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Abstract

This thesis addresses the challenges of fresh market blueberry harvesting in New Zealand,
where rising global demand and labour shortages put pressure on traditional hand-
harvesting methods. Although hand-picking remains the industry norm, it is labour-
intensive and costly. With global blueberry consumption projected to grow, developing

efficient and sustainable harvesting methods is critical, particularly for local growers.

The core objective of this research was to develop a human-assisted mechanical harvesting
system tailored for tunnel-grown fresh market blueberries. This system utilises lightweight,
battery-powered handheld reciprocating shakers and multi-level soft surface catchers
designed to reduce harvest damage, minimise ground loss, and improve fruit quality and
yield. Performance assessments compared this system to traditional hand harvesting

regarding post-harvest quality and harvest rate in field trials across two seasons.

The field trials yielded valuable findings. In Field Trial 1.0, the Catcher V1.0 showed
promising results, achieving a harvest efficiency of up to 83.7%, slightly less than the
89.3% efficiency of hand-harvesting into buckets. In Field Trial 2.0, the optimised Shaker
V2.0 had a harvest rate of 81.3 berries/min, outperforming traditional hand-harvesting
into a bucket (71.8 berries/min) and hand-harvesting into Catcher V3.0 (80.3 berries/min).
Notably, Catcher V3.0 caused the least berry damage (0.9%), confirming the benefits of

its soft surface design.

For the Masena cultivar, optimal shaker settings were identified at 899 RPM and a
shaking duration of 1.08 seconds, achieving a projected harvest performance score of

81.76%, with detachment accuracy of 93.21% and detachment efficiency of 96.53%.
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Future research should focus on larger-scale trials, long-term economic analysis, and
developing methods to assess bloom retention. The integration of machine vision could
further enhance this system, enabling fully automated harvesting, even during nighttime
operations. These innovations have the potential to improve efficiency and sustainability

for New Zealand’s blueberry industry.
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Chapter 1

Introduction

1.1 Overview

Food is a fundamental necessity for human survival, and its importance is magnified by a
growing global population, diminishing natural resources, and an increasing demand for
healthier food options. As the global population continues to rise, the demand for food
increases correspondingly. Research indicates that population growth directly contributes
to food insecurity, as it places massive pressure on agricultural production systems [1],
2], [3]. In addition, there is a growing demand for healthier food options as populations’
dietary preferences shift away from processed foods, meat, and dairy, which not only
increases the demand for fresh food but also aggravates competition for land and water
resources [4], [5]. This shift highlights the need for a reevaluation of agricultural practices
to ensure that food production is both sustainable and capable of meeting the nutritional
needs of diverse populations [6], [7]. Moreover, the challenge of providing nutritious food is

compounded by climate change and global pandemic events, which threatens agricultural

productivity and food security [8], [9].

Blueberries have become one of the most sought-after fruits globally, experiencing a
surge in consumption over the past five years and securing their position as the second

most significant soft fruit species, trailing only strawberries [10]. The blueberry market



has grown significantly, with the industry valued at approximately USD 2.5 billion in
2021 and projected to reach USD 5.2 billion by 2027 [11]. This growth is driven by the
increasing recognition of blueberries as a super-food, rich in antioxidants and associated
with various health benefits. In New Zealand, the blueberry industry is also expanding,
with exports increasing significantly in recent years. The land area dedicated to blueberry
cultivation has steadily increased since 2011, reaching 787 hectares in 2022 [12]. The
country is well-positioned to capitalise on the global demand for blueberries due to its
favourable climate and growing agricultural capabilities [11]. The economic potential of
the blueberry industry in New Zealand is significant, with exports contributing to the
country’s agricultural economy as global demand for blueberries continues to rise [13]. The
blueberry industry must adapt to meet these demands in light of a growing population
and changing dietary preferences. Addressing these challenges requires a well-rounded
approach to improving food security on a global scale, including better automation

solutions, sustainable agricultural practices and effective resource management.

1.2 New Zealand Blueberry Industry

Blueberries are increasingly recognised for their health benefits and versatility, leading to
a surge in popularity, particularly in New Zealand. The primary cultivars include North-
ern Highbush (Vaccinium corymbosum) and Southern Highbush (Vaccinium darrowii),
each exhibiting distinct characteristics that influence their marketability and cultivation
practices [14]. Highbush blueberries are particularly favoured for fresh markets due to
their firm texture and superior flavour profiles, essential for consumer acceptance [15],

10].

The harvesting of blueberries can be categorised into fresh market and bulk harvest.
Fresh market blueberries are typically hand-harvested to ensure quality, while bulk harvest
methods, including mechanical harvesting, are employed for larger-scale production [16],
[17]. The growing season for blueberries varies, but in New Zealand, the harvest typically

occurs from November to February, aligning with the Southern Hemisphere’s summer



months [13].

Adopting poly-tunnels has become popular among New Zealand blueberry growers, as
these structures enhance fruit quality and extend the growing season by protecting from
adverse weather conditions [18]. This method not only improves yield but also allows for
earlier market entry, catering to the increasing consumer demand for fresh blueberries
year-round [18], [19]. Figure 1.1a and 1.1 show two different orchards utilising poly-tunnels

to improve fruit quality and yield.

(a) Blueberry orchard with poly-tunnel (b) Another orchard

Figure 1.1: Poly-tunnel blueberry orchards

1.3 Characteristic and Challenges

Fresh market blueberries are characterised by their vibrant colour, firmness, and flavour,
critical for consumer appeal. However, these attributes also pose significant challenges
during harvesting. One of the primary difficulties is the visual assessment of ripeness;
blueberries can appear similar in colour regardless of their actual ripeness, as shown in
figure 1.2, making it hard for harvesters to determine the optimal time for picking [20].
This challenge is compounded by stringent quality control standards that require only the
highest quality fruit to be selected for the fresh market, necessitating careful handling to

avoid discarding ripe berries that may not meet these standards [21].



