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This thesis contributes to the improvement of postharvest practices and the reduction 

of damage during the handling of papaya fruits. Grading and sorting, critical 

postharvest tasks, can be performed more effectively using predictive models utilizing 

computer vision technology. Additionally, papaya fruits are highly susceptible to 

mechanical damage due to the loads imposed on them during harvesting, 

transportation, and packaging.  Understanding the fruit's response to static and 

dynamic loads is vital to prevent postharvest losses due to mechanical damage. This 

study focuses on modelling the mass of papaya and its mechanical behaviour under 

compression loading to improve postharvest practices and minimise damage during 

handling.   

 

Seven regression models were developed for mass modelling based on the fruit’s 

geometric properties. The accuracy of the models for predicting papaya fruits' mass 

was evaluated using the coefficient of determination (R2) and Root Mean Square Error 

(RMSE) metrics based on the testing dataset. Results indicate that the power model 

© C
OPYRIG

HT U
PM



 

ii 

(R2=0.94, RMSE=87.72 g) and quadratic model (R2=0.94, RMSE=88.21 g) had better 

performance compared to the linear model (R2=0.91, RMSE=108.59 g) and S-curve 

model (R2=0.82, RMSE=150.63 g) when mean diameter was employed as the sole 

predictor for mass estimation. While using the ordinary least square regression (OLS), 

linear Lasso (Least Absolute Shrinkage and Selection Operator) and SVR (Support 

Vector Regression) algorithm, the OLS outperforms other models with R2 and RMSE 

values of 0.95 and 81.72 g, respectively, using multiple geometric variables as 

predictors. Conventionally, human operators sort and grade papaya fruits manually. 

However, this method is subjective and can be quite laborious. In contrast, the mass 

models developed in this study offer a more objective solution as they can be 

integrated with computer vision technologies to automate sorting and grading papayas 

based on their mass. This will enhance grading accuracy and likely reduce workload. 

Next, finite element modelling (FEM) was used to characterize the mechanical 

behaviour of papaya under compression. The steps include geometry modelling, 

material properties modelling, mesh creation, boundary conditions, loading, and 

analysis solutions. Three material models were used to simulate its mechanical 

response under compressive loads. The stress response by these models was compared 

with experimental data. The model with the smallest deviation from the experimental 

results was considered as the best model to represent papaya’s mechanical behavior. 

Therefore, it was selected to was selected for simulating the mechanical response of 

papaya fruit under compression. Next, the stress responses under transverse and 

longitudinal compressive loads were compared. Lastly, a hypothesis was tested to 

evaluate the difference in the stress response of the geometry model created using laser 

scanning and sketching methods. 
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The comparison of material models’ mechanical behaviour with its equivalent 

experimental data indicates that the viscoelastic model best captures the deformation 

behaviour of papaya fruit under compressive load. Therefore, the model was used to 

investigate the effect of loading direction on the fruit. The results show that loading in 

the transverse direction increases the susceptibility of the fruit to mechanical damage. 

Also, there was no significant difference in the stress response between the 3D models 

produced using scanning and sketching methods. 

 

Overall, the comprehensive understanding gained from this research can enhance the 

handling, transportation, and design of systems involving papaya fruit. The findings 

contribute to the field of postharvest engineering and can be valuable for researchers, 

agriculturalists, and industries involved in fruit processing and distribution. Further 

studies could build upon this research by exploring additional factors and optimising 

material models to improve the accuracy of fruit mechanical simulations. 

 

Keywords: Post-harvest loss, Mechanical Damage, Mechanical behavior, Mass 

model, Finite Element Modelling 
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Tesis ini menyumbang kepada peningkatan amalan lepastuai dan pengurangan 

kerosakan dalam pengendalian buah betik. Penggredan dan pengisihan merupakan 

aktiviti lepastuai yang penting, dan boleh dilakukan dengan lebih berkesan melalui 

model ramalan yang menggunakan teknologi penglihatan komputer. Selain itu, buah 

betik sangat terdedah kepada kerosakan mekanikal akibat beban yang dikenakan ke 

atasnya semasa penuaian, pengangkutan, dan pembungkusan. Memahami tindak balas 

buah terhadap beban statik dan dinamik adalah penting untuk mengelakkan kerugian 

lepastuai akibat kerosakan mekanikal. Kajian ini memberi tumpuan kepada 

pemodelan jisim buah dan perilaku mekanikal buah dibawah beban mampatan untuk 

meningkatkan kualiti amalan lepastuai dan mengurangkan kerosakan semasa 

pengendalian. 

 

Tujuh model regresi telah dibangunkan untuk pemodelan jisim berdasarkan sifat 

geometri buah. Ketepatan model untuk meramalkan jisim buah betik dinilai 

menggunakan pekali penentuan (R2) dan metrik ralat punca min kuasa dua (RMSE) 
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berdasarkan data ujian. Keputusan menunjukkan bahawa model kuasa (R2=0.94, 

RMSE=87.72 g) dan model kuadratik (R2=0.94, RMSE=88.21 g) mempunyai prestasi 

yang lebih baik berbanding model linear (R2=0.91, RMSE=108.59 g), dan model 

lengkung-S (R2=0.82, RMSE=150.63 g) apabila diameter purata digunakan sebagai 

peramal jisim tunggal . Semasa menggunakan regresi ordinary least square regression 

(OLS), linear Lasso (Least Absolute Shrinkage and Selection Operator) and Support 

Vector Regression (SVR), OLS mengatasi model lain dengan nilai R2 dan RMSE 

masing-masing sebanyak 0.95 dan 81.72 g, apabila menggunakan lebih dari satu 

pemboleh ubah sebagai peramal. Secara praktis, buah betik disusun dan digred secara 

manual oleh manusia. Walaubagaimanapun, kaedah ini adalah subjektif dan boleh 

membebankan. Sebaliknya, model jisim yang dibangunkan dalam kajian ini 

menawarkan penyelesaian yang lebih objektif dan cekap. Model ini boleh disepadukan 

dengan teknologi penglihatan komputer untuk mengautomasikan pengisihan dan 

penggredan betik berdasarkan jisim mereka. Ini bukan sahaja dapat meningkatkan 

ketepatan, ia juga dapat mengurangkan beban kerja. 

 

Seterusnya, proses pemodelan unsur terhingga (FEM) melibatkan beberapa langkah, 

seperti pemodelan geometri, pemodelan sifat bahan, penciptaan model jaringan, 

keadaan sempadan, pemuatan, dan penyelesaian analisis.Tiga model bahan digunakan 

untuk mensimulasikan tindak balas mekanikal buah betik di bawah beban mampatan. 

Tindak balas tekanan hasil dari simulasi kesemua model ini dibandingkan dengan data 

eksperimen. Model dengan sisihan minimum dari hasil eksperimen dipilih sebagai 

model yang sesuai untuk mensimulasikan tindak balas mekanikal buah betik di bawah 

beban mampatan. Kemudian, tindak balas buah terhadap beban melintang dan 

membujur dibandingkan. Akhir sekali, hipotesis telah diuji untuk menilai perbezaan 
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tindak balas tegasan yang dihasilkan oleh model geometri yang dibuat menggunakan 

kaedah pengimbasan laser dan kaedah lakaran. 

 

Perbandingan antara simulasi model bahan dengan data eksperimen menunjukkan 

bahawa model viscoelastic merupakan model terbaik dalam menunjukkan perubahan 

bahan dan bentuk buah betik di bawah beban mampatan. Oleh itu, model viscoelastic 

digunakan untuk mengkaji kesan arah beban pada buah. Hasil kajian menunjukkan 

bahawa beban melintang lebih mudah mendedahkan buah kepada kerosakan. Di 

samping itu, tiada perbezaan signifikan didapati dalam tindak balas tegasan 

menggunakan model 3D yang dihasilkan melalui kaedah imbasan dan kaedah lakaran. 

 

Secara keseluruhan, pemahaman komprehensif yang diperoleh daripada penyelidikan 

ini mampu meningkatkan cara pengendalian, cara pengangkutan, dan reka bentuk 

sistem yang melibatkan buah betik. Penemuan ini menyumbang kepada bidang 

kejuruteraan lepastuai dan berharga bagi penyelidik, ahli pertanian, dan industri yang 

terlibat dalam pemprosesan dan pengedaran buah-buahan. Kajian lanjut melibatkan 

penerokaan faktor lain dan mengoptimumkan model bahan bagi buah betik untuk 

meningkatkan ketepatan hasil simulasi mekanikalnya. 

 

Kata Kunci: Kehilangan selepas tuaian, Kerosakan Mekanikal, Kelakuan mekanikal, 

Model Jisim, pemodelan unsur terhingga 
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CHAPTER 1 

1 INTRODUCTION 

1.1 Background 

Carica papaya is an herbaceous fruit belonging to the family of Caricaceae. It is 

believed to have originated from tropical and eastern central America, but it is widely 

grown in most tropical countries of the world.  Around 98% of the total production of 

tropical fruits comes from developing countries, whereas developed countries account 

for 80% of the global import trade. Sarris & FAO (2003) reported that papaya is a part 

of the dominant tropical fruits produced worldwide. The Malaysia papaya production 

in 2021 was estimated at 60,884 metric postharvest and an estimated value of gross 

production value of 23 million USD (FAOSTAT, 2023) 

Papaya is a fruit with a naturally short shelf but also suffers from postharvest quality 

losses due to overripening and mechanical injury that occurs during harvesting, field 

handling or transportation (Prasad & Paul, 2021). The physical, textural, or 

mechanical properties of fruits play a significant role in determining their economic 

value because consumer response to fruit purchase is predominantly influenced by 

sensory attributes, including taste, freshness, ripeness, and texture (Martinez-Romero 

et al., 2004). According to Sivakumar & Wall (2012) research, the retail quality of 

"Red Lady" papayas was primarily affected by a decrease in firmness and the 

occurrence of chilling injury when exposed to fluctuating temperatures during 

simulated transportation and handling. Fadiji et al. (2016) estimated that 30% – 40% 

of agricultural produce may be lost due to mechanical damage in the distribution chain 
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between the grower and the consumer. Minimisation of postharvest losses will not 

only enable maximisation of profit but also reduce biological waste. 

Several research works have been done to reduce postharvest losses of papaya. These 

research works were able to study the postharvest losses of papaya fruit from the 

perspective of biochemistry (Nian et al., 2022; Sew et al., 2015; Srimartpirom et al., 

2023; Zhou et al., 2022) and physiology (Kechinski et al., 2012; Proulx et al., 2005). 

However, to effectively optimise the postharvest handling process and reduce 

postharvest losses due to mechanical damage, it is crucial to have a comprehensive 

understanding of the biomechanics of fruits. The use of experimental methods has 

been the conventional way of studying the mechanical response of papaya. Fruits 

undergo dynamic or static loading, with the response measured using instrumentation 

(Sanchez et al., 2020; Vázquez García et al., 2013).  

However, the advancement in computing power has provided us with novel and 

improved ways towards the reduction of postharvest losses through real-time 

monitoring and understanding of food (or fruit) physics at a level of detail that is not 

possible with experimentation alone (Datta, 2016; Defraeye et al., 2021; Shoji et al., 

2022). The area of study responsible for this advancement is called computer-aided 

food engineering (CAFE), which deals with the application of computer software for 

analysis in the design and control of food products, processes, packaging, or 

equipment, from the molecular scale to that of an entire food plant (Datta et al., 2022). 

Advancements in the field of study have called for the application of digital twins in 

the postharvest process of fruits. A digital twin of a product is a virtual representation 

© C
OPYRIG

HT U
PM



 

3 

that includes all its fundamental properties, like geometry and materials properties. It 

closely simulates all relevant processes and their dynamics over the product's lifespan. 

Also, it is connected to the real product and its operations through sensor data, ideally 

updated in real-time (Defraeye et al., 2021).  

The fundamental step towards a digital representation of the fruit is correctly 

representing the physical, mechanical, thermal, and other properties. The problem 

formulated across this property is resolved through a multiphysics approach (Erdogdu 

et al., 2022). Solutions to the equations that define a given physical problem may be 

either exact solutions or numerical estimates. Exact solutions are precise, but often 

limited in their applicability due to their reliance on simplified geometries and specific 

initial and boundary conditions. On the other hand, the latter are far more general, as 

they can be applicable in complex geometry (Datta, 2016; Erdogdu et al., 2022). Finite 

element techniques have evolved into one of the most versatile and potent frameworks 

for the numerical solution for partial differential equations (Clason, 2017; Rapp, 

2017). The fundamental idea behind FEM is to divide complex computational 

geometry into discrete elements and find local solutions that satisfy the differential 

equation within the boundary of each element. 

1.2 Problem Statement 

Postharvest losses in papaya production accounts for a significant 30-40% of its total 

production (Sekeli et al., 2018). While lowering storage temperatures can extend 

papaya shelf life, mechanical damage during handling, such as bruising and cell wall 

rupture, accelerates fruit degradation, leading to increased losses. Fruits can be injured 
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and damaged due to compressive forces from harvesters, mishandling during sorting 

and grading, and box overpacking (Opara & Fadiji, 2018). 

Traditionally, human operators graded fruits through manual inspection, which is 

subjective and tedious (Riyadi et al., 2007). However, these processing systems have 

evolved to incorporate advanced technologies, such as computer vision and 

automation, to achieve accurate grading and sorting processes of fruits (Desai et al., 

2023; Seema et al., 2015). Models to sort fruit into different grades have been reported 

for different fruits, but that of papaya has not been reported (Lorestani & 

Tabatabaeefar, 2006; Mahawar et al., 2019; Mansuri et al., 2022; Murakonda et al., 

2022; Nyalala et al., 2019; Omid et al., 2010; Panda et al., 2020; Schulze et al., 2015)  

Therefore, this study addresses this gap by developing a mass model to automate the 

grading and sorting process of papaya. 

Studies have been conducted on papaya fruit to assess its mechanical response to its 

multi-layered tissue (Zulkifli et al., 2021). However, the mechanical properties of 

fruits are affected by various factors such as size or shape, ripeness condition, density, 

and heterogeneity. In this study, the variation in mechanical properties of papaya fruit 

along its longitudinal axis will be determined. 

Computer-aided food engineering offers a framework for monitoring, understanding, 

and optimising postharvest fruit handling processes. Precise 3D geometry and material 

properties data are crucial for physics-based modelling in this field (Datta, 2016; 

Defraeye et al., 2021). Different methods have been used in defining the geometry and 

material properties of fruits when using a physics-based approach to solve physical 
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problems related to mechanical or thermodynamics (Fadiji et al., 2018; Puri & 

Anantheswaran, 1993; Zulkifli et al., 2020). However, fruit properties differ, making 

it difficult to assume that the material model defined for another fruit will accurately 

simulate the mechanical response of papaya. Therefore, this study seeks to determine 

the material model of papaya, of specific ripening stage, that reflects its mechanical 

response under compression when modelled as a homogeneous fruit (i.e., the skin-

flesh difference is disregarded) using the finite element method. 

1.3 Significance of Study 

The reduction of postharvest losses will aid in achieving the sustainable development  

goal (SDG) two of zero hunger through food security and modelling approaches to 

digitise the postharvest management process.  

Traditional experimental methods, while informative, may be time-consuming and 

expensive. Hence, computational simulations, particularly finite element modelling, 

offer a cost-effective and efficient means to explore the mechanical properties of 

papaya fruit and predict its deformation and stress distribution under compressive 

loads. 

This study utilised experimental, statistical modelling, and numerical techniques 

(FEM) to characterise the physical and mechanical properties of papaya. It presents a 

model that can be used to predict the mass of papaya and simulation case studies to 

predict the fruit's mechanical behaviour when subjected to compressive loading. The 

findings of this research can prove advantageous to designers in design studies of 
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harvesting and postharvest machinery. Additionally, this study is a foundation for 

implementing an advanced framework for digital twins. 

1.4 Research Objectives 

This study aims to develop a model for predicting papaya's mass and mechanical 

response during compression. This was accomplished through the following specific 

objectives: 

1. To determine the geometric properties that model the mass of papaya. 

2. To determine the variation in papaya's mechanical properties, i.e., the failure 

stress, failure strain, Young's Modulus, and viscoelastic parameters as a 

function of location along its longitudinal axis. 

3. To determine the most suitable material model that represent the mechanical 

behaviour of papaya under compression. 

4. To assess and compare the finite element modelling (FEM) stress responses 

between the scanned and sketched geometry models of papaya through 

hypothesis testing. 
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CHAPTER 2 

2 LITERATURE REVIEW 

2.1 Overview 

This chapter delves into the origins of the Exotica papaya variety and its production 

in Malaysia. Additionally, pertinent literature on postharvest management, treatment 

strategies, and the biomechanical properties of the papaya fruit. This chapter also 

highlights the use of mechanistic (physics-based) and data-driven modelling strategies 

in fruit modelling. Finally, our discussion on numerical methods details the types of 

geometry modelling approaches, material models used for various fruits in the 

literature, and how loading conditions are modelled and applied to address postharvest 

problems.  

2.2 Papaya Production 

The world production of papaya in the past decade reached approximately 14 million 

tons with an approximate harvest area of 475 thousand hectares (FAOSTAT, 2022).  

Around 98% of the total production of tropical fruits comes from developing 

countries, whereas developed countries account for 80% of the global import trade. 

Sarris & FAO (2003) reported papaya as one of the dominant tropical fruits produced 

worldwide.  

Papaya was first grown in Malaysia as a smallholder crop nationwide, with several 

commonly grown varieties, including Eksotika, Sekaki, Batu Arang, Sitiawan and 

Subang 6. While Eksotika is a self-pollinated inbred variety that has similar features 

to Sunrise Solo, it is notable for its larger fruit size. In 2022, Malaysia produced 54.8 
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thousand tons of papayas; however, the highest production of 83.8 thousand tons was 

recorded in 2017, with subsequent years showing a decline (FAOSTAT, 2023; Tridge, 

n.d.). 

The introduction of the Eksotika variety transformed papaya farming from a 

smallholder crop to a plantation crop. Papaya plantations have emerged as a promising 

industry in Malaysia, with a significant contribution to the world's papaya export 

trading. Between 1993 and 2013, Malaysia exported over 37 thousand tons of papaya 

annually, making it the second-largest exporter globally, with an estimated export 

value of around RM100-120 million per year (Sekeli et al., 2018). Regarding value, 

papaya production rose significantly to $25 million in 2022 (IndexBox, n.d.). 

