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Concerns for consistent supply of cacao to meet increasing demand has pushed the need 

for technological innovations to increase production of cacao in a sustainable manner. The 

harvesting process for cacao is tedious and labor intensive due to the manual process and 

continuous harvesting throughout the year. Advances in technology for cacao harvesting could 

help increase productivity, reduce costs, and increase profitability for farmers. Understanding 

of current harvesting practices is critical to address the need for development of technological 

advancements in cacao harvesting that also considers the complexity of implementing such 

advancements in smallholder cacao farms. Four studies in this dissertation seek to develop 

further understanding of manual cacao harvesting from viewpoints that incorporate 

considerations of technical, environmental, economic, and social factors. 

First, a motion-time study was conducted to identify movements in the harvesting 

process of cacao fruit, also known as pods, that can potentially be replaced, aided, or 

complemented by technological advancements. Four tasks were identified as elements in 

manual harvesting cacao pods: Search, Sever, Pick up, and Carry. Second, a cacao pod pick up 

system was designed to reduce movement requirements in the cacao harvesting process. A 

prototype of the design was developed and tested for its performance. Third, a systems study 

using coupled human-natural systems approach was done to model relationships between 

cacao harvesting and factors such as weather, bean price, labor availability, pest severity, and 

farmer’s profit expectation. The model simulated dynamics between the relationships due to 

changes in these factors. Finally, a case study of smallholder cacao farmers in the region of 

East Luwu, Indonesia explored how farmers perceive transformations in cacao farming 

practices based on their own challenges and knowledge structure of the transformation. 

Insights gained from the studies addressed multiple ways considerations need to be made in 

efforts to provide technological advancements to the cacao harvesting process. 
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Chapter 1  – GENERAL INTRODUCTION 

1.1 Background and Needs Assessment 

The manual harvesting process involves labor-intensive, costly operations, and tedious 

movements (Sarig, 2012; Sarig, 2005). Many factors such as climate, soil condition, land 

terrain, labor, crop variety, cropping systems, market, and ripeness uniformity contribute to 

the complex and complicated process of advancing harvesting into systems that depend less on 

human judgment (Sarig, 2005). However, the level of accuracy provided by manual labor in 

the harvesting process is difficult to compete with (O’Brien & Berlage, 1983). There are also 

other factors that affect the extent to which manual work can be mechanized, such as quality, 

yield, material utilization, safety, availability of qualified workers, and the availability of 

capital (Barnes, 1980).  

The introduction of agricultural technology into a farm is a complex problem (Rijk, 1999). 

Mentions of unsuccessful technology implementation in farms can be found especially for small 

farms in non-developed countries due to the gap that exists between expectations from 

research and the targeted users (Chamala, 1990; Starkey, 1988; Thandee, 1986). Past evidence 

has shown that a low success rate is not uncommon when introducing technological 

innovations to smallholder farmers because views of those developing the innovation do not 

align with the reality faced by the farmers (Starkey, 1988). Many factors come into play in 

attempting to accomplish technological intervention efforts including those of social, 

environmental, and political nature (Arnon, 1981; Foster, 1962; Rijk, 1999; Sarig, 2012; Sarig, 

2005). 

The harvesting process for cacao is an example of a harvesting process that requires 

intensive manual labor. The majority of cacao is produced manually by smallholder farmers in 

West Africa, South and Central America, and Southeast Asia with major producers being Ivory 

Coast, Ghana, Indonesia, and Ecuador (ICCO, 2016b). Labor requirement is high for 

harvesting of cacao due to mostly manual process and continuous harvest throughout the year. 

If technological advancements are not being implemented to manual harvesting processes, 

issues may arise following innovations in breeding and the push for high-yield plant materials. 

Without technological advancements in the harvesting area, the capacity to accommodate yield 

increase may not be fulfilled and could result in unnecessary loss and unsustainable 

production. Technology innovations for cacao farming, such as that for cacao harvesting, is an 

important factor for boosting cocoa production but a gap exists in bringing these innovations 

to farmers, especially smallholders (Nieburg 2015; Nieburg, 2016a). In addition to productivity 

issued from lack of technology, another issue in the sustainability of cacao production pertains 

to the livelihood of the cacao farmers (Nieburg, 2016a; Nieburg, 2016b). As smallholder 

farmers, cacao farmers depend their livelihood on the continuity of the cocoa industry. 

Understanding of current harvesting practices is critical to address the need for 

development of technological advancements in cacao harvesting that also considers the 

complexity of implementing such advancements to smallholder cacao farms. A clear 

understanding of the current manual harvesting process is useful to form knowledge that 

would allow for technological advancements that are appropriate and suitable for the needs of 

both farmers and the industry. The formation of this dissertation was intended to build and 

further develop this understanding. The expected significance of the studies in this 

dissertation is to provide contributions that would support the selection, development, and 

implementation of appropriate technological advancements for cacao harvesting that would 

provide the most impact without compromising the importance of social, economic, and 

environmental factors associated with smallholder farming.
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1.2 Research Question and Problem Statement 

The underlying question which motivated this research is what forms of technological 

advancements for harvesting practices will result in fruitful contributions to the overall cocoa 

production process. Subsequently, this also opens the question of whether these potential 

advancements may bring any sort of implications towards future sustainability. The types of 

advancements to be applied and how it will be executed must be considered to prevent adverse 

impacts that may arise in the future. Additionally, addressing this question early on before 

the start of development of any form of technological advancement will provide insights that 

will allow better allocation of time, efforts, and costs to minimize risks of unsuccessful 

attempts. 

In smallholder farms, the farmer is usually actively involved in running and managing 

the day-to-day activities of the farm and often acts as the decision maker in determining when 

and how farming practices should be done. This includes harvesting. Knowledge of current 

manual harvesting activities is an important component in determining whether particular 

technological advancement efforts may result in significant implications to the farmer as well 

as the wider cocoa industry. 

The problem statement for this dissertation, therefore, is that there is a need to assess 

the manual cacao harvesting activity to enable the development of appropriate potential 

technological advancements that meets the demands and expectations of both the farmers and 

the industry. A connection should be established between the industry demand for 

technological advancements and the farmers since farmers are the entities with the decisive 

power how to conduct harvesting activities. 

1.3 Dissertation Overview 

This dissertation comprises of a series of four studies structured around the central 

premise that understanding of the current manual harvesting process from multiple 

viewpoints is crucial in developing potential technological advancements for the harvesting 

process. The studies in the dissertation sought to view cacao harvesting activities as associated 

with technical, environmental, economic, and social factors. The studies presented in this 

dissertation were motion-time study, mechanical design, systems study, and case study. 

Details of each study are presented in Chapters 2 to 5 while concluding remarks are given in 

Chapter 6. 

Chapters 2 and 3 focuses on the harvesting of cacao fruit which are commonly referred 

to as pods. The chapters address the technical factors presented by cacao pod harvesting 

process from an engineering standpoint. The chapters investigate how current manual pod 

harvesting activity is being performed and what means of tool, equipment, or machinery can 

be implemented to advance the process in the short-term. Chapter 2 utilizes a motion and time 

study to focus on the manual movements required to perform pod harvesting and to further 

explore how the movements could inform the types of technological advancements appropriate 

for the process. Chapter 3 is a design problem that addresses a particular task in the manual 

pod harvesting process that could be advanced through mechanical means. The design would 

reduce or eliminate particular manual movements from the pod harvesting process. 

Chapter 4 addresses the environmental and economic factors that may not be obvious 

but indirectly influential to the current manual harvesting process. The chapter expands the 

viewpoint of harvesting from being only an engineering issue to a systems view within a 

coupled human-natural system (CHANS) framework. The cacao harvesting process is viewed 

within the context of the process being part of a system with multiple dynamic relationships 

contributing to the occurrence of harvesting. Weather changes and bean market price are 

considered as influential environmental and economic factors affecting the occurrence of cacao 

harvesting.  
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Chapter 5 addresses the social factor associated with cacao harvesting through a broader 

case study on cacao farming activities in East Luwu, Indonesia. The case study explores 

farmer’s knowledge and opinion on the ways they conduct their cacao farming practices. 

Further, the study investigates how farmer knowledge structure on topics of cacao farming are 

formed based on challenges they face and their response to transformations in the cacao 

farming process. This is due to the presence of an external entity in the region that has been 

introducing farmers to several forms of transformations to improve cacao production in the 

region.  
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Chapter 2  – VISUAL-BASED AND MOTION CAPTURE 

TECHNIQUES TO ANALYZE MANUAL CACAO POD 

HARVESTING 

2.1 Introduction 

Crop harvesting is a labor-intensive activity involving tedious and time-consuming 

operations influenced by many factors such as climate and crop variety (Sarig, 2005). This is 

also the case for harvesting of cacao (Theobroma cacao). Harvesting of cacao fruit, commonly 

referred to as pods, are mostly done manually and requires a significant amount of labor work. 

The process of manually harvesting cacao pods have been documented from as far back as the 

late nineteenth and early twentieth century (Knapp, 1920; Whymper, 1912). Similar 

descriptions of the process are also given in literature from the past decade (Adabe and Ngo-

Samnick, 2014), suggesting that advancements made in harvesting operations for cacao pods 

are either difficult, slow, or too isolated to allow for notable development and lasting 

implementation. 

A contributing reason for this may be due to certain plant characteristics which cause 

pod harvesting operations to be mechanically challenging. Cacao trees in the wild can grow up 

to eight to ten meters (Wood, 2008) but in cultivation are commonly shaped and pruned 

routinely to be maintained at three to four meters. One reason for this is to make harvesting 

easier. The taller the tree, the more difficult it is to harvest pods due to both the height and 

the need for a precise cut. The pods develop from the flowers which grow on flowering cushions. 

Since the pod is attached to the flower cushion, it is important that the flower cushion is not 

injured during severing of the pods (Adabe and Ngo-Samnick, 2014; ICCO, 1998; Whymper, 

1912). Damage to the flower cushion will prevent future flowering. Due to this requirement, 

severing of the pods must be done in a precise manner, typically by those with experience. 

Cacao pods must be cut to be harvested as they do not fall from the tree when ripe or over-ripe. 

This eliminates potential use of tree-shaking mechanisms (Knapp, 1920). 

Labor requirements are high for cacao harvesting due to this characteristic. Moreover, 

harvesting of pods is continuous throughout the year at intervals of 10-15 days (Adabe and 

Ngo-Samnick, 2014) which consequently requires continuous supply of labor. Peak harvest 

sessions occur typically in the middle or end of the year due to climate conditions influencing 

the flowering schedule. During peak harvest, competition for labor is not uncommon due to 

multiple farmers requiring labor within similar timeframes. 

Cacao pods grows on the trunks or main branches of the tree. Once pods are identified 

as ripe and ready for picking, they are severed from the tree by cutting the stalk of the pod 

using a blade-attached tool such as a knife, machete, scythe, sickle or pruning equipment 

(Adabe and Ngo-Samnick, 2014; ICCO, 1998; Knapp, 1920; Whymper, 1912). Common ways of 

selecting a pod ready to be harvested are by pod color and by the sound made when the pod is 

tapped (Adabe and Ngo-Samnick, 2014; Knapp, 1920; Whymper, 1912). The detaching of the 

pod is followed by cracking of the husk to retrieve the beans. 

If advancements are to be made in the harvesting process, it must bring significant 

improvements upon the existing practices. A motion-time study is an appropriate approach to 

assess this. Barnes (1980) noted the two main parts of motion-time study: (i) motion study or 

work methods design to attain a preferred method of conducting work which would be the ideal 

or nearest to ideal method and (ii) time study or work measurement to determine the standard 

time to perform a specific task.
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A motion-time study on the current cacao pod harvesting activity could be useful to 

provide recommendations on what activities within the harvesting process can be targeted for 

advancements. A study with a similar purpose was conducted by Saibani et al. (2015) on palm 

oil harvesting practices. They conducted a time and motion study prior to the development of 

mechanization for harvesting practices. Additionally, studies involving time and motion 

evaluation of harvesting practices have been conducted for corn silage (Harrigan, 2003), 

eucalyptus (Spinelli et al., 2009), and sugarcane (Meyer and Fenwick, 2003). 

The study in this chapter describes the use of motion-time study principles to analyze 

manual harvesting activities of cacao pods. There were two objectives: 1) to identify movements 

in the pod harvesting process that are potentially either replaceable or can be complemented 

by mechanical, electronic, or automated means and 2) to measure the amount of time each 

movement in the pod harvesting process takes to be performed by using two procedures: visual-

based and motion capture. It is expected that outcomes from this study could contribute to 

efforts in providing relevant and appropriate information for potential advancements in the 

pod harvesting process. 

2.2 Methods 

2.2.1 Study Site 

This study was conducted in the East Luwu regency of South Sulawesi, Indonesia by 

performing site visits to smallholder farms and the Mars Cocoa Research Station in the village 

of Tarengge. 

 

2.2.2 Identify Tasks 

To identify the movements in which farmers and farm workers conduct pod harvesting, 

visits were made to smallholder farms during pod harvesting activities. Two individuals that 

were harvesting pods at two different farms were directly observed and followed. Pod 

harvesting in the first farm was done by a hired worker and the observation lasted 

approximately five minutes. In the second farm, the farmer himself was harvesting the pods. 

The observation at the second farm lasted approximately twenty minutes. However, at the 

second farm, the farmer was also simultaneously conversing with a local colleague as he was 

harvesting cacao pods. 

Process analysis (Barnes, 1980) was done based on the observations and a Process Chart 

was produced. Motions from the Process Chart were then compiled to form tasks. Tasks were 

defined as a set of possible motions or movements that constitute a main purpose. For each 

task, sub-tasks were identified. 

 

2.2.3 Measure Time Usage 

Data Collection 
Since it was difficult to consistently find and follow and farmers as they harvested in the 

farm, measurement of time for pod harvesting was done at the Mars Cacao Research Station. 

The station employs workers whose task is to harvest pods from the cacao plots within the 

research station based on an existing schedule. Finding workers to follow and observe was 

thus less difficult. Three workers were followed and observed. Due to the configuration of the 

farms, it was possible to consistently document the workers’ movement through video 

recordings. Each worker was followed and observed for approximately ten minutes. Images 

were extracted from the video recordings as data for the visual-based approach. 

Concurrent with video recordings, Notch motion capture sensors (Notch Interfaces, Inc., 

wearnotch.com) were put on all workers to track their movements as they harvested pods. 

Notch sensors are a mobile-based wireless 3D motion tracking system. The Notch Pioneer iOS 

companion application was used together with the sensors. Each sensor is referred to as a 
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notch and is approximately the size of a 25-cent coin. Following instructions provided through 

the Notch Pioneer interface, eleven notches were strapped to the workers to record motion 

data. However, only data from seven notches were used due to the malfunctioning of the other 

four notches. The seven notches were strapped at the following positions: forehead, upper right 

arm, upper left arm, lower right arm, lower left arm, upper left leg, and lower left leg. Two 

five-minute motion recordings were to produce a total of ten minutes of recordings for each 

worker. The notches recorded at a frequency of 40 Hz which resulted in forty timesteps per 

second. Prior to the start of both video and motion data recordings, all workers were given the 

same instructions which was to conduct cacao pod harvesting as they normally would as part 

of their routine work activity. 

Visual-based Procedures 
To measure time using the visual-based approached, image frames were extracted from 

the video recordings using the Kinovea software (kinovea.org) with the ‘Save a Sequence of 

Images’ feature. Image frame at every half a second was extracted resulting in approximately 

1100 images for each worker. Each image was viewed and given a label according to the tasks 

produced from Objective 1. For each occurrence of a task, the timestamp at the start and end 

of a task was recorded. The time usage for an occurrence of a task was calculated as the 

difference between the end and start timestamps. Total time usage for each task was calculated 

by adding the times of all occurrences of the task. 

Motion Capture Procedures 
The two forms of data immediately retrievable from the Notch sensors were in the form 

of BVH and CSV files. With BVH files, the recorded motions can be visually recreated through 

an avatar which was useful in the visual-based procedures to verify movements captured by 

the video recordings that may have been unclear or obstructed from view. The CSV files contain 

angle values for each movement type for joints recorded by the notches. For each joint, angles 

for one or more joint movements were recorded at each timestep which was 1/40 second. Figure 

2.1 presents a visual look at the placement of the seven notches used for data collection and 

the associated joint and joint movements that were recorded. 

The purpose of the motion capture procedure was to explore alternative ways to measure 

time for manual harvesting movements besides visual-based techniques. A technique utilizing 

supervised learning algorithms was developed by classifying angle values into tasks identified 

Figure 2.1 Joints and joint movements used for the motion capture procedure. 
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through the visual-based procedures. The timestamps labeled with tasks from the visual-based 

procedure were coupled together with timestamps on the angles. Each data point in the angle 

data was thus classified into a task. 

Five classification algorithms were used to generate classification models from the 

coupled angle-to-task data. The models were trained using repeated k-folds cross-validation 

with 𝑘 = 10 repeated five times. The five algorithms used were Logistic Regression, Support 

Vector Machine with Linear kernel, Support Vector Machine with Radial Basis Function 

kernel, Boosted Trees, and Neural Network. For each algorithm, a classification model was 

generated from data of each worker as well as an additional model from combining data of all 

workers. 

The algorithm which produced the best model was selected to be used to generate models 

which were then used to measure time usage of tasks. Instead of training the algorithm for 

each worker, the algorithm was trained on the data of two workers and tested on data of the 

one remaining worker. This was done to observe the classification accuracy of the algorithm if 

the models were used to classify test data obtained from individuals that were not part of the 

train data. Training and testing of classification models were done with the R software version 

3.5.2 using the caret package. By classifying each timestep into a task, the total time usage 

of a task was calculated as shown below. 

𝑇𝑖𝑚𝑒 𝑢𝑠𝑎𝑔𝑒 𝑜𝑓 𝑡𝑎𝑠𝑘 [𝑠𝑒𝑐𝑜𝑛𝑑𝑠] = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑜𝑐𝑐𝑢𝑟𝑟𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡𝑎𝑠𝑘 ×
1

40
 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 

Additionally, prior to applying the machine learning algorithm, principal component 

analysis (PCA) was done on the coupled angle-task data. The PCA was used as an exploratory 

tool to see if tasks would group on their own based on the angle and how well grouping by task 

would be if done unsupervised. All PCAs were done with the R software version 3.5.2 using the 

prcomp() function and the factoextra package for visualizations. 

2.3 Results and Discussion 

2.3.1 Manual Cacao Pod Harvesting Process 

The worker in the first farm and the farmer in the second farm exhibited mostly similar 

motions and movements in harvesting cacao pods. The tool used to harvest the pods was the 

common blade on a long handle. Other supporting equipment were those that function to 

support the carrying of the pods within the farm. At the first farm, a wheelbarrow was seen 

which was used to carry harvested pods to a designated location. The farmer at the second 

farm utilized a bucket which he carried around the farm as pods were harvested. The bucket 

acted as a temporary collection container before pods were taken to a designated location. 

The process chart generated from viewing and following the farm worker and farmer is 

shown in Figure 2.2. A process chart, introduced by Frank and Lillian Gilbreth in 1921, 

contains symbols to depict a sequence of activities in a process. It is meant to provide a compact 

graphic representation which can be modified as needed and thus is useful in identifying parts 

of the process that can be improved. Each symbol is used to depict a certain activity and serves 

as a shorthand in quickly listing steps in a process (Barnes, 1980). 

Based on the activities of the cacao pod harvesting, the process chart contains four 

symbols: operations ( ), transportation ( ), inspections ( ), and storages ( ). There are six 

operations, three transportations, one inspection, and two storages. The start of the cycle is 

described as the moment before the worker or farmer approaches their hand tool to start 

harvesting the next tree. The end of a cycle is after the worker or farmer places collected pods 

at a designated location within the farm. In this process chart for cacao pod harvesting, the 
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operations are viewed as the main activities with transportation and storage as supporting 

activities. The inspection activities, meanwhile, are complementary to the operations since it 

is considered a precursor to the main operations involved with harvesting cacao pods. 

The first operation in the process, operation 1, is the farmer grabbing the hand tool. This 

would signal that the farmer is ready to harvest more pods. To enable the harvesting of pods, 

the worker or farmer needs to search for pods to harvest. Thus, an inspection symbol is given 

to the searching activity. No additional tool or equipment is used to search or identify for pods 

to be harvested. The worker or farmer relies on their knowledge and experience by looking or 

tapping on the pods to determine if they are ready for harvest. Since the worker or farmer 

relies on visually searching for pods, there are two ways they approach searching for pods. 

They can either stay in place to look around and then approach the pods once identified or they 

can do both at the same time which is to walk around the farm while searching for pods. For 

the latter, the worker or farmer typically stops walking when they see a ready pod that is in 

their reach.  

 

Figure 2.2 Process chart for cacao pod harvesting. 
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Once a pod is identified and in reach, the process continues to operation 2 which is the 

harvesting of the pod. The harvesting of the pod itself is by severing or detaching the pod 

pedicel from the trunk or branch using the hand tool. This is considered the main operation of 

the process since the purpose of pod harvesting is to remove the pod from the tree. Due to the 

importance of the operation, the worker or farmer need to put great care in assuring that the 

cut made to sever the pod is done correctly. If the severing of the pod is done in a careless 

manner, it may risk damaging the flower cushion the pod is attached to. 

When operation 2 is completed, the worker or farmer typically let the pod drop to the 

ground where it is left until gathered. There are two ways in which operation 2 can proceed. It 

can continue to operation 3 or it can repeat the searching activity to sever more pods. If a 

worker or farmer repeats searching and severing pods, they will stop once they think they have 

enough pods to gather. Operation 3 is the activity of gathering the pods. What this typically 

looks like is the motion of the worker or farmer bending forward or crouching down to pick up 

harvested pods that were left on the ground. Operation 3 is coupled with operation 4 which is 

the worker or farmer putting down their hand tool. By putting down the hand tool, the worker 

or farmer signals that they are about to gather the harvested pods (operation 3) or collect the 

gathered pods into a designated collection point (operation 5 and/or 6). 

After the pods are picked up from the ground, the pods are then collected together which 

is shown as operation 5 and 6. For this activity, the worker and farmer exhibited different 

techniques. The worker in the first farm did not have any supporting tools or equipment to 

help him collect pods. He picks up pods with his hands and would then immediately either 

carry or throw the pod(s) to a designated collection pile nearby. In this case, the worker moves 

from operation 3 and 4 directly to operation 6. Meanwhile, the farmer in the second farm used 

a supporting equipment in the form of a bucket. As the farmer moves around the farm 

searching and severing pods, he also carries the bucket around with him. The bucket serves 

as an intermediary collection container before placing the pods in the designated collection 

area. For the case of the farmer, following operation 3 and 4 is operation 5 and then operation 

6. After the farmer gathers and picks up the pod(s), he then places them into the bucket. If the 

bucket is not yet full, he will repeat the process of searching and severing pods until it becomes 

full. Once the bucket is full, the farmer proceeds to carry the bucket to a designated collection 

pile where he places the pods from the bucket into the pile. Placement of the harvested pods 

into the designated collection pile therefore signals the end of the cycle for the process. 

There may be several reasons why a worker or farmer chooses to carry an intermediary 

collection container with them. It may be because there is one available, such as a bucket, a 

bag, or a sack. It may also be due to either the number of pods to harvest or the area or harvest 

that needs to be covered. When there are many pods to harvest or a vast area to harvest, an 

intermediary collection container could be helpful to prevent the worker or farmer from 

walking back and forth to a collection pile too often. This was likely why the farmer in the 

second farm used the bucket. He was covering a vast area to harvest on his own. In the first 

farm, however, there were more than one worker, so it was likely that the workers were sharing 

the workload and each worker covered a smaller harvesting area thus not requiring additional 

support equipment. 