(a) Ripe, peak sweetness,(b) Under-ripe, almost ready (c) Overripe, declining in
ready to harvest to harvest taste and rmness

Figure 1.2: Little visual di erence when comparing three distinct stages of blueberry
maturity, with the latter two deemed undesirable

Moreover, blueberries are delicate and can be easily damaged during harvesting. Figure
1.3 shows the common reject attributes for fresh market blueberries. Splitting, bruising
and loss of bloom can occur from mishandling, affecting the fruit’s appearance, shelf life,
and marketability [22]. The high costs associated with hand harvesting, driven by labour
shortages and increasing wages, further complicate the situation. As labour becomes
scarcer and more expensive, the economic viability of maintaining quality through hand
harvesting is increasingly questioned [23]. Consequently, the blueberry industry faces a
pressing need to balance quality with the practicalities of labour availability and cost,

making fresh market blueberries particularly challenging to harvest effectively.

(d) Pedicel retention (e) Loss of bloom (f) Fungal growth

Figure 1.3: Common blueberry reject attributes



While fresh market blueberries are highly valued for their quality, the challenges
associated with their harvest—such as ripeness assessment, quality control, and labour

costs—pose significant hurdles for producers.

1.4 Need for better harvesting method

The limited uptake of mechanised harvesting methods for fresh market blueberries,
particularly among smaller producers (less than 10 hectares of crop), is primarily due to
concerns regarding viability and feasibility. While mechanised harvesters can enhance
efficiency and reduce labour costs, they often come with high initial investment costs that
may be prohibitive for smaller operations [24]. Additionally, the quality of fruit harvested
mechanically can be inconsistent, leading to increased bruising and damage, which is
unacceptable for fresh market standards [23], [25]. This quality issue is particularly critical,

and any compromise can result in significant economic losses [24].

Moreover, smaller producers may lack the scale necessary to justify the investment
in mechanised equipment, especially when the return on investment is uncertain due to
potential quality losses [24]. The labour shortage exacerbates this issue, as the reliance
on manual labour remains high, and many producers are hesitant to transition fully
to mechanisation without a reliable bridge solution that maintains fruit quality while

reducing labour dependency [26].

To address these challenges, there is a pressing need for hybrid solutions that combine
the efficiency of mechanised systems with the quality assurance of manual harvesting. Such
innovations could include modified harvesters designed to minimise bruising or systems
that allow for selective harvesting, thereby ensuring that only ripe fruit is picked while
reducing labour costs [27]. This approach could provide a feasible pathway for smaller
producers to adopt mechanisation without sacrificing the quality essential for fresh market

blueberries.



1.5 Objective

The objective of this master’s thesis is to develop a prototype harvesting system that
enables selective harvesting of blueberries. This system aims to minimise harvest damage
and ground loss, thereby improving the overall quality and yield of the produce. By
streamlining the harvesting process, the project seeks to reduce the need for manual

handling, making the operation more efficient and effective.

In addition to these technical improvements, the research focuses on making the
harvesting process less physically and mentally demanding. This approach is designed to
open up the labour market to a broader demographic, allowing more individuals, including

those who may find traditional harvesting too strenuous, to engage in blueberry harvesting.

This thesis aims to provide a practical pathway for smaller producers to adopt mechani-
sation by bridging the gap between fully mechanised harvesters and conventional manual
labour. This transition aims to enhance operational efficiency and promote sustainability
within the blueberry industry, ultimately contributing to a more resilient agricultural

sector in the face of growing global demands.

1.6 Co-design approach

Blueberry harvesting operation is a complex process that involves many aspects, such
as orchard operation management, plant health, human resource management, tools &
equipment, weather, etc. A co-design approach is applied to this research to view the
complete picture of the issue itself. Co-design in horticultural solutions, particularly
in the context of hand-harvesting blueberries, offers several advantages that enhance
the effectiveness and practicality of the solutions developed. Engaging workers directly
in the design process allows for a deeper understanding of their challenges and fosters
the creation of tools and practices tailored to their needs. Many correspondents and

stakeholders are involved in the investigations. This includes regular engagement with



stakeholders and voluntarily working as a blueberry picker for a day to understand the
entire harvest operations. Working alongside pickers in the orchard has allowed direct
observations of inefficiencies and areas needing improvement. This hands-on experience
helps create solutions grounded in real-world needs [28]. Co-design also creates a feedback
loop between researchers and stakeholders, allowing ongoing adjustments to practices and
tools and ensuring solutions stay relevant to field conditions [28]. This leads to better

acceptance and implementation of new solutions [29].

1.7 Publications

This thesis incorporates previous conference publications and videos that explore the

concept of human-assist selective harvesting.

Conference Paper

e Redefining Selective Blueberry Harvesting - Localised Shaking with Minimal Damage

— Sim A, McGuinness B, Lim SH, Williams H, Duke M
— Australasian Conference on Robotics and Automation, ACRA
— 2023

— https://ssl.linklings.net/conferences/acra/acra2023\_proceedings

/views/includes/files/papl34s2.pdf

e Evaluation of a low-cost selective shaking device and soft surface catchment for fresh

market blueberry harvesting

— Sim A, Pearse J, McGuinness B, Williams H, Duke M

IEEE International Conference on Automation Science and Engineering, CASE

— 2024

DOI or URL is not yet available



e Hyperspectral Imaging and Machine Learning to Identify Epicuticular Wax Loss in

Masena Blueberries for Post-Harvest Freshness

— Pearse J, Thawdar Y, Sim A, Ooi M, McGuinness B, Reutemann P, Fletcher
D, Duke M

IEEE International Conference on Automation Science and Engineering, CASE

— 2024

DOI or URL is not yet available
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1.8 Thesis Overview

This thesis addresses key labour and quality challenges in fresh-market blueberry harvest-
ing, aiming to promote more efficient and sustainable practices. The research investigates
human-assisted selective harvesting methods, focusing on improving efficiency, ergonomics,
fruit quality, and developing low-cost equipment solutions. With labour shortages and
rising costs affecting traditional hand-harvesting, this study explores how handheld shakers
and soft surface catchment systems can optimise selective harvesting for fresh-market

blueberries.

The remainder of this thesis is organised as follows:
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Chapter 1: Introduction This chapter introduces the core challenges of blueberry
harvesting, emphasising current inefficiencies and the need for improved harvesting meth-
ods. It discusses the research objectives and the broader context of precision agriculture

and selective harvesting within the industry.