Papaya production plays a vital role in Malaysia's economy, with the country 

producing 60,980 tons of fruit in the year 2021. Of this, around 68% was consumed 

by Malaysians or used for feed, while the rest was exported (MyPF, 2022). 

Sekeli et al. (2018) gave a histological account of the Exotica papaya variety coming 

into existence through the backcross breeding program of the Malaysian Agricultural 

Research and Development Institute (MARDI). The backcross breeding was created 

through crossbreeding using Sunrise Solo, a variety originating from Hawaii with 

great taste but low yield and small fruit size, with Subang 6, a locally adapted variety 

with a larger fruit size.  Kwok & Liang (2019) highlighted the following characteristics 

of Exotica papaya variety: 

1. It is a variety of fruit with strong and resilient growth characteristics, capable 

of thriving in diverse soil types, provided that the drainage system is 

adequate.  
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2. It is a prolific bearer, capable of producing up to 60 tons of fruit per harvested 

area annually.  

3. The fruit is relatively small to medium, weighing between 400-800 g and 

showing a vibrant orange-red flesh that exudes a pleasant aroma and high 

sugar content of 13-15◦Brix.  

 

These alluring characteristics, including its high yield and appealing appearance, have 

made Eksotika a preferred variety for commercial cultivation and export, particularly 

in regions such as China, Hong Kong, Singapore, the Middle East, and Europe (Sew 

et al., 2015). A report indicates that postharvest losses of papaya can range from 40-

60% at various growing regions, with factors such as improper harvesting, 

mishandling, improper storage, packaging, transportation, and diseases contributing 

to these losses (Prasad & Paul, 2021). Another study on Papaya var. Taiwan 786 

showed a total postharvest loss of 25.49%, which included field level loss, transit loss, 

ripening loss, and retail level loss (Gajanana et al., 2010). 

2.3 Postharvest Management of Papaya 

Papayas are susceptible to losses due to over-ripening, mechanical damage, microbial 

attack, and decay, which often result from poor harvesting techniques, rough handling, 

inadequate packaging, and transportation conditions. Maintaining the quality and 

safety of papayas during transport from the farm to the market relies heavily on good 

postharvest handling practices. Losses must be minimised for farmers to reap the 

benefits of their papaya production (Savary et al., 2012; Sawicka, 2019). As consumer 

demand for high-quality fruits and vegetables continues to rise, it is becoming 
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increasingly important to implement good postharvest handling practices throughout 

the entire supply chain to ensure the quality of papayas. 

2.4 Postharvest Physiology of Papaya Fruit 

Papaya fruit moisture content ranged from 85 to 91%. It is prone to water loss and 

shrivelling under low humidity after harvest (Ali et al., 2011). Paull (1993) quantified 

papaya's threshold level (an indicator of shelf-life termination) as 10% physiological 

loss in weight. According to Proulx et al. (2005), a papaya's texture turns rubbery and 

low gloss when it loses roughly 8% of its weight, rendering the fruit unmarketable.  

The pericarp of a fruit comprises three layers that vary in their chemical composition 

and thickness (Cerri & Reale, 2020). These layers are the exocarp, mesocarp, and 

endocarp, as shown in Figure 1. The exocarp layer is covered with an extracellular 

hydrophobic layer called the cuticle. The cuticle is one of the micro-structural 

components of the fruit exocarp and is instrumental in maintaining the fruit's 

physiological state. It primarily comprises cutin and cuticular waxes, forming a 

protective barrier against infections and uncontrolled water loss through transpiration 

(Rios et al., 2015). During the postharvest period, the cuticle is responsible for 

preserving the fruit quality by regulating water and gas exchange, preventing rapid 

deterioration, and maintaining the fruit's optimal physiological state (Bargel & 

Neinhuis, 2005). The cuticle must remain intact throughout the entire growth and 

development, harvesting, and storage processes to produce high-quality fruits with an 

adequate shelf life (Fernández-Muñoz et al., 2022). The cuticle membrane's elasticity, 

which determines its stiffness, is affected by various factors such as temperature, 

relative humidity, and chemical composition (Tsubaki et al., 2012).  The study by 
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Matas et al. (2004) shows that tomatoes' cuticular membranes are isotropic and exhibit 

viscoelastic behaviour with an initial elastic response. The elastic behaviour is 

primarily influenced by the accumulation of polysaccharides and flavonoids in the 

cutin matrix. In contrast, the viscoelastic behaviour is attributed to the cutin matrix's 

low elastic modulus and high strain values (Dominguez et al., 2009). The stiffness and 

strength of cuticular membranes varied inversely with temperature and relative 

humidity (Matas et al., 2005); this leads to cracking in the presence of high relative 

humidity, as well as high fruit temperature (Li et al., 2018; Matas et al., 2005; Rios et 

al., 2015). 

Furthermore, the arrangement of the cell walls, water content, and the presence of 

pectin, cellulose, and hemicellulose affect the mechanical properties of fruits (Li et 

al., 2013). Other factors that affect the mechanical properties of papaya fruit include 

its shape, size, density, cultivar and maturity or ripeness index (Wang, 2004). 

 

Figure 1 : The basic anatomy of fruit (a) papaya (b) mango 

 

 

(a) (b) 
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2.5 Postharvest Treatments 

Postharvest losses in papaya can be due to fungi infection at the pre-harvest or harvest 

stage, which becomes active during storage (as the fruit ripens) even if they were 

previously dormant (Prusky et al., 2013). These diseases manifest as visible symptoms 

such as lesions and off-odours, rendering the fruit inedible and resulting in losses of 

20-40% (Savary et al., 2012). Figure 2 describes postharvest treatments for controlling 

postharvest diseases (Kwok & Liang, 2019; Prasad & Paul, 2021). 

Sanitising treatments are performed to eliminate microorganisms from the surface of 

fruits. These treatments target potential human pathogens such as coliforms and the 

microorganisms that cause postharvest diseases such as anthracnose or soft rots (Kwok 

& Liang, 2019). 

Heat treatments are one of the methods used for disinfection of tropical fruits, 

primarily due to the effectiveness of heat in killing fungi and insects, its ease of 

application, and avoiding the issue of chemical residues (Srimartpirom et al., 2023). 

In addition to heat treatments, several other disinfection treatments used include 

vapour heat treatment, ozonated water with heat treatment (Terao et al., 2019), a 

combination of hot water treatment and chitosan coating (Vilaplana et al., 2020; Zhou 

et al., 2022), and honey coating (Maringgal et al., 2020).
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2.6 Biomechanical Properties of Fruits 

The use of machines has become a notable tool in man's civilisation; this has 

transformed our daily activities, including how we cultivate, process, store and 

transport our food. The agricultural industry has grown from using crude tools to using 

autonomous machines (robots) in agricultural processes. However, the interaction of 

machines with fresh produce may cause damage to the produce due to the 

indiscriminate application of force. Therefore, fresh produce must be handled to 

minimise damage, which can be done effectively through modelling instead of trial 

and error. 

Mechanical damage is caused by excessive load application on fruits that causes a 

rupture in the fruit cell wall.  The load applied can either be compressive, impact, or 

vibration loads. The relationship between an external load acting on a specific fruit 

material and the resulting deformation behaviour is defined by the rheology of the 

fruit.  The rheology of fruits is classified into elastic, plastic, and viscoelastic models. 

However, this behaviour has been combined to reflect the real behaviour of fruit 

material.  Zhao et al. (2019)  highlighted that the material models used to describe fruit 

behaviour during numerical studies include the linear elastic model, the nonlinear 

elastic model, the linear viscoelastic model, the nonlinear viscoelastic model, and the 

elastic-plastic model.  

The elastic-plastic model is based on the theory of plasticity. The theory of plasticity 

is concerned with materials that initially deform elastically but permanently deform 

plastically upon reaching yield stress. The yield stress is considered the point for the 

initial damage to the fruit, as shown in Figure 3(a) (Celik et al., 2017). The linear 
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elastic model is simple and incapable of capturing the irreversible deformation in fruit 

when overloaded. The area under the force–deformation curve from zero deformation 

to failure was directly determined as the deformation energy (Salarikia et al., 2017). 

The viscoelastic model describes the material behaviour as a function of load, 

deformation and time. The viscoelastic material model aims to capture this behaviour 

by accounting for both instantaneous elastic and time-dependent viscous deformation. 

This model idealised that the materials may deform under stress (load) and remain 

deformed even after the stress is removed. The simplest viscoelastic material model is 

the Maxwell model, which consists of a spring and dashpot in series (Figure 3(b)). 

The spring represents the elastic deformation, while the dashpot represents the viscous 

deformation. When stress is applied to the material, the spring and dashpot deform, 

resulting in an instantaneous elastic deformation and a time-dependent viscous 

deformation. The amount of deformation in the spring and dashpot is determined by 

the material's elastic modulus and viscosity, respectively. On the other hand, the 

Kelvin-Voigt model (Figure 3(c)) consists of a spring and dashpot in parallel, with the 

spring representing the elastic deformation and the dashpot representing the viscous 

deformation. This model is beneficial for modelling materials that exhibit creep 

behaviour, where deformation increases over time under constant stress. Biological 

tissues that exhibit complex viscoelastic behaviour are represented using the Prony 

series or the generalised Maxwell model, and multiple springs and dashpots are used 

in parallel and in series to capture the material's behaviour over a range of time scales. 

Stress relaxation or creep analysis experiment data are fitted with the viscoelastic 

model to obtain the required input parameters for the FEM simulation. Further 

discussion about modelling strategies and numerical modelling will be discussed in 

sections 2.6 and 2.7, respectively.
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Notably, the biomechanics of fruits after harvest extends beyond the load-deformation 

behaviour but also includes the influence of environmental conditions, i.e., relative 

humidity and temperature (An et al., 2022; Arendse et al., 2014; Celik et al., 2021). 

Proulx et al. (2005) reported that the 20˚C storage temperature of papaya fruit 

accelerates water loss, which causes the papaya fruit to shrivel, soften, and ultimately 

reduce shelf life to only two days after harvest. Azene et al. (2014) also reported how 

packaging material influences papaya fruit characteristics such as weight loss and 

textural and chemical properties. The author concluded that papaya fruits packaged in 

HDPE bags in an evaporatively cooled storage maintain better fresh weight and 

chemical composition during 21 days of storage.  

2.7 Modelling Strategies 

Modelling encompasses capturing a physical or biological system's fundamental 

characteristics and relationships and subsequently expressing them through a 

mathematical or computational framework. A model can either be deductive or 

inductive.  Deductive models involve using a comprehensive mathematical framework 

that facilitates the generation of predictions regarding a system. If these predictions 

do not align with empirical observations (experiment), then the very validity of the 

model may be called into question. In contrast, an inductive model employs statistical 

techniques to derive a prediction from a collection of observations, and the success of 

this prediction is assessed by comparing it with previously unseen data. Hence, in the 

context of a biological system, deductive models are often used as coupled non-linear 

differential equations (Coveney & Fowler, 2005). This approach adopts a mechanistic 

stance, elucidating the interrelations between variables based on underlying physical 

processes. Notably, physics principles govern this modelling strategy: motion of rigid 
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body or deformation with fundamental principles such as the conservation of energy, 

momentum, and mass, coupled with constitutive equations that elucidate the 

behaviour of the material under study.  Nonetheless, the role of data-driven modelling 

strategies (inductive modelling) cannot be trivialised; the details of these modelling 

strategies are discussed in the following subsections. 

2.7.1 Mechanistic or Physics Based Modelling 

Mechanistic or physics-based modelling offers a rigorous approach to comprehending 

the intricate physical processes during fruit handling. Unlike empirical models that 

rely solely on experimental data, mechanistic models aim to elucidate the underlying 

physics governing fruit behaviour when subjected to various physical quantities such 

as mechanical stresses and hygrothermal conditions experienced during supply chains. 

This modelling approach enables a better understanding of how multiple factors affect 

fruit postharvest losses. For instance, orange quality metrics were modelled in relation 

to the effects of pre-harvest biological variability and variations in hygrothermal 

conditions in supply chain operation between shipments (Onwude et al., 2022).  

Zulkifli et al. (2021) modelled how the ripening stage of papaya fruit impacts its 

deformation behaviours. 

Numerous mechanistic models have been developed to simulate and predict 

mechanical damage in fruit postharvest handling. These models vary in complexity 

and specificity, addressing issues ranging from impact or compressive forces during 

postharvest handling to the effects of temperature variation during transport and 

storage (Shoji et al., 2022; Miraei Ashtiani et al., 2019a; Salarikia et al., 2017; Ho et 

al., 2009; Van Zeebroeck et al., 2006). The validation of mechanistic models is an 
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indispensable step in ensuring their reliability and accuracy. Experimental data 

obtained through controlled tests and field observations are used to corroborate model 

predictions. Successfully validated models offer practical utility in optimising 

postharvest handling processes.  

While mechanistic modelling holds immense promise, it has challenges and 

limitations. These models often require extensive data inputs and computational 

resources (Datta et al., 2022; Erdogdu et al., 2022). Moreover, they rely on simplifying 

assumptions that may not fully capture the complexity and variability of real-world 

scenarios (Defraeye et al., 2021; Onwude et al., 2022). Striking a balance between 

model accuracy and computational feasibility remains challenging in this modelling 

strategy (Hertog, 2016). The numerical analysis approach typically used in the 

mechanistic model was discussed in section 2.7. 

2.7.2 Data-Driven Modelling  

The data-driven modelling approach is based on analysing and processing available 

data relating a physical measurement to postharvest loss or damage to identify 

patterns, correlations, and predictive relationships. These models are advantageous 

when the underlying physical mechanisms may be challenging to describe their 

physics fully. Data-driven models complement mechanistic approaches by directly 

providing practical, empirical solutions from observations. The effectiveness of data-

driven models hinges on selecting relevant data inputs and variables. In the context of 

mechanical damage, these might include data on handling equipment parameters (e.g., 

conveyor belt speed, sorting mechanisms), fruit properties (e.g., firmness, shape, size), 

environmental conditions (e.g., temperature, humidity), and historical records of 
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mechanical damage incidents. Accurate and comprehensive data inputs are essential 

for these models' robustness and predictive power. 

Data-driven models vary in complexity, from simple regression analyses (Abedi & 

Ahmadi, 2013; Komarnicki et al., 2017; Wang et al., 2019) to more sophisticated 

machine learning algorithms such as neural networks, support vector machines, and 

random forests  (Melesse et al., 2022). The approach has been applied in various 

contexts, such as reducing bruising during sorting and improving packaging for 

transportation (Fadiji, Coetzee, Chen, et al., 2016; Fadiji et al., 2017; Opara & Fadiji, 

2018).  

One of the areas in which data-driven strategies have received much attention is in 

elucidating the physical properties of fruits and vegetables, such as mass, density, 

sphericity, surface area, volume, etc. Researchers have used relationships between the 

geometric physical properties and the mass to develop mathematical models to predict 

fruit mass. Khoshnam et al. (2007) recommended a non-linear regression model using 

a single variable (minor diameter) as a suitable model for predicting the mass of 

pomegranate. A similar non-linear equation with different coefficient values using the 

geometric mean diameter (predictor) was recommended for kinnow mandarin mass 

(Mahawar et al., 2019). (Mansuri et al., 2022) concluded that the linear support vector 

machine (SVM) model outperformed other methods in modelling the mass and 

volume of the apple ber fruit by validating the developed model using the fruit's 

projected area. In the case of lime fruit, a linear equation was used to predict the mass 

based on minor diameter (Miraei Ashtiani et al., 2014).  Image processing and 

mathematical modelling provide an efficient way of determining the physical 
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properties of fruit (Seyedabadi et al., 2011). These data-driven models have proven to 

be efficient during sorting and grading of fruits to reduce postharvest losses (Mansuri 

et al., 2022; Nyalala et al., 2019; Seema et al., 2015) 

2.7.3 Multiscale Modelling 

The hierarchical structure of food encompasses various features that range from the 

molecular scale up to the food plant scale (Cáez-Ramirez et al., 2015; Ho et al., 2013; 

Li & Thomas, 2016). Ho et al. (2013) reviewed and gave an overview of a scale 

reference defining the multiscale properties of food material, as annotated in Figure 4. 

The mesoscale refers to a scale between micro and macro scales. It is relevant to the 

mechanical properties of fruits because it relates to the structure and arrangement of 

cells and tissues within the fruit, which can affect its overall mechanical behaviour. 

Meanwhile, the macro-scale pertains to the observable mechanical properties of the 

fruit, such as its firmness, elasticity, and toughness (Li & Thomas, 2016).
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The interconnectivity of living things (invariably plant base material) structure from 

cellular level to organs/tissue shows that the behaviour of a cell, in response to any 

stimuli, can be used to predict the behaviour of the overall system. This basic 

understanding is why multiscale modelling has received attention from different 

research works describing the mechanical behaviour of fruits (Ho et al., 2013). 

A multiscale model consists of interconnected models that describe the material 

properties of the fruit (or plant material) at various spatial scales (macroscale, 

mesoscale, microscale). However, one of the drawbacks of this strategy in numerical 

studies is the computational cost. To overcome this limitation, Ghysels et al. (2010) 

introduced the particle method to simulate the microscopic aspect, which includes 

modelling the cell fluid as viscoelastic using smoothed particle hydrodynamics (SPH), 

while the material properties of the macroscopic domain were not explicitly defined 

but computed using the microscopic model in small subdomains, called representative 

volume elements (RVEs). The multiscale modelling of mechanical properties can help 

us comprehend the dynamic behaviour of biological material (Horbens et al., 2015). 

However, there is limited literature on using the multiscale approach to model fruits 

and vegetables, possibly due to computational intensity and resource requirements. 

2.8 Numerical Methods 

Numerical models for solving fruit stress problems have received much attention in 

the past decade due to increased computational power (Fadiji et al., 2018).  The 

approach has been used for modelling mechanical responses of fruits under static (Li 

et al., 2021; Li & Wang, 2016; Stopa et al., 2019; Zulkifli et al., 2021; Liu et al., 2023) 

and dynamic loading (Du et al., 2019; Nikara et al., 2020). This is because the 

© C
OPYRIG

HT U
PM



 

24 

numerical method can handle complex geometry and boundary conditions. The finite 

element method (FEM) and discrete element method (DEM) are the major numerical 

approaches commonly used in solving problems related to stress analysis in 

agricultural (food) engineering. 

