum energy level of 318.314 mJ is required to induce bruising through impact on the
investigated tuber model. Figure 8 illustrates the maximum stress and absorbed energy values with exponential

extrapolation, provides a summary of energy conservation, and presents a comparison of the potential energy calculations.

Additionally, to assess the accuracy of the FE model and simulation results, an important aspect to consider is the
energy activity summary derived from the explicit dynamics simulations. This summary involves the examination of
various energy components, including kinetic energy, internal (absorbed) energy, contact energy, and hourglass energy
activities. Hourglassing refers to a type of deformation that does not cause any changes in volume or strain in the hex/quad
meshes within a FE model. It is essentially an undesired mode of deformation that arises from the excitation of degrees
of freedom with zero energy. Consequently, this energy activity is commonly referred to as hourglass energy or zeromode
energy in the existing literature (Hallquist, 2006; Stewart et al., 2006; Wallmeier et al., 2015). In the literature, it has been
suggested that the hourglass energy should not exceed 5-10% of the internal energy (ANSYS Product Doc., 2019b;
Bjorkmon, 2010; Dilek & Gedikli, 2014). The energy summaries derived from the simulations indicated that the hourglass
energy did not exceed 5-10% of the internal energy values in any of the simulation scenarios described in this study.

Therefore, it can be concluded that the size of the FEA is appropriate, and the accuracy of the FE model is deemed

satisfactory.
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Figure 8. The maximum stress and absorbed energy values with exponential extrapolation, summary of energy

conservation, and comparison of the potential energy calculations

Journal of Food Process Engineering 13



Page 15 of 19

oNOYTULT D WN =

Journal of Food Process Engineering

4. CONCLUSION

In this study, the objective was to determine the instantaneous bruising progression of a potato tuber under various

pendulum impact scenarios using a FEM-based explicit dynamics simulation technique. The study successfully achieved

this goal and effectively described the parameters associated with the tuber's deformation behaviour. Additionally, a

simulation strategy specifically designed for potato tubers was introduced, which can be customized for similar

agricultural crops. The findings contribute to a deeper understanding of dynamic bruising in potato tubers caused by

mechanical impacts, relevant to transportation, harvesting, post-harvest processes, and industrial product processing

stages.

Some key points derived from this study can be summarised as follows:

1.

The application of reverse engineering to the potato tuber model yielded a more realistic depiction of its
deformation behaviour. This innovative approach shows promise in developing digital models and accurate
simulations for diverse irregularly shaped agricultural and food products.

The material properties obtained from the compression tests were utilised to establish simplified material
models, which were effectively incorporated into the FEA framework. These material models may be further
employed in computer-aided rheological analyses of similar potato varieties, facilitating future research
endeavours.

The simulation work generated informative deformation visuals and graphs that complemented the numerical
results, enhancing the comprehension of product deformation under various pendulum impact scenarios.

The FEA outputs revealed that the tuber did not undergo bruising during the impact case, considering the pre-
described boundary conditions, as the magnitude of maximum stress on the tuber (0.818 MPa) remained below
the material's bio-yield stress point (1.05 MPa).

The extrapolation results between stress and internal energy suggest that a minimum energy threshold of
318.314 mJ is necessary to cause bruising through impact on the examined tuber model.

The study established the logical consistency of the simulation setup. The verified simulation results, based on
empirical energy conservation, can be considered a reliable benchmark for simulation studies of related to
deformation of organic materials.

This study contributes to advancing research by leveraging numerical methods and nonlinear explicit dynamics
simulations to investigate complex deformation and bruising in solid agricultural products. Its potential
implications for the industry make it a significant step forward in this field.

ACKNOWLEDGEMENT

Partial support for this article was provided by The Scientific Research Projects Coordination Unit of Akdeniz

University (Turkey). The authors confirm that they have no conflicts of interest to declare and no competing financial

interests or personal relationships that could have influenced the work reported in this paper.