Chapter 2: Literature Review This chapter provides a detailed review of existing
harvesting technologies and methods used in blueberry production. It identifies research
gaps related to human-assisted selective harvesting, focusing on optimising detachment
settings, efficiency, ergonomics, fruit quality, and cost-effective equipment. The chapter
also examines advancements in mechanical systems and sensor technologies, as well as the

hurdles smaller producers face in adopting mechanisation.

Chapter 3: Development of Shaker and Catcher This chapter explores the
mechanics of blueberry detachment at different maturity stages for three fresh-market
cultivars, assessing their potential for selective mechanical harvesting. Various end effector
mechanisms and catchment techniques are developed and evaluated, with the most
appropriate design for human-assisted harvesting systems selected based on selectivity,
quality, and feasibility. The chapter also details the creation of an artificial blueberry

plant to facilitate off-season testing.

Chapter 4: Field Evaluations 1.0 This chapter outlines the design and testing of
the first set of prototypes, Shaker V1.0 and Catcher V1.0, and the methods used to assess
their performance against current harvesting methods. The analysis includes metrics
such as harvest rate, firmness, reject analysis, detachment accuracy, and efficiency. User

feedback and trial results are used to guide improvements for future iterations.

Chapter 5: Field Evaluations 2.0 This chapter focuses on the improvements made
in subsequent prototypes (Shaker V2.0, Shaker V2.1, and Catcher V3.0), particularly
regarding usability and ergonomics. It describes the methods used to compare the three
harvesting treatments and optimise the settings for Shaker V2.1. The chapter concludes
with analysing the second field trials, covering metrics such as harvest rate, firmness, shelf

life, grading results, and overall performance.



Chapter 6: Conclusion and Future Work The final chapter summarises the
research findings, evaluates how the objectives outlined in Chapter 1 were achieved,
and highlights key limitations. It offers recommendations for future research to enhance
selective harvesting methods and improve the harvest system’s efficiency and sustainability

in the blueberry industry.
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Chapter 2

Literature Review

This chapter provides an overview of manual harvesting methods, followed by an examina-
tion of mechanised and precision robotic harvesters, focusing on the blueberry industry. It
also explores human-assisted harvesting solutions. The chapter concludes with a summary

and presents the key research questions guiding this thesis.

2.1 Manual Harvesting of Blueberries

Hand harvesting remains the primary method for fresh market blueberries. It is labour-
intensive and physically demanding. Workers must carefully select ripe berries while
contending with hot and humid field conditions, making the process mentally taxing
(Figure 2.1). Despite its precision in preserving fruit quality, hand harvesting presents
numerous challenges beyond the immediate picking task, contributing to inefficiencies and
losses in blueberry production. It is well documented that labour shortage poses the main

barrier to harvesting.
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Figure 2.1: Pickers working in the hot and humid eld.

In addition to the labour issues, hand-harvesting practices present specific operational
challenges that further complicate blueberry production. The investigations also high-
lighted problems not outlined initially, such as excess fruit handling, ground loss during
harvest, and over-filtering fruit. These inefficiencies underline the urgent need for improved
harvesting techniques that minimise waste, reduce labour demands, and maintain the

high quality essential for fresh-market blueberries.

2.1.1 Labour issues

Hand-harvesting blueberries presents challenges beyond the commonly recognised labour
shortages, significantly impacting operational efficiency and profitability. These include an
unreliable labour force, the need for constant supervision to maintain harvest quality, the
time required for training new workers, and the difficulty of retaining skilled labour. Each

of these factors contributes to inefficiencies and increased costs in blueberry production.

One of the primary issues with relying on seasonal labour for hand-harvesting is the
workforce’s unreliability. Workers may arrive late or fail to show up, which can disrupt
the harvesting schedule and lead to fruit quality losses [30]. Given the highly perishable

nature of blueberries, timely harvesting is crucial; delays can cause overripening and
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increased spoilage [23]. This unreliability becomes particularly problematic during peak

harvest periods when the demand for labour is at its highest.

Maintaining the quality of blueberries also requires constant supervision. Workers
must be trained to carefully identify and handle ripe fruit without causing damage, but
inexperienced workers may struggle to meet these standards. This necessitates constant
oversight by orchard managers or more experienced workers, which increases labour costs
and reduces overall efficiency. Managers must divert time and resources to supervise

workers rather than focusing on other essential operational tasks [31, 30, 32].

Training new workers is another time-consuming aspect of hand-harvesting. Picking
blueberries requires skill, not only to avoid damaging the fruit but also to distinguish
between ripe and undersized fruit. Growers often invest significant time training seasonal
workers, but high turnover rates can delay harvest operations and reduce productivity.
When workers leave before the harvest season ends, the time spent on training is essentially

lost [32, 16, 30, 33].

Additionally, retaining skilled workers is a persistent challenge. Blueberry pickers vary
in skill levels and work attitudes, as evidenced by their harvest rates. While the average
picker may harvest around 5 kg/hour, skilled pickers can reach up to 9 kg/hour [30].
However, many skilled workers seek better-paying jobs or improved working conditions
elsewhere, which results in a loss of experienced labour. This turnover forces growers to
continuously train new workers, exacerbating labour shortages and negatively affecting

the efficiency of the harvesting process [22].

The cumulative impact of these labour issues can have profound economic consequences.
The need for increased supervision, lengthy training periods, and challenges in retaining
skilled workers all lead to higher labour costs and decreased profitability [34]. Traditional
hand-harvesting methods for blueberries are labour-intensive, often accounting for over
50% of production costs, a scenario that has become unsustainable as labour availability
declines and wages rise [35]. For example, in the United States, labour costs for blueberry
harvesting can reach up to $0.70 per pound, requiring approximately 520 hours of labour

per acre [36]. This situation has sparked increasing interest in mechanisation as a feasible
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alternative to lessen reliance on manual labour. However, the shift to mechanical harvesting
presents challenges, including the need for significant investment in equipment and the

risk of increased fruit bruising, which could adversely impact marketability [20].

Many local labourers are unwilling to engage in agricultural work due to low wages
and poor working conditions, leading to a labour shortage that has been exacerbated
by urbanisation and the COVID-19 pandemic [37][38]. Integrating overseas workers into
the blueberry harvesting workforce is increasingly seen as a viable solution to address
labour shortages in the agricultural sector. For example, a survey indicated that 78.8% of
employers preferred hiring foreign workers due to their willingness to accept lower wages,
which can be as low as $10 per hour compared to the $15 average for local workers [39].
Nevertheless, the logistics of recruiting, training, and managing these workers can be
complex and costly for producers, particularly smaller farms that may lack the resources

to navigate the bureaucratic processes involved in hiring foreign labour [40].