 

2.3.2 Task Elements of Cacao Pod Harvesting 

From looking at the activities in the process chart, some of the activities could be grouped 

together based on their purposes. These groupings were given the term ‘task’ since it implies 

that the activities were done to reach a shared purpose. These tasks therefore are considered 

elements of the cacao pod harvesting pod. Since each task has a purpose, alternative means to 

achieve these purposes can be thought of. Thus, if potential means of advancements are to be 

developed, it is useful to approach them as aiding, replacing, or complementing the task by 

finding ways to reach the purpose of the task. 
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Determination of the tasks was based on two main considerations: (1) the activities were 

grouped together is they are supporting a major activity of the process and (2) a major activity 

was defined as having a noticeable series of motions which separated them from other 

activities. From this, the activities in the process chart were then grouped into four tasks: 

search pod(s), sever pod(s), pick up pod(s), and carry pod(s). A list of the tasks and their purpose 

is given in Table 2.1. For each task, sub-tasks were identified based on either the different 

process or motions that exist within the task. A list of the sub-tasks and their purpose in given 

in Table 2.2. 

 

Table 2.1 Task Elements in Cacao Pod Harvesting Process 

Task Purpose of task 

Search pod(s) Find or identify pod to harvest visually or by knocking or tapping pod 

Sever pod(s) 

Detach or remove the pod from the trunk or branch using hand tool and 

letting pod drop to the ground (type of hand tool is a blade attached to a 

straight handle approximately 2-4 meters in length) 

Pick up pod(s) Pick up dropped pods either from the ground or before hitting the ground 

Carry pod(s) 
Collect picked up pods to a designated collection container, pile, point, or 

area within the farm 

 

Search pod(s). To allow a pod to be harvested, it must first be identified if the pod is ready 

for harvest. The purpose of the search task is to find or identify pods that are ready to be 

harvested. Since the pods are not identified prior to the start of the harvesting session, it is 

almost always done as part of the harvesting session. The searching of pods is shown by 

motions of searching. The worker or farmer would look around, typically by tilting and rotating 

their head and/or bodies to search for pods located either high, low, or at eye level. 

There were three sub-tasks for searching pods: search stationary, search move, and 

search transition. Search stationary is when searching for pods is done when the worker or 

farmer is not in any form of noticeable motion resulting in displacement of the body. An 

example of this is the worker or farmer standing still in one place to look around for pods and 

once an area with pods to harvest is detected, the worker or farmer would walk towards that 

area. Search move is the searching of pods as the worker or farmer walks around the farm. 

With this type of search, the worker or farmer is looking around for pods as they move around 

the farm. If there are pods within reach that are detected as ready for harvest, the worker or 

farmer would then stop walking and proceed to sever the pods. The last search sub-task is 

search transition. Search transition happens when the worker or farmer is transitioning from 

another task to the search task. For example, the worker or farmer has just severed a pod and 

as they are severing or near the end of severing the pod, they are also simultaneously looking 

around for more pods to harvest. 
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Table 2.2 Sub-tasks of Task Elements in Cacao Pod Harvesting 

Task Sub-task Purpose of sub-task 

Search pod(s) 

Search stationary Search for pod(s) while staying in place 

Search move Search for pod(s) while walking 

Search transition 
Search for pod(s) while transitioning from another 

task to search stationary or search move 

Sever pod(s) 

Sever high 
Sever pod(s) located above eye level requiring the 

head to tilt up and arms to be lifted 

Sever mid Sever pod(s) located between eye level and waist level 

Sever low 

Sever pod(s) located below waist level requiring the 

head to tilt down and arms extended downward 

and/or forward-bending of the hips 

Pick up pod(s) 

Pick up stand 
Gather pod(s) by standing up, usually due to pod not 

yet hitting the ground 

Pick up bend Pick up pod by bending forward at the hips 

Pick up crouch Pick up pod by crouching 

Pick up transition 
Pick up pod while transitioning from another task to 

pick up bend, pick up crouch, or pick up stand 

Carry pod(s) 

Carry to pile 
Bring pod directly to the collection pile, point, or area 

from the location it was dropped 

Carry 

intermediate 

Place pod in an intermediary container until the 

container is full (when the container is full, it is 

brought to the collection pile, point, or area) 

 

Searching of the pods is done in a non-destructive manner, meaning that no form of 

injury or damage is done to the pod. The worker or farmer does this in a qualitative way by 

looking at the pod or on occasion tapping or knocking on the pod and deciding on the spot to 

harvest or not yet harvest the pod. Due to this, correctly identifying a pod ready for harvest 

requires knowledge and experience. Since there is no certainty in knowing if the pod is in fact 

ripe before splitting the pod open, there are risks of misidentifying pods. Pods not ready for 

harvest could be misidentified as ready and vice versa. The search task in harvesting cacao 

therefore has the potential for advancement. A way to improve the task is by incorporating 

quantitative means of detecting pods that are ready for harvest. 

Alternative quantitative ways to search and detect pods, instead of qualitative, could be 

useful in three ways. The first is to reduce the misidentification of ripe pods. The second is by 

having the search task done all at once prior to the harvesting session. For example, if the day 

before harvesting all pods that need to be harvested are already identified, the workers or 

farmers can then focus on just severing and collecting the pods during the harvesting session. 

The third useful aspect is that it widens the labor pool for searching tasks. Since the qualitative 

manner of detecting ripe pods require a level of knowledge and experience, the task is limited 

to only those that have likely had years of experience in knowing how to differentiate ripe pods. 

If the search can be quantified, the task of searching pods to harvest could also be delegated 

to those that do not necessarily possess the experience or knowledge on how to differentiate 

ripe pods qualitatively. 

There have been several quantitative means of non-destructive detection methods to 

identify ripeness or maturity of fruits previously studied. Examples are the use of color 

detection in fruits (Dadwal and Banga, 2012), spectral analysis such as in mango (Hahn, 2002), 

persimmon (Wei et al., 2014), tomato (Qin et al., 2012), strawberry (Zhang et al., 2016), and 

citrus (Kim et al., 2004), aroma and volatiles such as in mango (Li et al., 2009) and tomato 

(Gómez et al., 2006), acoustic and vibration such as in apple (Chen et al., 1992; Huarng et al., 

1993) and watermelon (Abbaszadeh et al., 2015; Stone et al., 1996), and thermal imaging such 
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as in citrus (Xu and Ying, 2004). For cacao pods, potential ways to bridge into searching and 

detecting ripe pods quantitatively can be based on how it is currently done by experienced 

farmers and workers. Since the most common way to determine whether a pod is ready for 

harvest is through color and tapping, detection of ripe pods by quantifying the color or the 

sound response from the tap could potentially be explored. 

Sever pod(s). The Severing of the pods can be argued as the main task of the harvesting 

process. The purpose of the task is to detach the pod from the trunk or branch of a tree to be 

further collected and split open to retrieve the beans. A typical tool used to sever the pods is a 

blade with a long and straight handle of approximately two to four meters in length. The use 

of this tool allows the farmer or worker to sever pods under the three sub-tasks of sever: sever 

high, sever mid, and sever low. 

Sever high is for severing pods which on the tree are located above the eye level of the 

worker or farmer. Due to the high position of the pod, this requires the worker or farmer to 

look up, hence tilting their head backwards, and extend their arms upwards and forwards to 

let the hand tool’s blade reach the pod’s pedicel. Sever mid occurs when pods on the tree are 

located between the worker’s or farmer’s eye and waist level. Often, severing of this type does 

not require the worker or farmer to perform additional motions other than standing upright. 

Arms would extend outward and closer to being parallel to the ground due to the location of 

the pod that is typically in front of the farmer’s or worker’s chest area. Sever low is when the 

pod on the tree is located below the waist level of the farmer or worker. Since the pod is placed 

low, typically the motions made to sever these pods are by slightly bending the hips or knees 

or both while extending arms forwards and downwards. Noticeable forward bending at the 

hips or crouching can also be done to sever low pods. 

Severing of the pod, although seemingly an easy task to accomplish, is in fact one that is 

tricky to perform. There are several elements that contribute to this. As mentioned previously, 

the pedicel of the pod is attached to a fragile flower cushion. If injured or damaged, the flower 

cushion is not able to produce a flower, and consequently pods, anymore. Care of the flower 

cushion is imperative and must be noted when detaching the pod from it. Placement of the 

blade of the hand tool therefore must be precise in the sense that it will not create any damage 

to the flower cushion. There is not much space between the flower cushion and the pod. The 

worker or farmer must strategically place their blade on part of the pedicel that when cut, the 

blade would not touch the flower cushion. This motion is further complicated by the location 

of the pods on the tree. In cases such as sever high, the pods are at a distance where viewing 

of the pedicel is difficult. The worker or farmer must have experience finding a suitable potion 

and motion that would allow them to have a view of the pedicel in order to place and strike 

their blades correctly. Additionally, pods can be hidden behind or between leaves and branches 

which add to the complexity of correctly severing a pod. 

Due to the complexities in severing pods, it is unlikely that any advancement can easily 

replicate the tedious and precise manner in which humans can sever pods. A close example 

would be the use of robotic arms, such as that developed for strawberries (Defterli et al., 2016; 

Hayashi et al., 2012). However, for cacao, since it is grown mostly small-scale and in regions 

where labor is relatively cheap, the notion of using robotic means to sever pods may not be a 

viable alternative currently or in the short-term. If efforts in developing robotic or mechanical 

arms for severing cacao pods from trees were to be developed, it may still be useful for 

development that could benefit in the long-term or for use in large and commercial farms with 

sufficient financial means to support and maintain it. 

Pick up pod(s). The pick up pod task is necessary due to one reason: pods are left to drop 

to the ground after severed from the tree. Pick up of pods from the ground is then required for 

the pods to be collected and brought to a designated collection point. The pick up task is 

therefore an intermediary task serving the purpose to bridge the removal of pods from the tree 

to the place where the pod is then collected. 
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Sub-tasks for pick up pods were pick up stand, pick up bend, pick up crouch, and pick up 

transition. Pick up stand does not necessarily refer to the farmer or worker picking up a pod 

from the ground. It describes motions where the farmer or worker can catch or take a pod 

before it hits the ground and immediately places it into a collection point. Pick up bend is when 

the farmer or worker noticeably bends forward at the hips to reach down and pick a pod from 

the ground. Pick up crouch is when instead of bending at the hips, the farmer or worker would 

bend their knees and crouch to pick up pods from the ground. The last sub-task, pick up 

transition, is similar to the search transition sub-task in which it is done when the farmer or 

worker transitions from another task to a pick up task. For example, a farmer completes 

severing of a pod and lets the pod drop to the ground and as the pod is dropping to the ground 

the farmer begins bending forward to pick up the pod. 

 Picking up of pods, together with carrying of pods, are arguably easier to advance than 

searching and severing. The alternative to manually bending or crouching down to pick up 

pods from the ground is to use mechanical forms of picking up. This would eliminate the need 

for the pick up task and reduce the motions required by the farmer or worker in their process. 

Studies and efforts in mechanical pick up of fruits are notable in citrus. Forms of mechanically 

driven rakes, augers, and custom pickers for citrus have long been studied and evaluated (Bora 

and Ehsani, 2009; Churchill, 1981; Churchill and Hedden, 1983; Jutras and Coppock, 1958; 

Lenker, 1970; Sumner and Churchill, 1977; Sumner and Hedden, 1981). Additionally, forms of 

harvest aids to alleviate the motions of picking could also be considered, such as platforms that 

enable the fruit to be directly collected without dropping to the ground (Coppock and Jutras, 

1960; O’Brien and Berlage, 1983). 

Carry pod(s). The purpose of the carrying task is to move pods from the area of the tree 

which it was harvested from to another area designated as the point of collection. There are 

two ways in which carrying and collecting of the pods can be done and the carry pod sub-tasks 

shows the difference between the two. The sub-tasks for carry pods were carry to pile and carry 

intermediate. 

After a pod is severed and picked up, it can be either directly carried to the designated 

collected area or first placed into an intermediate collection container before carried to the 

designated collection area. The carry-to-pile sub-task is the former. In this case, the pod that 

has been picked up will travel directly to the collection pile. The pod is not placed anywhere 

else between the ground and the collection area. There are several ways that the pod can travel 

to the collection area. It can be manually carried by the farmer or worker where the worker or 

farmer walks to the collection area while carrying the pods in their hands or arms. If the 

collection area is within throwing distance, the farmer or worker can throw the pod from the 

ground directly to the collection area. When there are more than one worker or farmer 

harvesting, picked up pods could change hands as workers or farmers distribute them to each 

other to be carried to the collection point. The carry-intermediate sub-task is when the picked 

up pod does not directly travel to the collection area. In cases such as these, the farmer or 

worker typically carries a supporting equipment in the form of a bucket, bag, or sack which 

they always have with them throughout the pod harvesting process. These act as an 

intermediary collection container for pods to be temporarily placed in. After a pod is picked up, 

it will then be placed inside the intermediary collection container and follows the farmer or 

worker as they continue searching, severing, or picking up pods. When the container is full od 

pods, the farmer or worker then carries the full container to the collection area where it is 

emptied. The pods then are placed into the collection area. 

As with the pick up pod task, the task of carrying pods is more viable for an immediate 

advancement options that would aid or alleviate the motions required for the task. 

Advancement of the carry pod task can be considered separately or in conjunction with the 

pick up task. When looking at just advancing the carry pod task, tools and equipment such as 

wheelbarrows, carts, and forms of sack, turntable, or platform trucks (Carruthers and 

Rodriguez, 1992). Some farmers and workers may already be using tools such as these 
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although they are more frequently used to carry large numbers of pods to and from the farm 

rather than small numbers of pods within the farm. Equipment such as these can also be used 

to provide advancements in conjunction with the pick up task. For example, a farmer or worker 

can have a small platform truck with them all the time with buckets placed on the platform. 

As they move around the farm severing pods, they can immediately place the pod into the 

buckets on the platform truck and proceed to the collection area once the buckets are full. 

 

2.3.3 Pod Harvesting Tasks Viewed in Motion Capture 

Previously it was mentioned that one of the factors contributing to the grouping of the 

tasks were the similar motions exhibited by certain activities. The motion displayed by the 

farmer or worker indicates the type of task that is being performed. Observed visually, these 

tasks can be identified from the farmer’s or worker’s motions. This was the basis for the visual-

based procedure. Identification and labeling of tasks were done by visually looking at the image 

and determining which task the worker is performing. However, there were a couple of 

limitations with this approach. 

The first limitation was the constant movement of the worker. The worker’s movements 

could not be anticipated due to them responding to the situation in the farm. Thus, in following 

and recording the worker as they harvested pods was a challenge due to the need to balance 

between keeping the worker’s motion in frame and not being in the way of the worker. This 

was an important consideration since it was expected that to minimize bias from the worker 

from feeling observed, the recording process must be as minimally involved as possible. 

The second limitation was the presence of trunks and low hanging leaves or branches. 

Adding to the difficulty of keeping the worker in the frame and being out of the worker’s view 

are the trees’ trunk, branches, and leaves that come in the way of keeping the worker in view. 

Often the worker moves fast and weaves through trees and low hanging leaves which becomes 

difficult to keep the worker in the frame and prevents from viewing the motions of the worker. 

The addition of the motion capture procedure assisted in addressing these limitations. 

The Notch sensors records the motion as BVH files which allow for the viewing of the motion 

after the fact in the form of a blank 3-dimensional avatar. This was useful in helping the 

identification of tasks visually. Moreover, the use of motion capture sensors has enabled a 

clearer view of the task being performed. Using the interface provided in the Notch application, 

viewing of the motions of the pod harvesting process becomes possible. Viewing both the motion 

capture recording and the video recording side-by-side provided a better experience for visual 

observation. Identifying tasks became easier with the addition of the motion capture recording. 

Tasks were able to be identified based on the motions shown by motion capture. 

Example of tasks as seen from the motion capture recording are seen in Figure 2.3. 

Figure 2.3 showcases three different tasks: search (Figure 2.3a), sever (Figure 2.3b-d), and 

pick up (Figure 2.3e). The motion capture recording for each of these tasks shows differing 

motions. For the search task, the body of the avatar is shown to be upright, the head is tilting 

backwards, and one of the legs has the foot slightly off-ground and the knee slightly bent. The 

motion shows the person likely walking and looking upwards. When coupled with the video 

recording, this was the case. The video recording showed the person as searching for pods while 

walking. Thus, the motions of the avatar were showing the search task. 

Sever and pick up tasks have slightly more distinct motions that differentiate them. For 

pick up, most of the picking up of pods performed by the workers was that of a pick up bend 

where the motion is forward bending of the hips with arms extending forward. This is seen 

from the avatar in Figure 2.3e. Coupled with the video recording, the worker is shown to 

perform this motion to bend forward to pick up pods. The distinct combination of the motion 

of fully bending forward at the hips with arms extending forwards is one that indicates a pick 

up bend task is being performed. 

For sever, the distinct motions of the task are primarily shown with the arms. The arms 
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during a sever task is extended forward at varying angles depending on the where the pod is 

located on the tree. Figure 2.3b-d shows three different severing tasks. In all three figures, 

both arms are extending forward at different height levels. For Figure 2.3b, the pod is located 

over the worker’s eye level thus the worker performs a sever high task. For this figure, the 

avatar is showing the motion of the arms extending forward at an upward angle. Figure 2.3c 

shows the worker performing a sever mid task. The avatar for this task shows the arms 

extended forward at a level close to the waist. For Figure 2.3d, a sever low task is performed 

due to the pod on the tree located below waist level. The avatar for sever low is shown to have 

arms extending forward at a downward angle. 

A similarity in severing is that one arm is typically extending further out than the other. 

This is a feature motion for the sever task due to the way the hand tool is held and operated. 

The hand tool is operated by tugging the handle back and forth and sideways. To allow for a 

balanced grasp of the tool, workers typically have one hand placed in front of the other to 

compensate for the length of the handle. With this position, both hands could work together to 

control the placement of the tool’s blade as well as the amount and direction of the tugging 

force.  

 

2.3.4 Time Usage from Visual-based Procedure 

Information on how much time is allocated to each task is useful to better understand 

how advancements can be made to each of the tasks. By knowing time usage of each task, the 

importance of a potential advancement for a task can be measured. For example, if a task takes 

up much of the entirety of a process, advancements that can reduce the time to perform that 

task would likely benefit the process. 

 Video recordings made of three workers harvesting pods were analyzed visually to 

produce time usage for each task. It must be noted that the workers followed a slightly 

different practice in harvesting pods since they were harvesting pods for use at a research 

center instead of for commercial purposes. The main difference is that the after severed, the 

pods are not carried to a collection area. Instead, they were to be placed closely around the 

base of the trunk of the tree it was harvested from. Due to this, the carrying task was not 

(a) 

(b) (c) (d) 

 

(e) 

Figure 2.3 Tasks as viewed by motion capture recording coupled with the actual video 

recording. The tasks shown are search while walking (a), sever high (b), sever mid (c), 

sever low (d), and pick up bend (e). 
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present and thus was not part of the process. The tasks which time usage was measured were 

search pod(s), sever pod(s), and pick up pod(s). The pick up task was still present in the process 

because although they were not pick up to be carried to a collection point, they were still picked 

up so that they can be placed near the trunk of the tree where they were harvested from. Thus, 

although the purpose is different, the pick up task by the workers in this observation was 

comparable to that done by farmers or workers picking up pods to be collected. 

Results from the visual-based procedure showed that for all three workers, the most 

amount of time was allocated to searching for pods, followed by severing of pods, and lastly 

picking up of pods. Table 2.3 shows the time usage of the three workers for each of the three 

tasks. Although each worker took different amounts of time for each task, all three performed 

the pattern with search, sever, and pick up in order of most to least amount of time used. The 

workers used on average 49% of the approximately 10 minutes of pod harvesting to search for 

pods to be harvested. The severing of pods took 33.2% of the time while the remaining 17.8% 

of the time was allocated to picking up pods. 

 

Table 2.3 Time Usage of Three Tasks: Search pod(s), Sever pod(s), and Pick up pod(s) 

Task 

Time Usage 

Worker 1 Worker 2 Worker 3 Average 

Seconds % Seconds % Seconds % Seconds % 

Search  248.7 43.1% 270.9 45.4% 344.8 58.5% 288.1 49.0% 

Sever  207.2 35.9% 226.8 38.0% 151.9 25.8% 195.3 33.2% 

Pick up  121.6 21.1% 98.7 16.5% 93.1 15.8% 104.5 17.8% 

Total 577.5 100.0% 596.4 100.00% 589.8 100.0% 587.9 100.0% 

 

The allocation for time usage was similar between worker 1 and worker 2 with searching 

pods taking up approximately 40% of the time, severing pods close to 40% of the time and 

picking up pods closer to 20% of the time. Worker 3 allocated more than half the time to search 

for pods. It was expected that the values of time usage would differ between workers. Since 

time usage was measure for only three workers, it was not sufficient to reliably determine how 

much variation exists between workers. Additionally, other factors may come into account of 

the differing time usage. An example of this is the number of ripe pods in the farm. For 

example, if all pods in a plot happen to be ready or almost ready for harvest, then the search 

time may be reduced while the time for severing and pick up would increase. Another example 

is the age, health, and experience of the worker. It could be argued that a worker with less 

experience may require more time to search and sever pods thus increasing the time taken to 

do both tasks. Likewise, if the worker is limited in their work due to age or health conditions, 

it may likely also influence the amount of time needed to perform tasks. 

Since this study was done at a research station, pod harvesting activities were scheduled 

and it was likely that the number of pods on the farms were routinely monitored and kept at 

certain numbers. If this was the case, this could have mitigated the pod number factor. 

Additionally, the three workers were all male and within a similar age range which was 

expected to mitigate the age and health factor. For experience, all workers undergo training 

as part of their work and are equipped with the same information and knowledge on harvesting 

pods. This was also expected to mitigate the experience factor. 

In regard to informing potential advancement, the time usage from Table 2.3 showed 

that advancements in the search task that could reduce the amount of time required for the 

tasks would likely benefit the pod harvesting process. The sever task also takes up much of 

the time allocation but since the sever task is the task that results in the intended output of 

the process (pods harvested), it is likely a task that would be the recipient of time saved from 
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advancing the search and pick up task. To have more harvested pods in a harvesting session, 

more severing needs to be done. Thus, advancements would need to target the tasks in a way 

that would increase the time usage for the sever task. 

The pick up task has the least time usage of the three tasks. However, as the task with 

more likelihood for immediate mechanical advancements, having advancements that could 

reduce or eliminate the time used for the task could also benefit the harvesting process. If a 

suitable and appropriate advancement for the pick up task is implemented, it could save up to 

approximately 15-20% of the time. The saved time could be then be allocated to other tasks, 

such as sever, so that more pods can be harvested within the same timeframe resulting in an 

increase in the number of pods harvested. 

 

2.3.5 Classification of Tasks based on Motion Capture Angle Values 

Grouping of angle values without supervision 
With the visual-based procedure, analyses of the motions and time utilized in cacao pod 

harvesting were able to be made. The addition of the motion capture procedure would allow 

for analyses of manual harvesting processes to be scaled and be an alternative to visual-based 

analysis. A non-visual-based procedure could also address the limitations presented when 

acquiring and analyzing videos or images used for the analysis. The premise of the motion 

capture procedure is to identify tasks and measure time usage of tasks without the need of 

visual form of data. Instead, the identifying tasks and measuring time usage could be done 

solely from the data collected by the motion capture sensors. 

The challenge with this procedure was that before the data can be used to identify tasks, 

it must first be told what motions are associated with which task. Since both motion capture 

recordings and video recordings of pod harvesting process were collected, the two data types 

were used to classify motions into tasks. Prior to classification, a principal component analysis 

(PCA) was done to see if the angle data recorded from the motion capture would naturally 

group based on the tasks. Visualization from the PCA is given in Figure 2.4 in the form of 

individual plots formed by the first and second components. 