2.8.1 Discrete Element Method 

The discrete element method (DEM) is a method in which discrete particles interact 

with each other and with other surfaces during an explicit dynamic simulation. The 

technique is an excellent tool for comprehending the interaction of fresh produce with 

materials used during postharvest handling. For example, fruit-to-fruit impact and 

fruit-to-container impact during transportation (Wang et al., 2022). An experimental 

methodology is used to determine material properties such as particle density, particle 

stiffness, particle-wall friction coefficient and particle-particle and particle-wall 

restitution coefficient (González-Montellano et al., 2011)..  

Geometry is an essential factor in the accuracy of DEM; using more realistic geometric 

properties will enhance the modelled dynamics of the particles at both the single-

particle and bulk levels (Scheffler et al., 2018).  Another study also found that 

increasing the number of apple spheres used to model a drop test increased the 

accuracy of the result with the drawback of increased computational time (Kafashan 

et al., 2021). Describing the forces acting on particles in contact in the discrete element 

method is necessary. The forces between the two particles are split into normal and 

tangential components.  
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The elastic contact force model applies when deformation is reversible and unaffected 

by the deformation rate. On the other hand, viscoelastic contact deformation is 

reversible but dependent on the deformation rate. Plastic contact, however, causes 

permanent deformation in the body. When two colliding bodies behave completely 

elastically, the only source of energy dissipation is the action of elastic waves 

propagating through the material (Dintwa et al., 2008). 

The theoretical background of the viscoelastic contact force model, where the energy 

is dissipated through viscous loss, was discussed by Ahmadi et al. (2012) and Scheffler 

et al. (2018). Nonlinear viscoelastic contact force was described by different authors 

(Hunt & Crossley, 1975; Kuwabara & Kono, 1987; Brilliantov et al., 1996a, 1996b).  

The linear spring dashpot model with spring and damper in parallel is the simplest 

model for viscoelastic behaviour (Ahmadi et al., 2012).  The linear elastic behaviour 

of a fruit can be described by Equation 1. 

F =  k δ  +  cδ̇   Equation 1 

 

Where F represents the force applied to the fruit, k is the elastic constant or stiffness 

of the fruit, which measures how much force is needed to deform the fruit. δ is the 

deformation of the fruit, such as how much it has been compressed. c is the damping 

coefficient, which is related to the deformation rate. δ̇ represents the rate of change of 

deformation or how quickly the fruit is deformed. 

However, the nonlinear viscoelastic behaviour of fruit can be described using 

Kuwabara and Kono model given by Equation 2 
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𝐹𝑛 =  𝐾𝑛 δ𝑛
3/2

+  
3

2
𝐶𝑛𝐾𝑛δ𝑛

1/2
𝛿̇𝑛 Equation 2 

 

Where 𝐹𝑛 is the normal contact force in N,  𝐾𝑛 is the normal elastic constant in N/m3/2, 

𝐶𝑛 is the normal damping constant in s, 𝛿𝑛 is normal deformation in m and 𝛿̇𝑛  Normal 

deformation rate in m/s.  

Where Kn is the Hertzian contact stiffness (N m−3/2) (Ahmadi et al., 2016), which can 

be expressed as by Equation 3 

𝑲𝒏  =  
𝟒

𝟑 
√𝑹∗𝑬∗  Equation 3 

 

Where 𝐸∗  is the effective elastic modulus of impacting bodies, 𝐸1 and 𝐸2 (Pa) are the 

apparent elastic moduli of the two impacting bodies and 𝑣1 , 𝑣1  are the Poisson' s 

ratios of the two bodies as given in Equation 4 (Ahmadi et al., 2016). 

𝐸∗ = (
(1− 𝑣1

2)

𝐸1
+  

(1− 𝑣2
2)

𝐸2
)

−1

 Equation 4 

 

The Kuwabara and Kono model has been used to describe the normal contact force of 

apple for discrete element modelling (Scheffler et al., 2018). A similar model (Hunt 

& Crossley, 1975; Lankarani & Nikravesh, 1990) has also been used to describe 

impact force and the deformation at a given instant for the entire period of litchi impact 

(S. Zhang et al., 2021). 

Since impacts between bodies of diverse material characteristics can be accounted for, 

the relationship between mechanical damage and peak contact force is best suited for 

application in DEM (Van Zeebroeck et al., 2006). The amount of bruising seen in 
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apples was discovered to have an excellent linear correlation with the peak force 

(Scheffler et al., 2018). 

2.8.2 Finite Element Method  

The finite Element Method (FEM) treats a bulk particulate system as a continuum; 

this contrasts with the DEM, which considers a system as a collection of discrete 

entities.  

The choice between FEM and DEM for numerical analysis depends on the nature of 

the problem. If the problem involves a system of discrete particles, DEM might be a 

better choice, for example, the collision of fruits in a bin during transport. On the other 

hand, for problems involving complex geometries and boundary conditions, FEM 

might be a more suitable approach (Mansuri et al., 2022; Murakonda et al., 2022). 

The general procedure for solving FEM has been grouped into pre-processing, solver, 

and post-processing stages (Fadiji et al., 2018; Rashvand et al., 2022; Zulkifli et al., 

2020). The pre-processing stage is reportedly where more than 70% of analysis efforts 

are invested (Fadiji et al., 2018). The pre-processing stage involves geometry 

modelling of the fruit, material modelling (constitutive modelling), discretisation and 

boundary conditions as shown in Figure 5. The modelling of the mechanical response 

of fruits under different loading conditions and its applications in determining fruit 

internal quality and harvest optimisations through modal analysis was discussed in the 

following subsection. 
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Figure 5 : Finite element modelling procedure 

 

2.8.2.1 Geometry Modelling 

Geometry modelling is an initial step in the pre-processing phase of finite element 

modelling. The geometry of the finite element model can be represented in either 3D 

or 2D form. However, using 2D geometry in fruit finite element modelling has become 

less common due to the absence of axial symmetry in loading conditions (Ahmadi et 

al., 2016). Preference is now given to 3D models, which better reflect the real-world 

scenario (Dintwa et al., 2008) and enhance accuracy (Celik, Rennie, et al., 2017). 

Recent studies have witnessed the rising popularity of 3D fruit models created through 

reverse engineering techniques employing laser scanning technology and parametric 

CAD software. This trend can be attributed to such technology's increased availability 

and affordability. Achieving an accurate representation of fruit geometry is critical, 

encompassing the shape and the size, significantly influencing elastic wave energy 
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(Dintwa et al., 2008). Moreover, geometry plays a vital role in various rheological 

investigations, covering structural deformation, flow analysis, heat, and mass transfer, 

as well as comprehensive examinations of aerodynamic and hydrodynamic behaviours 

(Sahin & Sumnu, 2006). 

While a reverse-engineered 3D model excels in capturing intricate fruit geometry, 

including surface contours, irregularities, and fine features, a simplified CAD model 

may offer a more straightforward representation utilising basic geometric shapes or 

simplified surfaces. Table 1 gives the geometry specifications of different fruits used 

in the literature.
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2.8.2.2 Material Models  

Another crucial consideration in finite element modelling is the choice of constitutive 

or material model, as it directly impacts both the accuracy and computational 

efficiency of the model (Dintwa et al., 2008; Gao et al., 2018; Zulkifli et al., 2020). 

Different material mechanical models, such as the linear elastic model, the nonlinear 

elastic model, the linear viscoelastic model, the nonlinear viscoelastic model, and the 

elastic-plastic model, can represent fruit materials (Zhao et al., 2019).  

One of the factors for material model selection is the loading condition (Dintwa et al., 

2008).  Celik (2017) also stated that the elastic-plastic model was used in modelling 

the deformation of pear under impact load to reflect reality and characterise the 

permanent deformation of the fruit. When fruit is in storage, fruit experiences static or 

quasi-static loading; in this condition, viscoelastic models have been reported to model 

the mechanical response of the fruits (Kim et al., 2008; Shahgholi et al., 2020). The 

advantage of the finite element method over analytical method is that the material 

properties of individual elements can vary, allowing computations to be conducted for 

the anisotropic behaviour of the fruit. The peel or flesh can be defined as an elastic 

material, and the core and cortex are viscoelastic, as in the case of an apple (Ahmadi 

et al., 2016).  Table 2 summarises different material models and their parameters’ 

value for different fruits and vegetables in literature.
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2.8.2.3 Discretization  

When utilising the finite element method (FEM) for engineering problem-solving, the 

domain is discretised into elements, with the properties of the problem dictating its 

dimension (Madenci & Guven, 2015). The choice of element type and size are crucial 

parameters that influence the quality of a finite element model (Celik, 2017; Celik et 

al., 2021). Optimal mesh settings are essential to ensure simulation accuracy while 

minimising computation time (Li et al., 2017). The most used elements for solid fruit 

modelling are tetrahedral and hexahedral (Rashvand et al., 2022; Zulkifli et al., 2020). 

Different element types were employed to mesh different parts of the fruit in cases 

where material model specification was needed for distinct tissues (Li et al., 2017). 

For instance, tetrahedral elements were used to mesh the kiwifruit fruit's flesh, while 

triangular elements were used for the skin (Du, Wang, Wang Yao et al., 2019). 

Conducting a mesh sensitivity check is another metric to determine the appropriate 

element size. Celik et al. (2017) accomplished this by running an impact scenario with 

varied element sizes and examining the influence of these sizes (from coarse to finer) 

on the equivalent stress values. Mesh quality was also evaluated using a skewness 

metric in the finite element model (Celik et al., 2021). Additionally, the energy activity 

summary from explicit dynamics simulations can be utilised to assess the accuracy of 

simulation results (Celik, 2017; Du, Wang, Wang, Yao, et al., 2019; Rashvand et al., 

2021). This summary includes an evaluation of kinetic, internal (absorbed), contact, 

and hourglassing/hourglass energy. Hourglassing refers to false deformation in a finite 

element model caused by zero-energy degrees of freedom when hex/quad meshes alter 

volume or strain. It is recommended that the hourglassing energy activity does not 

exceed 5-10% of the internal energy in an adequately conducted finite element 

analysis (Celik, 2017). 
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2.8.2.4 Loading Conditions 

2.8.2.4.1 Compressive Loading 

Fruits are packed in plastic crates, corrugated fibreboard (CFB) boxes and bulk bins. 

Compression is inevitable as the fruit at the container's bottom will experience 

compressive forces. If the compression stress exceeds a threshold of yield stress, 

compression damage can occur immediately. Internal damage to fruits occurs before 

apparent defects can be seen on the fruit exocarp (Miraei Ashtiani et al., 2019). Using 

the finite element method, the point at which internal damage occurs can be studied to 

avoid such damage. 

The boundary condition of compression simulation involves the compression of the 

sample product between two rigid plates. Zero displacement and rotation are applied 

in all directions to the lower plate while the upper plate compresses the sample in the 

Y-direction (Li et al., 2017; Miraei Ashtiani et al., 2019).  

The results of compression simulation are usually presented as the equivalent stress 

using the von Mises failure criterion. According to the von Mises criterion, yielding 

happens when the shear strain energy reaches a certain threshold Francis (2016), 

which has always been used to estimate the yield behaviour of materials. In the finite 

element modelling of fruits, the composition of elements whose stress was higher than 

the bio-yield stress was referred to as the bruised region (Celik et al., 2021). The 

internal damage volume of tomato was also calculated using Equation 1 (Li et al., 

2017). 

𝐼𝐷𝑉 =  ∑
1

8

8
𝑖=1  ×  𝑖 ×  𝑁𝑖𝑐 × 𝐿𝑐𝑒𝑙𝑙

3  Equation 5 
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Where IDV is the internal damage volume, i is the number of yielded integration 

points in the cell element, Lcell is the edge size of the cell elements, and 𝑁𝑖𝑐 is the 

number of cell elements with i yielded integration points. 

Finite element modelling has been applied in determining the maximum number of 

fruits stacked on each other to cause damage to the fruit at the bottom of the packaging 

box. Miraei Ashtiani et al. (2019) reported that an optimal number of 30 grapefruits 

can be placed inside a single package in a lateral position to avoid fruit damage. Eight 

pineapples can be stacked safely in a single package in a transverse loading direction 

(Liu et al., 202(H.  The research by Zheng et al. (2021) recommends minimising 

blueberry damage; the compression should be kept under 3.15 N, one layer stacking, 

and fruit should be placed in the vertical direction. 

2.8.2.4.2 Impact Loading 

The mechanical response of agricultural products produced under impact loads has 

been studied by several researchers using experimental procedures: drop test (Celik et 

al., 2021; Komarnicki et al., 2017; Stopa et al., 2018) and pendulum impact method 

(Wang, 2004; Zhang et al., 2021). The primary limitation of these methods is their 

inability to provide sufficient information to guide process and equipment design 

(Dintwa et al., 2008). FEM, on the other hand, is an effective tool in the investigation 

of fruit mechanical behaviour under different loading conditions. It provides a quick 

way to understand fruit deformation, which helps design optimal harvest and 

postharvest handling equipment and strategies that prevent and minimise fruit damage 

(Celik, 2017b; Celik et al., 2021). For example, various fruit drop height harvest 

scenarios on a catching surface with different impact angles can be simulated to 
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investigate fruit damage.  Salarikia et al. (2017) investigated a pear's stress/strain 

distribution in a drop scenario, measuring the overall contact force between the fruit 

and the impact material and evaluating the effect of impact surface material and drop 

orientation. 

Investigating fruit deformation behaviour under impact loading, the boundary 

condition is usually constructed with two fruits in a collision or a single fruit colliding 

with a rigid surface. In the model where two fruits are in a collision, one of the fruits 

is held fixed. In contrast, the second fruit collides with it at a prescribed initial velocity 

(Ahmadi et al., 2016) or under gravity with a defined drop height (Celik, 2017b; Celik 

et al., 2021; Du, Wang, Wang, Yao, et al., 2019). Frictional contacts are defined 

between the rigid surface and fruit model (Celik, 2017; Celik et al., 2021). Fruit 

loading conditions associated with drop heights, contact surface and impact 

orientations are considered to influence fruit deformation behaviour (Celik et al., 

2021; Du, Wang, Wang, & Yao, 2019; Yousefi et al., 2016). 

To analyse the result of the model, damage to the fruit body was described from the 

simulation result as the stress regions beyond the yield stress point (Celik, 2017; Celik 

et al., 2021; Dongdong Du et al., 2019; Yousefi et al., 2016).  Contact force and Von 

Mises stress results from different studies show a trend of increase with time until it 

reaches maximum value during the impact phase, then decrease to zero initial 

condition during the rebound phase  (Celik, 2017; Celik et al., 2021; D. Du et al., 2019; 

Kabas et al., 2008; Salarikia et al., 2017; Yousefi et al., 2016). Reduction in 

displacement rates of impact and rebound phase is attributed to plastic deformation 

(permanent damage in fruit cells) (Du, Wang, Wang, & Yao, 2019). Empirical models 
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to predict bruise rate and bruise susceptibility were also constructed in some studies 

using response surface methodology (RSM) by taking into account impact heights, 

impact orientations, and impact surfaces from simulation results as factors (Zhao et 

al., 2019) 

Different parameters have been used to compare simulation and experimental results; 

some studies validated the output of FEM by comparing the initial velocity, maximum 

deformed length and contact time of impact and rebound phase of the simulation 

impact process and high-speed camera recording images (Celik, 2017b; Celik et al., 

2017; Du, Wang, Wang, & Yao, 2019; Du, Wang, Wang, Yao, et al., 2019). 

Gharaghani & Maghsoudi (2018) validate FEM simulation results with an 

experimental drop test by comparing contact force measured by the load cell attached 

to the contact surface. Other studies validated FEM models by comparison with 

previous research (Ahmadi et al., 2016; Rashvand et al., 2021; Salarikia et al., 2017; 

Yousefi et al., 2016). Du et al. (2019) compared initial velocity errors between 

simulation and measurement, which was less than 5 %; minimum and maximum errors 

for maximum deformed length were 3.4 % and 19.0 %, respectively, while contact 

time was -3.3 % and 11.9 % and in terms of bruise volume with lowest and highest 

errors of 3.8 and 17.1 %. The lowest and the highest errors between the predicted and 

observed bruised areas were 0.00 and 60.53%, respectively, for pear impact (Yousefi 

et al., 2016). Gharaghani and Maghsoudi (2018) reported a 1.93 % and 0.24 % 

difference in contact forces and a 4 % and 0.38 % difference in everyday stresses for 

dropping heights of 2 and 3 metres, respectively. The differences between 

experimental and simulation-based results can vary depending on the FEA setup 

conditions (material properties, fruit ripening conditions, variety, moisture, harvest, 
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and assumptions used) and the unpredictability of the physical environment conditions 

encountered during the experiments. (Ahmadi et al., 2016; Celik et al., 2021; 

Szyjewicz et al., 2021).  

FE modelling of fruits under impact loads has been used to optimise design parameters 

of harvest and postharvest tools such as catching surface and packaging surface to 

avoid mechanical damage (Celik et al., 2021; Hernández & Bellés, 2003; Rashvand et 

al., 2021; Yousefi et al., 2016). It has also been used in sensitivity analysis of input 

parameters used for discrete element modelling of fruits (Dintwa et al., 2008) and 

prediction of impact damage of strawberries under varying temperatures (An et al., 

2022) 

2.8.2.5 Modal Analysis  

Modal analysis of fruits entails the investigation of their natural frequencies and 

corresponding mode shapes. This encompasses the determination of the vibrational 

characteristics of a fruit, such as its resonant frequencies and the patterns of vibration 

associated with each frequency. 

FEM can be applied to perform a modal analysis of fruits. The process is similar to 

the general procedure of developing the model of the fruit. The fruit modelled as a 3D 

geometry is discretised, and material properties, such as density and stiffness, are 

assigned to these elements. The equations of motion are then solved numerically to 

determine the fruit's natural frequencies and mode shapes, as described below. 
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The displacement at any point in an element 𝑢(𝜉, 𝑡) can be expressed in terms of the 

nodal displacement 𝑞𝑒(𝑡) as: 

𝑢(𝜉, 𝑡) =  𝑁𝑒(ξ). q𝑒(𝑡)            Equation 6 

 

Where 𝑁𝑒(ξ) is the shape function matrix. 