2.1.2 Excess fruit handling

A major paradox in hand-harvesting blueberries is the excessive handling required to
remove undesirable berries. The process starts with pickers removing unwanted berries
that accidentally make it into the waist bucket during harvest. Following this, a dedicated
team takes over at the weighing station, pouring harvested fruit from waist buckets into
pack house trays (Figure 2.2). Additional sorting is done to remove leaves, pedicels,
beards, under-ripe, and damaged berries before the fruit is transferred to cold storage,
ready for transport to the pack house. This level of handling not only increases labour
costs but also heightens the risk of bruising and other damage to the fruit, potentially
compromising its quality [15] [22].
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Figure 2.2: Blueberries being poured into the harvest tray at the weighing station.

The cumulative impact of this handling often leads to significant post-harvest losses,
as bruised or punctured berries may fail to meet market standards and could either be
discarded or sold at a lower price [22]. The demand for perfect fruit quality upon delivery
to the pack house exacerbates this issue, forcing growers to over-handle their harvests.
They are evaluated based on pack house grading results and penalised for each kilogram
of rejected fruit. As grading processes move from manual to digitised methods, rejection
rates have increased, placing further pressure on growers to meet these stricter standards.
However, the financial impact of penalties—just $0.25 per kilogram of rejected fruit—pales
in comparison to the high labour costs, which can reach $5 per kilogram harvested or
$25 per hour [41] [33] [30]. Consequently, the additional efforts to perfect fruit quality

post-harvest often prove inefficient and financially burdensome for growers.

2.1.3 Ground loss during harvest

Ground loss refers to the fruit that falls to the ground during harvesting, which can be
substantial in blueberry production. Figure 4.5 shows the berries left on the ground after
the weekly harvesting rotation. Research indicates that as much as 25% of fruit can be lost
to the ground during harvesting, mainly when using traditional hand-harvesting methods
[27] [41]. The main contributors are fruit drops during harvest operations and accidental

tipping of the waist bucket when reaching for lower-hanging fruit. This loss reduces
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the overall yield and impacts the economic viability of blueberry operations. Despite
this, ground loss is challenging to quantify, and growers rarely account for this loss when
calculating their profits. Ground loss can be exacerbated by factors such as fruit ripeness
and the physical characteristics of the blueberry plants, which can lead to premature fruit

detachment during harvesting [27].

Figure 2.3: Aftermath of weekly harvesting.

2.1.4 Over-filtering of fruit

Solely relying on the tickling method when hand harvesting is insufficient to determine
the harvest readiness of berries. Pickers often perform a quick visual scan on the detached
berries in their palm and filter out the potential rejects before placing them into the
waist bucket. However, it is almost impossible to distinguish clearly between ripe and
almost-ripe berries. Over-filtering occurs when pickers excessively sort and filter out
potential marketable fruit [30] [41]. While quick filtering is essential for maintaining
quality, it can lead to increased harvest time and further wastage. The need for meticulous
sorting can slow the overall harvesting process, leading to delays in getting the fruit to

market and potentially affecting its freshness [26].
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2.1.5 Ergonomic Issues

Traditional hand harvesting remains a critical component of blueberry production, par-
ticularly in regions where mechanisation is not feasible. Ergonomic improvement to the
design of tools and the harvesting process can significantly reduce strain on workers [42].
For example, lightweight, ergonomically designed containers with harnesses intended to
distribute the weight of the harvest container across the shoulders and back can allevi-
ate pressure on the arms and hands (figure 2.4), allowing workers to maintain a more
natural posture while harvesting [43] [44], allowing them to work more efficiently and
effectively. Additionally, training workers in proper harvesting techniques can further
enhance productivity and reduce the risk of injury. However, the labour-intensive nature of
hand harvesting and reliance on seasonal labour still pose challenges regarding workforce
availability and stability. There is a growing interest in hybrid systems combining human

expertise with mechanised assistance to optimise the harvesting process [45].

(a) Front (b) Side (c) Back

Figure 2.4: Picking container with ergonomic body harness

2.2 Mechanised Harvesting

Mechanised harvesting has shown promise in increasing efficiency and reducing labour
costs, not just in the blueberry industry. For instance, studies have shown that mechanical

shaking systems can increase labour productivity by 5 to 15 times compared to hand-
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picking methods, resulting in reduced unit harvesting costs by over 50% [46]. This
efficiency is particularly beneficial during peak harvest periods when labour shortages are

comimon.

Canopy and trunk shaking are mechanical harvesting technologies used primarily in the
agricultural sector to efficiently bulk-harvest various fruits, particularly those that grow

on trees.

Canopy shaking involves the application of vibrations directly to the branches of the
tree canopy. This method utilises rods or tines that penetrate the canopy and induce
vibrations. The vibrations cause the fruit to detach from the branches, allowing for
efficient collection. Canopy shaking systems have demonstrated high harvest efficiency,
often achieving rates of 90-95% in optimal conditions [47]. This technique is commonly
applied to fruits such as citrus, olives, and apples, where the fruit is located within the

canopy and can be effectively dislodged without excessive damage [48][49].

Bulk harvesting of blueberries primarily involves using over-the-row (OTR) harvesters
(figure 2.5). OTR harvesters have been designed to straddle rows of blueberry bushes and
shake the plant canopy to mechanically detach fruit using various mechanisms, including

vibrating rods, air jets, and catch surfaces [31] [23].
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Figure 2.5: An OTR harvester commercialised by Fine eld

Trunk shaking, on the other hand, involves applying vibrations to the tree trunk. This
method typically operates at higher frequencies with lower displacements. The vibrations
are transmitted from the trunk to the branches, causing the fruit to detach. Trunk shaking
is widely used in the harvesting of olives and some citrus varieties, where the fruit is more
easily detached due to the vibration being transmitted through the tree structure [50][51].
However, trunk shaking may not be as effective as canopy shaking for certain fruits, as it

can be less efficient in reaching fruits located farther from the trunk [52].