The PCA was used as an exploratory tool to gain insight on how the angle would likely 

group together without supervision. To expand the exploration of the data, three grouping were 

tested with the PCA: (i) three-task grouping with search, sever, and pick up as the tasks, (i) 

two-task grouping with sever and not sever as the tasks, and (iii) two-task grouping with pick 

up and not pick up as the tasks. For each grouping, the PCA was done on angle datasets from 

the three workers separately as well as all combined. Results from the three-task grouping 

showed that grouping for pick up task is more prominent than grouping for sever task and 

search task. This was more noticeable in the separate datasets of worker 1, worker 2, and 

worker 3. When datasets from all worker are combined, the grouping of the pick up task 

became less prominent. The search and sever tasks, meanwhile, show overlap in their 

grouping. 

This can be traced back to the motions made for these two tasks. The distinct feature 

motion that visually differentiates search task with sever task is the motion of the arms. The 

torso is mostly or almost upright which is also the case for the search task. This may be the 

cause for the overlap since excluding the arm motions, it may be difficult to differentiate 

between the two tasks. The pick up task have more distinct motions compared to search and 

sever. The forward bending motion together with the extended arms may have provided 

sufficient distinction to better group motions for this task. 

The two-task groupings were done to investigate this notion further. The reasoning 

behind attempting to group just sever and just pick up is due to the presence of distinct feature 

motions for the two tasks. The search task does not necessarily have a distinct feature motion 

to differentiate itself from the other two tasks. Therefore, if classifications were done twice, 

one to classify just the sever, and the other to classify just the pick up, the remaining angles 
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not specified as either would be designated as search task. The PCA for these two-task 

groupings showed that when the tasks are grouped by pick up and not pick up, the grouping 

for pick up becomes more noticeable while when grouped by sever and not sever, the grouping 

for sever becomes slightly more prominent. 

Figure 2.4 Individual plots from PCA of angle data. PCA was done for three types 

of grouping: three-task grouping with search, sever, and pick up as the tasks, two-

task grouping with sever and not sever as the tasks, and two-task grouping with 

pick up and not pick up as the tasks. For each grouping type, PCA was done on 

data from all workers separately as well as combined. 
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Selection of Classification Algorithm 
To select a classification algorithm to classify angle values into tasks, the two-task 

approach previously used for the PCA groupings were used. Two versions of classification 

models were therefore generated: one with sever and not sever as classes and one with pick up 

and not pick as classes. For each version, four sets of angle data were trained using five 

different classification algorithms with k-fold cross validation at k = 10 and repeated five 

times. The four sets of angle data were data from worker 1, data from worker 2, data from 

worker 3, and data from all workers combined. The five algorithms were logistic regression, 

support vector machine with linear kernel (SVM L), support vector machine with radial basis 

function (SVM RBF) kernel, boosted trees, and neural network (NN). Measures of accuracy 

and kappa values were extracted from the trained models. The accuracy and kappa values 

between each model were compared to select the algorithm for further use in classifying angle 

values into tasks. Figure 2.5 compares the accuracy and kappa values for all classification 

models that were generated. 

Figure 2.5 showed that the accuracy and kappa values for models trained with the SVM 

RBF kernel were highest for all datasets for both sever and pick up classifications. It was also 

Figure 2.5 Accuracy and Kappa values of classification models trained from angle values to 

compare and select classification algorithm.  
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shown that the trained models using pick up and not pick up as classes had noticeably higher 

accuracy and kappa values than models that used sever and not sever as classes. This agrees 

with the groupings showed by the PCA. The classification for sever had lower accuracy and 

kappa scores likely due to the closeness in motion between sever and search with search being 

under the not sever category. The SVM RBF algorithm, however, produced the highest 

accuracy and kappa values consistently including for the sever task classification. In fact, the 

difference between the SVM RBF with the rest of the algorithms were more prominent in the 

sever classification than in the pick up classification. The SVM RBF algorithm was therefore 

selected to be further used to identify tasks and measure time usage from angle values. 

 

2.3.6 Time Usage from SVM RBF Classification Models 

The SVM RBF algorithm was used to generate classification models of six different 

configurations to identify tasks and calculate time usage. The configurations were 

combinations of three classifier types and two training and testing datasets. The three 

classifier types were the two types previously used, which were sever and not sever as classes 

and pick up and not pick up as classes, and the additional three-task classifiers with search, 

sever, and pick up as the classes. 

To identify the tasks and calculate time usage for each worker, the two types of training 

and testing datasets were structured so that the target worker’s angle values become the test 

data and the prediction for that worker are seen as outputs containing the task identification 

and time usage results. The first type of training and testing datasets were formed by taking 

all data for the target worker as the testing data sets and the training data consists of all data 

from the remaining two workers. With this, to obtain results for worker 1, all angle values 

from worker 1 was used as the test data while all angle values from worker 2 and worker 3 

were used as training data. The same setup was done for worker 2 and worker 3. Thus, for this 

setup, the training data to obtain results on all three workers were different. This setup was 

to investigate how the model performs when none of the angle values from the target worker 

is included in the training data. In other words, the model is trained with angle values from 

workers other than the target worker. 

The second type of training and testing datasets divides the collected angle values into 

two sets. The motion capture process was recorded twice in 5-minute intervals to obtain ten 

minutes of data. Angle values from the first 5-minute recordings from worker 1, 2, and 3 were 

combined into the training data. Angle values from the second 5-minute recording were used 

as test data according to the target worker. With this, to obtain results for worker 1, angle 

values collected from the second 5-minute recording for worker 1’s were used as test data while 

the training data consisted of the first 5-minute recordings from worker 1, 2, and 3 combined. 

The setup was the same to obtain for worker 2 and worker 3. Thus, for this setup, the training 

data to obtain results on all three workers were the same. This setup was to observe how the 

model performs when some of the angle values from the target worker is included in the 

training data but also mixed with angle values from the other workers. 

Figure 2.6 displays values of accuracy and kappa for both the model fit and the 

prediction. The model fit shows the performance of the model when making predictions using 

the training data as the test data. The prediction shows the performance of the model when 

using new test data which was not included in the train data. In this case, the new test data 

is the data from the target worker. For all model configurations, the fit accuracy and kappa 

were all higher than the prediction accuracy and kappa. This suggests that the models are 

more capable of making correct predictions when tested on data that was part of their training 

than when tested on new data. Further improvements to and tuning of the model would be 

needed to improve the performance of the models. 

The time usage for tasks for each worker as predicted by the classification models are 

given in Table 2.4. Time usage for the search task for configurations using only two classes, 
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sever and not sever or pick up and not pick up, was calculated by subtracting the number of 

observations with the sum of sever occurrences and pick up occurrences in their respective 

prediction results. The occurrences were then converted to time usage as mentioned in the 

Methods section. 

The results show that the models from all configurations tend to overpredict the search 

task at varying extents while the sever and pick up tasks were underpredicted. The only 

exception to this is the pick up for worker 3. The time usage for pick up was slightly 

overpredicted for worker 3 compared to the observed values. This pattern may be explained by 

looking back at the PCA groupings previously presented. There were likely several motions 

that could be classified into more than one task. When the motions indicating a certain task is 

not distinctive enough, the motion may not be classified as the actual task. The combining of 

angle values from multiple workers may have also contributed to the differences. Although 

visually the workers may exhibit similar or close to similar motions in performing a task, the 

motion capture sensors capture finer details in the motion that may be undetected visually. 

The finer motion details between each worker could be different due to variations and unique 

ways in which each worker moves. When angle values from workers are combined and used as 

training data, the scope of a certain task becomes wider since it then needs to classify different 

motion ranges from different workers as a single task. This may also be a contributing reason 

for the lower prediction accuracy and kappa values in Figure 2.6. 

 

2.3.7 Shortcomings in Task Identification 

Although the results have shown that it is possible to obtain time usage of tasks using 

means other than visual-based, the main question for this approach is whether the tasks 

identified by the classification are indeed the actual tasks. Additional performance measures 

for the model could be used to answer this as well as describe the reasons for differences in 

time usage values seen in Table 4. Figures 2.7 and 2.8 shows values of sensitivity, specificity, 

positive predictive value (PPV) or precision, and negative predictive value (NPV) of the model 

fit and prediction for all model configurations. The values were calculated from confusion 

matrices generated to evaluate the performance of models. Figure 2.7 displays values from 

models using the three-task classification (search, sever, and pick up) while Figure 2.8 displays 

values from models using the two-task classification (sever and not sever and pick up and not 
pick up. 

Figure 2.6 Accuracy and Kappa values for fit and prediction of models trained using 

SVM RBF algorithm using six different configurations to identify tasks for each worker.  
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Sensitivity measures how well the model predicts a motion to be the task that is in fact 

the observed task of the motion. Specificity measure how well the model predicts a motion that 

is not the task is in fact not the task. For example, sensitivity for sever means how well the 

model predicted a motion to be sever when in fact the observed motion is sever. Meanwhile, 

specificity for sever means how well the model predicted that a motion that is not sever is in 

fact not sever. PPV is also known as precision and measures how well the model correctly 

predicts a motion to be the observed task out of all motions predicted to be that task. NPV 

measures how well the model predicted that a motion predicted as not a task is observed as 

not a task out of all motions predicted as not a task. For example, the PPV measure for sever 

looks at motions predicted as sever when in fact was observed as sever compared to all motions 

that were predicted as sever. Meanwhile, similar to specificity, NPV calculates the same way 

as PPV but for tasks that were not sever. 

 

Table 2.4 Time Usage of Tasks as Predicted by Classification Models  

Model run Task 

Time Usage 

Worker 1 Worker 2 Worker 3 

Sec. % Sec. % Sec. % 
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Obs. 

Search 248.9 43.1% 270.9 45.4% 344.9 58.5% 

Sever 207.0 35.8% 227.0 38.1% 151.9 25.8% 

Pick up 121.6 21.1% 98.6 16.5% 93.0 15.8% 

Total observed 577.5 100.0% 596.4 100.0% 589.8 100.0% 

T
w

o
-t

a
sk

 

cl
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ss

if
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Pred. 

Search 313.3 54.3% 381.9 64.0% 353.1 59.9% 

Sever 171.9 29.8% 140.9 23.6% 130.2 22.1% 

Pick up 92.4 16.0% 73.7 12.4% 106.5 18.1% 

Total predicted 577.5 100.0% 596.4 100.0% 589.8 100.0% 

T
h

re
e
-t

a
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cl
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ss

if
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Pred. 

Search 280.4 48.6% 352.2 59.1% 328.9 55.8% 

Sever 182.4 31.5% 149.6 25.1% 131.3 22.3% 

Pick up 114.7 19.9% 94.7 15.9% 129.7 22.0% 

Total predicted 577.5 100.0% 596.4 100.0% 589.8 100.0% 
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 Obs. 

Search 133.4 45.8% 131.8 44.4% 171.9 58.9% 

Sever 104.6 35.9% 102.2 34.4% 77.2 26.4% 

Pick up 53.3 18.3% 62.9 21.2% 43.0 14.7% 

Total observed 291.3 100.0% 296.8 100.0% 292.1 100.0% 

T
w
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Pred. 

Search 152.7 52.4% 176.7 59.5% 194.0 66.4% 

Sever 96.3 33.0% 66.8 22.5% 54.2 18.5% 

Pick up 42.3 14.5% 53.3 18.0% 43.9 15.0% 

Total predicted 291.3 100.0% 296.8 100.0% 292.1 100.0% 

T
h
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Pred. 

Search 145.8 50.1% 166.5 56.1% 186.0 63.7% 

Sever 98.9 33.9% 72.5 24.4% 56.9 19.5% 

Pick up 46.6 16.0% 57.7 19.5% 49.1 16.8% 

Total predicted 291.3 100.0% 296.8 100.0% 292.1 100.0% 
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Measures for prediction sensitivity of sever and pick up are noticeably lower than that 

the specificity. This indicates the model is better at correctly predicting tasks that are not sever 

or pick up than it is at predicting sever and pick up tasks. Although with a smaller difference, 

this is also the case for the prediction PPV and NPV. The PPV or precision of the model were 

lower than the NPV agreeing with the notion that the model performs better in predicting the 

tasks that are not sever or pick up. This may explain the overprediction for the search task 

shown in Table 2.4. The model is better at predicting tasks that are not sever or pick up thus 

would likely classify a motion as not sever and not pick up when the motion does not have 

distinctly clear features of a sever or pick up task. In other words, when the model is in doubt 

of which class a motion belongs in, it would likely classify it into the task that is neither sever 

nor pick up. 

The shortcomings of the model in correctly producing time usage of tasks are connected 

to the model’s performance in classifying motions into the correct tasks. This could be 

addressed in several ways starting with the training data. It has been acknowledged 

previously that variations likely exist in motions between one person and another due to both 

obvious and non-obvious factors. If the approach of using classification models for task 

identification as a motion capture procedure is to be implemented, the selection of training 

data for the models must consider the variations in performing motions. If only one model were 

to be used to identify tasks and subsequently used to measure time usage of tasks, then the 

training data would need to be representative of the variety of ways in which various people 

perform tasks of searching, severing, and picking up pods. Another point of improvement may 

be to have classes that are more specific in their motion. For example, instead of classifying 

based on the major tasks, classification using the sub-tasks may result in models with better 

Figure 2.7 Sensitivity, specificity, PPV and NPV values for fit and prediction of models 

trained using SVM RBF algorithm with three classifiers: search, sever, and pick up. 



24 

 

 

performance due to the motions for sub-tasks being more defined and distinctive than the 

major tasks. Additionally, continuous tuning of the model and inclusion of more training data 

could also help improve the performance of the model. 

 

  

2.4 Conclusion 

A motion and time study is an appropriate approach to obtain information about the 

current process of manual cacao pod harvesting. Information obtained from motion and time 

study is useful for identifying potential ways in which technological advancements can be 

applied to improve the process. The process of manual cacao pod harvesting consists of several 

activities performed through a set of motions. The activities, when grouped together, form 

tasks that are elements of the cacao pod harvesting process. 

The motion study identified four types of tasks that comprise the cacao harvesting 

process. These tasks are searching for pods to harvest, severing of pods from the tree, picking 

up of pods from the ground, and carrying of pods to a designated collection area. Each task has 

a purpose and it was identified that for each task, there are potential alternative mechanical 

means that can advance the task while keeping to its purpose. In addition to knowing the 

movements of a manual process, information of the time usage for the movements could also 

inform potential technological advancements. Time usage for search, sever, and pick up tasks 

were obtained though visual-based and motion capture procedures. Through the visual-based 

Figure 2.8 Sensitivity, specificity, PPV and NPV values for fit and prediction of models 

trained using SVM RBF algorithm with two classifiers. For sever, the classes are 

sever and not sever. For pick up, the classes are pick up and not pick up. 
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procedure, it was found that the search task had the highest average time usage of 49% of the 

time, followed by sever at 33.2% of the time and pick up at 17.8% of the time. The motion 

capture procedure used classification algorithms to obtain time usage values. The SVM RBF 

algorithm was chosen to perform the algorithm. Time usage values were able to be calculated 

with the motion capture procedure although the exact values could still be improved by further 

improving the classification model. 

Insights from this study show that breaking down a manual process into smaller 

components of movement and time could benefit in further understanding the process. With 

manual harvesting process, such as for cacao pods, identifying the process as a set of tasks 

provided a better way to suggest that different parts of the process could be a target for 

potential advancement. It also provides means to find the bottleneck of the process which if 

identified and advanced could bring the most improvement to the process. 
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Chapter 3  – PICK UP MECHANISM FOR HARVESTED CACAO 

PODS: MODULAR DESIGN CONCEPT AND PROTOTYPE 

3.1 Introduction 

Fruit from the cacao crop (Theobroma cacao) grow on the trunk and main branches and 

is commonly harvested manually. Mature cacao fruit, also known as pods, will ripen and then 

severed from the tree. This process is usually described as cutting the stalk of the pod using a 

blade-attached tool such as a knife, machete, scythe, sickle, or pruning equipment without 

damaging the flower cushion which the pod is attached to (Adabe and Ngo-Samnick, 2014; 

ICCO, 1998; Knapp, 1920; Whymper, 1912). Damage to the flower cushion will prevent future 

flowering thus severing of the pods must be done in a precise manner, typically by farmers or 

workers with experience. Labor requirements are high for cacao harvesting as it is continuous 

throughout the year at intervals of 10-15 days (Adabe and Ngo-Samnick, 2014). There are also 

periods of peak harvest in the middle or end of the year due to climate conditions influencing 

the flowering schedule. When ripe or overripe, cacao pods do not fall from the tree thus 

eliminating potential use of tree-shaking mechanisms (Knapp, 1920). 

Although notions of developing mechanized or robotic mechanisms may be a potential 

alternative to advance the process, such as those for strawberries (Defterli et al., 2016; Hayashi 

et al., 2012), it is unlikely that the technology will be sufficient for practical use in the near 

future. Moreover, costs associated with the use of automated equipment will be too high 

compared to labor costs as the majority of cacao is grown by smallholder farmers in West 

Africa, Central and South America, and Southeast Asia. Therefore, an alternative approach to 

advance cacao harvesting operations would be to incorporate harvest aids that can either 

complement, replace, or ease some of the physical tasks in the process. Some functions of 

harvesting aids are to reduce worker fatigue, assist in fruit detachment, eliminate the need 

for workers to carry or transport fruit, and improve the working environment (O’Brien and 

Berlage, 1983). 

Harvest aids can be in various forms depending on the type of crop and the operations 

necessary to prepare them for further processing or the market. For cacao, since detachment 

of pods require precision by the worker, forms of harvest aids that would allow the farmer or 

worker to just focus on this task could be helpful. An example of this is in the form of a pickup 

system which can reduce the need for workers to pick, collect, and carry fruit within the farm. 

After a pod is severed from the tree, they are typically dropped and left on the ground until 

later picked up and collected by hand. Pick up of fruits have been attempted on several crops 

as an option towards establishing a partially mechanical harvesting system such as for citrus 

(Bora and Ehsani, 2009; Churchill, 1981; Churchill and Hedden, 1983; Jutras and Coppock, 

1958; Lenker, 1970; Sumner and Churchill, 1977; Sumner and Hedden, 1981). The primary 

function of a pick up system in harvesting operations is to pick, catch, or collect fruit that has 

been detached from the plant but either left to freefall or on the ground. With a pickup system 

as a harvest aid, during harvesting of cacao pods, a farmer or worker can save time by focusing 

on cutting pods off trees and reallocating the time typically used to pick up pods to more pod-

severing or other tasks. 

The purpose of this study therefore is to present the pick up system as a potential harvest 

aid that can contribute to forming partially mechanical approaches that could advance the 

process of harvesting cacao pods and can be utilized as a component in developing an 

automation flow for in-farm cacao pod collection.
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This study had 3 objectives: (1) conceptualize a pickup mechanism for cacao pods, (2) 

develop a design of the concept, and (3) build and test a prototype of the design. The study was 

intended to provide the initial step in the development of a cacao pod pick up system for a 

hybrid human-machine pod harvesting approach where humans sever pods from trees and 

machine systems supplement by picking up, collecting, and carrying the pods to a designated 

location. 

3.2 Current Pod Harvesting Workflow 

Information on the current harvesting practices is useful to provide insights on potential 

ways the cacao pod harvesting process could be improved and how a pick up system can best 

be incorporated. Brief trips to cacao producing regions in Indonesia and Brazil were done in 

2016 and 2017 to observe the pod harvesting process in cacao farms of varying sizes. In 

Indonesia, visits were made to small-scale cacao farms in the province of South Sulawesi while 

in Brazil the visits were to mid- to large-scale cacao farms in the state of Bahia. The small-

scale farms were one to two hectares in size while the mid- to large-scale farms range from 

thirty to two-hundred hectares. Direct observations of the harvesting process at the visited 

farms matched descriptions of the process as documented in the literature. For the most part, 

the picking and collecting of the cacao pods involve similar tools and motions using manual 

handheld tools that are also similar in form. However, due to the difference in the scale of the 

farm, some differences in the workflow were present. 

 

3.2.1 Small-scale Farm 

In small-scale farms in Indonesia, the farm is typically owned by the farmer as a source 

of direct income for their family. Harvesting operations are done by the farmer together with 

family, friends, and occasional labor. Depending on the amount of cacao to be harvested, either 

one or multiple people perform pod harvesting. Figure 3.1 shows the workflow of cacao pod 

harvesting in the small-scale farms. 

After a cacao pod is detached from the tree, it is common to let it drop to the ground, thus 

pods will be on the ground within proximity to the tree. After all pods from a single tree are 

detached, they are collected and moved to a one or multiple collection points. The person 

collecting the pods is typically the same person who detached the pods from the tree although 

it is possible that different person would do the collecting if multiple people are present during 

the harvesting. There are two ways in which it can be collected depending on whether the 

person has a container with them throughout the process.  

If the person carries a container with them as they are harvesting, such as a bucket or a 

bag, they will pick up the pods from the ground and place them in the container. If the 

container is not yet full, the will continue to the next tree and repeat the process until it is full. 

Once the container is full, they carry it to a designated spot in the farm and empty it out so 

that cacao pods will pile up on that spot. They then continue back to harvest and collect more 

pods. If the person does not carry a container with them during the process, they will collect 

as many pods as they can with their hands and carry them to the designated collection spot in 

the farm. If there were more pods detached from the tree than they could carry with their 

hands, they would do multiple trips to collect all severed pods from that tree. 

 

3.2.2 Large-scale Farm 

In a large farm in Brazil, the farm is managed as a business with employees conducting 

the various operations. For harvesting, it is done by a group of employees working together as 

a team. The process is done per two tree rows at a time. Figure 3.2 shows the workflow of cacao 

pod harvesting in the large-scale farm. Each group consists of four different roles: The driver, 

the cutter, the gatherer, and the organizer. The driver drives a tractor between two tree rows. 

The tractor pulls a trailer filled with containers to transport the pods from the field to the 
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primary processing facility. The cutters, usually more than one person, are tasked with 

severing the pod from the tree and placing them in containers provided to them by the 

gatherer. They use two types of tools: a pruning scissor to cut pods located lower and within 

reach and a blade attached to a long handle for pods located higher and out of reach. If the 

container they have with them is not full, they will carry it with them to the next tree to 

continue filling until full. If the container is full, they will leave it behind for the gatherer to 

collect and then grab a new empty container. The gatherer has two tasks: distribute empty 

containers to the cutters and collect full containers to place on the trailer. The organizer is 

located on the trailer and organizes the containers and collected pods on the trailer. 

3.3 Problem Formulation: Pick up Task as a Step to be Eliminated 

The grayed portions in Figures 3.1 and Figure 3.2 highlight parts of the pod harvesting 

process that is associated with the action of picking up and collecting pods severed from the 

tree. In Figure 3.1, persons in a small-scale farm have the additional pick up task where after 

severing the pod, it is left to fall on the ground to be later picked up manually. This creates the 

Figure 3.1 Flowchart of the cacao pod harvesting activity in a small-scale cacao farm 

where typically each person is tasked with both severing and collecting pods.   
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need for additional movement by the individual with contributes to more time as well as 

possible future ergonomic consequences. In Figure 3.2, several points of motion between the 

driver, organizer, and gatherer could be reduced or combined allowing for fewer people tasked 

in collecting which can then be allocated to the pod severing activity or other necessary farming 

activities. 

Since attempts of developing pick up machines are not uncommon for other crops, it 

could also be an option for cacao pod harvesting. A mechanical or automated system to pick up 

and collect severed pods from the ground could replace a person’s task of picking up and 

collecting pods and therefore eliminate the step from their workflow. The system would allow 

for persons in small-scale farms to focus on severing pods from the tree and. Time initially 

used for picking up pods could then be used to instead sever more pods. In a large-scale farm, 

such a system can be developed into the existing machinery system into a combined pod 

collection and transportation system which also allows for more people for the task of severing 

pods. Therefore, the process could be made faster and more pods can be collected. 

3.4 Design Considerations 

Multiple factors were considered in determining the design of the pick up mechanism 

and overall system as part of the harvesting process. A site-specific strategy (Sarig, 2005) may 

be an appropriate approach due to various ways in which cacao is harvested around the world. 