Journal of Food Process Engineering 14



oNOYTULT D WN =

Journal of Food Process Engineering Page 16 of 19

REFERENCES

Abedi, G., & Ahmadi, E. (2013). Design and evaluation a pendulum device to study postharvest mechanical damage in

fruit: Bruise modeling of red delicious apple. Australian Journal of Crop Science, 7(7), 962—968.

Alvarez, M., Canet, W., & Lopez, M. (2002). Influence of deformation rate and degree of compression on textural
parameters of potato and apple tissues in texture profile analysis. European Food Research and Technology,

215(1), 13-20. https://doi.org/10.1007/s00217-002-0515-0

ANSYS Product Doc. (2019a). ANSYS Meshing User’s Guide: Skewness (Release 2019 R2). In ANSYS Inc., USA.
https://ansyshelp.ansys.com/account/secured?returnurl=/Views/Secured/corp/v191/wb2_help/wb2_help.html

ANSYS Product Doc. (2019b). ANSYS Release Notes: Explicit Dynamics Analysis (Release 2019 R2).

ASABE Standard. (2017). ASAE S368.4 DEC2000 (R2017) - Compression Test of Food Materials of Convex Shape.

American Society of Agricultural and Biological Engineers.

Bentini, M., Caprara, C., & Martelli, R. (2009). Physico-mechanical properties of potato tubers during cold storage.
Biosystems Engineering, 104(1), 25-32. https://doi.org/10.1016/j.biosystemseng.2009.03.007

Bjorkmon, M. (2010). Evaluation of finite element tools for transient structural dynamic simulations of firing systems
[CHALMERS UNIVERSITY OF TECHNOLOGY].
http://publications.lib.chalmers.se/records/fulltext/130968.pdf

Blahovec, J. (1988). Mechanical properties of some plant materials. Journal of Materials Science, 23(10), 3588-3593.
https://doi.org/10.1007/BF00540499

Brusewitz, G. H., & Bartsch, J. A. (1989). Impact parameters related to post harvest bruising of apples. Transactions of
the American Society of Agricultural Engineers, 32(3), 953-957. https://doi.org/10.13031/2013.31097

Brys, G., Hubert, M., & Struyf, A. (2004). A robust measure of skewness. Journal of Computational and Graphical
Statistics, 13(4), 996—1017. https://doi.org/10.1198/106186004X12632

Caglayan, N., Oral, O., Celik, H. K., Cinar, R., Rodrigues, L. C. D. A., Rennie, A. E. W., & Akinci, 1. (2018).
Determination of time dependent stress distribution on a potato tuber during drop case. Journal of Food Process

Engineering, 41(7). https://doi.org/10.1111/jfpe.12869

Cardenas-Weber, M., Stroshine, R. L., Haghighi, K., & Edan, Y. (1991). Melon material properties and finite element
analysis of melon compression with application to robot gripping. Transactions of the American Society of

Agricultural Engineers, 34(4), 920-929. https://doi.org/10.13031/2013.31750

Celik, H. K. (2017). Determination of bruise susceptibility of pears (Ankara variety) to impact load by means of FEM-
based explicit dynamics simulation. Postharvest Biology and Technology, 128, 83-97.
https://doi.org/10.1016/j.postharvbio.2017.01.015

Celik, H. K., Hambali, R. H., Rennie, A. E. W., & Akinci, 1. (2011). Deformation Simulation of Additive
Manufacturing FDM Parts: A Case Study for Greenhouse Clips. In A. E. W. RENNIE & C. C. BOCKING (Eds.),
Proceedings of 12th Rapid Design, Prototyping & Manufacturing Conference (RDPM 2011) (June 17, 2011) (pp.
155-162). CRDM Ltd.