Both methods have their advantages and limitations. Canopy shaking is generally more
effective for fruits tightly clustered within the canopy, while trunk shaking may be more
suitable for trees with a straight trunk and less dense foliage. The choice between these
harvesting technologies often depends on the specific fruit type, tree architecture, and the
desired quality of the harvested produce. This technology is suitable for harvesting fruit

destined for processing but not suitable for fresh market fruit [47].
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2.2.1 Struggle with selective harvesting

One of the primary barriers to the fresh market fruit crop adopting mechanised harvesting
technology is achieving selective harvesting, especially for crops like blueberries and apples
that ripen variably. While theoretically advantageous, selective harvesting of blueberries
with mechanised harvester has not yet reached a level of practical implementation that
meets industry needs. Selective harvesting requires distinguishing between ripe and
unripe fruits, which is inherently complex due to the variability in fruit maturity within a
single plant [53]. Research indicates that mechanical methods may inadvertently harvest
immature fruit due to the ease of detachment when the abscission zone is not fully

developed [16].

For instance, the V45 blueberry harvester has shown potential in harvesting highbush
blueberries with quality comparable to hand-harvested fruit (bruising rates of 5% and
below) [54]; however, it has very slow ground speed, and still struggles with accurately

identifying and selectively harvesting ripe berries [17] [45].

The design of end effectors, which are crucial for the mechanised harvesting process,
must ensure that only ripe fruits are picked while leaving the plant and remaining fruits
intact. This requirement complicates the engineering of harvesting systems, as they must

be precise and gentle to avoid damaging the fruit or the plant itself [53].

2.2.2 High mechanical damage rate

Another significant barrier to adopting mechanised harvesting technologies is the mechan-
ical damage that blueberries often sustain during harvesting. Studies have shown that
mechanised harvesters can cause unacceptable levels of bruising [22], with damage rates
ranging from 55% to 78% for harvested fruit, compared to only 23% for hand-harvested
fruit [55]. This high bruising is particularly problematic for fresh-market blueberries,

which require high quality and minimal damage to compete [54].

On top of that, studies have also shown that mechanised harvesting can result in
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ground losses ranging from 10% to 50% of the potential yield due to fruit falling and
being damaged during the process [16]. The mechanised harvesters originally designed for
processed blueberries do not adequately address the quality requirements for fresh fruit,

leading to significant post-harvest losses and reduced marketability [55] [54].

Various studies have focused on integrating catchment systems for mechanised harvesting
in blueberry production, highlighting their potential to enhance harvest efficiency while
minimising fruit damage and subsequent disease susceptibility [22]. It is also noted that
reducing the drop height and impact forces experienced by the fruit during harvesting could
significantly improve the quality of mechanically harvested blueberries [27]. Furthermore,
replacing the traditional hard surface in modified over-the-row mechanised harvesters
with soft-catch surfaces has also resulted in lower bruising rates, thereby improving the

marketability of the harvested fruit [23].

However, concerns about the potential for mechanical damage to the fruit and the plant
remain a significant barrier to widespread adoption [45]. Therefore, ongoing research
focuses on developing gentler harvesting mechanisms to minimise damage while maximising

efficiency.

2.2.3 Not suitable for every blueberry cultivars and orchards

Specific blueberry cultivars amenable to mechanised harvesting must possess characteristics
such as firm texture, easy detachment when ripe, and minimal stem retention to ensure
high-quality fruit and reduce bruising during the harvesting process [23]. Research indicates
that while some cultivars can achieve a pack out of 90% with mechanised harvesting, they
often result in softer fruit and more attached stems compared to hand-harvested berries
[23]. Cultivars unsuited for mechanised harvesting can lead to higher rejection rates due

to quality degradation [17].

Moreover, mechanised harvesters’ performance is heavily influenced by the architectural
design of the blueberry plants and surrounding structures. For example, the V45 model,

while capable of harvesting to fresh market standard, has design limitations restricting
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operational efficiency that require a crown-restricted growth pattern to minimise potential
damage to the plants during operation, which complicates its adoption in diverse blueberry

production systems [54] [27].

2.2.4 Economic aspect

In addition, the economic aspect is also a significant barrier to adopting mechanised
harvesting technology. The cost of over-the-row (OTR) mechanised harvesters can be
prohibitively high for small- and medium-sized blueberry orchards, which is a significant
factor contributing to the continued reliance on manual labour in many blueberry op-
erations [42]. Additionally, concerns about the quality of the mechanically harvested
blueberries mean growers hesitate to transition to mechanical systems that may not yield

a sufficient return on investment due to quality losses [54].

2.3 Precision Harvesting with robotics system

Precision harvesting involves applying advanced technologies to optimise crop harvesting
by ensuring fruits and vegetables are collected at their peak quality while minimising waste
and reducing labour costs. This method integrates robotics, machine learning, and sensor
technologies to improve the accuracy and efficiency of harvesting operations [56] [57]. As
the agricultural sector faces global challenges such as labour shortages, increasing demand
for high-quality produce, and the push for sustainable practices, precision harvesting has

become vital in promoting food security and sustainability [58] [59].

Recent advancements in blueberry harvesting have focused on precision, mechanisa-
tion, and human-assisted technologies. Blueberries ripen progressively, with indicators
such as ease of removal, consistent colour, and taste signifying harvest readiness [60].
Technologies like the YOLO-BLBE model offer high accuracy in detecting blueberries at
different ripeness stages, enabling more effective selective harvesting [61]. Despite these

advancements, challenges persist in integrating new technologies into existing practices,
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as they require significant investments in equipment and training [45].

Convolutional neural networks (CNNs) have shown promise for tasks such as fruit
detection and ripeness assessment, especially under varying lighting conditions where
traditional image processing techniques often fail [62] [63]. By utilising deep learning,
CNNs are revolutionising the harvesting process by enabling robust fruit detection and
selective harvesting, particularly for high-value crops that do not ripen uniformly [53]
[64]. For instance, the CES-YOLOvVS8 model for strawberry maturity detection enhances
the ability to determine optimal harvest times by considering factors beyond visual cues
like colour and size [65]. These data-driven approaches are poised to reduce labour costs
and improve efficiency, though their commercial viability is still in its early stages due to

technical and financial barriers.