A modular approach was selected as it would allow further adjustments that are site-specific 

and therefore can be made more suitable for a particular region or variety type.  

Figure 3.2 Flowchart of the cacao pod harvesting activity in a large-scale cacao 

farm with established task division between employees. 
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The modularity of the design was due to three main consideration factors: potential 

usage, pod morphology, and transportability. First, considering the potential usage meant 

considering multiple aspects of the user, from the size and type of cacao farm where the system 

will be implemented to the ease of use by individuals of varying skill levels. Second, since cacao 

pods are highly likely to vary in size and shape, it is necessary to consider these variations so 

that the system is designed to accommodate these. Lastly, transportability of the design is 

considered due to it being a prototype with possibilities for being tested in multiple locations 

or multiple field conditions before continuing with further developments. A modular design 

would allow for ease of adjusting the design so that requirements based on these main 

considerations could be addressed and adapted for. 

 

3.4.1 Potential Usage 

Farm size 
If a pickup system is to be designed, it is ideal that both scenarios of small- and large-

scale harvesting operations were considered. To accommodate future development of a piece of 

equipment that can be applicable to both small and large farms, the mechanism will be 

developed so that it can be operated manually or as an implement. Manually means that the 

mechanism can be operated by small farmers by just pushing or pulling it by hand. As an 

implement, the mechanism can be pulled by a tractor or other smaller vehicles (e.g. bicycle or 

motorcycle). A modular design may then be helpful to allow for the flexibility in the types of 

way the mechanism can be adapted for use in farms of varying sizes. 

Farm structure 
In addition to the size of the farm, the structure of the farm is an important factor in 

determining an appropriate mechanical system. The structure here refers to the spacing 

between rows and trees and the shape of the tree canopy. The way the farm is structured can 

affect the ease of maneuvering a piece of equipment in between trees which subsequently may 

influence the way and frequency to which it is operated. The farm structure for a cacao farm 

may differ between farms depending on the preferences of the farmer and the variety or clone 

that is planted. 

In large farms, since the use of mechanized vehicles is common, it is more likely that 

during the planting of trees the row spacing is made to accommodate farm machinery. 

Additionally, maintenance of the tree canopy shape is typically more uniform due to the use of 

pruning equipment and designated employees for pruning. However, in small-scale farms, this 

is not the case. Row spacing and canopy shape can differ both between farms and within the 

same farm. Farms such as those in the East Luwu region in an example of this. Thus, 

utilization of tractors or bigger vehicles to support farming may not yet be feasible. Since cacao 

farms in East Luwu were not designed with the use of big machinery in mind, large vehicles 

may not be compatible with the structure of the farms. Figures 3.3 and 3.4 show examples of 

row spacing and canopy shape in large- and small-scale cacao farms. 

The design for the pick up system therefore should be aware of these differences and 

should be thought to enable utilization in cacao farms with different structures. A modular 

design could allow for adjustments to account for row spacing and canopy shape of a farm, such 

as through adjustments in the length of the system or by considering alternative smaller 

vehicles for better maneuvering. 
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Skill and experience of the user 
Ease of use was a necessary consideration point for the design as it may impact the 

operation of the system. Although the labor make-up between small- and large-scale farms 

may differ, it is likely that there is varying skill level within both types. A modular design for 

the system allows this to be taken into account so that adjustments can be made to 

accommodate easy operation and maintenance by the user at different levels of skill or 

experience. 

In small-scale farms in East Luwu, when farmers require help for harvesting, it is 

common for them to seek additional labor in addition to their core family members. Farmers 

prefer labors that are experienced in harvesting pods, meaning that they can skillfully sever 

pods without damaging the flower cushion. However, as seen in Figure 3.1, although a laborer 

was likely hired for their skill in severing pods, they still have the task of picking up pods. 

With a separate pick up system that is easy to use and operate, a farmer could opt to hire a 

less-experienced person to do the pick up task. This would free the skilled labor from the task 

and let them focus on just severing pods. 

Similarly, in large-scale farms, with a pick up system that is easy to use, workers of all 

skill and experience level can be trained on its operation. This would allow flexibility in 

delegating workers for the task if most or even all workers are able to operate the system. 

 

3.4.2 Pod Morphology 

Cacao pods come in varying shapes and sizes based on factors ranging from variety to 

growth environment. The variation in pod shapes and sizes is an important factor to consider 

in the design. Since the main purpose of the system is to pick up and collect the pods, part of 

the system which interfaces with the pods need to be designed following the characteristics of 

the pods. The modularity of the design will allow for adjustments according to the intended 

Figure 3.4 Row spacing in a large-scale cacao farm in Brazil. The spacing is 

typically wide enough to allow a small- to mid-sized tractor through. 

Figure 3.3 Row spacing in a large-scale cacao farm in Brazil. The spacing is typically wide 

enough to allow a small- to mid-sized tractor through. 
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type of cacao pod to be picked up. For example, if the system was to be implemented in a region 

with a particular variety of cacao, then it can be adjusted according to the shape and 

dimensions of that variety to make it more suitable for use in that region. 

Engels et al. (1980) provided either qualitative or quantitative descriptors for several 

characteristics of cacao pod morphology. Of these characteristics, those that were considered 

in the design process in relation to the pod shape were fruit shape, basal constriction, apex 

form, ridge pair appearance, primary furrow depth, and fruit surface rugosity. Each of these 

characteristics was broken down into categories based on visual observations. The categories 

are given in Figure 3.5. Meanwhile, in relation to pod size, past studies have presented 

measurement results for diameter, length, and weight of pods from different types of cacao. 

Table 3.1 presents values for diameter, length, and weight from previous studies as well as 

measured values collected with this study. Both these shape descriptors and dimension 

measurements were used in the conceptualization and design of the system. 

 

3.4.3 Transportability 

The prototype was expected to be easily transported for testing purposes and thus the 

design needed to account for its transportability. This included the ease in assembly and 

disassembly, the materials used to build the prototype, and access to the location where it may 

be transported to. 

A modular design allowed for the design to be put together and taken apart and thus 

provided easier assembly and disassembly options. The materials were also chosen to be 

lightweight so that it is easier for handling and carrying. Both these aspects, ease of assembly 

and lightweight materials, were necessary to incorporate from the beginning since the system 

may be transported to rural areas that are isolated or with difficult access to parts, materials, 

and maintenance. A design that is lightweight and easy to assemble would allow for any person 

to assemble and operate the system. 

3.5 Conceptualizing the Mechanism and System 

The pick up mechanism was designed as part of a larger pick up system. The system was 

intended to have three main functions: (1) pick up cacao pods on the ground, (2) gather picked 

up pods into a single location, and (3) move and navigate within and between farms. Figure 

3.6 shows a visualization of the concept for the sketch and the system. 

 

Figure 3.5 Pod characteristics considered in the design as categorized by Engels et al. (1980). 
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Table 3.1 Cacao Pod Dimensions from Measured Values and Past Studies 

Source 

Mean of Pod Dimensions 
Notes on 

Variety or Clone 

Number of 

pods used Diameter 

(mm) 

Length 

(mm) 

Weight 

(g) 

Measured values*) 
99.5 178.7 778.6 MCC01 clone 56 pods 

97.0 169.9 733.6 MCC02 clone 62 pods 

ten Hoopen et al. 

(2012) 
78.8 162.0 450.9 Mean of 8 clones 126 total pods 

Adzimah and 

Asiam (2010) 

n.a. n.a. 400.0 
Amezonia 

variety 

n.a. 

n.a. n.a. 370.0 
Amelonado 

variety 

n.a. 

n.a. n.a. 480.0 
Hybrid of the 

two varieties 

n.a. 

Maduako and 

Faborode (1990) 

72.4 128.7 330.0 
Amelonado 

variety 

30 pods 

90.1 169.3 570.0 
Hybrid (F3 

Amazon) variety 

30 pods 

82.5 158.7 500.0 
Trinitario 

variety 

30 pods 

Engels et al. 

(1983) 

83.5 156.7 500.6 Mix of 12 clones 
35-40 pods per 

clone for 

length and 

weight; 

20 pods per 

clone for 

diameter 

85.0 166.0 532.1 Mix of 20 clones 

Overall mean 86.1 161.3 513.3 - - 

*) Direct measurements collected Oct 2017, Jan 2018, and Jul 2018 

 

The mechanism itself served the first function. The mechanism selected for the pick up of 

pods was based on a citrus fruit pick up machine previously tested by Bora and Ehsani (2009). 

The pick up of the fruit is done by catching the fruit in between fingers that protrude from 

around the perimeter of 1-inch thick discs. The fingers are referred to as ‘lollipops’ due to its 

form that resembles a lollipop candy. Multiple discs are aligned together so that lollipops are 

spaced evenly both around the disc perimeter and between discs. The concept of the mechanism 

is that as the discs rotate, the pods will get caught in between the lollipops. Another supporting 

reason for this mechanism is that it would likely prevent from picking up any unwanted items 

or debris, so an additional cleaning process will not be necessary. It would minimize the 

inclusion of leaves and unwanted trash when the pods are being picked up. This is a major 

consideration since currently in commercial cacao farms, pruned leaves and branches are not 

taken off-farm but instead left on the farm as seen in Figure 3.3 and Figure 3.4. 

Since the mechanism only picks up the pods by catching them between lollipops, the pods 

then need to be separated from between the lollipops. This would allow for the pods to be 

collected into a collection container and thus serve the second function of the system to gather 
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the pods into a single location. Moreover, a separation function would also help in two ways. 

The first is that without a separation function, the pods caught between the lollipops will stay 

there unless they are manually removed. The second is that if a separation function was not 

present, space around the discs between the lollipops will fill up and thus unable to hold more 

pods as the rotate. For both cases, frequent stops would be necessary to manually remove the 

pods from the discs to collect the pods and free up space to allow more pods to be picked up. 

Therefore, a separation function was included in the system to remove and collect pods from 

the mechanism. 

The way the pods are picked up from the ground is by rotating the discs in the forward 

direction. Essentially, the discs then become a form of a wheel but with the additional purpose 

of catching pods between the lollipops. Although it is possible to directly push the discs 

forwards, a frame attached to the wheel would allow for easier operation of the mechanism. 

Pushing the frame forward then rotates the discs forward. This also serves as the third 

function of the system which is to enable movement of the system within and between farms. 

A frame attached to the mechanism can result in a cart-like operation allowing for easier 

navigation of the system. The frame can also act as the interface for the collection container 

which would hold the collected pods. The frame, together with the pick up mechanism and pod 

separation function thus forms the concept for the overall pod pick up system. 

3.6 Design and Prototype  

3.6.1 Components 

In bringing the concept of the system into a design, the components were designed 

following the three main functions of the system. The first component is the pick up mechanism 

which function is to pick up the pods from the ground. The second component is the pod 

collector which function is to separate the pods from the mechanism into a collection container. 

The third component is the cart which functions as the frame that enables navigation of the 

mechanism. In Figure 3.7, all three components are displayed with their sub-components. 

Figure 3.7 shows both the design of the system, breakdown of the components, and the 

prototype developed from the design. 

  

Figure 3.6 Conceptual drawing of the pod pick up mechanism and system: (a) side view 

and (b) front view. As the discs rotate forward, the pods are caught in between the lollipops 

and then carried until they hit beams which separates the pods from the discs into a 

collection container. 
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Pick up mechanism 
The function of the pick up mechanism is to pick up cacao pods from the ground by having 

them caught between lollipops protruding from discs. The main sub-components for the 

mechanism were these discs and lollipops which then forms the pick up wheel. A supporting 

sub-component for the pick up wheel is the pick up frame. The purpose of the pick up frame is 

to hold the pick up wheel in place and interface with the cart frame. Figure 3.8 shows the pick 

up mechanism, pick up wheel, and pick up discs. 

Discs and lollipops 

The discs of the pick up wheel were made of rigid 1.5-inch thick Nylon 12 material and 

modified to have a diameter of 300 mm. Since the pods were to be caught in between lollipops, 

the spacing of the lollipops and the placement of the discs within the wheel was calculated 

based on the average pod dimensions and weight as given in Table 3.1. Based on these values, 

(a) 

(b) (c) 

Figure 3.7 Design and prototype of the modular pod pick up system: (a) expanded view of 

the design and component breakdown, (b) isometric view of the design, and (c) prototype 

developed from the design. 
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the design was expected to pick pods with a diameter of approximately 80-90 mm, length of 

approximately 150-170 mm, and weight of approximately 450-550 grams. To accommodate 

this, the lollipop spacing on the disc was made at an angle of 18ᵒ of each other totaling 20 

lollipops per disc as seen in Figure 3.8c. The length of the lollipop from the surface of the disc 

to the edge of the lollipop is 140 mm. Three different materials make up the lollipop: rubber 

base, metal shaft, and rigid teardrop-shaped polymer as the tip. The rubber base allows for 

flexibility and bounce in the lollipop’s movement so that they can stretch to capture the pods 

then flex back to keep them in place. The teardrop-shaped point also assists in keeping the 

pods in between the lollipops 

One main way the modularity of the design shows its benefit is from the assembly of the 

discs. Multiple discs are aligned together to form the wheel. The number of discs necessary to 

form the wheel is dependent on the need of the system and the intended capacity. For example, 

if the system was intended for a small farm with the manual or semi-manual operation, the 

number of discs necessary may not be as many as if the system is for use in a large farm 

intended to be pulled or pushed by a tractor. For this study, the capacity of the system was 

kept at the lower range assuming that it would be used in small-scale farms by smallholder 

farmers. To develop the prototype, the design used twelve discs. The discs were spaced 1.5 inch 

apart using spacers with the same material as the discs. 

Lollipop alignment 

Initially, the discs were aligned so that the lollipops were in-line with each other at 

approximately 80 mm due to the 3-inch spacing between discs (Figure 3.9a). The in-line 

alignment was the case for the citrus pick-up machine in Bora and Ehsani (2009). However, a 

quick test showed that the in-line alignment, there were pods that were picked up but could 

not stay caught within the lollipops. The ovoid shape of cacao pods may have been a factor and 

thus the design needed a different alignment than for citrus which has more of a round shape. 

Due to this, the alignment of the discs was modified so that the lollipops form a zig-zag pattern 

(Figure 3.9b). With the zig-zag alignment, the distance between lollipops between discs was 

60-80 mm in the horizontal direction and 90-110 mm in the diagonal direction. It was expected 

that the zig-zag alignment will increase the chances of the pods staying caught within the 

lollipops despite the orientation of the pods when being picked up (Figure 3.9c). Another quick 

test showed that the zig-zag alignment performed better based on visual observations. Cacao 

pods of varying sizes able to be better caught in between the lollipops using the zig-zag 

alignment. 

  

(a) (b) (c) 

Figure 3.8 The pod pick up mechanism: (a) entire component consisting of pick up wheel and 

pick up frame, (b) pick up wheel consisting of twelve discs with twenty lollipops each, and (c) 

pick up disc with twenty lollipops spaced at 18ᵒ of each other. 
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Pick up wheel and pick up frame 

The pick up wheel design thus consisted of twelve discs each with twenty lollipops spaced 

at 18ᵒ around the perimeter and thirteen spacers between the discs (eleven to space the discs 

and two on either side of the outermost discs) resulting in the wheel being 952.5 mm (37.5 

inches) long. Since the wheel was to free-spin when rotated, an aluminum rod was used as the 

shaft and on each side was connected to sealed steel ball bearings. The bearings were mounted 

onto a pick up frame made from 1.5-inch extruded T-slotted aluminum frame. The purpose of 

the pick up frame was to hold the pick up wheel and interface with the larger cart frame of the 

system. This setup allowed for the pick up mechanism to be a modular component of the 

system. If changes or modifications to the mechanism was to be made, it can be easily removed 

from the system by detaching the pick up frame from the larger cart frame. 

The pick up wheel, together with the pick up frame, formed the pick up mechanism. 

Since the pick up mechanism is intended for potential use in multiple farm types, the design 

of the mechanism as separate components from the larger system was made to accommodate 

this. As a standalone component, the pick up mechanism was attached to the larger cart frame 

in ways that would allow it to maneuver and adapt to the contour of the terrain. The pick up 

frame is attached to the system’s cart frame by using shocks and springs to reduce rigidity and 

increase the flexibility of movement for the mechanism. 

Pod collector 
Once the pods are pick up by the mechanism, they will be caught in between the lollipops 

and would remain there unless they are removed from the wheel. To remove the pods from the 

wheel, separators and a collection area was designed to complement the pick up mechanism. 

Separators are used to comb through between the lollipops and push the pods out from the 

space into the collection area. The collection area holds a container or bin into which the pods 

fall into and be temporarily carried in. 

Positioning of pod collection area 

To pick up pods, the mechanism must rotate. The rotation of the pick up wheel can be 

accomplished: by pushing or by pulling. This was a consideration related to the pod collecting 

function because the position of the pod collection area is dependent on the direction of the 

wheel’s operation. Based on the concept drawing in Figure 3.6, the pod collection area is located 

behind the pick up wheel in reference to the movement direction of the wheel. However, in the 

design, the position was changed to be in the front of the pick up wheel due to two main 

reasons. 

The first reason was to accommodate the use of the system in different ways, such as 

cart-like operation and as an implement for a vehicle. The pushing movement would likely be 

(a) (b) (c) 

Figure 3.9 Alignment progression of the lollipops: (a) initial in-line alignment, (b) current zig-

zag alignment, and (c) the multiple orientations in which a pod can be caught by the lollipops 

with zig-zag alignment. 
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the better option to accomplish this. If the system is being pushed, the power source, e.g. 

human, tractor, or bicycle, is located behind the system. This setup is more feasible and would 

likely require less power than pulling, especially if operated manually in a cart-like manner. 

Since the power source is positioned behind the system, having the collection area in the front 

of the system would make the removal of pods easier and more convenient than if it were in 

the back of the system in between the power source and mechanism. Moreover, if the system 

is operated in a cart-like manner, placing the collection area in the front prevents it from being 

the way of walking when pushing the system. It also prevents the back of the system from 

becoming heavier due to the weight of the pods. 

 The second reason is that it fits better with the pick up workflow. If the power source 

for the system is located in the front, there is a possibility that pods on the ground will get 

stepped or trodden over because the power source meets the pods before the pick up system. It 

would also be harder to monitor and navigate the system. With the pushing movement, the 

pick up system meets the pods first and provides better monitoring of the pick up performance. 

Since it is possible to monitor if pods were or were not picked up, navigation would be easier 

and the direction of the system can be adjusted accordingly. 

Separators 

With the collection area at the front of the system and in front of the mechanism, 

separation of the picked up pods from the pick up wheel would need to be done by combing the 

pods forward. To achieve this, the design incorporated the separators. The separators were 

designed to form a comb-like shape and placed in front of the mechanism at a slightly upper 

position. The purpose of this placement was to enable a certain flow for the picked up pods. 

Once a pod is picked up and caught between the lollipops, it will travel backwards and upwards 

following the rotation of the wheel. Once it reaches the top of the wheel and approaches the 

front, it would hit the separators, get pushed out from between the lollipops, and roll into the 

collection area. To allow for pods to roll down into the collection area, the separators were 

placed at a slight angle facing down. 

Figure 3.10 shows the separators on the prototype. For the prototype, the separators 

were made from 40 x 20 mm wooden boards. The boards were cut into thirteen pieces with 

eleven pieces at 300 mm in length and two pieces at 270 mm in length. The cut boards were 

organized, spaced, and formed into a comb-like shape by the attaching them width-wise at 

each end onto the side of another board which acts as the backbone of the comb. The spacing 

of the boards was adjusted according to the spacing of the discs so that the eleven 300 mm 

boards go in between the discs while the two 270 mm boards were placed at each end of the 

wheel. The slight angle of the comb was achieved by using custom 3D-printed mounts to 

produce a 15º downward tilt. The slight tilt can be seen in Figure 3.10b. To complete the pod 

(a) (b) 

collection area 

 

separators 

 

Figure 3.10 Pod collection component on the pick up system: (a) the component 

consists of separators and collection area and (b) the separators are slightly tilted to 

allow pods to roll into the collection area. 
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collection function, a temporary container built from cardboard was used as the collection 

container and placed in the collection area as shown in Figure 3.7c. 

Cart 
The cart component holds all other components in place. It enables movement and 

maneuvering of the pick up mechanism as well as houses the collection area for the pod 

collector. Structure of the cart consists of the cart frame, tires, and spring shock absorbers. The 

cart frame was made with extruded T-slotted aluminum framing. The selection of this material 

is due to the framing’s flexibility and abundance of commercially available fittings, brackets, 

and connectors. This allowed for modularity, ease of assembly and disassembly. Additionally, 

the framing allowed for a lightweight construction due to the aluminum material. 

Tires were added to the cart to support the movement of the pick up wheel. The tires were 

removed from a 22-inch fat tire bicycle. Fat tires provided a wider surface area for better grip 

which would be useful for in-farm operation. Due to the likelihood that terrain types in farms 

my vary, the pick up mechanism was designed to be separate from the cart to allow flexibility 

in adjusting to uneven surfaces. Thus, to support this, spring shock absorbers were used to 

attach the pick up mechanism to the cart frame. The spring shock absorbers kept the pick up 

mechanism in place while simultaneously supporting its flexibility. Figure 3.11 shows the cart 

component of the system. 

3.6.2 Parts and Costs 

The overall cost of the prototype build was approximately $2400. A breakdown of all parts 

used to develop the prototype with their cost is given in Table 3.2. 

 

3.6.3 Power source options 

The modularity aspect of the system was to accommodate for multiple ways of operation in 

small- to large-scale farm. In mid- and large-scale farms this could mean attaching the system 

to small tractors as the power source. For small-scale farms, the pick up system can be powered 

through manual cart-like operation or motorized alternatives smaller than tractors. 

Example for small-scale farms is such as those in East Luwu, Indonesia. Size of the farms 

in the area are typically less than 2 ha and the farming activity has minimal involvement of 

motorized vehicles. Motorcycles are common motorized vehicles which are primarily used to 

transport pods, beans, and tools to and from the farm. In situations such as these, potential 

usage of the pick up system could be by manually operating in a cart-like manner (Figure 

3.12a) or by attaching the system to a motorcycle. To demonstrate this possibility, a bicycle 

frame with a motorized rear tire was attached to the pick up system prototype as shown in 

Figure 3.12b. Although pod pick up performance was not tested for this setup, the overall setup 

of the pick up system with the motorized bike was able to function with the bike being the 

power source for the system. 

Figure 3.11 Cart component of the pick up system consisting of the frame, tires, 

and spring shock absorbers. The frame forms the housing for the pod collection 

area at the front side of the system. 
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Table 3.2 List of Parts and Parts Cost for Components of Pick Up System 

Part name 
Item cost 

(US $) 

Item 

amount 

Total cost 

(US $) 

Used in which 

component(s) 
Note(s) 

Discs 0.00 12 0.00 

Pick up 

mechanism 

modified from existing 

equipment, available 

to author at no cost 

Lollipops 0.00 240 0.00 

Disc spacers 0.00 13 0.00 

Shaft: Tight-Tolerance 6061 Al Rod @ 3 ft 37.08 1 37.08 - 

Pillow-style mounted ball bearing (1 in diam) 148.48 2 296.96 - 

Disc stabilizers: Steel Threaded Rod @ 2.5 ft 5.39 4 21.56 - 

T-Slotted Framing 1.5 in @ 6 ft 38.57 8 308.56 

Cart, 

Pick up 

mechanism 

- 

T-Slotted Framing 1.5 in @ 8 ft 55.18 2 110.36 - 

3-Way Outside Corner End Bracket 10.78 18 194.04 - 

Corner Surface Bracket 8.77 10 87.70 - 

Incline Pivot 18.43 12 221.16 - 

Gusset Bracket 11.92 12 143.04 - 

T-Surface Framing 9.16 14 128.24 - 

Plated End Feed-Fastener 2.71 8 21.68 - 

Spring shock absorbers: Mountian Bike Rear Shock 45.00 4 180.00 

Cart 

- 

Fat tires: Al Gravity Monster Mens Fat Tire Bicycle 549.00 1 549.00 - 

Pillow-style mounted ball bearing (7/8 in diam) 15.51 4 62.04 - 

Shaft: Tight-Tolerance 6061 Al Rod @ 2 ft 30.24 1 30.24 - 

Cardboard container 0.00 1 0.00 

Pod collector 
available to author at 

no cost 
Separators: Wooden boards 40x20 mm @ 300 mm 0.00 13 0.00 

3D-printed tilt bracket 0.00 2 0.00 

All parts 2391.66   
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3.7 Pick Up Performance 

Manual operation of the prototype was tested to observe the pick up performance of the 

system. The tests were done by pushing the system forward. The system was operated by the 

same person throughout the entire test at a normal walking speed. 