The dynamic motion of the fruit can be expressed using Newton’s second law: 

 

𝐹(𝑡) = 𝑀𝑞̈(𝑡) + 𝐶𝑞̇(𝑡) + 𝐾𝑞(𝑡)  Equation 7 

 

Assuming the system is not damped, the undamped vibration can be expressed as 

 

𝐹(𝑡) = 𝑀𝑞̈(𝑡) + 𝐾𝑞(𝑡)  Equation 8 

 

where M is the mass matrix, C is the damped matrix, K is the stiffness matrix, q(t), 

𝑞̇(𝑡) and  𝑞̈(𝑡) is the displacement, velocity and acceleration vectors, and t is the time. 

In FE modal analysis, if free vibration is assumed, no force is applied, and 

correspondingly, F(t)=0. For a linear system, this vibration will be harmonic in the 

form: 

𝑞𝑖(𝑡) =  𝜙𝑖  . 𝑠𝑖𝑛𝜔𝑖𝑡  Equation 9 

 

Where  𝜙𝑖 is the eigenvector representing the ith natural frequency, 𝜔𝑖 is the ith natural 

angular frequency and t is the time.  

By substituting Equation 9 into 8, 

 

(𝐾 −  𝜔𝑖
2𝑀)𝜙𝑖 = 0   Equation 10 
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For a non-trivial solution this corresponds to the following equation 

 

𝑑𝑒𝑡(𝐾 −  𝜔𝑖
2𝑀) = 0   Equation 11 

 

Equation 6 represents an eigenvalue problem that can be solved for n values of 𝜔2 

(eigenvalues) and n eigenvectors, where n is the number of all the degrees of freedom 

(DOFs). This eigenvalue problem is solved by using the Finite element method 

program.  

Modal analysis using FEM is instrumental in understanding the dynamic response of 

fruits to external forces or vibrations, which can help in applications such as designs 

and optimisation of harvest equipment; and evaluating the quality and ripeness of 

fruits.  

2.8.2.5.1 Fruit Internal Quality 

The vibration characteristics of fruits are influenced by their mechanical and structural 

properties, such as density and elasticity, which are related to firmness. The firmness 

of pear fruit was measured using an index f2m
2, where f2 is the second resonant 

frequency, and m is the mass of the fruit (Finney, 1971). The author found that the 

firmness index is correlated with Young’s modulus and the shear modulus of the fruit 

tissue.  

Chen & Baerdemaeker's (1993) investigation on the modal analysis of apples and 

pineapple firmness using the finite element method concluded that the firmness index 

f2m2/3 is more accurate in estimating the elastic modulus of both fruits and also, the 

geometry of the fruits will affect the mode shapes. 
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Recently, Abbaszadeh et al. (2014) and Namdari Gharaghani et al. (2020) used FEM 

for modal analysis of apples and oranges, respectively; they evaluated the elasticity of 

the fruits. Hence, the authors were able to predict the ripeness of the fruit since the 

elasticity of the fruit decreases as it ripens. Additionally, FEM was also used to 

determine the optimum locations for excitation and detecting output vibrations based 

on the fruit mode shapes (Abbaszadeh et al., 2014; Chen & Baerdemaeker, 1993; 

Namdari Gharaghani et al., 2020). 

2.8.2.5.2 Harvest Optimization 

Mechanised harvesting employs bulk and selective technologies (Bu et al., 2021). 

Selective harvesting involves a robotic harvester that uses sensors to locate the fruit 

and a robot arm to grasp it. In contrast, bulk technology detaches all the fruits from 

the tree by shaking it and collecting them with a pre-set device (a collector). A machine 

applies a vibrational movement to the tree trunk or canopy to achieve this, causing the 

fruit to detach from the branches. However, these methods are not without the 

downside of detachment efficiency (Gupta et al., 2016; Zhao et al., 2021), 

environmental complexities (Bloch et al., 2018), damage from robotic grasping (Bloch 

et al., 2018; Bu et al., 2020), damage because of impact on catching surface (Wang et 

al., 2019). The 3-D model of trees generated from CAD modelling software models 

the interaction of the stem, branches, fruit, and leaves (Fu et al., 2016; He et al., 2015; 

Niu et al., 2022; Tang et al., 2011).  

In the boundary condition in tree vibration harvesting modelling, fixed support was 

defined at the root region, and the tree behaved like a cantilever (Fu et al., 2016). 

Mechanical harvesting is a complex phenomenon that involves the interaction 
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between the machine and the tree, as well as interactions among the different parts of 

the tree, such as fruits, branches, and leaves. Therefore, some assumptions and 

generalisations must be made to efficiently model and simulate the physical 

phenomena. The geometry of the tree is usually simplified to save computational 

resources. Gupta et al. (2016) simplified the geometry of a citrus tree as a primary 

limb (branches originating from the primary limb) and a secondary limb (main 

scaffold branches originating from the trunk of the tree).  

The complex variations in the physical and mechanical properties of fruit and trees 

affect the harvest process's computational modelling (Villibor et al., 2019). The 

stiffness of coffee stems was reported to vary with harvesting season, plant age, variety 

of coffee, and maturity stage (Coelho et al., 2015; Júnior et al., 2018). By improving 

the modelling process by considering these factors, Lúcio Santos et al. (2021) used a 

stochastic method to model macaw material properties by identifying three possible 

operating ranges to design macaw palm harvesting machines. The stochastic FEM was 

also used in determining the dynamic behaviour of macabre palm (Rangel et al., 2020) 

and coffee (Coelho et al., 2016).  

2.9 Summary 

In conclusion, studying papaya fruits' physical and mechanical properties provides an 

efficient strategy for minimising postharvest losses.  

This chapter discussed a literature review of postharvest treatment, detailing how 

papaya fruit's physiology, biochemistry and biomechanics affect its economic and 

shelf life.  The review of the physiological characteristics of fruits gave an 
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understanding of how water content, cellular arrangement, structure, maturity index, 

and heterogeneity of fruits affect their mechanical properties. The mechanical 

properties of papaya have been reported without specific relation to longitudinal 

location (Sanchez et al., 2020; Zulkifli et al., 2021). Therefore, this study aims to 

determine if variation exists in papaya's mechanical properties along its longitudinal 

axis. 

Also, the chapter highlights the mechanistic (or physics-based) and data-driven 

modelling strategies used in fruit modelling. Mass modelling using a data-driven 

approach provides us with a model that can be applied with a computer vision system, 

which can be used in sorting and grading fruit, as discussed in section 2.6.2. However, 

there is no published literature on the mass model of papaya fruit, which necessitates 

the objective of developing a mass model of papaya fruit.  

Furthermore, the discussion on the finite element method (section 2.7.2) as a type of 

numerical method highlights the kinds of geometry modelling approach, material 

models used for different fruits in literature and how loading conditions are modelled 

and applied to solve postharvest problems. It is worth noting that the accuracy of an 

FE model depends on the preprocessing stage. Therefore, this study aimed to 

determine the suitability of different material models in the FE modelling of papaya 

under compressive loads. 

It is essential to study the mechanical response of papaya fruit under compressive 

loads because compression is inevitable for the fruit located at the bottom of the 

packaging materials (plastic crates, corrugated fibreboard (CFB) box and bulk bins).  
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CHAPTER 3 

3 MATERIALS AND METHODS 

3.1 Overview 

The methodology of this study was developed to achieve the objectives stated in 

Chapter 1.  Figure 6 describes the overall workflow. The workflow of the physical 

properties’ measurement describes the process of mass modelling of papaya fruit, 

which relates to objective 1, while objectives 2 and 3 workflows are described under 

the workflow of the mechanical response of papaya fruit.  Section 3.2 covers the 

material and methods used in the mass modelling of papaya fruit, while Section 3.3 

expounds on the mechanical response of papaya fruit. 
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Figure 6 : Overall methodology workflow 
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3.1.1 Sample Collection 

For this study, all Carica papaya ("Exotica" variety) fruits were purchased from the 

local market in Seri-Kembangan, Selangor, Malaysia. The fruits used in the 

experiment were at ripeness index 2, as determined using the standard colour chart 

(Figure 7) that Kwok & Liang (2019) developed. The ripeness index two was used 

because papaya fruits harvested at this stage are optimum for export and long-distance 

transportation (Barragán-Iglesias et al., 2018; Sekeli et al., 2018). 

 

Figure 7 : The ripening index scale of the Eksotika papaya (Kwok & Liang, 2019) 

 

3.2 Mass Modelling 

This section describes the methods used to measure the geometric physical properties 

of papaya, a descriptive statistic of the parameters measured, and the procedure used 

in developing the model to predict its mass. 

3.2.1 Determination of Geometric Physical Properties 

Measurements were conducted on 63 fruits to determine their physical properties 

(Mansuri et al., 2022; Murakonda et al., 2022; Panda & Sethy, 2017). The sample size 

of 63 was the largest number of available fruits with a ripeness index of 2 during the 

experiment. A normality test was performed to verify that this sample size accurately 
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represents the population. Three axial length measurements and mass were measured, 

and the mean diameter, volume, sphericity, and projected area were calculated. The 

axial lengths of each fruit were measured along three orthogonal axes, as depicted in 

Figure 8. A digital calliper was used to take precise measurements, with a sensitivity 

of ±0.05 mm. 

𝑀𝑒𝑎𝑛 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (D0) =  √a ×  b × c
3

           Equation 12 

 

 

𝑆𝑝ℎ𝑒𝑟𝑖𝑐𝑖𝑡𝑦 =  
√𝑎 × 𝑏 × 𝑐
3

 

𝑎
        Equation 13 

 

 

 

Figure 8 : An illustration of the axis: a, b and c. a, the longest axis measured along 

the longitudinal axis, b was measured as the axis perpendicular to a, and c was 

measured as the axis normal to a and b 

 

The fruit's geometric mean diameter (D0) and the sphericity were calculated using 

Equation (12) and Equation (13), respectively (Mohsenin, 1970; Sahu, 2018). 
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The surface area (S) measures the total area that the fruit's exterior occupies. It was 

derived from the mean geometric dimension described in Equation (14) (Meisami-asl 

et al., 2009; Mirzabe et al., 2013; Topuz et al., 2005). 

𝑆 =   𝜋 ×  𝐷0
2  Equation 14 

 

The projected area, a two-dimensional measurement obtained by projecting the three-

dimensional object onto an arbitrary plane, plays a crucial role in modelling the mass 

(Mahawar et al., 2019; Mansuri et al., 2022).  This parameter was computed using 

Equation (15) (Burubai et al., 2007; Mirzabe et al., 2013). The surface area considers 

all the exterior surfaces of a three-dimensional object. The projected area is a two-

dimensional representation of that object.  

𝑃𝑎 = (
𝜋𝑎𝑏

4
)           Equation 15 

 

3.2.1.1 Descriptive Analysis of the Physical Properties of Papaya  

A descriptive statistical analysis was conducted on the physical properties data, 

including mass, axial length dimensions, mean diameter, surface area, sphericity, and 

projected area. The mean, standard deviation, maximum, and minimum values were 

calculated to summarise and understand the characteristics of the data.  

A Shapiro-Wilk normality test was also conducted to determine whether the sample 

data was representative. The null hypothesis of the test postulates that the distribution 

of the sample is normally distributed. So, if the p-value is greater than the chosen 

significance level (0.05), then the null hypothesis is not rejected, and we can assume 

that the data is normally distributed. If the p-value is less than the significance level, 

then the null hypothesis is rejected, indicating that the data does not follow a normal 
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distribution (Ghasemi & Zahediasl, 2012). The calculated p-value for this test was 

0.98765, suggesting that the distribution is normal. 

 A correlation analysis used the Pearson product-moment correlation coefficient to 

describe the relationship between mass and other variables. A correlation coefficient 

quantifies the strength and direction of the linear relationship between two variables 

(i.e. X and Y), as shown in Equation 16 (-1≤ r ≤ 1). 

𝒓 =  
∑ (𝑿𝒊  − 𝑿̅)(𝒀𝒊 − 𝒀̅)𝒏

𝒊=𝟏

√∑ (𝑿𝒊  − 𝑿̅)𝟐𝒏
𝒊=𝟏 ∑ (𝒀𝒊 − 𝒀̅)𝒏

𝒊=𝟏
𝟐
 Equation 16 

 

Where: n is the number of observations, 𝑋𝑖  and 𝑌𝑖 are the individual sample points 

and 𝑋̅ and  𝑌̅ are the means for all 𝑋𝑖  and 𝑌𝑖 respectively. 

3.2.2 Mass Model Development 

Mass modelling of fruits was carried out using seven regression models: linear, 

quadratic, S-curve, power, and three multiple variable models. These models are 

frequently emphasised in the existing literature as the most prevalent models for fruits 

(Khoshnam et al., 2007; Lorestani & Tabatabaeefar, 2006; Mahawar et al., 2019; 

Mansuri et al., 2022).  The total number of samples used for the mass modelling was 

63 to ensure uniformity of ripeness, and the data was split into 70% and 30% for model 

calibration and validation, respectively. First, the models were calibrated by 

determining the coefficients in each model using the curve fitting method. Once the 

models were defined, model validation was performed by comparing the predicted 

mass to the measured mass, i.e., the ground truth. All data analyses were carried out 

in Jupyter notebook (Anaconda 4.10.1; Python version: 3.8.8). Python libraries such 
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as NumPy, Pandas, Matplotlib, SciPy, and Sklearn were used in the analysis (Refer to 

Appendix A for the code snippet of the analysis).  

3.2.2.1 Model Calibration: Mass Models Using Single Variable as Predictor 

The empirical models to predict papaya mass  were linear, quadratic, S-curve, and 

power models (Table 3). Each model has two or three coefficients to be calibrated. 

We employed the linear regression curve fitting method for the linear equation and the 

non-linear regression curve fitting process for the remaining three non-linear 

equations using the calibration dataset to determine the models’ coefficients 

(Mahawar et al., 2019; Mansuri et al., 2022).   

Table 3 : Mass model equations 

 

Regression Model Equation 

Linear 𝑀 =  𝛼 +  𝛽𝑋 

Quadratic 𝑀 =  𝛼 +  𝛽𝑋 +  𝛾𝑋2 

S-curve 𝑀 =  𝛼 + (
𝛽

𝑋
) 

Power 𝑀 =  𝛼𝑋𝛾 

Where M is mass (g), X is the variable used as the predictor of mass, and α, β, and γ 

are model coefficients. 

 

3.2.2.2 Model Calibration for Mass Modelling Using Multiple Variables as 

Predictors 

Due to the irregular shape of papaya, multiple predictors may lead to a more precise 

mass prediction. Three distinct modelling techniques were employed using the 

calibration data to model papaya mass. These techniques include ordinary least 

squares (OLS), last absolute shrinkage and selection operator (Lasso), and support 

vector regression (SVR). OLS utilises a linear equation to predict mass based on 

predictor variables. Lasso regression, on the other hand, modifies the cost function of 
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regular linear regression to produce fewer overfitting models. While SVR avoids 

overfitting and uses a smaller number of training samples (Pedregosa et al., 2011). 

The multiple variable models (OLS, linear Lasso and SVR) were developed using all 

variables: three axial measurements, mean diameter, surface area, sphericity, and 

projected area to provide a robust model. Moreover, the mass of a fruit is typically 

influenced by several factors (Mansuri et al., 2022; Murakonda et al., 2022). 

3.2.3 Mass Model Validation 

Once the coefficients were established for all mass models, the predicted mass for 

each fruit within the validation dataset was computed across all seven models, 

encompassing four single-variable predictors and three multiple-variable predictors. 

Subsequently, the predicted mass was compared with the measured mass, facilitating 

a comparative analysis using the coefficient of determination (R2) and root mean 

square error (RMSE) computed using Equations 17 and 18, respectively. 

𝑹𝟐 =  [
𝒏 ∑(𝒎𝒎̈)−(∑ 𝒎)(∑ 𝒎̈)

√[𝒏 ∑ 𝒎𝟐−(𝒎)𝟐][𝒏 ∑ 𝒎̈𝟐−(∑ 𝒎̈)𝟐]

]

𝟐

 Equation 17 

 

 

𝑹𝑴𝑺𝑬 =  √
∑ (𝒎−𝒎̈)𝟐𝒏

𝒊  

𝒏
  Equation 18 

 

Where 𝑚 is the measured mass and 𝑚̈ is the predicted mass. 

The coefficient of determination (R2) quantifies the extent to which the variation in 

the dependent variable (mass) can be explained by the independent variable(s). A 

higher R2 value, approaching 1, signifies a strong fit of the model to the data, 

indicating its ability to predict the dependent variable effectively (Cheng et al., 2014; 
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Hahn, 1973). On the other hand, RMSE serves as another statistical metric to evaluate 

model performance, where a lower RMSE value closer to zero indicates a better fit of 

the model (Chai & Draxler, 2014; Sultan et al., 2018). Hence, it can be inferred that 

the optimal mass models for the investigated papaya species exhibit the highest R2 and 

lowest RMSE values. 

3.3 Mechanical Properties and Response of Papaya Fruit under 

Compression 

The mechanical response of papaya fruit under compressive loading was investigated 

using experimental and finite element modelling methods. Section 3.3.1 described the 

methods used to investigate the variation in papaya's mechanical properties, i.e., the 

failure stress, failure strain, Young's Modulus, and viscoelastic parameters as a 

function of specimen location along its longitudinal axis. The results of the material 

properties in Section 3.3.1 were used as an input for defining the material properties 

of the finite element model of papaya (Section 3.3.2), aligning with objective 3. The 

technique involves the development of a finite element model to simulate the 

mechanical response of papaya fruit under compressive loading.  

3.3.1 Characterizing Mechanical Properties of Papaya along its 

Longitudinal Axis 

This section details the methods used in determining the mechanical properties of 

papaya, such as density, elastic modulus, failure stress, failure strain, and viscoelastic 

properties.  © C
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3.3.1.1 Sample Preparation 

The papaya fruit used in this study section is the same as that described in section 

3.1.1. Twenty (20) whole papaya fruits were randomly selected, and each fruit was 

divided along its longitudinal axis into three approximately equal sections: the top 

(stem end), middle, and bottom (blossom end), as illustrated in Figure 9. Then, each 

section was further sliced into cylindrical samples with a thickness of 30 mm. Since 

slices from each section of the fruit will give us more than 30 samples, we randomly 

selected 30 samples from each section (top, middle, and bottom), resulting in a set of 

90 slices i.e. 30 slices by 3 sections. Two sets of samples were prepared for two tests: 

compression testing and stress-relaxation testing. The data from the compression test 

was used to determine the elastic and elastic-plastic material models, while the stress-

relaxation test data was used for the viscoelastic material model. 