Lemon harvesting has also seen interest in applying robotic systems, though challenges
remain in achieving the delicate balance between precision and speed. Lemons, like
strawberries, have a complex plant architecture that complicates mechanical harvesting.
In recent developments, an autonomous harvesting robot for lemon orchards is combined
with remote sensing and machine learning algorithms, allowing for efficient fruit detection
and quality assessment, achieving an overall harvest success rate of 87.2%; although
picking time was slow, with an average picking time of 10.9 s/fruit. These technologies,
however, still require further refinement to enhance fruit detection accuracy, especially

under different environmental conditions [59].

In addition to lemons and berries, precision harvesting technologies are applied to other
high-value crops. For instance, in apple orchards, GPS and remote sensing technologies
enable precise orchard mapping, allowing for targeted harvesting that maximises yield
and reduces waste [64]. However, the fruit size and ripeness variability complicate the

automation process, necessitating advanced algorithms to ensure only ripe fruits are picked

64].

Another notable advancement in strawberry harvesting is that robotic systems equipped
with advanced sensors and artificial intelligence have been employed to detect fruit

ripeness and automate the picking process [66]. While promising, they still face limitations
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regarding vision accuracy and gripper dexterity, making it difficult for robots to perform
efficiently when obstacles obscure fruits. Additionally, robotic harvesting systems are
slower than human pickers, with one- and two-arm operations taking 6.1 and 4.6 seconds
per fruit, respectively. The complex structures of strawberry plants and the delicate
nature of the fruits pose challenges to ensuring robots do not damage the fruit or the

plants.

The complexity of developing a system that can operate effectively in a biologically
driven environment adds to the challenges researchers and developers face [67]. However,
by leveraging these precision harvest technologies, growers can optimise their harvest
schedules, reduce waste, and increase profitability [57] [59]. Additionally, automating
labour-intensive tasks can help mitigate the impact of labour shortages in the agricultural

sector [68].

2.3.1 Short Harvest Window

Despite advancements in precision harvesting technologies, several challenges impede
their widespread adoption. One key issue is the short harvest windows associated with
many high-value fruits, which limit the time available for effectively deploying automated
systems. For instance, the blueberry harvest period is remarkably brief, and any delays
can lead to rapid quality degradation [23]. Furthermore, mechanical harvesting often
results in fruit damage, a problem exacerbated by the delicate nature of crops such as
blueberries [69]. This highlights the need for soft robotic systems that gently handle
fruit while maintaining efficiency [70]. However, integrating these advanced systems into

current agricultural practices remains complex.

2.3.2 High investment cost

Another significant barrier is the high cost of adopting robotics systems with precision

harvesting technologies. The initial investment required and the necessary infrastructure
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can be prohibitive for many growers. Although progress has been made, such as developing
robotic arms with low-cost stereo-vision cameras for fruit harvesting [71], the ongoing
maintenance costs, software updates, and technical support present additional financial
burdens. This can deter adoption, especially in regions where manual labour remains
comparatively inexpensive [68] [64]. As a result, the economic viability of these technologies

is often questioned, particularly in lower-cost labour markets [72].

2.3.3 Complex physiological traits of blueberries

Beyond economic and mechanical issues, the physiological traits of blueberries add com-
plexity to the adoption of robotic harvesters. Blueberries exhibit considerable variability
in firmness and ripeness, influenced by factors such as their location within the canopy
and environmental conditions [34] [73]. Fruit on the outer canopy may ripen faster than
those deeper within, leading to inconsistencies in harvest timing and quality [34]. As such,
the development of sensors and algorithms that can accurately assess fruit maturity in
real-time remains essential but is still an area of active research [74] [75]. The high vari-
ability in fruit ripeness and incomplete information pose significant hurdles to developing

effective robotic systems, as noted by Kootstra et al. [64].

2.3.4 Limitation on current orchard structural design

The structural design of orchards presents another barrier to adopting automated systems.
Many orchards are not designed for mechanised harvesting, which limits the effectiveness
of robotic harvesters. The design of end effectors, which must consider the spatial
arrangement of fruits, branches and trellis to ensure that the plants are not damaged
during the harvest [53] [64]. Additionally, variability in tree height and fruit distribution
across different orchards complicates the development of universal solutions capable of

handling these challenges [76] [77].
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2.3.5 Resistance to change

Moreover, adopting automated systems in traditional harvesting practices requires a
cultural shift among growers. Many fear reliance on technology could displace seasonal
workers, a critical issue in numerous agricultural communities [68]. Growers accustomed
to manual methods may also resist new technologies due to concerns about reliability and
the potential loss of traditional skills [78]. This reluctance is often compounded by the
need for training and education on using these advanced systems, adding another layer of

complexity to adoption.

2.3.6 Performance concerns

Finally, the performance of robotic harvesting systems has seen limited improvement in
recent decades. Many platforms continue to struggle with fruit localisation and detachment
success rates [79]. While certain robots have successfully localised and detached fruit,
their overall efficiency in completing the harvest remains low, which has hampered
the commercialisation of these systems [76] [79]. This stagnation in performance raises
questions about the feasibility of current technologies in meeting the demands of high-value

fruit harvesting.

2.4 Human-assist Technology

Human-assist harvesting technology is part of a broader trend toward semi-mechanical
harvesting systems, which combine human labour with mechanical tools to enhance
the efficiency and effectiveness of fruit harvesting. This approach bridges robotics and
manual labour by combining the strengths of both approaches to enhance agricultural
productivity and efficiency. Aivazidou and Tsolakis emphasised that human-robot synergy
is essential for addressing the complexities of agricultural operations, as fully automated

solutions may not be feasible for all tasks 10.1002/sres.2887. This collaboration allows
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for a more nuanced approach to harvesting, where human intuition and robotic precision

work together.

For instance, workers can focus on more complex tasks that require human judgment,
such as selecting ripe fruit, while robots or semi-mechanical harvesting tools can handle
repetitive actions, reducing the physical strain associated with manual labour; human

assist technologies can improve worker satisfaction and retention [?] [?].

Human involvement ensures that quality control is maintained throughout the harvesting
process. As noted by Casamali et al., mechanical harvesting may reduce ground losses,
but it can also result in higher percentages of unripe or damaged fruit being harvested.
In these instances, human workers provide the necessary oversight to ensure that only

high-quality fruit is picked, which is particularly important for fresh-market produce [16].