 

3.7.1 Sample description 

Due to limitations in obtaining actual cacao pods as samples for the test, pod-shaped 

structures were 3D printed to simulate the shape, size, and weight of cacao pods of variety 

MCC01 and MCC01 as shown in Table 1. Example of the printed pods are shown in Figure 

2.13a and was printed used PLA material. Twenty-one 3D printed pods were used in the test. 

To simulate a distribution of varying size and weight, the printed pods were printed at different 

lengths and diameters then filled with table salt of a varying amount to produce different 

weights. Figure 2.13b shows the range of weight, length, and diameter for the 21 printed pods 

used in the test. Each pod was given an ID number to refer to, i.e. pod #1, pod #2, pod #3, and 

all the way to pod #21. 

 

 

3.7.2 Test setups 

Tests were conducted on two types of surfaces: asphalt and grass. The twenty-one printed 

pods were laid and spread on the ground within a 300x75 cm area. Four different orientations 

for placement of the pods were used: parallel, perpendicular, angled and assorted. Parallel 

orientation referred to the length of the pod being parallel to the length of the pick up wheel. 

(a) (b) (c) 

Figure 3.12 Examples of ways to operate the pick up system: (a) manually pushing in a cart-

like manner, (b) attaching motorized power sources such as a motorized bicycle, and (c) 

operation of the pick up system using a motorized bicycle as the power source. 

(a) (b) 

Figure 3.13 3D printed pods were used in the test: (a) example of the printed pods made of 

PLA material and (b) the range of weight, length, and diameter for the 21 printed pods. 
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Perpendicular referred to the length of the pod being perpendicular to the length of the pick 

up wheel. Angled orientation referred to the length of the pod being at an approximately 45º 

angle from the length of the pick up wheel. Assorted referred to a mix of orientation where the 

pods were placed at random orientations. Figure 3.14 shows the orientation setup for the test. 

For each orientation type at each surface type, the system was pushed nine times 

totaling 36 pushes. After each push, the number of pods collected was counted and the pod ID 

number of those that were collected was recorded. Figure 3.15 shows the percent of pods 

collected while Figure 3.16 shows the frequency in which each pod was collected for each test 

setup. 

 

3.7.3 Percent of pods picked up 

From Figure 3.15, The mean percent of collected pods varied by test setup. For all four 

orientation types, tests on asphalt provided a higher mean in percent pods collected than on 

the grass surface. Parallel orientation on asphalt had the highest mean of all test setup at 

66.67% pods collected while perpendicular orientation on grass gave the lowest at 28.04% pods 

collected. When comparing between orientation types, setups with parallel orientation had the 

highest mean for percent collected pods at 66.67% on asphalt and 58.2% on grass. Pods in 

perpendicular orientation setups had the lowest mean percent pod collected at 43.91% on 

asphalt and 28.04% on grass. The assorted and angled orientation placed on between the two 

with angled orientation having a higher percentage than assorted on asphalt but the opposite 

on grass. Results from the Kruskal-Wallis test showed that the difference in means between 

orientation types was statistically significant at alpha level 0.05. Post hoc test with Dunn’s 

test revealed that the parallel orientation was significantly different than the other three 

orientations. There was no significance in differences between the assorted orientation with 

angled or perpendicular orientations while the perpendicular and angled orientations were 

significantly different. The difference in means between surface types was also statistically 

significant at alpha level 0.05.  

  

(a) (b) (d) (c) 

Figure 3.14 Pod orientation type used in the test: (a) parallel, (b) perpendicular, (c) 

angled, and (d) assorted. 



43 

 

 

3.7.4 Frequency of capture 

In Figure 3.16a, differences in pick up frequency for orientation types are also seen. 

Higher captures with the parallel orientation are more noticeable in on the grass surface than 

on asphalt. For certain pods, the frequency of capture between orientation types is closer than 

for other pods. There were also certain pods that had a higher frequency in being collected 

than other pods regardless of orientation type on both surfaces. Pods such as #6 to #13 have 

higher counts of being collected compared to pods #16 to #21. When coupled with the weight, 

length, and diameter shown in Figure 3.16b, more of the pods with the higher frequency have 

weights between 350 and 600 grams. Pods with lower frequency in captures have weights that 

are over 700 grams. For diameter, pods with a diameter over 90 mm had a lower frequency of 

captures. Meanwhile, patterns were not as discernible for length. Pods with both high and low 

frequency in capture were spread throughout the entire range of lengths. However, pods that 

were on the higher end of the range for weight, diameter, and length such as pod #19, pod #20, 

and pod #21 were seen to have the lowest frequencies in capture at all orientation and surface 

types. 

To further investigate if correlations may exist between the frequency of being captured 

with pod weight and dimensions, linear regressions were generated between the frequency of 

capture with weight, length, and diameter for both surface types. Figure 3.17 shows the 

regression for each orientation on both surfaces. The results show that underlying patterns in 

trends were not discernible and relationships between the frequency of capture could not be 

clearly identified. For the grass surface, however, although there seemed to show a trend of 

decreasing capture frequency with decreasing value of weight and dimensions, it could not be 

determined whether it was due to the surface type itself or other factors that may have affected 

the operation on both surfaces. 

3.8 Discussion: Lessons Learned from Pick Up Performance Tests 

3.8.1 Limitations in Operation of the System 

In operating the system during the tests, some limitation in operation of the system was 

observed. The main factors observed in relation to the operation of the system were speed, 

applied force, and potential influence from the ground surface type. 

 

[b] [a] [c] [b,c] 

 
asphalt 

grass 

Figure 3.15 Percent of pods picked up by manual operation of pick up system with multiple 

setups in pod placement orientation and surface type. Orientations with differing letter 

subscripts are statistically significance with Dunn’s test at alpha 0.05 level. 
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Moving speed of the system 
Since the operation was done by manually pushing the system, it was difficult to control 

the consistency of the speed of movement for the system. Although the same person was 

pushing the system for the entire test at a normal walking speed, variation in in the speed 

may have existed. Different speeds may have had an influence on the pick up capability of the 

mechanism. The system required a speed that is slow enough to let the pods be caught between 

the lollipops yet fast enough so that once the pods are caught, they will remain in place and be 

lifted with the wheel rotation. This balance is needed for manual operation of the system. If 

the system is to be used with a motorized vehicle, it would likely be possible to control the 

speed of the system through the speed of the vehicle. In this scenario, preventing the speed 

from being too fast may be the challenge. If the system moves too fast, the lollipop head may 

not have enough time to be in contact with the pod to allow the pod to be pushed into the space 

between the lollipops unless enough force is applied. 

 

(a) 

(b) 

Figure 3.16 Frequency of capture for each printed pod in relation to weight and dimensions: 

(a) number of times a pod is picked up and collected for each orientation and surface type 

and (b) weight, length, and diameter for each printed pod. 
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Force applied to the system 
The operator of the system had to apply a certain amount of force to the system to make 

it move forward. The force is needed to push the system forward and allowing it to gain 

momentum once it is in motion. In addition to pushing forward, it was observed that the system 

also needed to be slightly tilted backwards to let it start moving. In tilting the system, the 

operator is thus applying force both forward and downward at the beginning of each push. The 

pushing down of the system at towards the beginning of every test may have had an effect in 

the capturing of the pods. The more force is applied downward, the more likely it is that the 

pods are pushed past the lollipop head into the space between lollipops. Meanwhile, after the 

system is moving and in motion, it has gained momentum and thus does not need the 

additional downward force. When the system is already in motion, the tilt of the system is 

reduced since the system has gained momentum and can move without the operator needing 

to apply as much force. The combination of the speed and the force applied to the system 

therefore is necessary to consider when operating the system. 

Ground surface type 
Based on the test results, the surface of the ground on which the system is operated is 

likely to influence the pick up capability. The tests showed that pick up performance on asphalt 

was significantly different that on the grass. During the tests, it was also observed that when 

operated on grass, the operator had to push the system harder for it to move. The grassy 

terrain gave more resistance than the hard and smooth asphalt surface which was expected 

since grass surfaces are less rigid, uneven, and have softer textures. It was also expected that 

the grass would allow for better grip by the mechanism. The asphalt surface was more 

‘slippery’ for the pods and the mechanism since it was flat, hard, and smooth. On asphalt, it 

was common for the mechanism to drag the pods rather than grip them and for pods to slide 

and move around when they came in contact with the mechanism. In cases such as this, the 

mechanism has difficulty in rotating and would sometimes slide forward without rotation 

while dragging the pods. When on grass, this was not the case and instead of the pods being 

Figure 3.17 Linear regressions between frequency of capture with pod weight, length, 

and diameter. 
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dragged when not gripped, the pods only roll over on the grass and did not move or slide 

around. Due to the differences due to surface type, the surface type and terrain of the farm in 

where the system may potentially be used would need to be considered. Information of the 

farm’s soil type, contour, and vegetation are would be useful in making in adjustments or 

modifications to the system for better performance. 

 

3.8.2 Limitations Related to Pod Characteristics 

Tests on manual operation of the system showed that the pick up performance of the 

system may have also been influenced by the condition of the pods in addition to the operation. 

This included the orientation of the pods, gripping of pods due to texture, weight, and 

dimensions of the pods, and subsequent movement of the pods due to contact with the system, 

and single player placement of the pods. 

Pod orientation 
Although there are pods with shapes closer to a sphere, such as those categorized as 

orbicular and oblate by Engels, et al, (1980) (Figure 3.5), the common shape of pods grown 

commercially are ovoid-shaped. Due to the ovoid shape, pods can be laid at various orientations 

length-wise. During the harvesting of pods, after a pod is severed from the tree it is then 

typically dropped on the ground. There is no way to control this orientation of the pod when it 

lays on the ground. The pick up performance tested for different orientations and showed that 

the mean percent of pods picked up by the system were significantly different between 

orientations. The orientation with the highest mean of percentage pods pick up was the 

parallel position while the lowest mean was the perpendicular orientation. This result was 

somewhat expected. When the pod’s length is parallel to the mechanism’s length, the lollipops 

would have an easier grip on the pods since it is likely that the majority of the length of the 

pod is caught by lollipops and is held in place when the wheel rotates. With the perpendicular 

orientation, it was observed that the pods were more likely to slip out of the lollipops grip since 

it is only captured at the mid-section of the pod. With the pick up wheel rotating perpendicular 

to the pod’s length, the pods are not grabbed or held in place as securely as when it is parallel 

to the wheel and thus has more risk of slipping and falling out from the lollipops’ grip. Since it 

is not possible to control the orientation of the pods when it is dropped to the ground, the 

orientation of pods for use with the pick up system is a factor to consider. There may be ways 

to improve the performance of the system to orient the pods before it meets the pick up 

mechanism. 

When in the farm, it is more likely that the orientation of the pods would be mixed. The 

assorted and angled orientation was tested based on this and is probably the closest situation 

to what will be present in farms. The means of percent of pods picked up for pods in assorted 

and angled orientation was in between those that were in parallel and perpendicular and 

therefore showed reconcile the difference between the two. However, it is more than likely that 

there will be pods left on the ground using the current system if no further adjustments or 

modifications are made in consideration of the pods’ orientation when laying on the ground. 

Gripping of pod due to texture, weight, and dimensions 
In relation to the issue of the gripping capability of the lollipops and the slipping of pods, 

another aspect observed from the tests is related to the pods physical characteristics. An 

important note for the tests was that due to limitations in obtaining actual cacao pods, 

artificial pod-like structures were used instead. These pods were 3D-printed from PLA 

material with shape, weight, and dimensions made to simulated actual cacao pods. The texture 

of an actual pod’s surface, however, was not simulated. Together with other factors already 

mentioned, such as the speed of operation and orientation of pod placement, the pods 

physicality including surface texture, weight, and dimensions, may have affected the pick up 

the performance of the system. 
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Pod surface texture. Since there was an apparent different in the texture of the pods’ 

surface, it was suspected that actual pods may have better grip than the printed pods used in 

the tests. The surface texture of actual pods can be referred to as waxy with some varieties 

having small bumps all around. The husks of actual pods are also not rigid and have a firm 

foam-like texture. With actual pods, the lollipop head would likely be able to grip the pods 

better due to the friction of the waxy surface and the firm foam-like texture conforming to fit 

the space between lollipop heads when pushing in. Subsequently, the texture of actual pods 

would likely also help to keep them in place in between the lollipops. During the tests, it was 

observed that sometimes the pods would be caught and picked up by the lollipops but then 

slips out from between the lollipop shafts. This caused cases of the pick up mechanism able to 

grab the pod but unable to keep them in place. As shown in Figure 3.5, Engels et al. (1980) 

mentioned fruit surface rugosity, ridge pair appearance, and primary furrow depths to 

characterize cacao pods. These properties likely contribute to the grip factor of the pick up 

system. An example is by comparing the two varieties which weight and dimensions were 

measured as part of this study. The two varieties are MCC01 and MCC02. The MCC01 variety 

have ridges and furrows that are more pronounced that MCC02 which may provide more grip 

when picked up. 

Pod weight and dimensions. As shown in Figure 3.16, the frequency of capture for each 

pod was recorded and coupled with information on their weight, length, and diameter. 

Although no clear relationships were established based on linear regressions between these 

factors (Figure 3.17), presumptions based on an exploratory assessment of Figure 3.16 were 

made on why some pods had a higher frequency of capture than others. As mentioned in section 

Design and Prototype of this chapter, the design of the pick up mechanism was expected to 

pick pods with a diameter of approximately 80-90 mm, length of approximately 150-170 mm, 

and weight of approximately 450-550 grams. Pods with higher frequency in capture were 

mostly those with the weight of 350-600 grams while those with weight over 700 grams had a 

low frequency of capture. For diameter, pods with a diameter above 90 mm had low frequency 

of capture. Meanwhile, for length, no patterns were noticeable in relation to the frequency of 

capture. This may indicate that the system performed in accordance to the design intentions 

of collecting pods within the expected weight and diameter but not for length. Weight and 

diameter of the pods were therefore an important consideration in the design. The spacing of 

the lollipops was determined primarily based on the diameter of pods thus diameters that were 

not within the range of the design could not be picked up. Pods that had low frequency in 

capture were either too heavy, too wide, or both for the designed mechanism. The modularity 

of the design is useful to accommodate for these difference as it can be adjusted depending on 

the weight and size of the target variety. Hence, the importance of including pod morphology 

information in the design of the pick up mechanism. 

Subsequent pod movement 
Another limitation presented by the pods is the subsequent movement of the pods due to 

contact with the system. This is in relation to the orientation placement of the pods. When the 

mechanism comes in contact with a pod, sometimes it would not immediately pick up the pod. 

As a result, the pod slides, moves, or rolls which would change its position or orientation. When 

there is not a lot of pods to pick up, such as in the tests, this may not be much of an issue. 

However, for continuous and large-scale picking up in farms this may cause a problem. With 

the pods moving around freely, piling up may happen and impede the picking up process. 

Similar to the issue with pod orientation, further development of additional functionality to 

orient and secure placement before reaching the pick up mechanism may be helpful to address 

this limitation. 

Single layer pod placement 
This points to the limitation in the placement of the pods. During the tests, the pick up 

mechanism was used to collected pods laid out in a single layer, meaning that no piling was 
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attempted and pods were not placed on top of each other. Because of this, it is unclear how well 

the system can perform if pods were not laid in a single layer. The design did not account for 

pods that are piled up or are laid in more than one layer. With the current design, it would 

likely not perform well if used to pick up pods in a pile or if placed in more than one layer. If 

the pick up system is intended to apply to situations such as this, adjustments and changes to 

the design is needed. 

3.9 Conclusion 

A concept for a mechanism to pick up harvested cacao pods from the ground was 

developed and designed. The mechanism was incorporated into a modular system and a 

prototype for the system was fabricated. The purpose of the pick up mechanism was to aid in 

manual pod harvesting processes by eliminating the picking up movement required to pick up 

harvested pods from the ground. 

The developed design and prototype of the mechanism system was able to perform the 

intended task of picking up pods from the ground. Performance tests showed that several 

factors contributed to the pick up performance. These factors were associated with both the 

operation of the system and the characteristics of the pod. 

Development of the design provided insights on the advantage of modularity. Selection 

of materials and components to support a modular design was enables flexibility in making 

modifications or adjustments. The design of the system, though fairly simple, was able to 

showcase the potential for mechanical means to aid in the advancement of cacao pod 

harvesting processes. Limitations found through testing the system needs to be considered as 

points of improvement in the next iteration of the design. 
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Chapter 4  – SIMULATING CACAO HARVESTING 

OCCURRENCES AS AFFECTED BY WEATHER, MARKET 

PRICE, LABOR AVAILABILITY, AND PROFIT EXPECTATIONS 

4.1 Introduction 

The majority of cacao is produced by smallholder farmers in West Africa, South and 

Central America, and Southeast Asia. The major producers of cacao include Ivory Coast, 

Ghana, Indonesia, and Ecuador (ICCO, 2016b). A noted challenge in cacao production is 

the limited resources, infrastructure, and capacity building for cacao farmers (ICCO, 

2012). The Bávaro Cocoa Declaration (ICCO, 2016a) listed priority areas for transforming 

the existing cocoa value chain. Innovation was listed as the first priority area, while the 

second priority area is smallholder farmers’ income. Innovation towards higher planting 

performance, appropriate inputs, and tools and technologies were described as important 

to transform smallholder farmers into viable businesses while economically viable medium 

and large size farmers incorporating innovations can operate as models. Technology 

innovations for cacao farming is an important factor for boosting cacao production, but a 

gap exists in bringing these innovations to farmers, especially smallholder farmers 

(Nieburg, 2015; Nieburg, 2016a).  

This study focused on the harvesting stage of cacao farming due to the challenges in 

providing technological advancements to its practices. The harvesting process involves 

labor-intensive, costly operations, and tedious movements (Sarig, 2005, 2012). Many 

factors such as climate, soil condition, land terrain, labor, crop variety, cropping systems, 

market, and ripeness uniformity contribute to the complex and complicated process of 

advancing harvesting into systems that depend less on human judgment (Sarig, 2005).  

However, if advancements are not being implemented, issues may also arise following 

innovations in breeding and the push for high-yield plant materials. Without 

improvements in the harvesting area, the capacity to accommodate the increase in yield 

may not be fulfilled and could result in unnecessary loss. 

Understanding of current harvesting practices is critical in determining whether 

particular advancement efforts may result in significant implications. In smallholder 

farms, the farmer is usually actively involved in running and managing the day-to-day 

activities of the farm and often acts as the decision maker in determining when and how 

farming practices should be done. This also applies to harvest. The farmer decides on when 

to harvest based on their assessment on the quantity and quality of available fruit. 

Typically, the farmer either gathers family, friends, and neighbors or employs temporary 

laborers to help in harvesting. Additionally, the farmers would consider the price of their 

beans and how it may pertain to their income and their ability to continue maintaining 

their farm. 

This study intended to gain a deeper understanding of the cacao harvesting process 

by identifying relationships between factors that are observed to influence cacao 

harvesting. A coupled natural-human model is proposed and developed to simulate these 

relationships. The coupled natural-human approach (An, 2012; Chen, 2015; Liu et al., 

2007a; Liu et al., 2007b;) was used since cacao harvesting encompasses both natural and 

human elements. Cacao is still commonly grown without irrigation and thus is dependent 

on climate conditions. The presence of pests and diseases also affects the growing of cacao. 

As a cash crop, however, cacao is harvested to be sold for profit. Cacao farmers collect 

income from growing and harvesting cacao thus elements of human decision-making 

contributes to the system.
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Two questions motivated this study: a) how do external environmental and economic 

factors that cannot be controlled by farmers, in the form of seasonal weather changes and 

bean price, potentially influence the activity of cacao harvesting and b) how do these 

factors, together with farmer’s expectations of profit, contribute to a farmer’s decision to 

conduct cacao harvesting activities. The two objectives of this study, therefore, were to (1) 

model relationships between the environmental, economic, and human-element factors 

that may be influential to the cacao harvesting process and (2) investigate the dynamics of 

the cacao harvesting activity based on simulated values for weather and bean price as 

environmental- and economic-related factors respectively. Expected contributions from 

this study are to provide a framework and a tool to assess the relationships of multiple 

factors associated with the cacao harvesting process. It could be useful in exploring the 

current dynamics of the cacao harvesting system and comparing with potential dynamics 

due to the implementation of various forms of technological advancements. 

4.2 Region of Interest 

Although this study seeks to understand in general the relationships within the 

cacao harvesting system, a particular region of interest is used as a case study to assist in 

identifying these relationships. The region used as the case study is the East Luwu regency 

in South Sulawesi, Indonesia. In 2015, South Sulawesi was Indonesia’s second largest 

cacao producer in both planting area and production. Almost 15% of the country’s cacao 

plantations are located in South Sulawesi while the production there is close to 17% of the 

country’s total (Ministry of Agriculture of Indonesia, 2016). 

The province has a history of being a region where occurrences of cacao booms and 

declines were attributed to the population of its smallholder farms (Ruf, 1993). 

Smallholder farms dominate cacao production in South Sulawesi. In 2015, 98.4% of cacao 

plantations in the province were smallholder, and 99% of the province’s total cacao 

production was from smallholder farms (Ministry of Agriculture of Indonesia, 2016). 

The East Luwu regency contributed a little over 8% of the province’s cacao production 

in 2015 and was the fifth largest producer in the province. The number of smallholder 

cacao farmers in East Luwu was documented to be 18,841 farmers in 2015 (Ministry of 

Agriculture of Indonesia, 2016). According to the farmer’s themselves, more people in the 

area are interested in cacao farming due to the recent successes of current farmers and the 

presence of bean-buying entities in the area. 

Although challenges are present, a benefit of cacao identified by farmers is that it 

provides a consistent flow of income due to the all-year-round harvest. Although there are 

peak harvesting seasons, one around June and one around November, farmers typically 

harvest their cacao every two weeks. There are currently two ways farmers can sell their 

beans in the region: as dry beans or as wet beans. In the past, the only option was to sell 

dry beans. However, in recent years, Mars has enabled the selling of wet beans through 

their buying point. The drying process is weather dependent and relies on the sun, so it 

takes more time, effort, and risk for farmers to obtain dry beans. Because of this, most 

farmers welcome the option to sell wet beans, and all interviewed farmers stated their 

preference now is selling wet beans than dry beans. 

4.3 Modeling of the Cacao Harvesting Activity as a Coupled Natural-

Human System 

4.3.1 Conceptualizing and Identifying relationships 

Variables of interest 
This study models a coupled natural-human system and focuses on two variables of 

interest: Yield (Y) and Harvest (H) in the form of dry cacao beans. Other variables 

contributing to approximating these are Production (P), Rainfall (Rn), Solar radiation (Rd), 



51 

 

 

Loss (L), Price (Pr), Revenue (R), Labor (Lb), and Profit (Pf). A diagram of the relationships 

between the variables are given in Figure 4.1. 

Natural component of the model 

The natural component of the model consists of Rainfall, Radiation, Production, and 

Loss where values of bean production are determined by values of rainfall and solar 

radiation while the loss of beans is due to pest infestation. Many smallholder cacao farmers 

do not use any form of irrigation and thus relies on rainfall to water their cacao trees. 