Chaboche, J. L. (2008). A review of some plasticity and viscoplasticity constitutive theories. International Journal of

Plasticity, 24(10), 1642-1693. https://doi.org/10.1016/j.ijplas.2008.03.009

Journal of Food Process Engineering 15



Page 17 of 19 Journal of Food Process Engineering

oNOYTULT D WN =

Chen, P., & Sun, Z. (1991). A review of non-destructive methods for quality evaluation and sorting of agricultural
products. Journal of Agricultural Engineering Research, 49(C), 85-98. https://doi.org/10.1016/0021-
8634(91)80030-1

Deng, W., Wang, C., & Xie, S. (2020). Impact peak force measurement of potato. International Journal of Food
Properties, 23(1), 616-626. https://doi.org/10.1080/10942912.2020.1751655

Dilek, D., & Gedikli, H. (2014). Determination of energy absorption characteristics of empty square tailor-welded tubes
with finite element method. Journal of Engineer and Machine, 55(650), 56—64.
https://www.mmo.org.tr/sites/default/files/af71d242f28b08d_ek.pdf

Eissa, A. H. A., Alghannam, A. R. O., & Azam, M. M. (2012). Mathematical Evaluation Changes in Rheological and
Mechanical Properties of Pears during Storage under Variable Conditions. Journal of Food Science and

Engineering, 2(10). https://doi.org/10.17265/2159-5828/2012.10.004

El-Mesery, H. S., Mao, H., & Abomohra, A. E. F. (2019). Applications of non-destructive technologies for agricultural
and food products quality inspection. In Sensors (Switzerland) (Vol. 19, Issue 4). MDPI AG.
https://doi.org/10.3390/s19040846

FAO. (2022). FAO and the Sustainable Development Goals (CC2063EN/1). Food and Agriculture Organization (FAO)
of the United Nations. https://doi.org/10.4060/cc2063en

FAOSTAT. (2019). Food and Agriculture Organization of the United Nations. Food and Agriculture Organization of
the United Nations. http://www.fao.org

Finney, E. E. J., & Hall, C. W. (1967). Elastic Properties of Potatoes. Transactions of the ASAE, 10(1), 0004—-0008.
https://doi.org/10.13031/2013.39578

Firouzjaei, R. A., Minaei, S., & Beheshti, B. (2018). Sweet lemon mechanical damage detection using image processing
technique and UV radiation. Journal of Food Measurement and Characterization, 12(3), 1513-1518.
https://doi.org/10.1007/s11694-018-9766-8

Garcia, C., Ruiz-Altisent, M., & Chen, P. (1988). Impact parameters related to bruising in selected fruit. ASAE,
(American Society of Agricultural Engineers Meeting) (ASAE Paper No. 88-6027.), 16. https://agris.fao.org/agris-
search/search.do?recordID=US9023099

Hallquist, J. O. (2006). LS-DYNA: THEORY MANUAL (p. 680). www.Istc.com

Hepworth, D. G., & Bruce, D. M. (2000). Measuring the deformation of cells within a piece of compressed potato tuber
tissue. Annals of Botany, 86(2), 287-292. https://doi.org/10.1006/anbo.2000.1184

Holt, J. E., & Schoorl, D. (1977). Bruising and Energy Dissipation in Apples. Journal of Texture Studies, 7(4), 421—
432. https://doi.org/10.1111/j.1745-4603.1977.tb01149.x

Huff, E. R. (1971). Tensile properties of potato tubers. American Potato Journal, 48(5), 148—158.
https://doi.org/10.1007/BF02862988

Thueze, C. C., & Mgbemena, C. E. (2017). Design for limit stresses of orange fruits ( Citrus sinensis ) under axial and
radial compression as related to transportation and storage design. Journal of the Saudi Society of Agricultural

Sciences, 16(1), 72-81. https://doi.org/10.1016/j.jssas.2015.02.005

Komarnicki, P., Stopa, R., Szyjewicz, D., & Mlotek, M. (2016). Evaluation of bruise resistance of pears to impact load.