Additionally, human-assist harvesting systems are adaptable to different conditions
and crop types. Cunha et al. highlighted that semi-mechanized systems can be tailored
to specific crops, enhancing operational performance while accommodating the unique
challenges posed by varying agricultural environments [?]. This adaptability is critical in

an industry with diverse crops and harvesting conditions.

A prominent example of human-assist harvesting technology is co-robotic platforms in
apple and strawberry crops. These platforms work alongside human pickers, adjusting
the platform height and position according to the fruit load and the workers’ movements,
optimising the harvesting process. By improving the working conditions for labourers,

these platforms reduce fatigue and increase productivity [80].

Additionally, research by El-Iraqi et al. focused on designing mechanical harvesting aids
for mangoes, such as mechanical disk cutters and electric scissors, to enhance manual labour
productivity while minimising fruit damage. This approach highlights the collaboration

between human pickers and mechanical tools, improving overall harvesting efficiency [81].

In the blueberry industry, semi-mechanical harvesting systems like the handheld pneu-
matic shaker (designed initially for olive harvesting), as shown in figure 2.6a, and the

Starberry hook shaker (developed by Campagnola) as shown in figure 2.6b, are gaining
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popularity. These devices combine the efficiency of mechanical harvesting with the selec-
tivity of manual labour, particularly in scenarios where over-the-row (OTR) harvesters

are not feasible due to orchard design or specific fruit quality requirements [27].

(a) Pneumatic hand-held shaker (b) Starberry, battery-powered handheld shaker by
and catchment system Campagnola

Figure 2.6: Several semi mechanised human-assist harvesting methods for blueberries

Despite handheld shakers’ potential and much lower initial investment costs compared
to OTR or robotic harvesters, several research gaps remain that hinder their widespread

implementation and need to be addressed to optimise their effectiveness.

2.4.1 Identify optimal shaking parameters to enhance selective

harvesting

Current handheld shakers used for blueberry harvesting often display variable detachment
efficiency when it comes to selectively harvesting only ripe blueberries. This efficiency can
be influenced by several factors, including fruit maturity, shaking frequency, and duration
[82] [83]. These shakers transmit vibrations to the blueberry bushes or individual canes,
achieving a harvest efficiency of around 80-90% under optimal conditions. However, this
includes both ripe and unripe berries [17] [27]. Further research is necessary to determine
the optimal shaking parameters that enhance selective harvesting while minimising fruit
damage. A deeper understanding of the mechanics of fruit detachment at the pedicel level

is essential for improving the design and performance of these devices [83].
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2.4.2 Relationship between shaking intensity and fruit damage

The impact of mechanical harvesting on fruit quality remains a significant concern. Studies
have shown that mechanical harvesting can lead to bruising and quality degradation,
particularly when fruit is subjected to excessive force during detachment [31] [23]. Further
research is required to quantify the effects of handheld shakers on fruit quality, includ-
ing firmness, appearance, and post-harvest shelf life. This includes investigating the

relationship between shaking intensity and fruit bruising [20] [84].

2.4.3 Development of an effective collection device

Designing an appropriate catchment device with adequate cushioning to operate alongside
handheld shakers is crucial to preserving the blueberries’ quality. Research should focus
on developing portable collection devices with soft catch surfaces that can effectively
absorb impact forces and minimise collision between falling fruit, thereby minimising the

bruising and preserving fruit quality during the harvesting process [23] [26].

2.4.4 FErgonomics considerations

The ergonomic design of handheld shakers is another critical area that requires attention.
Prolonged use of vibrating handheld devices can lead to musculoskeletal disorders among
workers, particularly in repetitive motions and awkward postures [42]. Research should
focus on optimising the design of handheld shakers to reduce operator fatigue and improve

comfort during use.

2.4.5 FEconomic Viability

The economic feasibility of implementing handheld shakers in blueberry production is still

uncertain. Factors such as initial investment costs, maintenance, and potential cost savings
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must be thoroughly evaluated to determine the overall cost-effectiveness of these devices
compared to traditional hand harvesting, and OTR harvesters [54]. Economic analyses
should consider the potential for increased yield, harvest rate, and reduced harvest-related

costs associated with handheld shakers.

2.5 Summary

The blueberry industry continuously explores innovative methods to enhance harvesting
efficiency and fruit quality, particularly by applying human-assisted selective harvesting
techniques. Among these, using handheld shakers paired with soft surface catchments
presents a promising avenue for improving the harvesting process. However, despite the
theoretical advantages of this approach, its practical implementation remains limited.
This shortfall is primarily due to several persistent research gaps that have yet to be
adequately addressed. Addressing these gaps in detachment efficiency, impact on quality,
ergonomics, economic viability, and soft surface catchment will be essential for optimising
the use of handheld shakers in blueberry production. Continued innovation and research
in these areas will be crucial for advancing the mechanisation of blueberry harvesting and

ensuring the industry’s sustainability.

This thesis aims to investigate these key areas, offering insights and solutions to the

existing challenges in the context of human-assisted selective blueberry harvesting:

2.5.1 Optimised Detachment Settings

Limited research exists on optimising detachment settings in handheld shakers for selective
harvesting. Current studies often concentrate on mechanical systems, neglecting how to
fine-tune these settings for more efficient, targeted detachment of ripe blueberries while
preventing damage to unripe fruit and plants. This thesis will explore the mechanics of
fruit detachment at the pedicel level and methods for optimising these settings to enhance

harvesting outcomes.
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2.5.2 Detachment Efficiency

Although mechanical detachment has been investigated, the effectiveness of handheld
shakers in selectively detaching ripe blueberries is still under-explored. Most research
focuses on larger machinery, leaving a knowledge gap regarding handheld devices that
could enhance accuracy in selective harvesting. This work will address these gaps and

evaluate the efficiency of different handheld shaker models.

2.5.3 Ergonomics

Another area lacking sufficient investigation is the ergonomic design of handheld shakers
for prolonged, repetitive use in the field. Current devices may not adequately consider
user comfort, fatigue, and the risk of strain injuries during extended operation, which
could hinder their practical application. This thesis will examine ergonomic factors and

propose design improvements for handheld devices.