 

Figure 9 : An illustration sliced sample of papaya fruit for compression. 

Determination of Fruit Density  

 

 

 

Top

sample

Middle

sample

Bottom

sample

Top

Middle

Bottom
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The volume of each whole papaya fruit was determined using the liquid displacement 

method. The mass (g) of the fruit was measured using a digital weighing balance (GF-

10K, A&D, Japan) with a capacity of 1g –10 kg and an accuracy of ±0.01 g. The fruit 

density (D) was calculated using Equation 16.  

𝝆 =
𝑴

𝑽
               Equation 19 

 

Where M is the mass of the fruit (g), and V is the volume (cm3). 

3.3.1.2 Determination of Elastic Properties  

 The first set of cylindrical samples were laid horizontally and compressed with a 

compression platen of 150 mm diameter until failure (Figure 10). The ASAE S368.4 

DEC2000 standard (ASAE, 2008) guided a compression speed of 10 mm/min. The 

stress and strain yield points of all samples for each section were averaged to obtain 

the stress and strain for each section. 
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Figure 10 : Compression and stress-relaxation tests setup 

 

3.3.1.3 Determination of Viscoelastic Properties  

The stress relaxation test was carried out on the second set of cylindrical samples to 

determine the viscoelastic parameters using a test speed of 10 mm/min, with a hold 

time of 300 s (ASAE, 2008). The compression load, deformation, stress, and strain 

were recorded for this test.  A hold time of 300s, at 20% strain was chosen to allow 

the stress curve to reach equilibrium without the total rupture of the sample, as shown 

in Figure 11. A time interval of 10s was used in the decimation. The relaxation 

parameters, relaxation moduli (Ee, E1, E2, E3) and relaxation time (T1, T2, T3) were 

determined by fitting the stress relaxation data to the three elements in the Maxwell 

model (Equations 20 and 21) using non-linear regression (Sanchez et al., 2020). 

E(t) =  Ee +  E1e−t/T1 +  E2e−t/T2  +  E3e−t/T3;  ηi =  Ei  × Ti   Equation 20 

 

 

𝛔(𝐭) =  𝛆𝐨𝐄(𝐭)            Equation 21 
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The relaxation function E(t) is the stress history per unit strain imposed, E1, E2 and E3 

are the relaxation moduli, and T1, T2, and T3 are the relaxation time. ηi, Ei and Ti  are 

the viscous coefficient, relaxation moduli and relaxation time of the i-th number of the 

Maxwell components respectively. Ee is the equilibrium moduli (Flügge, 1975). 

Equation 21 expresses the relationship between nominal stress 𝝈(t) and strain 𝝴o . 

 

Figure 11 : A representative stress-time curve of papaya along its longitudinal 

axis indicating the overstress and equilibrium region using equations 20 and 21 

 

3.3.1.4 Statistical Analysis: Analysis of Variance (ANOVA) 

In order to ascertain the variations in the mechanical properties of a papaya fruit along 

its longitudinal axis, an analysis of variance (ANOVA) was conducted. The analysis 

specifically focused on the failure stress, failure strain, Young’s modulus, and 

viscoelastic parameters to determine the mean differences among the three distinct 

sections of the fruit. 
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Following the ANOVA, a post-hoc test was performed specifically on the viscoelastic 

parameters. In all analyses, a significance level (P-value) < 0.05 was used. This 

threshold is a standard in many scientific studies, and it helps us ensure that the results 

obtained are not due to random chance but indicate a statistically significant 

difference.  

3.3.2 Finite Element Modelling 

3.3.2.1 Finite Element Model Setup 

The finite element modelling of the mechanical response of papaya was set up using 

the multiphysics software ANSYS V.2023 R1. The static structural module of the 

module's software consists of the general workflow of solving finite element models, 

geometry, material properties, boundary conditions, loading conditions, and solutions 

to the model. The models were set up following the logical flow shown in Figure 12.  
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Figure 12 : Finite element modelling flowchart 
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Problem Formulation 

 

 

In this study, finite element modelling was performed to investigate the difference in 

stress response of papaya under compression in two conditions:  

1. When papaya is subjected to compression along its longitudinal and 

transverse directions. 

2. When the papaya fruit model used is based on 3D scanned and sketched 

geometry.  

 

The validation process for the FE model involved comparing its results with 

compression test data of the whole papaya fruit, which enabled the determination of 

the most suitable material model for subsequent FE simulations mentioned above. 

Table 4 presents the sequence of the key work carried out in this phase of the study. 

Table 4 : Simulation objectives and the corresponding setup 

 
Objective of simulation Material Model Geometry Loading Condition 

Determine the best materials 
model for papaya by 

comparing with sliced papaya  

experimental results, as part of 
the finite element model 

validation process 

Elastic, Elastic-
Plastic, and 

Viscoelastic 

model 

Sliced 
papaya 

model 

8 mm compression 
loading.  

Determine the best materials 

model for papaya by 
comparing with whole papaya 

experimental results, as part of 

the finite element model 
validation process 

Elastic, Elastic-

Plastic, and 
Viscoelastic 

model 

scanned 

models 

8 mm compression 

loading.  

Determine the best 

geometrical model for papaya 

using T-test mean comparison. 

Viscoelastic 

model 

scanned 

models, 

sketched 
models 

16 mm longitudinal 

compression loading  

Evaluate the differences in 

response due to transverse vs. 

longitudinal compression 

Viscoelastic Scanned 

models 

4-, 8-, and 16-mm 

transverse and 

longitudinal loading 
respectively. 
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3.3.2.2 Geometry Models 

The model's geometry must closely approximate the object to solve finite element 

problems more precisely. A conventional method for modelling is based on the 

presumption that agri-food products are uniform and symmetrical and that the objects 

being modelled are provided with standardised geometries such as cylinders, spheres, 

and cones (Anders et al., 2019).  The decision whether to use simple or complex 

geometries in Finite Element Analysis (FEA) is critical, as each has advantages and 

disadvantages. Simple geometries, while computationally efficient and easier to work 

with, may not accurately represent the actual system, potentially resulting in errors. 

Complex geometries, despite their higher computational demand and meshing 

challenges, can provide a more accurate representation of the real system. However, 

the choice between simple and complex geometries ultimately depends on the specific 

requirements of the study, including the desired level of accuracy, available 

computational resources, and the complexity of the problem at hand (Anders et al., 

2019; Umulis & Othmer, 2012; Zienkiewicz et al., 2013). 

Geometry modelling is an essential task in food engineering, and it becomes more 

challenging and complex when dealing with irregularly shaped objects such as papaya 

(Goñi et al., 2007). The following subsections outlined the methods to generate papaya 

3-D geometries: 3-D laser scanning and 2D sketching/outline.  

3.3.2.2.1 3D Laser Scanning Method 

Reverse engineering techniques were employed to obtain a geometry of the papaya 

fruit that can be converted into a solid model. The EinScan-SE V2 3D scanner from 

SHINING 3D Tech. Co., Ltd. Hangzhou, China (as illustrated in Figure 13a) was 
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utilised for this purpose. The scanner performed eight scanning steps, capturing the 

complete surface of the fruit in both vertical and horizontal positions. Subsequently, 

the scanned surfaces were processed, aligned, re-meshed, and exported using the 

ExScan S software (v.3.1.3.0). To refine the scanned mesh further, Ansys SpaceClaim 

(V. 2022 R2) CAD software was employed to obtain a solid model (Figure 13b), which 

was later imported into Ansys Workbench for subsequent numerical analysis. Figure 

14 illustrates the entire process, from 3D scanning to the final geometry model. This 

comprehensive methodology ensured the accurate representation of the papaya fruit's 

geometry, facilitating precise numerical simulations of its deformation behaviour. 

 

Figure 13 : 3D Solid modelling of papaya fruit. (a) – scanning of the fruit (b) – 

converting scanned model to solid model 

 

 

 

 

(a) (b) 
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Figure 14 : Reversed engineering process of the scanned model 

 

3.3.2.2.2 2D Sketching/Outline Method 

A second 3D model was developed directly in ANSYS SpaceClaim software, by 

outlining the shape of papaya based on 2D images. A papaya fruit was selected and 

cut into half. Then, the cut surface was photographed using a smartphone camera with 

a 13 MP, f/1.8 specification. The image was loaded into ANSYS SpaceClaim, and a 

spline tool was utilised to trace the ¼ fruit's outer edge, resulting in an axisymmetric 

sketch of the fruit model (Figure 15(a)). The sketch was then appropriately scaled to 

match the geometric measurements of the scanned model. To obtain a 3D model based 

on the traced the profile, it was revolved 270° along the y-axis (Figure 15(b)). 

The dissimilarity between Figure 15 (a) and (b) arises from the methods employed in 

the creation of the geometry model. Figure 15 (a) is a direct image cut from papaya 
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fruit, preserving the natural contours of the fruit. In contrast, Figure 15 (b) is a digitally 

traced profile of the fruit and subsequently revolved 270° in ANSYS SpaceClaim, 

intended to depict an idealized version of the fruit's geometry for FE modelling 

purposes. This process reduces irregularities in the traced profile, leading to a more 

uniform shape in the modelled representation. 

 

Figure 15 : Creation process of the simplified geometry model. (a) tracing the 

fruit edge where the green line represents the traced profile (b) the resulting 3d 

solid model 

 

3.3.2.3 Defining the Material Properties of the Model 

Next, the material properties were defined for the models. This study considered the 

papaya fruit model as a homogenous and isotropic material. Three different material 

models were employed: elastic, elastic-plastic, and viscoelastic. The parameters of 

each material model were determined through the experimental procedure described 

in Section 3.3.1. Specifically, the material properties of the bottom section of the 

papaya fruit were selected to define the material models of the finite element model 

based on the observations made in Objective 2 (refer to Section 4.2). These 

observations highlighted that the bottom section has a decreased resistance to damage, 

(a) (b) 
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as demonstrated by its lower elastic modulus. This decision adopts a more cautious 

design strategy which adopts the material model for the area with the highest 

susceptibility to mechanical damage to ensure a safer design approach.  The elastic 

model's parameters are density, elastic modulus, and Poisson's ratio. The elastic-

plastic model incorporated parameters such as yield stress, tangent modulus, density, 

elastic modulus, and Poisson's ratio. Finally, the viscoelastic model was formulated 

with relative moduli and relaxation time in addition to the properties used in the elastic 

model. The relative moduli measure the ratio of the instantaneous modulus to the 

equilibrium modulus, while relaxation time measures the time required for the stress 

to decay to a certain fraction of its initial value. The stress relaxation test was used to 

obtain the stress-time data, as explained in section 3.3.1.4. The relaxation parameters, 

relaxation moduli (E1, E2, E3) and relaxation time (T1, T2, T3) were determined by 

fitting the stress relaxation data to the Maxwell model (Equations (20) and (21)) using 

non-linear regression. The instantaneous modulus E0  is expressed by Equation (22), 

and the relative modulus 𝛽𝑖 of each component of the Maxwell model is expressed by 

Equation (23).   

𝑬𝒐 =  𝑬𝒆 +  𝑬𝟏 +  𝑬𝟐 +  𝑬𝟑  Equation 22 

 

 

𝛽𝑖 =
𝐸𝑖

𝐸𝑜  
  Equation 23 

 

The Poisson's ratio, one of the input parameters for all the material models, was 

sourced from  Zulkifli et al. (2021). Table 5 details the parameters defining the three 

material models, the parameters were extracted from the experiment carried out in 

Section 3.3.1.  
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Table 5 : The parameters for elastic, elastic-plastic and viscoelastic material 

models of the bottom section of papaya fruit 
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Elastic  990 0.50635 - - - - 0.43 

Elastic-Plastic  990 0.50635 0.06791 0.30931 - - 0.43 

Viscoelastic  990 0.50635 - - 0.2688, 

0.16711, 

0.1547 

1.77, 

45.32, 

103.83 

0.43 

 

3.3.2.4 Meshing of the 3D Models 

A half-papaya model was employed throughout this investigation to optimise 

computational efficiency (Celik et al., 2021; Li et al., 2017). By utilising half-papaya, 

the computational resources needed were significantly reduced, and the analysis took 

advantage of the inherent symmetry along the sectioned plane. Before using the half-

papaya model, whole papaya fruit was used for the simulation; the computational time 

per simulation took an average of 12 hours with error messages of incomplete 

calculation or convergence errors on a 2.5GHz 32GB memory Dell desktop tower. 

The half-papaya model significantly reduced this time due to the inherent symmetry 

along the sectioned plane, which optimised computational efficiency (the simulation 

time per simulation was reduced to less than 2 hours). The papaya fruit model was 

meshed using the path conforming algorithm and Tetrahedrons element type. Initially, 

a 10mm mesh size was assigned to the model. Subsequently, mesh convergence was 

checked on the stress response with each reduction in mesh size to ensure that further 
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changes in mesh size would not affect the result. The reported results were carefully 

evaluated to ensure that changes in the response remained below 5% (Ansys Help 

Documentation, 2023).  

3.3.2.5 Boundary Condition 

To solve the finite element model correctly, appropriate boundary conditions are 

essential. In this study, fixed support was applied to the lower plate of the model setup, 

while the upper plate was permitted to move along the y-direction to compress the 

fruit model. The upper plate was constrained in other directions to prevent rigid body 

motion. Frictional contact was defined between the plates and the fruit model, where 

a frictional coefficient of 0.2 was assigned. The choice of the frictional coefficient 

value of 0.2 between the steel plates and the papaya model was determined based on 

the findings reported by Sahu (2018).  

3.3.2.6 Finite Element Model Validation 

To validate the simulation results, the outcomes obtained from the material models 

were compared with the results of the actual compression experiments.  

The compression tests were performed on whole papaya fruits using a universal testing 

machine (10 kN INSTRON 5566, UK), operating at a speed of 10 mm/min. The testing 

procedure for all samples was terminated upon the appearance of a visible crack on 

the fruit. 

The exact loading rate of 10mm/min was considered for both simulation and 

experiment (Liu et al., 2023; Miraei Ashtiani et al., 2019a; Sadrnia et al., 2008; 
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Seyedabadi et al., 2015). The Root Mean Square Error (RMSE) was used as a metric 

to evaluate the agreement between the simulated and experimental results. 

𝑅𝑀𝑆𝐸 =  √∑  (𝜎𝑚𝑜𝑑𝑒𝑙 − 𝜎𝑒𝑥𝑝)
2

𝑁
𝑖=1

𝑁
 Equation 24 

 

Where 𝑅𝑀𝑆𝐸 is the root mean square error as a measure of accuracy, 𝜎𝑒𝑥𝑝 is the stress 

at a particular deformation and 𝜎𝑚𝑜𝑑𝑒𝑙 is the average Von-Misses stress at the same 

compression deformation and 𝑁 is the number of deformation points. 

3.3.2.7 Simulation of Papaya under Longitudinal vs Transverse Compression 

The fruit model was loaded in both longitudinal and transverse directions Figure 16. 

This was done to determine the susceptibility of papaya fruit to loading directions. 

Compression load was applied on the fruit model at multiple stages of 4 mm, 8 mm, 

and 16 mm deformations.  The compression loading was stopped at 16 mm 

deformation since the experimental data of the whole fruit shows that the yield point 

was less than 16mm. 
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CHAPTER 4 

4 RESULTS AND DISCUSSION 

4.1 Geometric Physical Properties of Papaya 

The physical parameters significantly affect the design and development of 

postharvest handling machines (Mahawar et al., 2019). The descriptive statistical 

analysis of the geometric physical properties of the papaya samples is presented in 

Table 6. 

The mass of the papaya samples (n= 63) exhibited considerable variation, ranging 

from 655.13 g to 2089.49 g, with an average value of 1298.68 ± 319.46 g. Regarding 

dimensional properties, the papayas' dimensions a, b, and c were 22.37 ± 1.97 cm, 

10.50 ± 1.03 cm, and 8.93 ± 1.26 cm, respectively. Notably, the Exotica papaya variety 

demonstrated larger dimensions compared to the golden papaya variety. Specifically, 

the Exotica papaya's major dimension (length) measured 22.37 ± 1.97 cm, whereas 

the golden papaya had a major dimension of 13.83 ± 0.93 cm (Santos Pereira et al., 

2018).  

The p-values from the Shapiro-Wilk test were higher than 0.05, indicating that the 

parameters were distributed normally (Table 6). Figure 17 displays the correlation 

coefficients for the measured properties. Notably, mean diameter, projected area, and 

surface area exhibit strong correlations with mass, while sphericity exhibits a weak 

correlation with mass. This emphasises the close connection between mass, projected 

area, surface area, and mean diameter. Consequently, changes in these parameters will 
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likely cause changes in papaya mass. On the other hand, Sphericity exhibits a very 

weak correlation with mass, indicating minimal influence on mass prediction. 

Table 6 : Physical properties of papaya (n = 63) 

 

Parameters 

M
ea

n
 

S
ta

n
d

a
rd

 

d
ev

ia
ti

o
n

 

M
a

x
im

u
m

 

M
in

im
u

m
 

S
h

a
p

ir
o

-W
il

k
 

st
a

ti
st

ic
s 

p
-v

a
lu

e 

Mass (g) 1298.684 319.459 2089.490 655.130 0.970 0.125 

a (cm) 22.366 1.972 26.839 19.006 0.963 0.057 
b (cm) 10.500 1.029 12.756 7.602 0.981 0.429 

c (cm) 8.934 1.263 11.234 5.987 0.976 0.263 

Mean diameter (cm) 12.777 1.194 15.367 9.761 0.968 0.101 

Surface area, (cm2) 517.313 95.737 741.869 299.306 0.967 0.092 
Sphericity 0.572 0.039 0.667 0.478 0.993 0.984 

Projected area, (cm2) 185.032 28.429 254.130 121.991 0.981 0.442 

 

 

 

Figure 17 : Correlation coefficient matrix between geometric physical properties 

variables and mass 
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4.1.1 Mass Modelling 

This section evaluated and discussed the results of the single-variable and multiple-

variable mass modelling for papaya fruits. The developed mass models provide an 

objective and efficient solution. By integrating these models with computer vision 

technologies, we can automate the sorting and grading process based on papaya mass. 

This not only enhances accuracy but also significantly reduces the workload. 