Journal of Food Process Engineering 16



oNOYTULT D WN =

Journal of Food Process Engineering Page 18 of 19

Postharvest Biology and Technology, 114, 36—44. https://doi.org/10.1016/j.postharvbio.2015.11.017

Lu, Y., & Lu, R. (2017). Non-destructive defect detection of apples by spectroscopic and imaging technologies: A
review. In Transactions of the ASABE (Vol. 60, Issue 5, pp. 1765-1790). American Society of Agricultural and
Biological Engineers. https://doi.org/10.13031/trans.12431

Mohsenin, N. N. (1986). Physical properties of plant and animal materials. In Gordon and Breach Science Publishers
(2nd ed.). Gordon and Breach Science Publishers.

Nikara, S., Ahmadi, E., & Alavi Nia, A. (2020). Finite element simulation of the micromechanical changes of the tissue
and cells of potato response to impact test during storage by scanning electron microscopy. Postharvest Biology

and Technology, 164, 111153, https://doi.org/10.1016/j.postharvbio.2020.111153

Nturambirwe, J. F. L., & Opara, U. L. (2020). Machine learning applications to non-destructive defect detection in
horticultural products. In Biosystems Engineering (Vol. 189, pp. 60—83). Academic Press.
https://doi.org/10.1016/j.biosystemseng.2019.11.011

Opara, U. L., & Pathare, P. B. (2014). Bruise damage measurement and analysis of fresh horticultural produce-A
review. Postharvest Biology and Technology, 91, 9-24. https://doi.org/10.1016/j.postharvbio.2013.12.009

Pang, D. W., Studman, C. J., Banks, N. H., & Baas, P. H. (1996). Rapid assessment of the susceptibility of apples to
bruising. Journal of Agricultural and Engineering Research, 64(1), 37—47. https://doi.org/10.1006/jaer.1996.0044

Puri, V. M., & Anantheswaran, R. C. (1993). The finite-element method in food processing: A review. Journal of Food
Engineering, 19(3), 247-274. https://doi.org/10.1016/0260-8774(93)90046-M

Shahgholi, G., Latifi, M., Imani, B., & Farrokhi, N. (2020). Determination of the creep behavior of potato tubers during
storage period by means of uniaxial and triaxial creep tests. Food Science and Nutrition, 8(4), 1857-1863.

https://doi.org/10.1002/fsn3.1468

Shahgholi, G., Latifi, M., & Jahanbakhshi, A. (2020). Potato creep analysis during storage using experimental
measurement and finite element method ( <scp>FEM</scp> ). Journal of Food Process Engineering, 43(11), 1-9.

https://doi.org/10.1111/jfpe.13522

Shelef, L., & Mohsenin, N. N. (1967). Evaluation of the modulus of elasticity of wheat grain. Cereal Chemistry, 44,
392-402.

Silveira Velloso, N., Luis Gongalves Costa, A., Rodrigues Magalhaes, R., Lucio Santos, F., & Tavares de Andrade, E.
(2018). The Finite Element Method Applied to Agricultural Engineering: A Review. Current Agriculture
Research Journal, 6(3), 286-299. https://doi.org/10.12944/carj.6.3.08

Sitkei, G. (1987). Mechanics of Agricultural Materials. Elsevier, February, 487.

https://www.elsevier.com/books/mechanics-of-agricultural-materials/sitkei/978-0-444-99523-0

SolidWorks Doc. (2010). SolidWorks Simulation Premium. Nonlinearity Training Manual Document No:
22658021044-ENG0001 (22658021044-ENG0001).