Additionally, although some farmer spray pesticide to prevent pest intervention, 

disturbances cause by pests are still considered an uncontrolled factor. 

Production. Production is defined as the rate of bean production, which is the amount 

of beans grown per day (kg/ha/day). Values of Production are influenced by the amount of 

Rainfall per day (mm/day) and Solar Radiation per day (MJ/m2/day). Due to the seasonal 

changes in rainfall and solar radiation, it is anticipated that bean production will also show 

seasonal trends. 

Loss. The Loss variable is associated with the Yield, which is defined next. as it is 

defined as the amount of beans lost to pest infestation per day (kg/ha/day). Due to this, the 

beans are not usable and cannot be sold by the farmers. Therefore, the Loss variable takes 

away beans from the Yield. 

 

Human component of the model 

The variable Production then influences Yield, which acts as the connector variable 

between the natural system and the human system. The human component of the model 

consists of Yield, Harvest, Loss, Price, Revenue, Labor, and Profit Expectation. In this 

model, the term Yield and Production are defined differently. 

Yield. Yield is defined as the bean availability which is the amount of bean left on the 

tree at a given day and is available for harvest the following day (kg/ha/day). In other 

words, Yield is defined as the bean capacity limit. The Yield value is the maximum amount 

Production Yield

Harvest

Loss

Price

Revenue

Cost of 

labor

Pest 

severity

Labor

Profit

Number 

of 
workers

Expected 

profit

Solar 

radiation
Rainfall

NATURAL COMPONENT HUMAN COMPONENT

Constant parameters

Output variables

Input variables

Intermediary variables

Max 

harvest 
capacity

Figure 4.1 Diagram of relationships in the coupled natural-human system of 

cacao harvesting. 
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of beans that can be harvested the next day. The Production of that adds to the Yield that 

day. Meanwhile, the Harvest and Loss variables reduce the amount of Yield.  

Harvest. The Harvest variable is defined as the amount of beans harvested from the 

tree per day (kg/ha/day) thus takes away from the amount of Yield.  

Price. Harvest is influenced by the Price. The price for cacao beans changes daily. In 

East Luwu, famers receive price information everyday through text messages and the 

information is used as a consideration factor on deciding to harvest. Price is defined as the 

dollar value of beans per day (USD/kg/day) and is the amount of money which the farmer 

receives in exchange for their harvested beans. 

Revenue, labor, and profit. This model looks at price as an indicator for harvest where 

if from the price that day the farmers can make the profit they expected, then the farmer 

will decide to harvest. This is influenced by the revenue and the expenses. Revenue is 

defined as the gross income money which the farmer can potentially obtain from selling 

the maximum amount of beans that they can harvest that day (USD/ha/day). The expenses 

in this model are from the cost of labor. Farmers typically employ additional labor to assist 

them harvest beans. Labor is therefore defined as the total cost of hiring additional 

workers per day (USD/ha/day).  Profit is defined as the difference between Revenue and 

Labor cost and is presented in the form of the fraction of the daily revenue which the 

farmer considers as their net income (unitless). 

Constant parameters 
In addition to the variables, accompanying constant parameters were also defined in 

the model. Five constant parameters were used in the model with each parameter 

influencing at least one variable. The parameters are pest severity (pv), maximum harvest 

capacity rate (hv), expected profit margin (pm), cost of labor (lc), and the number of workers 

(ppl). 

Pest severity is the fraction of cacao beans lost due to the presence of pests. In the region 

of East Luwu, a major pest is the cocoa pod borer (CPB). Beans affected by CPB are 

considered as low quality and will not sell. Maximum harvest capacity rate is the 

remaining fraction of beans that is not lost to pest infestation and therefore can potentially 

be harvested and sold. Therefore, pv + hv = 1. Both of these parameters affect the previous 

day Yield. This is because what can be harvested and what may be lost at a particular day 

is dependent on the Yield from the previous day. 

The remaining constant parameters are related to the economic aspects of the system. 

The expected profit margin is a fraction value of how much the farmer expects to profit 

from selling their harvested beans. The cost of labor is the dollar amount of how much a 

worker is typically paid per day for their services in collecting and cleaning beans 

(USD/person/day). The number of workers is an integer value of the amount of people a 

farmer employs to help them harvest (persons/day). The cost of labor and the number of 

workers together form the expenses that a farmer has to spend on the harvesting activity. 

 

4.3.2 Quantifying the Model: Inserting Equations and Values using Historical Data 

Source of Variable and Parameter Values 
The model was built with two variables as the input variables, two variables as the 

output variables, and the remaining variables act as intermediaries to obtain either the 

input or the output variables. Table 4.1 presents the variables with their categories, value 

source, and indicator if the value was known beforehand or generated by the model. 
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Table 4.1 Variable Categories and Source of Value 

 Are the 

values 

known? 

Source of Values Use in model 

Input variables    

Production (Pr) Yes 

Multiple regression equation 

with rainfall and Solar 

Radiation as variables 
To obtain Yield 

Price (Pr) Yes 
Daily price data from ICCO To obtain 

Harvest 

Output variables    

Yield (Y) No 

• Only the initial value is 

assumed to be known. 

• Other values calculated 

from Production, Harvest, 

and Loss 

To calculate daily 

changes in Yield 

(delta Y) 

Harvest (H) No 

• Obtained from binary 

conditional where if Profit 

is more than the constantly 

expected profit threshold 

then harvest value exists. 

Otherwise, Harvest is zero. 

• Harvest value is calculated 

from the Yield and severity 

of pest infestation. 

To obtain Yield 

Intermediary 

variables 
   

Rainfall (Rn) Yes 

Data collected from a 

weather station site in East 

Luwu regency. 

To obtain 

Production 

Solar Radiation (Rd) Yes 

Data collected from a 

weather station site in East 

Luwu regency. 

To obtain 

Production 

Loss (L) No 

Calculated from a constant 

pest infestation severity 

rate. 
To obtain Yield 

Revenue (R) No 
Calculated from Price and 

Harvest. To obtain Profit 

Labor (Lb) No 

Calculated from a constant 

labor cost per person per day 

and a constant number or 

workers 

To obtain Profit 

Profit (Pf) No 
Calculated from Revenue 

and Labor 
To obtain 

Harvest 

 

The model incorporates all variables except for Rainfall (Rn) and Solar Radiation (Rd). 

However, Rainfall and Solar Radiation and considered as intermediary variables since 

their values are needed to obtain values for Production. Before the Production values serve 
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as inputs into the model, they are first obtained by using a multiple regression equation 

with Rainfall and Solar Radiation as the variable. The equation for Production is from 

Zuidema et al., (2005) and given as: 

𝑃 = 380.67 + 173ln (𝑅𝑛) + 0.0867𝑅𝑑 

Where P is the amount of beans grown or lost per quarter [kg/ha/quarter], Rn is the 

quarterly cumulative rainfall per quarter [mm/quarter], and Rd is the cumulative solar 

radiation per quarter [MJ/m2/quarter]. The Production values obtained are quarterly 

values. Since the model is a daily model and requiring daily values, the splinefun() 

function in the R software was used to interpolate the quarterly values into daily values. 

These daily Production values are then used as inputs into the model together with the 

known Price values. As an input variable into the model, the Production variable is 

considered a known value since its values were already generated and not obtained 

through the model. 

Model Equations 
The model was built using a series of equations to approximate the Yield and Harvest. 

The Yield value at a given day is determined by the Yield from the day before. Therefore, 

the model was developed to generate daily values with a time step of 1 day. The model was 

developed and run using the R software version 3.5.2. The complete R script for the model 

is given in the Appendix. 

Yield 

Yield at a certain day is calculated from Yield the day before and the changes in daily 

yield. The daily changes in Yield are presented as delta Yield (∆Y). The Yield, therefore, is 

given as: 

𝑌𝑖 = 𝑌𝑖−1 + ∆𝑌 

where Yi is Yield at day i [kg/ha], Yi-1 is Yield from the previous day [kg/ha], and ∆Y is 

the changes in the yield during that day [kg/ha]. The change in Yield is due to the addition 

of beans from production and the decrease in beans due to some being harvested and some 

being lost to pest infestation. This relationship is reflected as: 

∆𝑌 = (𝑃𝑖 − (𝐻𝑖 + 𝐿𝑖)) 

where dt is the time step which in this study is daily [day], ∆Y is the change in Yield per 

time step which is per day [kg/ha], Pi is Production at day i [kg/ha], Hi is the amount of 

harvested beans at day i [kg/ha], and Li is the amount of beans lost due to pest infestation 

at day i (kg/ha]. 

Harvest and Loss 

The model sets the Harvest variable as a binary conditional. By knowing the price, if 

the farmer can gain profit as much as at least the minimum profit they expect, the farmer 

will deem that harvesting it worthy and thus the Harvest variable for that day will be 

filled with a value other than zero. The Harvest variable will have a value of zero if the 

case is opposite, the profit is deemed not worthy compared to the effort and expenses 

needed to harvest. Therefore, the Harvest variable will have values of either the following: 

 𝐻𝑖 = ℎ𝑣 × 𝑌𝑖−1    if  𝑃𝑓𝑖 > 𝑝𝑚 

𝐻𝑖 = 0     𝑖𝑓𝑃𝑓𝑖 < 𝑝𝑚 

Where Hi is Harvest at day i [kg/ha], Yi-1 is Yield from the previous day [kg/ha], and hv 

is a constant maximum harvest rate which is the fraction of Yield that can be harvested. 

It is calculated from the pest infestation severity rate (pv) where hv + pv = 1. Pfi is the 

profit fraction gained that day (unitless) while pm is the constant expected profit fraction 

(unitless) to which the farmer uses as a threshold to determine whether they will harvest 
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or not. In evaluating the model, pm values were varied to observe the influence of profit 

expectations on harvesting. 

Harvest is calculated from previous day yield because on that day, the farmer can only 

harvest from what is left from the previous day. The addition of the beans from Production 

is assumed to occur after harvesting is completed and thus contributes to the Yield for that 

day. Loss, as with Harvest, is also calculated from the previous day Yield and is given as: 

𝐿𝑖 = 𝑝𝑣 × 𝑌𝑖−1 

where Li is Loss at day i [kg/ha], Yi-1 is previous day Yield [kg/ha], and pv is the constant 

pest infestation severity rate and is in the form of a fraction of total available beans lost 

due to pest infestation (unitless). In East Luwu, the cocoa pod borer is a major pest 

contributing to the loss of beans. Thus, for this model, the pest is assumed to be the cocoa 

pod borer and its severity rate value was obtained by approximating values derived from 

Wielgoss et al. (2012). 

Profit, Revenue, and Labor 

Profit was calculated from Revenue and Labor. The value of Profit itself in the model 

is made aa fraction of the revenue. Therefore, Profit is given as: 

𝑃𝑓𝑖 =
𝑅𝑖 − 𝐿𝑏𝑖

𝑅𝑖

 

Where Pfi is Profit at day i (unitless), Ri is Revenue at day i [USD/ha], and Lbi is the 

cost of Labor at day i [USD/ha]. Revenue is calculated as: 

𝑅𝑖 = 𝑃𝑟𝑖 × (ℎ𝑣 × 𝑌𝑖−1) 

Where Pri is the Price of beans at day i [USD/kg], hv is the constant maximum capacity 

rate for harvest (unitless), and Yi-1 is the previous day Yield [kg/ha]. Labor is calculated as: 

𝐿𝑏𝑖 = 𝑙𝑐 × 𝑝𝑝𝑙 

Where lc is the cost for labor per day per person [USD/person/day] and ppl is the number 

of workers employed to work that day [persons]. Both lc and ppl are constants. In 

evaluating the model, lc value was kept the same throughout while the ppl value was 

varied to observe the influence of the labor force on harvesting. For the current run of the 

model, lc was set to 4.615 USD/person/day which is equivalent to the local currency in East 

Luwu for the labor cost per person per day. 

 

4.3.3 Model Assumptions 

Many assumptions were made in developing the model. The current model is an 

oversimplified look at the relationship between the amount of cacao beans produced due 

to natural growth with the human decision-making process motivated by economic gains. 

Many details and intricacies that exist within the reality of cacao harvesting were not 

addressed or modeled. The main relationships that were targeted by the model were the 

relationship between the naturally grown cacao beans with the decision to harvest by 

farmers based on a known price. The following lists assumptions of the model. 

• Other forms of farming inputs and maintenance efforts were not assumed to provide 

variability in the production of cacao beans. The changes in cacao production are only 

due to changes in rainfall and solar radiation. 

• It was assumed that farmers make harvesting decision on a daily basis. Although this 

is somewhat applicable, farmers typically make harvesting decision on a biweekly basis 

although the price does give them a one- to two-day flexibility in when exactly within 

the upcoming two weeks they will harvest. 
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• It was assumed that if farmers were to harvest, they would harvest all that is available 

to harvest. That may not be the case in reality as there may be other reasons not 

accounted for in the model that leads to farmers collecting the harvest they collect. 

• Pest infestation severity was assumed to be constant throughout the year. In reality, 

this is likely not the case as it may be affected by seasonal changes as well as chemical 

inputs applied by farmers such as pesticide. 

• The farmer’s source of income is only from growing and selling cacao beans. It was not 

considered whether a farmer grows other types of crops or has other means of 

generating income. 

• The farmer’s expenses were assumed to only be from labor requirements. Expenses from 

other sources, such as farm maintenance and inputs, were not considered. 

• Labor availability was assumed to be constant throughout the year as was the cost for 

labor. This does not depict reality as it does not take account the competition to gain 

workers due to peak harvest seasons and. 

• The model represents community-level decision-making and dynamics where it is 

assumed that the dynamics of the cacao harvesting activities is due to the involvement 

of the community and the decisions are made to harvest are the same for farmers in the 

same community. 

•  

4.3.4 Model Run 

The model was run for 1096 days, which is the total amount of days in 2015, 2016, and 

2017. This is due to daily data for Rainfall, Solar radiation, and Price is available for these 

three years. In simulating the daily Yield and Harvest, only constant values for expected 

profit (pm) and the number of workers were made vary to simulate the dynamics of the 

relationships of the variables. All other constant variables were unchanged. To enable 

viewing of outputs with changes in parameter values, an R-based Shiny interface was 

developed using the shiny package and protocols with R version 3.5.2. 

 

4.3.5 Model Insights 

Signs of seasonality 
The model was able to show seasonality in the production, which is attributed to 

the seasonal changes in rainfall and solar radiation, as well as in the Yield and Harvest 

variables. This is shown in Figure 4.2. The top graph in the figure shows the rainfall and 

solar radiation in the three-year span. A noticeable dip in the production (middle graph) 

during the end of the first year may be attributed to the low rainfall at that time. 

The lower graph is an example of the Yield and Harvest output from the model. 

Seasonality of the Yield and Harvest is also seen as the pattern throughout the three-year 

span closely resembles that of the Production. A noticeable change in the Yield and 

Harvest is shown in the third year. If compared to the middle graph, this may be likely to 

the overall decrease in price where prices in the third year are lower than in the two 

previous years. Even though the Price influence seems to be stronger than of the seasonal 

weather changes, the trend in Yield and Harvest in the third year still reflects some of the 

seasonal variability due to the changes in Production. 

Harvesting occurrences based on price 
The bottom graph of Figure 4.2 gave a three-year look at the daily Yield and Harvest 

values. The graph shows how daily Yield and Harvest may be influenced by the change in 

prices. A closer look at the Yield and Harvest separated by year is shown in Figure 4.3 and 

4.4. 

As previously mentioned, the constant values of expected profit and number of workers 

were varied to show how bean price may influence the harvesting decision and thus the 

amount of Yield at a given day. By looking just at the bottom graph of Figure 4.2, the 



57 

 

 

influence of price is noticeably shown in the third year. The decrease in price has caused 

more intervals between harvesting, suggesting that the lower price was not sufficient for 

a farmer to determine that they should harvest every day or at closer intervals. 

Figure 4.3 shows how a change in the expected profit of a farmer influence the number 

of harvesting sessions they decide to do. The number of workers is kept the same, meaning 

that the expenses are kept the same. However, with the same expenses, anticipated profit 

is varied. The figure shows the Yield as the blue line and the Harvest as the black line. 

When the profit gained is lower than the expected profit, a harvest session occurs, and the 

black line is not at zero. Consequently, since a harvest occurs, the amount of Yield goes 

down which is why when the black line is not at zero, the blue line comes down closer to 

the amount being harvested. 

What the figure shows is that with within the three-year span, when prices decrease 

in the third year, for all three expected profit levels, 10%, 20%, and 30%, the intervals 

between harvesting sessions become more regular. With the decrease in price, despite 

changes in expected profit, there are more intervals between harvesting where harvesting 
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is not done every day. Unlike in 2015 where daily harvesting is still seen (shown by the 

straight lines), in 2017 this is not the case. There are always intervals in 2017. 

Looking at the change in expected profit, this also influences the harvesting interval. 

As the expected profit goes up, farmers expect to gain more from their beans and would 

likely prefer to wait until they have more beans to collect. Therefore, with higher expected 

profit, the more harvesting is done with interval and not every day. However, if the price 

is sufficiently high, it may meet the expected profit and is probably worth the farmer’s 

effort and expenses to harvest anyway. Therefore, during periods where there is a higher 

price the harvesting is done every day. 

Figure 4.4 gives the varying number of workers at the same expected profit. As with 

Figure 3, this figure also shows how the price changes would influence the regularity of 

harvesting. What is noticeable compared to Figure 3 is that changing the number of 

workers seem to have a stronger influence in deciding to harvest with intervals. This may 

be due to the number of workers being associated with the expenses. The higher the 

expenses, the less profit is collected. Therefore, when the expected profit is the same, but 

the farmer employs more workers, they would need to harvest not as frequently so that 

when they do harvest, they can harvest more beans to compensate for their larger 

expenses. 

The Loss variable is also a factor in the decision to harvest. Since the loss of beans is 

constant and occur every day, farmers cannot harvest for long periods of time. Despite the 

Yield increasing when harvesting does not occur, loss from pest infestation is still 

occurring. Due to this, it may be worth it for the farmer to harvest anyway during times 

when the price is low rather than wait but risk losing more beans due to the pests. 

With the varying harvesting intervals due to varying expected profit and number of 

workers, this also results in different amounts of cumulative harvest in the three-year 

span. Figure 4.5 shows the percentage of the sum of Harvest in the three years. The percent 

cumulative Harvest aligns with the previous figures. With the increase in expected profit 

or number of workers, the more intervals between harvesting which leads to less beans 

being harvested overall. This may be an interesting consideration for farmers as they 

weigh in their decisions to not harvest with the intention of having more beans to harvest. 

It may be a worthwhile option to set low profit expectations in order to gain more in the 

long run. This does not seem to apply with fewer workers, however, as an increase of 

expected profit with low numbers of workers does not seem to alter the long-term amount 

of Harvest. The figure suggests that having less expenses (by having fewer workers) and 

having low profit expectations may lead to more Harvested beans (thus more income) 

despite having to harvest more often. 

Yearly variations 
The model has shown that price changes together with decisions regarding labor and 

profit may influence the harvesting activity. Moreover, the model was also able to show 

variation between years, likely due to variations in the input variables between the years. 

The most noticeable difference, as previously mentioned, is that the prices in 2017 are 

lower than in 2015 and 2016. Figure 4.6 shows the percent cumulative harvest for each 

year based on the number of workers and expected profit. 

Both graphs in Figure 4.6 show similar suggestions which is that in 2017 harvest the 

cumulative harvest is lower than in 2015 and 2016. It is likely that this is due to the 

decrease in price which then leads to longer intervals between harvesting. An interesting 

aspect of the graphs is that having 2 workers do not seem to change the cumulative harvest 

between the years while having eight workers seem to result in the largest differences in 

cumulative harvesting between years for 2017. This may suggest that there is a limit in 

expenses due to the number of laborers. If the number of workers goes beyond this limit, 

the cumulative harvest would decrease at a larger rate.
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Workers = 5 people; Expected profit = 10%

Workers = 5 people; Expected profit = 20%

Workers = 5 people; Expected profit = 30%

Figure 4.3 Yield and Harvest with varying expected profit levels. 
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Workers = 2 people; Expected profit = 20%

Workers = 5 people; Expected profit = 20%

Workers = 8 people; Expected profit = 20%

Figure 4.4 Yield and Harvest with varying number of workers. 
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Similarly, for the expected profit, the graph shows that this may also apply. There may 

be a limit for the maximum expected profit where when the expected profit is beyond this limit, 

the cumulative harvest decreases at a larger rate. The graph shows that for this model, in 2015 

and 2016 the limit would be at around 15% while for 2017 it would be at about 20% likely due 

to the decrease in price which gives a little more flexibility in allowing for the yield to build up 

to longer by not harvesting as frequently. 
 

4.3.6 Model Limitations 

The model has limitations in its representation of relationships, data sources, and usage 

which are listed below. 

• The model does not contain feedback relationships and therefore any influence of the 

outputs towards the input was not seen 

• Sources for actual data, especially for harvest and production, were limited and therefore 

validation of the model results by comparison with observed data could not be done 

• The selection of parameter value profit expectation was rudimentary and not based on any 

information on the farmer’s actual profit expectations. The values were incorporated more 

to make a point of the effect when the value changes, rather than to know the exact amount. 

• The model is not to be used as a predictive tool. It was developed only to gain insights and 

understanding on the relationships associated with the cacao harvesting process. 
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4.3.7 An Economic Outlook of the Model  

The ultimate behavior decision that the model exhibits, whether or not a farmer conducts 

harvest on a certain day, displays principles of microeconomics. The farmer both acts as the 

producer and the customer and is required to make decisions based on the constrained 

resources available to them. The model depicts more of the production side and shows the 

farmer as the producer making production decisions based on the price of the bean while 

having to cope with constrained resources to produce their commodity. Based on the price, A 

farmer must decide on a certain day whether they would harvest, meaning that they will 

provide a number of supply, the beans. to the market. As shown in the model, when bean prices 

are low, the harvest occurrence is also low. This agrees with the supply function where when 

the price is low, supply is also low. The farmer as the produce is either unable or unwilling to 

supply the beans at the lower price. 

The model incorporates aspects of agricultural production economics in the sense that 

the variables could represent inputs and outputs as typically present in production function 

models. A production function that could perhaps be compared to this model is the Cobb-

Douglass function which is popularly used in agriculture economics due to its simplicity 

(Debertin, 2012). The Cobb-Douglas function looks at capital and labor as inputs to 

agricultural output. This assumes that the farmer or agricultural activity can produce outputs 

just by having capital and labor. Capital in the model is represented by Production which is 

derived from weather aspects as the inputs. Having the Production as capital also assumes 

that the land which the farm is on and farm inputs such as fertilizer are incorporated in the 

Production value as opposed to them being separate capital input variables. Labor in the model 

is represented by the labor cost and the number of laborers. Meanwhile, the output of the 

model is the Harvest amount. Acknowledgement of the profit expectations in the model also 

shows that it considers aspects of profit maximization which is considered in economic models. 

4.4 Scenarios of Weather and Bean Price Trends 

Although limitations exist for the model, it is still useful as a tool to observe and 

investigate the potential dynamics of the cacao harvesting activity. The model can be used as 

a simulation tool to better understand how changes in influencing factors would affect the 

occurrence of cacao harvesting. 

Weather and bean price are two variables in the model that the farmer cannot control. 

Simulating changes in these variables could provide insights on how farmers may behave 

considering all other factors remain constant. The model can be used to simulate this and could 

show the magnitude of effect resulting from weather and bean price changes. To simulate the 

change in weather, rainfall values were changed to simulate cases of low and high rainfall. 

Since rainfall is a feeder for the Production variable, the changing rainfall manifests in the 

changing Production values. 

Simulated values for rainfall and bean price were generated through cubic interpolation 

of the maximum, minimum, median, mean, first quartile, third quartile, and standard 

deviation values of the rainfall and bean price values used in the developed models. The values 

were generated using the splinefun() function with R version 3.5.2. All other variable values 

were kept the same. 