4.1.1.1 Single Variable Mass Modelling 

The accuracy of the models was determined using the R2 and RMSE values obtained 

by comparing the predicted and the measured mass of the validation dataset. Table 8 

gives a detailed description of the developed model of papaya fruit mass using a single 

variable of the physical properties. When the mean diameter was utilised as the only 

predictor of the mass, the results indicate that the power model (R2 = 0.940 and RMSE 

=87.724 g)  outperforms the quadratic (R2 = 0.939 and RMSE = 88.214 g), linear (R2 

= 0.908 and RMSE = 108.588 g) , and S-curve models (R2 = 0. 823 and RMSE = 

150.673 g). A similar outcome was observed when using surface area and projected 

area to develop the mass model, i.e., the power and quadratic model (R2 = 0. 947 and 

RMSE = 82.28 g) demonstrates better performance than the linear (R2 = 0.945 and 

RMSE = 84.267 g) and S-curve models (R2 = 0. 885 and RMSE = 1521.557g). The 

single-variable mass modelling results confirmed the correlation analysis (Figure 17), 

whereby the mean diameter, surface area and projected area are reliable predictors for 

papaya mass. At the same time, sphericity is a poor predictor for papaya mass (Refer 

to Table 7).   
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The most suitable models for predicting the mass of fruits vary with the type of fruit 

and the variables employed in the model development. Single geometrical property as 

a predictor for the mass of uniform-shaped fruits, including tomatoes, pomegranates, 

mandarin oranges, and apples, have been reported in previous studies (Khoshnam et 

al., 2007; Mahawar et al., 2019; Mansuri et al., 2022; Murakonda et al., 2022; Nyalala 

et al., 2019). For irregular-shaped fruits, a similar outcome was reported for mangoes, 

where the power model with a combination of three axial lengths resulted in the best 

mass prediction (Spreer & Müller, 2011).   

 

© C
OPYRIG

HT U
PM



 

7
5
 

T
a
b

le
 7

 :
 S

ta
ti

st
ic

a
l 

p
a
ra

m
et

er
s 

o
f 

si
n

g
le

 v
a
ri

a
b

le
 m

a
ss

 m
o
d

el
s 

fo
r 

p
a
p

a
y
a
 f

ru
it

s 

 

M
o
d

el
 

M
o

d
el

 

P
a

ra
m

et
er

s 
a
 

b
 

c 
M

ea
n

  

D
ia

m
et

er
 

S
u

rf
a

ce
 

A
re

a
 

S
p

h
er

ic
it

y
 

P
ro

je
ct

ed
  

A
re

a
  

L
in

ea
r 

α
 

-1
2
8
7
.6

2
0
 

-1
3
4
7
.6

6
0
 

-5
9
4
.2

7
6
 

-2
1
0
1
.4

1
0
 

-4
0

8
.2

8
0
 

-5
8

3
.1

5
5
 

-6
5

0
.2

0
7
 

 
β
 

1
1

4
.7

3
2
 

2
5
0
.3

3
5
 

2
0
9
.8

1
2
 

2
6
5
.1

2
1
 

3
.2

8
1
 

3
2

3
5

.4
1

4
 

1
0

.4
7

0
 

 
R

2
 

0
.5

3
5
 

0
.7

0
8
 

0
.7

9
7
 

0
.9

0
8
 

0
.9

3
1
 

0
.0

6
4
 

0
.9

4
5
 

 
R

M
S

E
 (

g
) 

2
4

4
.2

6
5
 

1
9
3
.5

2
6
 

1
6
1
.2

4
9
 

1
0
8
.5

8
8
 

9
4

.2
8

8
 

3
4

6
.4

0
8
 

8
4

.2
6

7
 

Q
u
ad

ra
ti

c
 

α
 

-4
5
6
4
.6

8
9
 

1
5
7
7
.1

2
2
 

2
2
3
8
.1

3
5
 

5
2
7
.6

3
9
 

-1
6

2
.8

7
8
 

9
8

2
1

.2
3

4
 

9
8

.5
0

2
 

 
β
 

4
0

5
.6

0
4
 

-3
1
4
.1

8
7
 

-4
2
9
.3

2
6
 

-1
4
6
.1

5
1
 

2
.3

2
9
 

-3
2

8
7

3
.9

4
2
 

2
.2

6
7
 

 
γ 

-6
.4

1
2
 

2
7
.0

0
9
 

3
5
.4

5
8
 

1
5
.9

7
3
 

0
.0

0
1
 

3
1

2
1

0
.1

2
2
 

0
.0

2
2
 

 
R

2
 

0
.5

2
9
 

0
.7

2
0
 

0
.8

1
6
 

0
.9

3
9
 

0
.9

3
9
 

0
.0

9
5
 

0
.9

4
7
 

 
R

M
S

E
 (

g
) 

2
4

5
.7

8
4
 

1
8
9
.3

5
9
 

1
5
3
.5

3
4
 

8
8
.2

1
4
 

8
8

.4
6

1
 

3
7

4
.6

6
7
 

8
2

.7
9

3
 

S
-c

u
rv

e
 

α
 

3
9
0
1
.8

5
0
 

3
7
9
8
.6

9
2
 

3
0
6
9
.2

0
4
 

4
6
6
2
.4

4
5
 

2
9

7
0

.3
9

9
 

3
0

6
6

.2
5
 

3
1

2
8

.6
9

1
 

 
β
 

-5
8

3
0
0
.2

1
2
 

-2
6
2
1
6
.2

6
5
 

-1
5
7
2
2
.2

1
1
 

-4
2
8
4
6

.4
0

7
 

-8
4

6
4

4
2

.0
5

4
 

-1
0

2
5

.0
8

6
 

-3
3

4
0

3
9

.9
0

9
 

 
R

2
 

0
.5

2
7
 

0
.6

5
0
 

0
.7

0
4
 

0
.8

2
3
 

0
.7

5
2
 

0
.0

8
2
 

0
.8

8
5
 

 
R

M
S

E
 (

g
) 

2
4

6
.1

9
3
 

2
1
1
.8

3
9
 

1
9
4
.9

1
3
 

1
5
0
.6

7
3
 

1
7

8
.2

6
5
 

3
4

3
.0

8
4
 

1
2

1
.5

5
7
 

P
o
w

er
 M

o
d
el

 
α

 
2
.9

0
9
 

8
.9

8
6
 

4
7
.4

0
7
 

1
.5

4
7
 

0
.3

4
3
 

2
9

3
0

.6
3

1
 

0
.4

5
4
 

 
γ 

1
.9

5
7
 

2
.1

0
5
 

1
.5

0
2
 

2
.6

3
3
 

1
.3

1
6
 

1
.5

0
3
 

1
.5

2
1
 

 
R

2
 

0
.5

3
1
 

0
.7

2
1
 

0
.8

1
1
 

0
.9

4
0
 

0
.9

4
0
 

0
.0

5
8
 

0
.9

4
7
 

 
R

M
S

E
 (

g
) 

2
4

5
.2

7
4
 

1
8
9
.1

3
2
 

1
5
5
.5

5
2
 

8
7
.7

2
4
 

8
7

.7
2

4
 

3
4

7
.5

1
4
 

8
2

.2
8

4
 

W
h
er

e 
α

, 
β
, 
an

d
 γ

 a
re

 m
o
d
el

 c
o
ef

fi
ci

en
ts

. 
 

  

© C
OPYRIG

HT U
PM



76 

4.1.1.2 Multiple Variable Mass Modelling 

Table 8 presents the results of the multiple variable models (OLS, linear Lasso and 

SVR) using all variables: three axial measurements, mean diameter, surface area, 

sphericity, and projected area. The OLS outperforms other models in predicting 

papaya’s mass with R2 and RMSE values of 0.9479 and 81.7232 g, respectively. 

Mansuri et al. (2022) reported that SVR had the best accuracy in predicting the mass 

of Ber apple using the projected area (R2 = 0.968).  

The study highlights the importance of considering a combination of physical 

properties for an accurate mass estimation. The optimal single-variable and multiple-

variable mass models resulted in comparable performance, namely R2 ~0.95 and 

RMSE of ~82 g. The single-variable mass model used the projected area as the 

predictor, combining two axial lengths, a and b. 

Table 8 : Performance metrics of multiple variable mass models for papaya fruits 

Model R
2
 RMSE (g) 

OLS 0.9479 81.7232 

Lasso 0.9440 84.6965 
SVR 0.9464 82.8313 

4.2 Mechanical Properties of Papaya 

4.2.1 Elastic Modulus 

The whole fruit was sectioned into three sections along its longitudinal axis. The 

elastic modulus was determined experimentally, and results show that it reduces from 

top to bottom, as shown in Figure 18(a). The elastic modulus of the top section has an 

average value of 0.5063 ± 0.19 MPa, the middle section has a value of 0.4242 ± 0.20 
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MPa, and the bottom section has a value of 0.39162 ± 0.19 MPa. From the comparison 

test, the difference in the means of the elastic modulus at different locations is 

insignificant at P < 0.05. Nevertheless, the decrease in elastic modulus indicates that 

the bottom end of the fruits is more delicate and susceptible to mechanical damage 

than the top region. Wang et al. (2019, 2020) also characterised the damage degree of 

litchi fruit as the change in elastic modulus. 

The mean yield stress limit, also known as the failure stress of the top, middle and 

bottom locations in this study, was found to be 0.0679 ± 0.02 MPa, 0.0619 ± 0.02 

MPa, and 0.0454 ± 0.01 MPa, respectively. Similarly, Zulkifli et al. (2021) reported a 

yield stress limit of 0.05 MPa for the exotic variety of papaya flesh tissue. Arrázola et 

al. (2021) also reported 0.0731 ± 0.0021 MPa for the stress yield limit of the Tainung 

F1 papaya. 

The average force to cause failure on the top, middle and bottom sections was 459.96 

± 146.39 N, 522.09 ± 160.43 N, and 352.85 ± 149.36 N, respectively. The average 

force to cause a bio-yield in a non-climacteric fruit such as pomegranates ranges from 

295.24 N to 162.64 N during harvest to five months of storage (Arendse et al., 2014). 

The bio-yield force of a woody apple was reported to be less than 5.9 kN (Murakonda 

et al., 2022).  The mean failure force for a whole grapefruit was reported as 431.15 ± 

21.09 N along the longitudinal axis (Miraei Ashtiani et al., 2019). The fruit failure of 

cantaloupe under compression was found to occur at 45 mm deformations or force 

equivalent of 730 N (Seyedabadi et al., 2015). Therefore, using the same postharvest 

handling process as with these other fruits will lead to losses because they have 

mechanical failure properties different from papaya.  

© C
OPYRIG

HT U
PM



 

78 

 

 

 

Figure 18 : The average and standard deviation (n = 30) of (a) elastic modulus 

(b) failure load (c) failure strain (d) failure stress along the longitudinal axis. no 

significant difference (p < 0.05) was observed in all variables with respect to 

locations 

 

4.2.2 Viscoelastic Parameters 

Fruit structure may be considered a multiscale continuity structure (Cáez-Ramirez et 

al., 2015; Ghysels et al., 2010; Ho et al., 2009). In the case of papaya tissue, its 

mechanical behaviour can be described using Maxwell elements (Sanchez et al., 

2020). The ANOVA test results in Table 9 show that the locations along the 

longitudinal axis significantly influence the value of the spring component, i.e., the 

relaxation moduli (E0, E1, E2, and E3) (p < 0.05), but not the dashpot component, i.e., 

the relaxation time (T1, T2). However, the longitudinal location significantly 

influences one of the dashpot components, T3 (p < 0.05).  

(a) (b) 

(c) (d) 
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The location along the longitudinal axis significantly influences relaxation moduli and 

one of the relaxation time, T3 components in papaya. The instantaneous modulus (E0) 

reduces along the longitudinal axis, ranging from 0.1078 ± 0.023 MPa, 0.1019 ± 0.003 

MPa, and 0.1010 ± 0.002 MPa for the top, bottom, and middle sections. The first 

spring (E1) and dashpot element (T1) decrease along the longitudinal axis; this 

represents the deformation of the primary cell wall and the middle lamella (Karaman 

et al., 2016; Sanchez et al., 2020).  

The components E2, E3, T2,  and T3 reduced along the longitudinal axis. Yildiz et al. 

(2013) highlighted that these components are linked to cell structural features, and the 

magnitude of the relaxation moduli is directly proportional to the strength of the cell 

wall. Higher strength indicates that the wall has higher resistance to deformation.  

Since the top section of papaya fruit exhibits the highest relaxation moduli compared 

to the middle and bottom sections, it can be deduced that the top section cell walls is 

more resistant to deformation. The relaxation time (T1) is when the force applied to 

the viscoelastic material dissipates to approximately 36.8% of the initial value 

(Mohsenin, 1970; Yildiz et al., 2013).  The value of T1 reduces along the longitudinal 

axis.  

Chen (1994) described the components of the Maxwell model in relation to fruit tissue 

based on their time constants. T1, as the short-time intercellular gases, can only sustain 

a load. T2 as a medium time for the intercellular liquid flow. T3 represents the cells as 

a whole and has a long relaxation time constant because fluids inside them move in 

and out slowly. As a result, when the fruit is subjected to a constant load, the stress on 

each tissue component changes over time. Overall, the result of the viscoelastic 
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parameters implies that the tissue located at the bottom section of papaya behaves 

differently under mechanical load from those at the top and middle sections due to 

differences in the cell structure compositions. 
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4.3 Finite Element Analysis 

The result of the problem formulation discussed in section 3.3.2.2 was discussed in 

this section. The suitability of the material models concerning model validation was 

discussed, followed by the effect of the geometry modelling technique. Finally, the 

mechanical response of papaya fruit under different loading orientations and 

displacements was discussed. 

4.3.1 Finite Element Model Validation 

In this study, a comparison of three different constitutive behaviours, viscoelastic, 

elastic, and elastic-plastic, to study the effects of varying material models on the 

deformation behaviour of papaya. We used finite element analysis to simulate the 

compression of sliced and whole papaya samples and compared the results with 

experimental data (Tables 10 and 11). 

Figures 19 and 20 shows the finite element model validation outcomes by comparing 

between the simulated and experimental stress-strain data for the sliced and whole 

fruit samples respectively. The results were presented up to 60% compressive strain, 

this focused on the most relevant range for the whole fruit's mechanical behaviour. 

This range was chosen because it encompasses the bioyield point, which is critical for 

understanding the fruit's structural integrity. The bioyield for the tested fruit is 

consistently less than 60%, hence the decision to present the data within this range. 

Additionally, Figures 21-23 depict the von Mises stress distribution of the finite 

element model following compression in the longitudinal direction to a vertical 

displacement of 16 mm.  
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The colour scale indicates the magnitude of stress in MPa. A distinct stress 

concentration is observed at the contact point between the compression plate and the 

fruit. 

The elastic and elastic-plastic-model showed the worst fit with the experimental data 

for the bottom sliced section and whole papaya samples, with the highest RMSE 

values of 0.064 MPa, respectively. This implies that the elastic model and elastic-

plastic is not suitable for simulating the deformation behaviour of papaya, as it ignores 

any nonlinear or time-dependent behaviour of the fruit.  

The viscoelastic model showed the best fit with the experimental data for both the 

bottom sliced sample and whole papaya, with the lowest RMSE values of 0.015 MPa 

and 0.0001 MPa, respectively. This suggests that the viscoelastic model can account 

for the time-dependent properties of the papaya fruit but only for long-duration loading 

or dynamic conditions.  

According to the linear elastic model, the papaya fruit will deform linearly when 

compressed and adhere to Hooke's law. Any nonlinear or time-dependent behaviour 

is ignored by this model (Liu et al., 2023).  Arrázola et al. (2021) used an elastic 

material model in the modelling study for the deformation of Tainung F1 papaya; the 

authors reported a minimum and maximum percentage error of 2.5 % and 25.01 %, 

respectively.  Yousefi et al. (2016) reported that the range of error, both minimum and 

maximum, in predicting the bruised area of a pear using an elastic model was 

determined to be 0.00 and -60.50%, respectively. The elastic-plastic material model 
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captures the permanent deformation of a material at a high-impact load.  Celik (2017) 

reported a relative error of less than 10% using the elastic-plastic model.  

The viscoelastic has an RMS error of 0.0001 MPa for the whole fruit compression 

(equivalent of mean relative error of 12 %). The viscoelastic model can be considered 

suitable because it considers the time-dependent properties by incorporating both 

elastic and viscous characteristics.  However, this might not be the case under impact 

load because only the viscoelastic material model's elastic properties will be the 

model's only apparent mechanical behaviour (Gao et al., 2018). Dintwa et al. (2008) 

reported a justification for this phenomenon. They reported that the relaxation time 

constants are substantially more significant than the collision time, thereby rendering 

it plausible that the colliding material may not have sufficient time to undergo the 

stress relaxation effect. The viscoelastic model is more appropriate for simulating 

long-duration loading or dynamic conditions because it provides better predictions of 

the papaya's behaviour over time. 

Table 10 : Comparison of Root Mean Square Error (RMSE) values for 

viscoelastic, elastic, and elastic-plastic material models equivalent stress response 

at different sample locations in the papaya fruit 

 
Material Sample 

Locations 

Viscoelastic RMSE 

(MPa) 

Elastic RMSE 

(MPa) 

Elastic-Plastic RMSE 

(MPa) 

Top 0.006 0.064 0.035 

Middle  0.006 0.043 0.043 

Bottom 0.015 0.064 0.064 
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Figure 19 : Comparison of stress-strain relationships across various material 

models (elastic, elastic-plastic, viscoelastic) for the three sections (top, middle and 

bottom) in a papaya fruit.  The experimental result from compression tests 

conducted on sliced samples on the bottom section (dashed line) is also included 

for comparison 

 

Table 11 : Comparison metrics of different material models 

 

Comparison Metrics  Viscoelastic Elastic Elastic-Plastic 

RMSE (MPa)  0.0001 0.0064 0.0064 
Mean Relative Error (RE) (%)  12.06 67.26 67.17 
Maximum RE (%)  0.65 6.73 7.22 
Minimum RE (%)  19.01 112.80 112.75 
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Figure 20 : Comparison of stress-strain relationships across various material 

models (elastic, elastic-plastic, viscoelastic) for whole papaya fruit.  the 

experimental result from compression tests conducted on whole papaya fruit 

(dashed line) is also included for comparison 
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Figure 21 : Stress distribution (MPa) of elastic model at 16 mm compression. 

maximum stress at contact point; minimum stress at opposite end 

 

 

Figure 22 : Stress distribution (MPa) of elastic-plastic model at 16 mm 

compression. maximum stress at contact point; minimum stress at opposite end 
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Figure 23 : Stress distribution (MPa) of viscoelastic model at 16 mm compression. 

maximum stress at contact point; minimum stress at opposite end 

 

4.3.2 Model Applications 

4.3.2.1 Geometry Modelling  

The viscoelastic material model, as discussed in section 4.3.1, is more suitable for the 

FE model of papaya. Therefore, the FE model was applied to determine the difference 

in simulation results when a laser scanning and 2D sketching method was used to 

generate geometry for the model. Figure 24 shows the stress-strain relationship of the 

scanned and sketched model.  