SolidWorks Product. (2019). SolidWorks Product Release 2019 SP5 (2019 SP5). www.solidworks.com

Stewart, J. R., Gullerud, A. S., & Heinstein, M. W. (2006). Solution verification for explicit transient dynamics
problems in the presence of hourglass and contact forces. Computer Methods in Applied Mechanics and

Engineering, 195(13-16), 1499-1516. https://doi.org/10.1016/j.cma.2005.05.043

Journal of Food Process Engineering 17



Page 19 of 19 Journal of Food Process Engineering

oNOYTULT D WN =

Stropek, Z., & Gotacki, K. (2022). Studies concerning the response of potatoes to impact. International Agrophysics,
36(2), 115-122. https://doi.org/10.31545/intagr/148097

Stroshine, R. (1986). Physical Properties of Agricultural Materials. In Physical Properties of Agricultural Materials and
Products (Vol. 8, Issue July, pp. 13-31). https://doi.org/10.1016/B978-0-444-99523-0.50006-4

Timbers, G. E., Staley, L. M., & Watson, E. L. (1965). Determining modulus of elasticity in agricultural products by
loaded plungers. Agricultural Engineering, 46(5), 274-275.

W. Bajema, R., & M. Hyde, G. (1998). INSTRUMENTED PENDULUM FOR IMPACT CHARACTERIZATION OF
WHOLE FRUIT AND VEGETABLE SPECIMENS. Transactions of the ASAE, 41(5), 1399-1405.
https://doi.org/https://doi.org/10.13031/2013.17274

Wakabayashi, N., Ona, M., Suzuki, T., & Igarashi, Y. (2008). Nonlinear finite element analyses: Advances and
challenges in dental applications. In Journal of Dentistry (Vol. 36, Issue 7, pp. 463—471).
https://doi.org/10.1016/j.jdent.2008.03.010

Wallmeier, M., Linvill, E., Hauptmann, M., Majschak, J. P., & Ostlund, S. (2015). Explicit FEM analysis of the deep
drawing of paperboard. Mechanics of Materials, 89, 202-215. https://doi.org/10.1016/j.mechmat.2015.06.014

Wang, S. Y., Wang, P. C., & Faust, M. (1988). Non-destructive detection of watercore in apple with nuclear magnetic
resonance imaging. Scientia Horticulturae, 35(3—4), 227-234. https://doi.org/10.1016/0304-4238(88)90116-1

Xia, X., Xu, Z., Yu, C., Zhou, Q., & Chen, J. (2021). Finite element analysis and experiment of the bruise behavior of
carrot under impact loading. Agriculture (Switzerland), 11(6), 1-12. https://doi.org/10.3390/agriculture1 1060471

Xie, S., Deng, W., & Liu, F. (2023). Impact velocity and bruising analysis of potato tubers under pendulum impact
testl. Revista Brasileira de Engenharia Agricola e Ambiental, 27(7), 559-566. https://doi.org/10.1590/1807-
1929/AGRIAMBI.V27N7P559-566

Xie, S., Wang, C., & Deng, W. (2020). Experimental study on collision acceleration and damage characteristics of

potato. Journal of Food Process Engineering, 43(9). https://doi.org/10.1111/jfpe.13457

Yesiloglu Cevher, E. (2022). Determination of bruise preventing capacity of the cushioning material in persimmon fruit

under pendulum impact test. Journal of Food Process Engineering, 45(12). https://doi.org/10.1111/jfpe.14162

Yurtlu, Y. B., Vursavus, K. K., Sagilik, K., & Yesiloglu, E. (2011). Coefficient of Friction of Potato (Solanum
tuberosum L.) Tubers in Different Surfaces. Journal of ADU - Faculty of Agriculture, 8(2), 35-40.

Zulkifli, N., Hashim, N., Harith, H. H., & Mohamad Shukery, M. F. (2020). Finite element modelling for fruit stress
analysis - A review. Trends in Food Science & Technology, 97(October 2019), 29-37.
https://doi.org/10.1016/j.tifs.2019.12.029

Zulkifli, N., Hashim, N., Harith, H. H., Mohamad Shukery, M. F., Onwude, D. 1., & Sairi, M. (2021). Reliability of
Finite Element Analysis to Determine the Mechanical Responses in Fruits and Root-Vegetables. Advances in

Agricultural and Food Research Journal, 2(1), 1-15. https://doi.org/10.36877/aaftrj.a0000205

Journal of Food Process Engineering 18