To investigate how the simulated variable would affect the harvesting occurrence, three 

main scenarios were established and listed in Table 4.2. For each scenario, the model was run 

for 365 days with all other parameters at a fixed constant. Pest severity (pv) was kept at 0.45, 

expected profit margin (pm) at 0.25, cost of labor (lc) at 4.62 USD/ha/day, and the number of 

workers (ppl) at 8 people. As with the model using actual rainfall and price data, these 

parameter values can also be changed as needed in the model using the simulated rainfall and 

price data to make further observations between relationships. 
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Table 4.2 List of Scenarios using Simulated Rainfall and Bean Price Values 

Scenarios 

• Scenario 0 – Rainfall (thus Production) and bean price is at a consistent average 

This scenario acts as the reference for comparison with other scenarios. 

• Scenario 1 – Rainfall deviates from average while bean price remains at constant average 

This scenario looks at how weather changes caused by rainfall changes will affect the 

harvesting occurrence. There are two components to this scenario: 

o 1a: Rainfall deviates to higher than average 

o 1b: Rainfall deviates to lower than average 

• Scenario 2 – Bean price deviates from average while rainfall remains at constant average 

This scenario looks at how changes in bean price will affect the harvesting occurrence. 

There are two components to this scenario: 

o 2a: Bean price deviates to lower than average with a decreasing trend 

o 2b: Bean price deviates to higher than average with increasing trend 

• Scenario 3 – Both rainfall and bean price deviate from average simultaneously 

This scenario looks at the changes in harvesting occurrence when both rainfall and 

bean price change at the same time. There are four components to this scenario: 

o 3a: Rainfall deviates to higher than average and bean price deviates to lower than 

average with decreasing trend 

o 3b: Both rainfall and bean price deviate to higher than average with bean price 

experiencing an increasing trend 

o 3c: Both rainfall and bean price deviate to lower than average with bean price 

experiencing a decreasing trend 

o 3d: Rainfall deviates to lower than average and bean price deviates to higher than 

average with increasing trend 

 

Figure 4.7 compiles the outputs of Yield and Harvest from the model runs for each 

scenario. The simulated production and bean price are also given for each scenario 

corresponding to the same location as the output plot for the scenario. The model outputs 

showed that all scenarios affect harvest occurrences although at differing levels. For Scenario 

1, at a constant average bean price, rainfall has an effect on the harvesting occurrence. At 

higher rainfall levels, the harvest occurs more while at lower rainfall levels the harvest occurs 

less. This is likely due to the plant producing more during higher rainfalls so farmers have 

more pods to harvest and would likely opt to harvest to prevent loss of the pods. 

Scenario 2 showed that the trend is the opposite for bean price. When bean prices are 

lower than average, harvest occurs less frequently while when bean prices are higher, harvest 

occurs more frequently. This agrees with the insights from the model run by actual price data. 

The bean price of the actual data decreased with time and with the price decrease, it was seen 

that harvest occurs less frequently. As previously mentioned, a reason for this may be because 

when bean prices are low, farmers do not see it worthy to harvest often as they will receive less 

money for the same amount of expenses and thus harvesting becomes not worth it for them. 

Farmers then wait as long as they can for the number of pods accumulate until it becomes 

more of a loss for them to not harvest due to the risk of pests rather than receive less money 

from the beans. Thus, the harvest interval when prices are low becomes longer and yield 

accumulates higher. 

When both rainfall and bean prices change together as given in Scenario 3, the patterns 

exhibited in Scenario 1 and 2 combine and thus amplifying the affect on the harvest occurrence. 

Since harvest occurrence decreases if rainfall is low or bean price is low, values for rainfall is 
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low and the bean price is low, harvest occurrence becomes the lowest compared to when only 

one of the two variable changes. Vice versa, harvest occurrence becomes the highest when 

rainfall is high and bean price is high since farmers are likely to maximize their profits by 

selling as many beans as they can at the highest price they are offered. Another aspect of the 

relationship shown from the scenarios is that changes in bean prices result in a higher amount 

of change in harvest occurrence than when rainfall changes. This suggests that in the model, 

harvest occurrence is more sensitive to bean price than to rainfall. This may be because 

although harvest occurrence is influenced by rainfall through production and yield, it does not 

actively respond to its value. Meanwhile, harvest occurs as an indirect response to the level of 

bean price through calculated profit thus having more sensitivity to bean price. 

This relationship demonstrated by the model shows how the two components of the 

system, natural and human, meet to result in an action. The increase or decrease in production 

Figure 4.7 Top: Outputs from model runs with simulated rainfall and bean price. 

Bottom: Simulated production (from rainfall) and bean price for each scenario. 
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is due to rainfall and thus is controlled by natural elements. The increase and decrease in bean 

price contribute to the decision to harvest which is controlled by the human element. The 

coupling indicators of the coupled human-natural system is, therefore, are the amount of Yield 

and Harvest of beans which culminate from the natural-controlled Production and the human-

controlled decision to harvest. 

4.5 Conclusion 

A model based on the framework of a coupled human-natural system (CHANS) was 

developed as an abstraction of the cacao harvesting process. The developed model, albeit being 

general and oversimplified, was able to show interesting insights on the relationship between 

the natural component of the cacao harvesting system with the human element of the process. 

The model showed dynamic changes in the Yield and Harvest amounts influenced by the 

changes in Price as well as Production due to seasonal and +variable weather changes. 

The insights generated from the model are useful to better understand the cacao 

harvesting system. It was shown that harvesting occurrences may be influenced by several 

factors, such as rainfall, bean market price, labor market, and farmer’s profit expectations. 

Understanding of these relationships is essential when addressing improvements to the cacao 

production system. It is important that there is a clear understanding of the multiple 

influential factors to the cacao harvesting process when attempting future technological 

interventions in the system.  

The model developed in this study can serve as a tool to better understand the what and 

how of potential technological advancements for cacao harvesting. It can help to select 

appropriate forms of technological advancements to address or control certain changes in the 

cacao harvesting relationship dynamics. It can also show how certain technological 

advancements may affect or modify the current dynamics of the relationships. It is also useful 

to think of the model as a tool to observe the dynamics of labor needs for cacao production in 

conjunction with productivity and efficiency. Additionally, assumptions and limitations of the 

model must also be considered when using the model as a tool to generate insights. 

The framework and model developed in the study could therefore potentially be used or 

further developed for purposes to inform policy, planning, or decision-making related to cacao 

production specifically and to the dynamics of cash crop production in general. The principles 

of the model are applicable to apply to the production of other crops as well.
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Chapter 5  – HOW DO SMALLHOLDER CACAO FARMERS 

PERCEIVE TRANSFORMATIONS IN THEIR CACAO FARMING 

PRACTICES? CASE STUDY OF EAST LUWU, INDONESIA 

5.1 Introduction 

Indonesia is among the top five largest cocoa producing countries and has been showing 

growth since 1988 (Fahmid, 2013). The total planting area for cacao was close to 750,000 

hectares in 2000 and by 2010 it had increased by 54% to an approximate of 1.6 million hectares 

(Ermiati et al., 2014). There are three types of plantation for cacao in Indonesia: smallholder, 

state-owned estate, and private estate. In 2014 the total planting area for cacao became 1.8 

million hectares with 95% of it being smallholder farms (Ermiati et al., 2014). Rubiyo and 

Siswanto (2012) reported studies showing potential growth of Indonesia’s cacao for both export 

and domestic use. It is therefore necessary to consider Indonesia’s smallholder cacao farmers 

as a potentially major influence in the world’s cocoa sustainability goal and target for 

transformations that will support the growth of the crop. 

East Luwu is a regency within the province of South Sulawesi, Indonesia. In 2015, South 

Sulawesi is Indonesia’s second largest cacao producer in both planting area and production. 

Almost 15% of the country’s cacao plantations are located in South Sulawesi while the 

production there is close to 17% of the country’s total (Ministry of Agriculture of Indonesia, 

2016). The province has a history of being a region where occurrences of cacao booms and 

declines were attributed to the population of its smallholder farms (Ruf, 1993). Smallholder 

farms dominate cacao production in South Sulawesi. In 2015, 98.4% of cacao plantations in the 

province were smallholder and 99% of the province’s total cacao production was from 

smallholder farms (Ministry of Agriculture of Indonesia, 2016). The East Luwu regency 

contributed a little over 8% of the province’s cacao production in 2015 and was the fifth largest 

producer in the province. The number of smallholder cacao farmers in East Luwu was 

documented to be 18,841 farmers in 2015 (Ministry of Agriculture of Indonesia, 2016). 

Smallholder farms are often infused with higher levels of social, cultural, and even 

personal attributes than that of larger estates. Due to this, one farmer may have slightly 

different approaches to their farming practices than the other based on their knowledge of 

cacao, the area, and the cacao market system in the area. This study explored the knowledge 

structure of the farmer and how it relates to the eventual actions that the farmer performs in 

their farming practices. 

Cacao farmers in East Luwu have a unique situation: Mars, Incorporated (Mars), a 

global confectionary company, has a presence in the region as a cocoa bean buyer. East Luwu 

is one of the areas in the South Sulawesi region where the presence of Mars is widely 

acknowledged. The company, which manufactures several popular and globally known 

chocolate brands, entered the region about a decade ago by initially targeting to provide 

guidance and information to farmers following the decline in production in the early 2000s. It 

has since expanded its activities into other divisions. Additionally, Mars also set up a bean 

buying point in the area where farmers can take harvested wet beans to be inspected and 

bought at a predetermined price. 

The selection of East Luwu as the study site is therefore due to this unique situation 

where an external entity’s presence aims to provide social, technological, and physical capital 

transformations to the cacao farming community. In introducing transformations, Mars has 

also likely affected the ways in which farmers in East Luwu grow and harvest their cacao.
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To guide this study, the four questions listed below were used to collect information about 

the cacao-producing activity in the region. 

• How do smallholder farmers farm cacao in East Luwu? 

• Why do smallholder cacao farmers do what they do when it comes to farming cacao? 

• How does smallholder cacao farmer form knowledge and understanding of their cacao 

harvesting practices? 

• How does smallholder cacao farmers’ knowledge structure contribute to their response to 

transformations being put forth by Mars? 

The purpose of this exploratory study was to offer insights on how smallholder cacao 

farmers relay their perception, knowledge, and understanding about their cacao farming 

activities in relation to transformations that exist for the practices. The presence of 

transformations by Mars in East Luwu offers an additional look at how smallholder farmers 

adjust their knowledge structure to respond to changes brought in by those external to their 

community. In a broader context, the East Luwu case could be an example of how proximate 

transformations affecting micro-scale social, technological, and physical capital of smallholder 

farming communities would translate to addressing transformations that are more systemic 

and larger in scales such as those involving globalization, climate change, and land scarcity. 

In many cases, the terms cocoa and cacao are interchangeable. In this paper, a distinction 

is made where the use of ‘cacao’ refers to the cacao tree and cacao fruit while ‘cocoa’ refers to 

the beans and other products derived from the bean.   

5.2 Approach 

5.2.1 Methods of Data Collection 

Information compiled in this study were collected through three ways: (1) direct and 

participatory observations by visiting and staying at the Mars Cocoa Academy and Cocoa 

Research Station facilities in Tarengge, East Luwu for ten weeks (November 2016-January 

2017) and interacting with Mars CDC/CVC personnel, cocoa doctors, and various cacao 

farmers and their family in the region, (2) literature search, and (3) notes collected from twenty 

one semi-structured interviews with cacao farmers. In the Discussion section, this paper views 

the main themes gathered from the interviews as items to which the transformations and 

knowledge most likely provide impact to a farmer’s decision on how they conduct their farming 

practices. 

 

5.2.1 Knowledge Structure from Theoretical Knowledge Systems 

Though this paper does not cover the intricacies of defining smallholder farms, it does 

build on the notion that one refers to a farm in which the daily operation is managed and 

executed mainly by the farmer and their core family members. The high level of involvement 

of family members in farm operations, and often relatives and neighbors too, is a social capital 

in conducting farming activities which likely contributes to the farmer’s knowledge structure 

for managing the farm. 

The use of the term knowledge structure in this study referred to the composition of an 

individual’s knowledge based on how and why the knowledge formed. Three theoretical 

knowledge systems were used. It was assumed that the three systems are constituents of the 

knowledge structure in which topics of knowledge are formed using a particular knowledge 

system or a combination of multiple knowledge systems. The three systems used were 

Traditional Knowledge (TK), Socio-ecological System (SES), and Modernization (MD). The 

reasoning for the selection of these frameworks is due to the following assumption of 

knowledge progression: 
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(i) Without additional external intervention, a farmer conducts farming practices based on 

existing and evolving knowledge which they acquired through generational, peer-

influenced, and experiential sources, i.e., TK as the basis of the knowledge structure. 

(ii) The farmer’s existing and initial knowledge is supported by relationships with their 

community and their surroundings, i.e., SES enters the structure by building upon TK 

and allowing for the absorption of new information through MD. 

(iii) The farmer’s knowledge based on the relationship with their surroundings allows them 

to acknowledge opportunities to leverage their current farming practices in the form of 

external interventions unknown to them before, i.e., MD intervenes into the structure 

and seeks a position where it can best support TK and SES.  

Traditional Knowledge (TK) 
The traditional knowledge system upholds the broader view that knowledge is obtained 

based on experiential observations of one’s surroundings, values, and societal history. 

Traditional knowledge is thought to be site specific and is in constant dynamic change which 

can be triggered by multiple factors, such as experimentation, adaptation, adoption of new 

information, and even co-production of new information with other knowledge systems such 

as scientific knowledge (Reyes-Garcia et al., 2014). However, some have argued the validity of 

traditional knowledge and contrasts have been made between traditional knowledge and 

scientific knowledge. The two are considered separate entities where many argued for the 

importance of considering both (Ellis, 2005; Pei et al., 2009). Arguments have been made 

regarding the legitimacy of the two knowledge systems and whether the divide between them 

is indeed necessary or perhaps better removed (Agrawal, 1995; Hobson, 1992). Cronin et al., 

(2014) attempted to merge the two together through a dialogue-based participatory rural 

appraisal by combining information from the two knowledge sources into a recommendation 

that is locally suitable. 

Other terms encompassing traditional knowledge have also been used. The term 

indigenous knowledge is also often used interchangeably with traditional knowledge, although 

it is also possible to make specific distinctions between them. Other terms used within the 

scope of traditional knowledge is traditional ecological knowledge (TEK). TEK and the more 

specific traditional agroecological knowledge is the conceptualization of the environment 

through experiential understanding of the processes and ecological relationship in the 

ecosystem (Armitage et al., 2012; Berkes et al., 2000; Usher, 2000). 

In a study comparing traditional and modern agricultural knowledge, Reyes-Garcia et 

al., (2014) investigated the resilience of the two knowledge systems represented by the types 

of crops planted in home gardens. Crops that have been grown spanning a generation or two 

(30 or 60 years) represent traditional knowledge, while new crop varieties represent modern 

technology. The study hypothesized that if traditional knowledge is not resilient, meaning that 

it is unable to absorb and adapt to change, it will either be displaced by new knowledge or 

maintained by not incorporating new knowledge. In contrast, if traditional knowledge can 

absorb and adapt, this would indicate that traditional and modern agricultural knowledge are 

not mutually exclusive. The conclusion from the study agreed with research that suggested 

traditional knowledge as dynamic and capable of forming hybrids with other knowledge types 

when circumstances call for it. However, it was also noted on whether the emerging body of 

knowledge from this hybridization is still suitable to be considered as ‘traditional’ in which it 

was argued that it should due to the overlapping of knowledge of crops used in both knowledge 

systems. 

Socio-Ecological System (SES) 
Socio-ecological systems uphold the coupled relationship between the human and the 

environment. It looks at the interaction of social needs and values with the processes 

happening within the ecosystem. The system puts more weight to the importance of the social, 
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economic, and political factors in conjunction with those of the environmental elements. The 

socio-ecological view provides a platform to understanding complex issues and accounts for the 

factors that before may have been overlooked, especially when it comes to potential causal 

relationships where the connection is not considered in a non-SES view. 

The socio-ecological systems view can be widely applied to multiple situations as well as 

to analyze a variety of purposes. In agriculture, socio-ecological views are highly relevant due 

to the nature of the activity itself in which humans interact with elements of the environment, 

whether as farmers, consumers, or regulators. Many studies have applied the framework to 

agriculture-related topics (McClanahan et al., 2008; O’Hara and Stagl, 2001; Shetty, 2004) 

including those that address technology (Ojiem et al., 2006). Farmers in East Luwu have a 

string sense of community and often socially interact through in-person gatherings or by group 

text messages.  

Modernization (MD) 
Modernization is a term in which many have attempted to understand, criticize, revisit, 

and reflect on its use (Matunhu, 2011; Murdoch and Pratt, 1993; Robertson and Lechner, 1985; 

Unger, 2010; Zapf, 2004; Zapf, 1991). Though various forms for the definition and scope of 

modernization theory exist, a broader accepted idea of modernization is in one that is in 

parallel with the context of economic development, industrialization, and Westernization. 

Assumptions on societal changes are also present in modernization, with both arguments of it 

being either the result or the cause. Science together with technology are considered drivers 

and necessities for modernization (Irrgang, 2007), 

In this study, modernization was lensed through interventions in three areas of the 

capital: social, technological, and physical. Thus, modernization refers to the act of 

modernizing through alteration of social systems, the addition of technology, or construction of 

physical facilities and infrastructure in ways which are dissimilar to those that are considered 

as traditional or indigenous. Modern knowledge, therefore, is developed from the process of 

‘western’ scientific principles and approach for discovery intended for a technically-oriented 

purpose without necessarily acknowledging its necessity from the view of the target user. It 

can be argued that the view which contrasts scientific knowledge to traditional knowledge also 

applies to modernization where modernization takes the place of scientific knowledge due to 

its often-mentioned dependencies. 

In agriculture, the term modernization is used in a variety of ways although a common 

thread runs through. The broad view of agricultural modernization stems from the general 

scope of modernization. Modernization allows for the transformation of agricultural practices 

from one that is traditional or manual to one that incorporates the use of modern science and 

technology to accommodate for growth and scale. Several uses of modernization in agriculture 

have also focused on economic impacts and gains (Dholakia and Dholakia, 1992; Yang and Zhu, 

2013). Chamala (1990) stated that modernization in agriculture is shown by two categories: 

agricultural technology generation and development and methods of planning and 

implementing agricultural or rural development projects. In relation to technology, another 

term that is used in agriculture is mechanization. Some would argue that there is some overlap 

between the two depending on the scope of the mechanization. In the broader context, 

mechanization does not only apply to the presence of mechanized or motorized items but also 

encompasses low-tech tools and aids such as simple hand tools and animal-drawn implements. 

Rijk (1999) goes to the extent of including items such as human-control substitution, farming-

system adaptation, and plant adaptation in a strategy towards agricultural mechanization. 

In the context of technology as a driver for agricultural modernization, the general 

understanding of the role of technology is that it is meant to help the farmer achieve a certain 

desired outcome that is better than when technology is not used. Some of these expected 

outcomes typically include an increase in profit, productivity, and yield as well as a decrease 

in cost, time, and manual labor requirements. However, mentions of unsuccessful technology 
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implementation in farms can be found especially for small farms in non-developed countries 

due to the gap that exists between expectations from research and the targeted users 

(Chamala, 1990; Starkey, 1988; Thandee, 1986). Additionally, with this recognition of 

challenges associated with advancing smallholder faming, recommendations have been made 

to view the issue is a manner that is site-specific and with considerations of potential social, 

environmental, and political consequences that they may result in (Rijk, 1999; Sarig, 2012; 

Sarig, 2005) which connects technology and modernization to socio-ecological frameworks. 

5.3 Transformations Introduced to the Region 

5.3.1 Mars Presence in East Luwu 

The cocoa industry is one in which many entities contribute to its value chain. Each of 

these entities, therefore, has their own goals and expectations from the commodity which leads 

to the many viewpoints of the cocoa industry from the different perspective of each entity. A 

surfacing discourse within the market and retailer level is the issue of the future sustainability 

of the world’s cocoa economy. Reports in recent years have suggested that there is a rise in 

consumption of cocoa-based products but uncertainty in supply to fulfill the demand. It has 

been estimated that the demand for cocoa products is expected to exceed 4.5 million tonnes by 

2020, with the global demand growing by two to three percent per year (Fairtrade Foundation, 

2016). In addition to productivity, another issue in the sustainability topic pertains to the 

livelihood of the cacao farmers (Nieburg, 2016). 

A noted challenge in cocoa production is the limited resources, infrastructure, and 

capacity building for cacao farmers (ICCO, 2012). Other issues that are also connected to cacao 

production include lack of appreciation for farmer contribution, exploitation of child and forced 

labor, and environmental concerns (Fairtrade Foundation, 2016). Initiatives have been put 

together by concerned consumers together with non-profit entities to advocate for the 

addressing of these issues (Barometer Consortium, 2015; Fairtrade Foundation, 2016). These 

initiatives signal the consumers' awareness and increasing demand for a transparent supply 

chain of their food and consumer products and have led to multiple certification programs as 

a way to provide transparency of the production chain to the buyers and consumers. This can 

constitute as the discourse from the consumer side in which if cacao production is to be 

sustainable, then social and environmental consideration must also be put in place in addition 

to economic gains. 

The cacao sustainability program which Mars implemented in East Luwu can be seen as 

Mars’ answer to this narrative. The program would act within the meso-scale, connecting the 

global cocoa industry concerns (macro-scale) with the actions of the smallholder farmers 

(micro-scale). The program initially started as a form of a mentoring forum for local farmers. 

Mars employed local personnel to connect and maintain relationships with farmers. It is 

through these relationships that modern knowledge relating of cacao farming is introduced to 

the farmers to improve and better their cacao farming outcomes. 

South Sulawesi went through a cocoa boom in the 1980s (Ruf, 1993), and this included 

the East Luwu region. For a couple of decades, the boom seemed to be persistent and put 

Indonesia on the map as one of the world’s top cacao producers. From the interviews, several 

farmers also share this sentiment and continue with stories on the decline of cacao production 

following this boom. Starting in the early 2000s, cacao in East Luwu were severely affected by 

pests and diseases. Many farmers recall the period and noted that during that time, many 

cacao farmers were deciding to leave cacao farming. 

Mars entered the area in the mid-2000s and started to guide farmers into returning to 

cacao. The most notable transformation that Mars provided at the time was the grafting 

technology and information on appropriate fertilizer and handling of pest and diseases. This 

allowed farmers to start working on their cacao farm with a different approach. Several 

farmers attributed the rise of cacao in recent years due to Mars’ presence in the area after the 
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decline. One farmer stated that if it were not for Mars, cacao would probably have not made a 

comeback. 

Since that time, Mars now has three divisions that support farmers in East Luwu. The 

first is the CDC/CVC. CDCs and CVCs are structured as a community-led support system for 

cacao farmers. The CDC/CVC program identifies local farmers in the area with leadership 

potential and then train them into ‘Cocoa Doctors’. Cocoa Doctors go through two types of 

training: agronomy training and business training. Upon completion of both types of training, 

there are considered as a Cocoa Doctor and are tasked with providing guidance to other 

farmers in the region. The second program in the Cocoa Academy. The Cocoa Academy provides 

education to local farmers on cacao farming. It is through the Cocoa Academy that Cocoa 

Doctors receive their training. The Cocoa Academy also often holds workshop open to all 

farmers in the area. The third program is the Cocoa Research Station (CRS). The CRS is a 

field laboratory and conducts scientific experiments that would add to the body of knowledge 

on cacao. A notable result from the CRS is from their breeding program which has allowed for 

the discovery of new clones which are then introduced to farmers. 

 

5.3.2 Categories of Transformations Introduced by Mars 

In providing meso-scale transformations, there are three areas of transformation: social 

capital, technological capital, and physical capital. Each category has specific items which were 

provided by Mars as a form of transformation contributing to the capital. 