A t-test for paired two samples was used to determine the significant difference 

between 19 observations and the stress results of the two models. The null hypothesis 

states that no significant difference exists between the means of the scanned and the 

sketched model. In contrast, the alternate hypothesis states that a significant difference 
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exists between the means of the scanned and the sketched model at the significance 

level (α) ≤ 0.05.  The analysis (Table 12) shows that the t-statistic is less than the 

critical t-value, and the p-value is more significant than α. Therefore, the test fails to 

reject the null hypothesis; this shows there is no significant difference between the 

means of scanned and sketched models.   

The result of this study agrees with Anders et al. (2019) that the volume estimation 

using numerical modelling of a 3D scanned model and simplified cucumber model did 

not differ significantly.  

Table 12 : T-test comparison of stress response of whole fruit compression stress 

(mpa) using sketched and scanned models 

 

  Scanned model Sketched model 

Mean (MPa) 0.1099 0.1094 

Variance (MPa) 0.0026 0.0025 

Observations 19 19 

Pearson Correlation 1  
Hypothesised Mean Difference 0  
df 18  
t Stat 1.6011  
P(T<=t) one-tail 0.0634  
t Critical one-tail 1.7341  
P(T<=t) two-tail 0.1268  
t Critical two-tail 2.1009  
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4.3.2.2 Effect of Loading Direction on Stress Distribution 

The simulation results for the maximum von Mises stress distribution in the papaya 

fruit under longitudinal and transverse compression loading are shown in Figure 25. 

These figures demonstrate that the maximum stress is observed at the contact region 

between the fruit model and the lower platen. As the deformation increases, the stress 

distribution in the fruit widens from the contact region of both platens towards the 

centroid. 

When considering longitudinal compression loading as shown in Figure 25, the 

maximum stress is initially 0.058 MPa at 4 mm compression, which is smaller than 

the yield stress of 0.0616 ± 0.024 MPa from the experimental test (Table 13). At 4 mm 

deformation, it is not likely to cause damage to the fruit. However, as the deformation 

increases to 8mm, the maximum stress reaches 0.0733 MPa (Figure 25(b)), which 

exceeds the yield stress, indicating that damage to the fruit may occur. As the 

deformation increases further to 16 mm, the damaged area increases towards the 

centroid of the fruit, indicating more extensive and severe fruit damage. 

Table 13 : Whole fruit compression results (n=5) 

 

Statistics 
Modulus 

(MPa) 

Compressive 

load at Yield 

(N) 

Compressive 

Stress at 

Yield 

(MPa) 

Compressive 

strain at 

Yield 

(mm/mm) 

Standard Deviation 0.26755 24.56967 0.00241 0.096 

Mean 0.26139 628.87717 0.06161 1.83 
Maximum 0.72126 646.25055 0.06331 1.90 
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Similarly, more considerable stresses were observed at the contact region in the case 

of transverse compression loading (Figure 26). The von Mises stress increases from 

0.0348 to 0.1629 MPa in the fruit tissue as deformation increases from 4 mm to 16 

mm (Figure 26 (d), (e) and (f)). The FEM simulation results show that the yield stress 

is reached below the 8 mm displacement in some areas of the fruit tissue. As 

compression increases, more areas reach the yield stress, increasing the extent and 

severity of fruit damage. 

These results are in line with previous simulation studies on other fruits like 

watermelon, grapefruit, kiwifruit, pineapple, and Rosa roxburghii, where an increase 

in deformation along the loading direction results in increased stress in the fruit tissue 

and potential damage (Sadrnia et al., 2008; Miraei Ashtiani et al., 2019; Liu et al., 

2023; Seyedabadi et al., 2015; Lang et al., 2022; Tian et al., 2017). 

Various studies have used the Finite Element Method (FEM) to analyse the optimal 

number of fruits that can be placed in a single package to avoid compression damage 

during packaging and transportation. For example, placing not more than 30 

grapefruits in the transverse position was recommended to prevent fruit damage 

(Miraei Ashtiani et al., 2019). For pineapples, it was suggested that eight pineapples 

can safely be stacked in a transverse loading direction (Liu et al., 2023). In the case of 

blueberries, to reduce damage, compression should be kept under 3.15 N, with one 

layer stacking, and the fruit should be placed in the longitudinal direction (Zheng et 

al., 2021). © C
OPYRIG
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For papaya packaging, the present FEM model suggests that papayas should be 

positioned in their longitudinal axis, in the direction of the stem-calyx axis, and 

stacking more than 37 papaya fruits on top of each other could lead to excessive force 

and internal bruising of the fruit (Refer to Appendix B for more detail). Adhering to 

the recommended stacking limit is crucial to preserving papaya quality during 

packaging and transportation, especially when fruits are packed in bulk bins. This 

highlights the importance of proper handling and packaging strategies to minimise 

fruit damage and ensure the delivery of high-quality fruits to consumers. 
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(a) 

(b) 

(c) 

 

 

Figure 25 : Variations in the papaya fruit model's von Mises stress distributions 

as a function of varying compression displacement in the longitudinal direction. 

(a) 4 mm displacement along the longitudinal direction; (b) 8 mm displacement 

along the longitudinal direction; (c) 16 mm displacement along the longitudinal 

direction 
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(c) 

(b) 

(a) 

 

 

Figure 26 : Variations in the papaya fruit model's von Mises stress distributions 

as a function of varying compression displacement in the transverse direction. (a) 

4 mm displacement along the transverse direction; (b) 8 mm displacement along 

the transverse direction; (c) 16 mm displacement along the transverse direction 
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4.3.3 Model Limitations 

The FE modelling outcomes presented in this study should be interpreted considering 

the following limitations: 

1. Homogeneous Material Properties: The model assumes homogeneous 

material properties for the entire fruit, neglecting potential variations in 

properties within the fruit, such as differences between the skin, flesh, fluid, 

and seeds.  

2. Single Maturity or Ripeness Level: The model only accounts for ripeness 

index 2. For other stages of ripeness, different model types could present 

different result. 

3. Static Loading: The model is limited to simulating static loading conditions, 

whereas impact or dynamic loading (vibration) was not considered. 

4. Lack of Temperature Effects: Temperature changes can significantly 

influence the mechanical behaviour of biological materials, including papaya 

fruit. This is evident in the texture, firmness, and overall mechanical 

behaviour of the fruit, which are all temperature sensitive. Supporting this, 

Han et al. (2022) found that increasing the environmental temperature from 

5 to 40 °C decreased the elastic modulus of sweet cherries, a property 

indicative of mechanical behaviour. It is plausible to expect a similar impact 

on papaya fruit. Future work could consider incorporating temperature 

effects to enhance the accuracy of the papaya fruit's finite element model. 

This could involve adjusting model parameters based on temperature or 

developing a multi-physics model that couples mechanical behaviour with 

thermal effects. However, this would likely increase the model’s complexity 

and computational resource requirements. 

5. Lack of Detailed Microstructure: The model does not account for the detailed 

microstructure of papaya tissues, which can significantly impact mechanical 

behaviour, especially at the cellular level. 
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6. Computational Resources:  Prior to using the half-papaya model, whole-fruit 

papaya was used for the simulation; the computational time per simulation 

took up to an average of 12 hours with an error message of incomplete 

calculation or convergence errors on a 2.5GHz dual core 32GB memory Dell 

desktop tower. The half-papaya model significantly reduced this time due to 

the inherent symmetry along the sectioned plane, which optimised 

computational efficiency (the simulation time per simulation was reduced to 

less than 2 hours). Further computational time reduction could be reduced by 

employing more advanced hardware, such as a high-performance computing 

cluster or graphics processing unit (GPU). Further optimising simulation 

parameters, such as the mesh size and element type, could also reduce 

computational time. While a full 3D model would provide a more 

comprehensive representation of the papaya, it would also significantly 

increase the computational resources required, potentially negating the 

efficiency gains achieved with the half-papaya model. Therefore, the 

decision to use a full 3D model should be carefully weighed against the 

available computational resources and the level of detail required in the 

simulation results. 

 

4.4 Summary 

In summary, the study focused on mass prediction models and mechanical 

characterisation of papaya fruit under compression loading. For mass prediction, 

various models were developed based on the fruit's physical geometric properties, with 

the power model showing the best performance in single-variable regression models 

and the OLS model performing best in multiple-variable models. These models 

provide valuable tools for predicting papaya fruit mass, essential for supply chain 

operations and handling processes. 
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The mechanical characterisation involved uniaxial compression and stress relaxation 

tests, which provided insights into the elastic modulus, failure stress, failure strain, 

relaxation moduli, and relaxation time of papaya fruit. The results demonstrated that 

the top section of the papaya fruit exhibited more deformation resistance. In contrast, 

the cellular composition at the top and middle sections differed from the bottom 

section, making the bottom section less resistant to deformation. These findings are 

essential for understanding the mechanical behaviour of papaya fruit, which can 

influence its handling and transportation. 

The results of the papaya fruit's physical and mechanical properties were used to 

develop an FE model. The results of the FE model show that the viscoelastic model is 

more appropriate for studying the deformation behaviour of papaya fruit under 

compressive load. The model was also applied in studying the effect of the loading 

direction of the fruit, which shows that loading in a transverse direction is more 

susceptible to damage. Also, there is no significant difference in the simulation results 

between the scanning and sketching methods used to generate geometry for numerical 

analysis. 
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CHAPTER 5 

5 CONCLUSION AND FUTURE RECOMMENDATION 

5.1 Conclusion 

This study provides valuable insights into papaya fruit's mass prediction and 

mechanical behaviour under compression loading. The research examines the 

correlations between the geometric properties of papaya and models for mass 

prediction based on papaya geometric properties. The power and quadratic models 

have the highest R2 = 0.947 and the lowest RMSE = ~ 87 g values in the single-variable 

regression model for mass modelling using the projected area as a predictor. 

Meanwhile, the OLS model has the highest R2 = 0.947 and lowest RMSE = 81.72 

value for the multiple-variable models, but the R2 and RMSE values were comparable 

for both modelling approaches. 

The research used uniaxial compression and stress relaxation tests to describe papaya's 

elastic and viscoelastic properties along its major axis. The elastic modulus 0.5063 ± 

0.19 MPa and failure stress 0.0679 ± 0.02 MPa indicate that papaya fruit is more 

resistant to deformation at the top section. However, there was no significant variation 

along the major axis. Similarly, the viscoelastic parameters indicate that papaya's 

cellular composition differs along its major axis. The bottom section is less resistant 

to deformation. Understanding the variations in mechanical properties across different 

fruit sections is crucial for efficient handling and transportation. 

The research also used the FE model to study the deformation behaviour of papaya 

fruit under compressive load. The results of the FE model show that the viscoelastic 
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model is more appropriate for studying the deformation behaviour of papaya fruit 

under compressive load. The model was also used to study the effect of loading 

direction on the fruit, which shows that loading in the transverse direction is more 

susceptible to damage. Also, there is no significant difference in the simulation results 

between the scanning and sketching methods used to generate geometry for numerical 

analysis. 

Overall, the comprehensive understanding gained from this research can enhance the 

handling, transportation, and design of systems involving papaya fruit. The findings 

contribute to the field of food engineering and can be valuable for researchers, 

agriculturalists, and industries involved in fruit processing and distribution. Further 

studies could build upon this research by exploring additional factors and optimising 

material models to improve the accuracy of fruit mechanical simulations. 

5.2 Recommendation 

Based on the findings and insights gained from this study, here are some future 

recommendations: 

1. Integration of Advanced Techniques: Incorporate advanced technologies 

such as digital twin framework to incorporate environmental conditions such 

as temperature and humidity to predict fruit deformation and damage 

conditions. 

2. Multiscale Modelling Approach: A multiscale modelling approach allows for 

the integration of the mechanical properties of papaya at the cellular level. 

3. Studying Different Papaya Fruit Varieties: Extend the study to investigate the 

mechanical properties of other papaya fruit varieties. Each fruit type may 
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have unique characteristics, and understanding their behaviour will aid in 

developing tailored handling methods. 

 

By implementing these recommendations, we can advance fruit modelling and 

handling practices, reduce postharvest losses, improve fruit quality, and enhance 

efficiency in the fruit supply chain. Ultimately, these efforts will benefit producers and 

consumers by ensuring fresher and healthier fruit products. 
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7 APPENDICES 

Appendix A 

 

 

Statistical Analysis Code Snippet 

 

# %% [markdown] 

# # Libraries 

 

# %% 

# Import libraries needed for analysis 

import matplotlib.pyplot as plt 

import numpy as np 

import pandas as pd 

import seaborn as sns 

from scipy import optimize 

import scipy.stats as stats 

from sklearn import linear_model 

from sklearn import svm 

from sklearn.metrics import r2_score, mean_squared_error 

from sklearn.model_selection import train_test_split 

plt.style.use('seaborn-paper') 

plt.rcParams['figure.dpi'] = 600 

 

# %% 

# import data  

 

df = pd.read_csv('dim_data.csv') 

df.head() 

 

# %% 

df['a (cm)'] = df['a'] / 10 

df['b (cm)'] = df['b'] / 10 

df['c (cm)'] = df['c'] / 10  

df.drop(['a', 'b', 'c'], axis=1, inplace=True) 

# calculate mean diameter 

df['Mean diameter (cm)'] = np.cbrt(df['a (cm)'] * df['b (cm)'] * df['c 

(cm)']) 

 

# calculate the density of fruit 

df['Surface area (cm\u00b2)'] = np.pi * np.square(df['Mean diameter 

(cm)']) 

df['Sphericity'] = df['Mean diameter (cm)'] / df['a (cm)'] 

df['Projected area (cm\u00b2)'] = (np.pi * df['b (cm)'] * df['a 

(cm)']) / 4 

 

© C
OPYRIG

HT U
PM



 

117 

summary_physical = df.agg(['mean', 'std', 'max', 'min', 

'count']).round(3) 

display(summary_physical) 

 

# %% 

# Compute the correlation matrix 

corr = df.corr() 

 

# Generate a mask for the upper triangle 

mask = np.triu(np.ones_like(corr.abs(), dtype=bool)) 

 

# Set up the matplotlib figure 

f, ax = plt.subplots(figsize=(11, 9)) 

 

# Generate a custom diverging colormap 

 

sns.heatmap(corr.abs(), annot=True, linewidths=.5, ax=ax, mask=mask) 

# cmap = sns.diverging_palette(230, 20, as_cmap=True) 

 

# # Draw the heatmap with the mask and correct aspect ratio 

# sns.heatmap(corr, mask=mask, cmap=cmap, vmax=.3, center=0, 

#             square=True, linewidths=.5, cbar_kws={"shrink": .5}, 

annot=True) 

 

# %% [markdown] 

# ## Normality test 

 

# %% 

shapiro_stat, p_value = stats.shapiro(df['Mass (g)']) 

print("shapiro statistics", shapiro_stat) 

print("p-value", p_value) 

 

parameters = list(df.columns) 

norm_df = {'Parameters': [], 'shapiro statistics': [], 'p-value': []} 

for i in parameters: 

    shapiro_stat, p_value = stats.shapiro(df[i]) 

    norm_df['Parameters'].append(i) 

    norm_df['shapiro statistics'].append(shapiro_stat) 

    norm_df['p-value'].append(p_value) 

    print(f"shapiro stat {i}", shapiro_stat) 

    print(f"p-value {i}", p_value) 

 

# %% 

norm_df = pd.DataFrame(norm_df) 

norm_df.to_excel('normality.xlsx') 

norm_df 
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# %% [markdown] 

# ## Modeling 

# The model will be is used is deined based on the following equation  

# ![model](models.png) 

#  

#  

 

# %% 

# separating features and labels 

X, y = df.iloc[:, 1:].values, df.iloc[:, 0].values 

# Split data 70-30% into training and test set 

X_train, X_test, y_train, y_test = train_test_split(X, y, 

test_size=0.30, random_state=0) 

 

print('The number of features(variables): 

{}'.format(X_train.shape[1])) 

print('Training set: %d rows\nTest set: %d rows' % (X_train.shape[0], 

X_test.shape[0])) 

 

# %% [markdown] 

# ### Model Defination 

 

# %% 

def linear_model1(x, a, b): 

    M = b * x + a 

    return M 

 

def quadratic_model(x, a, b, c): 

    M = (c * x**2) + (b *x) + a 

    return M 

 

def scurve_model(x, a, b): 

    M = (b/x) + a 

    return M 

 

def power_model(x, a, b): 

    M = a * x**b 

    return M 

 

# %% 

var = df.columns 

dependant_var = var[0] 

independant_var = var[1:] 

 

print(f'independant variable are {independant_var}') 

print(f'Dependant variable is {dependant_var}') 
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# %% [markdown] 

# ## Single variable modelling 

 

# %% [markdown] 

# #### Linear Model 

 

# %% 

md = {'linear': [], 'quadratic':[], 'scurve':[], 'power':[]} 

 

# %% 

# Linear Model 

model_params = {'a':[],'b': [], 'r-square':[], 'rmse':[]} 

 

for i in range(7): 

    fig = plt.figure(figsize=(6, 4)) 

    ax= fig.gca() 

    l_popt, l_pcov = optimize.curve_fit(linear_model1, X_train[:,i], 

y_train, method='dogbox') 

    # print(f'The value of the model constant a ={l_popt[0]} and 

b={l_popt[1]} for variable {independant_var[i]}') 

    model_params['a'].append(l_popt[0]) 

    model_params['b'].append(l_popt[1]) 

 

    lin_model = linear_model1(X_test[:, i], *l_popt) 

 

    #Plot predicted vs actual 

    plt.scatter(y_test, lin_model, c='r') 