2.5.4 Fruit Quality

The balance between detachment efficiency and maintaining fruit quality has been limitedly
explored. Handheld shakers and catchment surfaces may cause damage, bruising, or quality
degradation, necessitating further investigation, particularly in comparison to traditional
hand-picking methods. This research will focus on evaluating the impact of different

harvesting techniques on fruit quality.

2.5.5 Low Cost and Simple Equipment

A thorough analysis of low-cost and straightforward equipment used in blueberry harvesting
is lacking. The initial investment in complex machinery may be prohibitive for many

growers. This thesis will investigate how low-cost, simpler handheld shakers can be
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effective alternatives while providing labour savings and improved yield quality.

2.5.6 Soft Surface Catchment in Human-Assisted Harvesting

There is minimal research on the role of soft surface catchment systems in minimising
fruit damage during harvesting. This aspect is critical for preserving fruit quality and
ensuring the blueberries remain marketable after harvest. This thesis will explore the
effectiveness of soft surface catchments in human-assisted harvesting to reduce bruising

and improve the overall quality of harvested fruit.

2.5.7 Testing of prototypes outside of harvest window

As mentioned earlier, the limited harvest window of each blueberry cultivar has complicated
the research and development of a practical harvesting solution. Although simulating a
blueberry plant digitally is common for laboratory testing, it limits real-life ergonomic
evaluations and user feedback. This thesis will explore the creation of an artificial
blueberry plant to enable continued physical testing of the prototypes when a field trial is

not possible.

In summary, this thesis addresses these critical research gaps, focusing on optimising
detachment mechanisms, enhancing detachment efficiency and ergonomics, and balancing
these factors with fruit quality and the practicality of low-cost equipment in real-world
applications. By comprehensively analysing these issues, the research aims to contribute
valuable insights to the blueberry industry and facilitate the adoption of effective harvesting

technologies.
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Chapter 3

Development of Shaker and Catcher

This chapter presents the investigation and design evaluation of several components
that led to developing a low-cost human-assist harvesting system capable of selectively
harvesting blueberries. The system also aims to minimise harvest damage and ground

loss.

Firstly, Section 3.1 investigates the detachment force required to separate the blueberry
from its pedicel based on its maturity level, weight, physical size, and detachment method.

The most suitable blueberry cultivar for selective mechanical harvesting is identified.

Sections 3.2 and 3.3 describe the development of the harvesting and catchment devices,
respectively. The chosen principle of operation of both is presented at the end of the

sections.

Finally, Section 3.4 outlines the development of an artificial blueberry plant used to

test prototypes outside of the harvesting season.

33



3.1 Blueberry Detachment Force

It is crucial to con rm whether it is possible to determine blueberry harvest readiness
by detachment force without visual con rmation. The appearance between ripe and
unripe blueberries is almost impossible to distinguish with human eyes. Therefore, an
alternative method to determine ripeness is necessary. The traditional technique of
harvesting blueberries is tickling by hand. With the palm placed underneath the berry
cluster in a cup shape to collect detached berries, the picker uses their ngers to induce
gentle and controlled rolling and pulling motions (tickling) on the berries. Berries that
detach easily are deemed ripe, while the unripe berries will resist and remain attached.

However, this method does not entirely prevent unripe berries from being harvested.

3.1.1 Method

A distinct di erence in detachment force between ripe and unripe berries would be a
desirable trait to exploit to enable selective mechanical harvesting, assuming the required
detachment force could be applied accurately. This could remove the need for expensive,

complex vision, control and manipulation systems.

Three fresh market blueberry cultivars were selected for the trial: Eureka, Eureka
First Blush, and Masena. Two hundred berry samples of all ripeness stages per cultivar
were collected randomly from di erent parts of the plant, with the pedicel still attached.
The sample was split evenly between each detachment method (rolling and pulling), as
illustrated in Figure 3.1. Samples were collected the same day in mid-December, seven

weeks after the start of the harvest season.

Information of the individual berries was recorded: cultivar, detachment method, stage
of ripeness, weight without pedicelfiperry ), major ( 2) & minor ( ,) diameter, and peak

detachment force Epeax).

34



Figure 3.1: Flow chart showing how each sets of samples are collected

3.1.1.1 Measurement of Detachment Force

The detachment force was measured using a Starr Instruments FGD-20 force gauge, with
a maximum load of 20N and accuracy of 0:04N. A piece of paper reinforced with clear
tape, with three holes punched through, was used to apply an even force to the berry. The
hole in the middle of the paper allows the pedicel to protrude for the pulling experiment
while enabling the berry to sit centred for the rolling experiment. The other two holes
are used as an attachment point for the hook on the force gauge. Figure 3.2 illustrates
how the berries were held for each experiment and the location of force applied. Force
is used steadily in the direction indicated until the berry is separated from its pedicel.
The peak detachment forcd=,ea« Was recorded. Berries that failed to separate from the

pedicel were discarded.

3.1.1.2 Maturity Assessment

The maturity level of the berries was classi ed by colour, where “blue' represents ripe
berries (Figure 3.3a), pink' represents partially-ripe berries (Figure 3.3b), and "green’
represents unripe berries (Figure 3.3c). Berries in the green and pink categories were
considered unripe. Berry that showed signs of being overripe (dehydrated or soft) or

damaged (bruised, split, or punctured) were discarded.

Berries with dark blue skin colour with no more than 20% red hue and no hint of any

green colour were classi ed as blue. Berries with a majority skin colour of dark blue with
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Figure 3.2: lllustrated diagram of the experiment setup for pulling and rolling

at least 20% of red hue, which may or may not have a small area of green colour, were
classi ed as pink. Finally, berries with more than 20% of green colour were classi ed as

green.

3.1.1.3 Approximation of Diameter

The shape of the blueberry was assumed to be ellipsoidal, with major and minor diameters
a and , respectively. The ellipsoidal volume of the berry\ipsoia ) Can be calculated

from 3.1. However, to simplify the size comparison, the ellipsoidal volume was equated

to the volume of a sphere \{spnere). Equating 3.1 and 3.2 and solving for the relative

diameter of the sphere (;) gives 3.3.

4
Veliipsoid = 3 (?a)sz (3.1)

1
Vsphere = 6 ( r)3 (3.2)
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