    # Overlay the regression line 

    z = np.polyfit(y_test, lin_model, 1) 

    p = np.poly1d(z) 

    plt.plot(y_test, p(y_test), '-b') 

    # Anotate plot 

    plt.xlabel(f'Actual Values') 

    plt.ylabel('Predicted Values') 

    plt.title(f'{independant_var[i]}') 

    # Add model to dictionary md 

    md['linear'].append([lin_model]) 

 

 

    # R-squared calculation 

    r_square_lin = r2_score(y_test, lin_model) 

    # print(f'R_square = {r_square_lin}') 

    model_params['r-square'].append(r_square_lin) 

     

    # # Chi-square calculation 

    # chi_square_lin = stats.chisquare(df[dependant_var], lin_model) 

    # model_params['chi_square'].append(np.round(chi_square_lin[0])) 
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    # RMSE calculation 

    rmse_lin = np.sqrt(mean_squared_error( y_test, lin_model)) 

    # print(f'RMSE = {rmse_lin}') 

    model_params['rmse'].append(rmse_lin) 

 

# print(model_params) 

model_params_df = pd.DataFrame(model_params, index=independant_var) 

model_params_df = np.round(model_params_df, 4) 

display(model_params_df) 

model_params_df.to_csv('linear_model_params.csv') 

 

 

# %% [markdown] 

# #### Quadratic Model 

 

# %% 

# Quadratic Model 

 

quad_model_params = {'a': [], 'b': [], 'c': [], 'r-square':[], 

'rmse':[]} 

for i in range(7): 

    fig = plt.figure(figsize=(6, 4)) 

    ax= fig.gca() 

    quad_popt, quad_pcov = optimize.curve_fit(quadratic_model, 

X_train[:,i], y_train, method='dogbox') 

    # print(f'The value of the model constant a ={quad_popt[0]} and 

b={quad_popt[1]} for variable {independant_var[i]}') 

    quad_model_params['a'].append(quad_popt[0]) 

    quad_model_params['b'].append(quad_popt[1]) 

    quad_model_params['c'].append(quad_popt[2]) 

 

    quad_model = quadratic_model(X_test[:, i], *quad_popt) 

 

    #Plot predicted vs actual 

    plt.scatter(y_test, quad_model, c='r') 

    # Overlay the regression line 

    z = np.polyfit(y_test, quad_model, 1) 

    p = np.poly1d(z) 

    plt.plot(y_test, p(y_test), '-b') 

    # Anotate plot 

    plt.xlabel('Actual Values') 

    plt.ylabel('Predicted Values') 

    plt.title(f'{independant_var[i]} ') 

    # R-squared calculation 

    r_square_quad = r2_score(y_test, quad_model) 

    # print(f'R_square = {r_square_quad}') 
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    quad_model_params['r-square'].append(r_square_quad) 

 

     # Add model to dictionary md 

    md['quadratic'].append([quad_model]) 

 

    # # Chi-square calculation 

    # chi_square_quad = stats.chisquare(df[dependant_var], quad_model) 

    # model_params['chi_square'].append(np.round(chi_square_quad[0])) 

 

    # RMSE calculation 

    rmse_quad = np.sqrt(mean_squared_error(y_test, quad_model)) 

    # print(f'RMSE = {rmse_quad}') 

    quad_model_params['rmse'].append(rmse_quad) 

 

     

    

 

# print(model_params) 

quad_model_params_df = pd.DataFrame(quad_model_params, 

index=independant_var) 

quad_model_params_df = np.round(quad_model_params_df, 4) 

display(quad_model_params_df) 

quad_model_params_df.to_csv('quad_model_params.csv') 

 

 

# %% [markdown] 

# #### S-curve Model 

 

# %% 

# S-curve Model 

scurve_model_params = {'a': [], 'b': [], 'r-square':[],  'rmse':[]} 

for i in range(7): 

    fig = plt.figure(figsize=(6, 4)) 

    ax= fig.gca() 

    scurve_popt, scurve_pcov = optimize.curve_fit(scurve_model, 

X_train[:, i], y_train, method='dogbox') 

    # print(f'The value of the model constant a ={scurve_popt[0]} and 

b={scurve_popt[1]} for variable {independant_var[i]}') 

    scurve_model_params['a'].append(scurve_popt[0]) 

    scurve_model_params['b'].append(scurve_popt[1]) 

    

 

    model_scurve = scurve_model(X_test[:, i], *scurve_popt) 

    #Plot predicted vs actual 

    plt.plot(y_test, model_scurve, 'or') 

    # Overlay the regression line 

    z = np.polyfit(y_test, model_scurve, 1) 

© C
OPYRIG

HT U
PM



 

122 

    p = np.poly1d(z) 

    plt.plot(y_test, p(y_test), '-b') 

    # Anotate plot 

    plt.xlabel('Actual Values') 

    plt.ylabel('Predicted Values') 

    plt.title(f'{independant_var[i]} ') 

    plt.xticks = 25 

    plt.yticks = 25 

    # R-squared calculation 

    r_square_scurve = r2_score(y_test, model_scurve) 

    # print(f'R_square = {r_square_scurve}') 

    scurve_model_params['r-square'].append(r_square_scurve) 

 

    # # Chi-square calculation 

    # chi_square_scurve = stats.chisquare(df[dependant_var], 

model_scurve) 

    # 

scurve_model_params['chi_square'].append(np.round(chi_square_scurve[0]

)) 

 

    # RMSE calculation 

    rmse_scurve = np.sqrt(mean_squared_error(y_test, model_scurve)) 

    # print(f'RMSE = {rmse_scurve}') 

    scurve_model_params['rmse'].append(rmse_scurve) 

 

      # Add model to dictionary md 

    md['scurve'].append(model_scurve) 

 

# print(model_params) 

scurve_model_params_df = pd.DataFrame(scurve_model_params, 

index=independant_var) 

scurve_model_params_df = np.round(scurve_model_params_df, 4) 

display(scurve_model_params_df) 

scurve_model_params_df.to_csv('scurve_model_params.csv') 

 

# %% [markdown] 

# #### Power Model 

 

# %% 

# Power Model 

power_model_params = {'a': [], 'c': [], 'r-square':[],  'rmse':[]} 

for i in range(len(independant_var)): 

    fig = plt.figure(figsize=(6, 4)) 

    ax= fig.gca() 

    power_popt, power_pcov = optimize.curve_fit(power_model, 

X_train[:, i], y_train, method='dogbox') 
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    # print(f'The value of the model constant a ={power_popt[0]} and 

b={power_popt[1]} for variable {independant_var[i]}') 

    power_model_params['a'].append(power_popt[0]) 

    power_model_params['c'].append(power_popt[1]) 

    # power_model_params['c'].append(power_popt[2]) 

 

    model_power = power_model(X_test[:, i], *power_popt) 

    #Plot predicted vs actual 

    plt.scatter(y_test, model_power, c='r') 

    # Overlay the regression line 

    z = np.polyfit(y_test, model_power, 1) 

    p = np.poly1d(z) 

    plt.plot(y_test, p(y_test), '-b') 

    # Anotate plot 

    plt.xlabel('Actual Values') 

    plt.ylabel('Predicted Values') 

    plt.title(f'{independant_var[i]} ') 

    # R-squared calculation 

    r_square_power = r2_score(y_test, model_power) 

    # print(f'R_square = {r_square_power}') 

    power_model_params['r-square'].append(r_square_power) 

 

    # Chi-square calculation 

    # chi_square_power = stats.chisquare(df[dependant_var], 

model_power) 

    # 

power_model_params['chi_square'].append(np.round(chi_square_power[0])) 

 

    # RMSE calculation 

    rmse_power = np.sqrt(mean_squared_error(y_test, model_power)) 

    # print(f'RMSE = {rmse_power}') 

    power_model_params['rmse'].append(rmse_power) 

      # Add model to dictionary md 

    md['power'].append(model_power) 

 

# print('/n') 

# print(power_model_params) 

 

power_model_params_df = pd.DataFrame(power_model_params, 

index=independant_var) 

power_model_params_df = np.round(power_model_params_df, 4) 

display(power_model_params_df) 

power_model_params_df.to_csv('power_model_params.csv') 

 

# %% [markdown] 

# #### Lasso 

#  
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# %% 

# Lasso Regression Model 

reg_lasso = linear_model.Lasso(alpha=0.9) 

lasso_model_params = {'r-square':[],  'rmse':[]} 

for i in range(len(independant_var)): 

  reg_lasso.fit(X_train[:, i].reshape(-1, 1), y_train) 

 

  # predict 

  lasso_prediction = reg_lasso.predict(X_test[:, i].reshape(-1, 1)) 

  # Plot predicted vs actual 

  fig = plt.figure(figsize=(6, 4)) 

  ax= fig.gca() 

  plt.scatter(y_test, lasso_prediction, c='r') 

    # Overlay the regression line 

  z = np.polyfit(y_test, lasso_prediction, 1) 

  p = np.poly1d(z) 

  plt.plot(y_test, p(y_test), '-b') 

    # Anotate plot 

  plt.xlabel('Actual Values') 

  plt.ylabel('Predicted Values') 

  plt.title(f'{independant_var[i]} ') 

    # R-squared calculation 

  r_square_lasso = r2_score(y_test, lasso_prediction) 

  print(f'R_square = {r_square_lasso}') 

    # RMSE calculation 

  rmse_lasso = np.sqrt(mean_squared_error(y_test, lasso_prediction)) 

  print(f'RMSE = {rmse_lasso}') 

  lasso_model_params['r-square'].append(r_square_lasso) 

  lasso_model_params['rmse'].append(rmse_lasso) 

   

lasso_model_params_df = pd.DataFrame(lasso_model_params, 

index=independant_var) 

lasso_model_params_df = np.round(lasso_model_params_df, 2) 

display(lasso_model_params_df) 

lasso_model_params_df.to_csv('lasso_model_params.csv') 

 

# print('/n') 

# print(power_model_params) 

 

# %% [markdown] 

# #### SVR 

 

# %% 

# SV Regression Model 

reg_svm = svm.SVR(kernel='linear') 

svm_model_params = {'r-square':[],  'rmse':[]} 

for i in range(len(independant_var)): 

  reg_svm.fit(X_train[:, i].reshape(-1, 1), y_train) 
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  # predict 

  svm_prediction = reg_svm.predict(X_test[:, i].reshape(-1, 1)) 

  # Plot predicted vs actual 

  fig = plt.figure(figsize=(6, 4)) 

  ax= fig.gca() 

  plt.scatter(y_test, svm_prediction, c='r') 

    # Overlay the regression line 

  z = np.polyfit(y_test, svm_prediction, 1) 

  p = np.poly1d(z) 

  plt.plot(y_test, p(y_test), '-b') 

    # Anotate plot 

  plt.xlabel('Actual Values') 

  plt.ylabel('Predicted Values') 

  plt.title(f'{independant_var[i]} ') 

    # R-squared calculation 

  r_square_svm = r2_score(y_test, svm_prediction) 

  print(f'R_square = {r_square_svm}') 

    # RMSE calculation 

  rmse_svm = np.sqrt(mean_squared_error(y_test, svm_prediction)) 

  print(f'RMSE = {rmse_svm}') 

  svm_model_params['r-square'].append(r_square_svm) 

  svm_model_params['rmse'].append(rmse_svm) 

   

svm_model_params_df = pd.DataFrame(svm_model_params, 

index=independant_var) 

svm_model_params_df = np.round(svm_model_params_df, 2) 

display(svm_model_params_df) 

svm_model_params_df.to_csv('svm_model_params.csv') 

 

# print('/n') 

# print(power_model_params) 

 

# %% [markdown] 

# ## Multiple variable 

 

# %% [markdown] 

# #### Linear Model 

 

# %% 

# fit model 

reg = linear_model.LinearRegression() 

reg.fit(X_train, y_train) 

print('coefficients of the multiple regression {} and intercept: 

{}'.format(reg.coef_, reg.intercept_)) 

reg_model = pd.DataFrame({'coefficeint': reg.coef_, 'intercept': 

reg.intercept_}) 

reg_model.to_csv('reg_model.csv') 

reg_model 
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# %% 

# use the model to predict 

reg_prediction = reg.predict(X_test) 

reg_r2 = r2_score(y_test, reg_prediction) 

reg_rmse =  np.sqrt(mean_squared_error(y_test, reg_prediction)) 

print('The R\u00b2 value: {}'.format(reg_r2)) 

print('The root mean squared error: {}'.format(reg_rmse)) 

 

# %% [markdown] 

# #### Lasso  

 

# %% 

reg_lasso = linear_model.Lasso(alpha = 0.9) 

reg_lasso.fit(X_train, y_train) 

 

# predict 

lasso_prediction = reg_lasso.predict(X_test) 

lasso_r2 = r2_score(y_test, lasso_prediction) 

lasso_rmse = np.sqrt(mean_squared_error(y_test, lasso_prediction)) 

print('The R\u00b2 value: {}'.format(lasso_r2)) 

print('The root mean squared error: {}'.format(lasso_rmse)) 

 

# %% [markdown] 

# #### Support vector regression 

 

# %% 

reg_svm = svm.SVR(kernel='linear') 

reg_svm.fit(X_train, y_train) 

 

#prediction 

svm_prediction = reg_svm.predict(X_test) 

svm_r2 = r2_score(y_test, svm_prediction) 

svm_rmse = np.sqrt(mean_squared_error(y_test, svm_prediction)) 

print('The R\u00b2 value: {}'.format(svm_r2)) 

print('The root mean squared error: {}'.format(svm_rmse)) 
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Appendix B 

 

 

Stack Damage Calculation 

 

To determine how many papaya fruits will cause damage with a given yield stress, we 

can calculate the maximum force that the average papaya can withstand before 

experiencing damage and then divide it by the average weight of the papaya. 

 

1. Convert the yield stress to Pascals (Pa): 

   Yield stress = 0.0616 MPa = 61,600 Pa (refer to Table 12; Section 4.3.2.1). 

 

2. Calculate the maximum force a papaya can withstand before damage using the yield 

stress and the cross-sectional area of the papaya. We will assume a simple cylindrical 

shape for the papaya for this calculation. 

 

   𝐶𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 (𝐴)  =  𝜋 ∗  (𝑟𝑎𝑑𝑖𝑢𝑠)2 

𝑃𝑎𝑝𝑎𝑦𝑎 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (𝑎𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒)  =  100 𝑚𝑚 
=  0.1 𝑚𝑒𝑡𝑒𝑟𝑠 (𝑎𝑠𝑠𝑢𝑚𝑖𝑛𝑔 𝑎𝑛 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑖𝑧𝑒) 

   𝑃𝑎𝑝𝑎𝑦𝑎 𝑟𝑎𝑑𝑖𝑢𝑠 (𝑟)  =  0.1 𝑚𝑒𝑡𝑒𝑟𝑠 / 2 =  0.05 𝑚𝑒𝑡𝑒𝑟𝑠 

   𝐴 =  𝜋 ∗  (0.05 𝑚𝑒𝑡𝑒𝑟𝑠)2  =  𝜋 ∗  0.0025 𝑠𝑞𝑢𝑎𝑟𝑒 𝑚𝑒𝑡𝑒𝑟𝑠 ≈
 0.00785 𝑠𝑞𝑢𝑎𝑟𝑒 𝑚𝑒𝑡𝑒𝑟𝑠 

   𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑓𝑜𝑟𝑐𝑒 (𝐹)  =  𝑌𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠 (𝜎)  ∗  𝐶𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 (𝐴) 

𝐹 =  61,600 𝑃𝑎 ∗  0.00785 𝑠𝑞𝑢𝑎𝑟𝑒 𝑚𝑒𝑡𝑒𝑟𝑠 ≈  483.64 𝑁 

 

3. Now, we can calculate how many papaya fruits can be stacked vertically such that 

the total force applied to the bottom fruit does not exceed the maximum force (F). 

 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎 𝑝𝑎𝑝𝑎𝑦𝑎 =  1298.68 𝑔 =  1.29868 𝑘𝑔 
𝐺𝑟𝑎𝑣𝑖𝑡𝑦 (𝑔)  =  9.81 𝑚/𝑠² (𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑔𝑟𝑎𝑣𝑖𝑡𝑦) 

𝐹𝑜𝑟𝑐𝑒 𝑑𝑢𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑛𝑒 𝑝𝑎𝑝𝑎𝑦𝑎 (𝑊)  =  𝑀𝑎𝑠𝑠 (𝑚) ∗  𝐺𝑟𝑎𝑣𝑖𝑡𝑦 (𝑔) 
   𝑊 =  1.29868 𝑘𝑔 ∗  9.81 𝑚/𝑠² ≈  12.77 𝑁 

   𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑝𝑎𝑦𝑎𝑠 𝑡ℎ𝑎𝑡 𝑐𝑎𝑛 𝑏𝑒 𝑠𝑡𝑎𝑐𝑘𝑒𝑑 (𝑁)  =  
𝐹 (𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑓𝑜𝑟𝑐𝑒) 

𝑊 (𝑓𝑜𝑟𝑐𝑒 𝑑𝑢𝑒 𝑡𝑜 𝑜𝑛𝑒 𝑝𝑎𝑝𝑎𝑦𝑎)
 

   𝑁 ≈  483.64 𝑁 / 12.77 𝑁 ≈  37.91 

 

So, approximately 37 papaya fruits can be stacked vertically before the force applied 

to the bottom fruit exceeds the maximum force it can withstand without damage (given 

the yield stress of 0.0616 MPa). Beyond this height, the bottom fruit may experience 

damage. 
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Appendix C 

 

 

Geometry Modelling Methods Data 

 

The result of the scanned model and outlined model were compared using t-test as 

discussed in section 4.3.2.1  

 

Strain Scanned model stress results Outlined model stress results 

3% 0.027937 0.029308 
7% 0.038961 0.040092 

10% 0.048149 0.049082 

13% 0.057775 0.058499 
15% 0.066445 0.06698 

18% 0.07568 0.076016 

21% 0.084296 0.084445 
24% 0.093576 0.093523 

27% 0.101988 0.101753 

29% 0.109291 0.108898 

31% 0.117316 0.116749 
33% 0.12372 0.123014 

35% 0.129358 0.128529 

38% 0.139686 0.138634 
41% 0.149265 0.148005 

45% 0.159505 0.158023 

49% 0.171708 0.169962 

54% 0.190456 0.188303 
58% 0.202138 0.199732 
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