Social Capital 
There are two items of transformation that contribute to the social capital of farmers: 

support from CDC/CVCs and farmer groups. These items provide organization and social 

networking between farmers in communicating and sharing information on cacao farming. 

Specifically for cocoa doctors, Mars CDC facilitates a social gathering for cocoa doctors once a 

month to share information and provide any form of farming assistance to a cocoa doctor in 

the group. 

Technological Capital 
There were many items of technology capital transformation that Mars have introduced 

to East Luwu farmers. The items are listed below. 

• New clones. New clones provided through the CRS are introduced to farmers. Farmers then 

can opt to experiment with the new clones and provide feedback on the results that they find. 

• Hand tools. The CDC/CVC and Cocoa Academy sometime provide hand tools such as scissors 

and knives to farmers, especially to Cocoa Doctors. These tools are mainly used in pruning 

and harvesting practices. 

• Grafting. Grafting technology was introduced by Mars to enable farmers having new sets of 

trees. It allowed them to remove decades-old trees that are past their production age. 

Grafting has rejuvenated cacao farming in East Luwu and is now considered a common 

practice. 

• Fertilizer. In the past, farmers were not aware of the appropriate type and amount of 

fertilizer for cacao. Mars provided information on appropriate fertilizer use and often act as 

mediators in acquiring otherwise hard-to-find fertilizers. 

• Sprayers. Mars provides information on the use of sprayers to prevent the spread of pest and 

diseases. They also hold workshops for farmers on recommended spraying practices. 

• Certification. Farms that are certified receive additional incentives. The CDC/CVC assists 

farmers in obtaining certification, most commonly from the Rainforest Alliance (rainforest-

alliance.org). Certification is also a way to provide transparency and accountability to end 

consumers on the farms' responsibility to also protect the environment and the community. 

• Pruning. Pruning has become a critical practice for farmers. The CDC/CVC and Cocoa 

Academy introduced best practices for pruning and often provides recommendations to 
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farmers on how and when to best prune their trees. 

• Daily price texts. Predetermined prices for beans is a major change for East Luwu farmers. 

The Mars Buying point sends out daily text containing price information for the day. The 

farmers can then make a decision based on this price on whether they would sell their beans 

that day. 

Physical Capital 
Three transformation items provided by Mars are considered to contribute to the physical 

capital: buying point, bean pickup vehicle, and building materials for grafting location. The 

buying point is a physical location where farmers can come to sell wet beans. Mars would then 

buy the wet beans and process it into dry beans in the processing facility also located within 

the buying point area. For farmers that are located in more remote areas, the buying point has 

a number of trucks which are tasked to collect beans from these areas. Farmers in a certain 

area would have a bean collection point where the pickup truck would come to take the beans 

to the buying point. Grafting locations are usually set up by farmers that have Cocoa Doctor 

status. The CDC/CVC would provide them with materials to build a grafting location which 

they would use to sell seedlings to farmers. 

5.4 Cacao Farming in East Luwu 

Cacao farming in East Luwu is done in manual and traditional ways. Hand tools are 

still the main equipment used in planting, pruning trees, and harvesting pods. With the 

absence of irrigation systems, smallholder cacao farms are mainly dependent on the rain for 

water. Hand-sprayers may be found in some farms to spray pesticide. To carry or transport 

the fruit, sacks and wheelbarrows are used. Overall, the cacao farming process requires a 

significant amount of manual labor work. 

 

5.4.1 Cacao Farmers of East Luwu 

Indonesia is an ethnically diverse country and East Luwu is a region which reflects this 

diversity. The residents of East Luwu often refer to the area are as ‘small Nusantara’ where 

Nusantara is an Indonesian term used to refer to the Indonesian archipelago. This is due to 

East Luwu being a destination for transmigration, a national migration program which 

relocates people from densely populated areas (mostly in the Java island) to less dense areas 

such as in the Sulawesi and Kalimantan (Borneo) island. Cacao farmers in East Luwu, 

therefore, have origins from all around the country with a range of ethnical backgrounds. The 

different ethnic groups employ different preferences in the way they farm. There are farmers 

that grew other crops before coming to East Luwu, such as rice and oil palm, while for others 

cacao is their first farming experience. The varying farming experience background also 

contributes to the different approach in which farmers conduct their farming practices. The 

diversity in backgrounds among farmers is likely a factor in forming their traditional 

knowledge. 

A common example given on the differences in the background is the involvement of 

women in farm activities. There are ethnicities that welcome and even encourage women 

working in the farm while others, viewing women as precious and need to be protected, prefer 

that they avoid working outdoor in the farm since it is deemed not appropriate for women. 

Whether women are involved or not in fieldwork, they still play a big role in the farming 

process, although task division is usually gender-based. A typical arrangement is that the 

women would help with tasks considered as less risky such as cleaning the farm, low pruning, 

and cleaning of harvested beans. The men, meanwhile, will engage in tasks considered riskier 

such as detaching fruits, high pruning, spraying, and transporting harvested items. Children 

are also often made involved in the activities. Their tasks would differ depending on their age 

and gender. Younger and female children would help adult women while older male children 

may be tasked to help adult men. Another example of the gender-based task division is for 
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sorting of harvested wet beans. Sorting of wet beans requires patience and attention to detail, 

which are traits that are reserved more for women. Even when women are not involved in field 

work, it is not unusual for the men to bring harvested beans to an indoor or shaded area where 

women would then do the sorting. 

Other big roles in which women are involved in is the management of the farm, especially 

related to the business and financial aspects. During interviews, there were several occasions 

where the question on annual yield was asked to farmers (who were mostly male), and they 

would reply by saying that they would need to ask their wives for the numbers. There were 

other comments which mentioned that a farmer would need to convince his wife that buying 

fertilizer, or any other farm-related material, is worth the investment. This implies that 

women have a level of control over how money for farming is spent. Despite the role of women 

in the operation of the farm, when using the term ‘farmer’ in the area, it usually refers to the 

men in the family. All farmers that were interviewed were all men, although in a couple of the 

interviews, the wife was present and participated in the interview together with her husband. 

Cacao farmers in the area vary in age and span from late teenagers to persons over sixty 

years of age. All farmers that were interviewed stated cacao as their main source of income 

although several also plant crops as side ventures such as corn and pepper. Although there are 

other competing crops in the region, mainly rice and oil palm, farmers attributed cacao’s ease 

and flexibility as one of the reasons for deciding on cacao. In cacao farming, all family members, 

from young to old, can participate in the farming activities. Another reason is that with Mars’ 

buying point, farmers now have a level of certainty that there are buyers for their beans. 

Farmers in East Luwu have a mostly optimistic outlook on the future of cacao in the region. 

Many expressed there content and continued commitment with cacao as their main source of 

livelihoods. 

Some farmers in East Luwu were given the title of ‘Cocoa Doctor’ due to completing both 

an agronomy and business training held by Mars Cocoa Academy. Cocoa doctors are farmers 

identified as having entrepreneurial skills and receives support from Mars Cocoa Development 

Center (CDC) to form their own Cocoa Village Center (CVC) which serves as a hub for 

surrounding cacao farmers to gather and learn new information from the cocoa doctor. 

 

5.4.2 Growing and Harvesting Cacao  

The main commodity of the cacao plant is in the form of beans. Cacao grows in the form 

of a tree and is commonly found growing in an agroforestry setting together with accompanying 

shade trees or in a monoculture setting. Both systems can be found in East Luwu depending 

on the farmer’s preference although many still have shade trees and other crops grown in their 

cacao farm. 

Cacao trees can grow very high, upwards of five meters tall. In East Luwu, however, it 

is common practice to keep trees between three to four meters tall. Spacing between trees 

varies, ranging from 2.5 meters to 4 meters between trees. The number of trees in a hectare 

thus vary depending on the tree spacing. The trees produce fruit that is also known as pods. 

The beans are located inside the pods. 

Pods are of oblong shape with conical ends and have longitudinal ridges on their surface. 

They range in size and color depending on the variety. Popular varieties in East Luwu range 

from 15 to 20 cm in length, average 10 cm in diameter, and are either dark red or green in 

color. To harvest the beans, the pod’s shell, also called husk, is cracked open and the beans are 

pulled or scraped out.  
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Growing cacao 
For cacao farmers in East Luwu, the study by Reyes-Garcia et al. (2014) reflects a similar 

example of a currently undergoing transformation. Farmers are discovering and 

experimenting with new cacao clones to replace decades-old local varieties. Their knowledge 

structure on crops are therefore being challenged by this transformation since their traditional 

knowledge of the current local varieties would need to adapt to the changing circumstances. 

Growing cacao in East Luwu includes practices such as grafting, planting, applying 

fertilizer, spraying, and pruning. Grafting is a technique that has been introduced to East 

Luwu only within the last decade. There are two types of grafting: side grafting and top 

grafting. Side grafting is done to rehabilitate older trees to prolong its production while top 

grafting is done to make seedlings for planting or replanting of new trees. Planting or 

replanting of new trees is done by manually digging a hole and inserting a seedling together 

with a handful of fertilizer. After the tree is planted, the application of fertilizer is also done 

manually by taking a handful of fertilizer and applying it to the base of the tree trunk. 

Spraying is done to prevent the spread of pests and diseases. Pruning is done for multiple 

reasons. The first is to shape the tree so that it does not grow too tall and too wide. This allows 

for easier harvesting and gives space for pods to grow. Another reason for pruning is also to 

prevent the spread of diseases which can be caused by the touching of leaves between trees. 

Harvesting pods 
Harvesting of cacao starts with harvesting the pods from the tree by detaching it from 

the trunk or branch of the tree. Farmers typically expressed their harvesting interval as twice 

a month or every 15 days. The tool used to harvest cacao pods is referred to as ‘penjolok’ which 

is the local language term for a blade head attached to a handle approximately 2-4 meters in 

length. Descriptions of harvesting pods mentioned by farmers agree with the description found 

in the literature. Harvesting of pods is done at intervals of 10-15 days by cutting the stalk of 

the pod using a blade-attached tool such as a knife, machete, scythe, sickle or pruning 

equipment (Adabe and Ngo-Samnick, 2014; ICCO, 1998; Knapp, 1920; Whymper, 1912). There 

were mentions of the importance of taking care of the flower cushion during harvesting pods. 

The pods grow on the flower cushion, and it is important that during detachment of the pods 

the flower cushion not injured. If damaged, the fruit cushion will not produce pods anymore. 

Therefore, if farmers were to hire workers, they prefer those with experience in correctly 

detaching pods. 

Collecting and selling beans 
After pods are harvested, farmers then split open the pods using sharp hand tools such 

as a knife, sickle, or machete. Wet beans are then collected from the pod. During peak harvest 

season around June and November, farmers can collect 2 to 4 times more beans than the rest 

of the year. When it is not peak harvest season, farmers can collect 1 to 3 sacks of wet beans. 

One sack typically can hold approximately 60 kg of wet beans. The wet beans need to be 

cleaned and sorted. Those that are damaged or infested with pests are thrown out. Only beans 

of good quality are kept for selling. As with harvesting pods, if farmers heed to hire workers to 

clean and sort wet beans, they prefer those that are experienced and know what to look for. 

A harvesting session typically lasts one full day, although when there are more pods to 

harvest by the end of the day, the harvesting continues to the next day. Beans are carried to 

and from the farm in sacks or buckets mounted onto motorcycles. Depending on the number of 

pods to harvest, farmers opt to either do have themselves and just their family to help to 

harvest or hire additional people to help. During peak season, farmers can hire up to 4 people 

to help in their farms. When there are not many pods to harvest, farmers typically do not hire 

workers. 

There are currently two ways that farmers can sell their beans in the region: as dry 

beans or as wet beans. In the past, the only option was to sell dry beans. However, in the recent 

couple of years, Mars has enabled the selling of wet beans through their buying point. The 
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drying process is weather dependent and relies on the sun, so it is risky and takes more time 

and effort. Because of this, most farmers welcome the option to sell wet beans and all 

interviewed farmers stated their preference now is selling wet beans than dry beans. 

However, farmers now must pay more attention to the quality of the beans that they 

harvest. This is due to standards for bean quality that the buying point upholds. To be accepted 

by the buying point, the beans’ brix level is measured and must pass the standard level 

imposed by the buying point. This emphasis on quality can be considered as a modern 

intervention since previously farmers did not have concerns related to quantifying the quality 

of their beans. They must now impose this modern knowledge of bean quality into their 

knowledge structure. 

 

5.4.3 Location-based Challenges 

Another diverse characteristic of East Luwu cacao farmers is due to the diverse 

landscape of the region. East Luwu has both mountains and flatlands within its area. Farmers 

can have farms located at any landscape, which then affects the way farming practices are 

conducted. Though this may not apply to all farmers, some farmers are not able to choose 

where their farm is located. This is because people that participate in the transmigration 

program are given two hectares of land to farm in the destination area. This is often a reason 

why farmers have farms in areas that are geographically challenging to access. Farmers also 

inherit land from their parents and choose to continue working on it than finding land in a 

new location. 

Despite the presence of geographical constraints, several farmers have expressed that 

they accept facing these challenges because they are happy with the quality of the cacao grown 

in their difficult-to-access land. Examples of this are farmers with farms located in the 

mountains and across from a river. There were farmers who commented that they are 

producing good quality cacao in the mountains and thus will continue to grow their cacao on 

that land. A couple of the farmers that were interviewed had farms located across from a river. 

Every day they would cross the river with a tube to get to their farms since there are no bridges 

and the road route that goes around the river takes longer to pass that directly crossing the 

river. They would also transport their beans across the river and mentioned that it is not 

unusual to transport motorcycles across the river since they need them to carry fruit and beans 

from the farm to the river. 

These farmers expressed their satisfaction with their land even though it requires a 

considerable amount of effort to access. They also commented that they would continue to grow 

cacao there despite the challenges. This applies to facing flooding events as well. Depending 

on the location of the farm, flooding can deter the process of harvesting and maintaining the 

farm. Farmers whose farms risk flooding acknowledge this as a challenge yet have stated that 

they would typically cope with it and adjust their farming schedules around the flood. Mostly 

this involves waiting out the flood until it is safe and suitable for them to go back to the field. 

The decisions in which farmers make in facing challenges may likely result from their socio-

ecological knowledge and understanding of their capabilities in relation to their surroundings. 

Although challenges are present, a benefit of cacao identified by farmers is that it provides a 

consistent flow of income due to the all-year-round harvest.  

5.5 Emerging Themes Relating Farming Challenges and Transformations to 

Farmer Knowledge Structure  

Five emerging themes were identified as themes that relate farmers’ challenges and 

response to transformations to their knowledge structure (TK, SES, and MD). The five themes 

are farm location, selling of wet beans, labor availability, distribution of information, and pests 

and diseases. 
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5.5.1 Farm location: Good beans means good land 

The knowledge for farm location is still mostly constructed by TK and SES. This is likely 

due to farmers owning land in which they did not select the location for. When dealing with 

decisions related to their farm location, farmers still rely on their experiences and interaction 

with the environment. As previously described, many challenges concerning the farm location 

are due to geographical and weather constraints. Although sentiments were made on how 

better roads or bridges would be nice to have, the lack of these does not prevent farmers from 

keeping or working in their current farms. This may also be likely due to Mars accommodating 

for these geographical challenges by coming to the farmers instead of asking farmers to come 

to the transformation items. The bean pickup system provided by the buying point eliminates 

the access gap previously presented by geographical constraints. The farmers need not travel 

through difficult terrains to sell beans. All they are required to do is collect their beans at a 

designated location within easy distance from there farm. Vehicles from the buying point then 

come to these collection points to buy the beans and them to the buying point. 

Although the provision of bean pickup services is in itself a form of modernization, it 

influences the farmers' knowledge of their farming practices but causes a lack of incentive for 

farmers to think of their farms within a more modern outlook where areas with better access 

may provide better farming outcomes. Instead, farmers decide on their land based on 

knowledge from their experience. If the land provides them with good cacao, the location is not 

an issue that needs solving. They will find a way to manage with the means that they have. 

Additionally, farmers have commented on the difficult and discouraging process of requesting 

for construction or maintenance of road or bridge access, mainly due to lack of funds and 

complicated bureaucracy.  

The exception to this is the building of grafting locations, which applies modern 

knowledge of accessibility. Farmers who utilize their grafting skills as a business venture 

consider location and access as a factor. It is important to them that other farmers can easily 

find the location of their grafting business and that it allows for sufficient transport access to 

allow for distribution of seedlings in large amounts. 

 

5.5.2 Preference in selling wet beans 

Due to Mars entering the local bean market scene with the option to sell wet beans, 

farmers have been pushed to incorporate modern knowledge of cacao into their knowledge 

structure. Two main reasons for this are price and quality requirements. 

In the past, farmers sell beans in dry form to local middlemen. These farmers do not 

have power over the price and often have to accept the price offered by the middlemen. When 

farmers sell to middlemen, they do not know beforehand of what their beans would cost since 

prices are determined on the spot after the middlemen inspect the beans. Several farmers have 

commented that they had no choice other than to accept the offered price even though it is 

lower that they had expected. A reason for this is because they fear they may not find other 

buyers and since they need the money, they would reluctantly sell the beans despite the lower 

price. 

The current pricing system for wet beans set by Mars is one that utilizes information 

technology. Farmers can subscribe to daily price texts sent by the buying point. Every day, the 

buying point send out a text with information on the days bean price. The farmer then 

considers these prices and decide whether they would sell their beans that day. This gives them 

a sense of control over their income as they can decide beforehand if the price set for the day 

is in their favor. Price information also gives them the ability to plan for their financial needs. 

By knowing the price beforehand, they can adjust the amount of beans that they will harvest 

or sell based on their financial needs. Furthermore, they are able to estimate how much money 

they will be bringing home after a harvest session, which also allows them to budget their 

expenses. 
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Quality of the beans was a factor that farmers did not pay attention to as much in the 

past. Although local middlemen would inspect the dry beans, farmers feel that the decision 

based on quality is out of their control due to the subjectivity. With Mars’ wet bean buying, the 

buying point uses quantified measurements of the beans to determine its quality. This provides 

objectivity to the concept of bean quality for farmers, and they are now made aware of the 

standard that their beans need to pass. Due to this, farmers utilize their capital, current and 

new, to maximize the quality of beans that they produce. 

Another aspect of the wet beans pricing in relation to quality is that Mars offers 

additional incentives that would allow farmers to receive more money for their beans. Two 

examples of this are brix value and certification. If farmers bring beans with brix levels that 

are above a certain value, they receive more money per kilogram of beans they bring. If farmers 

are certified based on the Rainforest Alliance certification, they also receive more money per 

kilogram of beans. 

Although most of the farmers' knowledge structure for the wet bean market is affected 

by modern knowledge, there are items which still incorporate TK into the knowledge structure. 

Even though these items are being transformed, farmers still base their decision on knowledge 

from experience. An example of this is with new clones and hand tools. In addition to modern 

knowledge of the market, for these items, farmers still rely on their experience and 

observation, such as understanding how different clones may produce different quality beans 

and the best ways in using traditional tools to harvest more and better quality.  

 

5.5.3 Labor: Trust the Skilled and Experienced 

Labor needs and availability is a theme that still mostly incorporates combinations of 

TK and SES in the knowledge structure, although several items or transformation have 

enabled MD to be considered in the mix. The main conversation on labor revolves around the 

importance of hiring people which farmers have trust in their skills and experience. This is 

mostly evident in finding the labor for practices that are critical to the bean quality such as 

pod picking, pod splitting, bean sorting, and pruning. For these practices, farmers prefer not 

to take risks and opt to hire those whose experiences they are familiar with. Several comments 

from farmers are in agreement that the difficulty in hiring labor lies in finding people that 

they deem qualified to work for them. This implies that although no formal hiring process is 

present, farmers still undergo a selection process for the labor they hire based on their 

experience, observations, and word from peers and relatives. Once a farmer finds a good fit in 

a worker, they will likely hire the same worker again as they trust and are familiar with the 

worker’s work. Some farmers commented that in their area, experienced labor is scarce so 

farmers in the area must work together and schedule workdays, which would allow them to 

take turns in hiring labor.  

Modern knowledge contributes to labor selection when items of transformation involve 

quality of beans and a new form of technology and information. The transformation in physical 

capital is mostly related to the option of selling wet beans based on their quality. This is due 

to the need for additional workers to physically sort and clean wet beans. Resulting in good 

quality beans. Additionally, farmers also consider the quality of beans when hiring labor whose 

would pertain to the bean quality, such as pruning. For physical capital such as grafting, 

spraying, and certification, usage of these items is considered as new practices containing new 

information and technology for farmers. Selection of hires labor to conduct the process, 

therefore, must adhere to the procedure required by these new practices. 

 

5.5.4 Distribution of Information: Show, not tell 

In conversations on how farmers receive and give information to other farmers, there is 

a consensus that showing is better than telling. Most farmers support the notion that when 

introducing or communicating new information on cacao farming, having the farmers see and 
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experience themselves if more effective than telling the farmer why they need to accept the 

information. 

This way of having to ‘see with their own’ eyes is a strong reflection of TK and how is it 

built from experiential sources and individual observations. Farmers also exchange 

information with other farmers, and it is common for farmers to share their experience 

regarding a specific farming practice based on the environment of their farm. An example of 

this is the exchange of information on new clones. Farmers that have experimented with a new 

clone would share their results with other farmers to which they would then make conclusions 

about the clone based on their collective observations. A farmer in the mountains might 

experiment with a type of clone, and it gave them high yield but was susceptible to diseases 

while another farmer whose farm is in a flat area near a river would have the opposite result. 

These farmers would then combine their observations and share their findings with other 

farmers who would decide whether to use the clone based on this information and their own 

situation. 

In addition to TK, SES also dominate in information distribution. This was shown from 

comments by farmers disapproving of the way that some government extension agents 

disseminate information. A common way for the distribution of information by extension 

agents is through a lecture format where they would provide recommendations to farmers on 

ways to improve their yield and farm conditions. Farmers feel that they are unable to absorb 

information this way and return to the argument that they need to see for themselves that a 

recommendation has indeed proven to give concrete results. Thus, farmers prefer having 

‘demonstration plots’ as opposed to lectures. Demonstration plots are areas of land grown with 

the purpose to show farmers what a type of clone looks like, how it grows, and how it needs to 

be maintained. A farmer that has been in connection with Mars from the beginning mentioned 

that this was the strategy that Mars used to gain the farmers’ attention. This approach 

combined with Mars’ continued network with farmers have been attributed as the reason 

farmers consider Mars as a trusted source for new information on cacao. Demonstration plots 

are also done by farmers to showcase to other farmers. The social aspect of the distribution of 

information is prominent in situations such as these. 

 

5.5.5 Pest and Diseases: Prevention efforts 

As previously mentioned, pests and diseases were big factors in causing the decline of 

East Luwu cacao in the early 2000s. At that time, farmers had neither knowledge of the types 

of pests and diseases nor on how to handle them appropriately. Mars brought in 

transformations in the form of modern knowledge on pests and diseases and spraying 

technology. These contributed to the knowledge structure of the farmers where most of their 

knowledge on facing pests and diseases is based on modern knowledge introduced by Mars. 

The exception to this may be the use of hand tools. When farmers decide to use hand tools, the 

decision is not affected by modern technology concerning pests and diseases. Farmers use hand 

tools based on their experience, and their use is typically needs-based depending on the 

condition of the trees. 

5.6 Conclusion 

The purpose of this study was to connect certain knowledge systems of smallholder 

farmers with transformations that are impacting their farming practices. For the case of cacao 

farmers in East Luwu, three types of knowledge frameworks were used to construct a farmer’s 

knowledge structure. The three knowledge frameworks are traditional knowledge, socio-

ecological, and modernization. Smallholder farmer responses in interviews, conversations, and 

gatherings provided insight on how their knowledge structure forms in response to 

transformations provided by external sources. Additionally, information collected on the way 

farmers conduct cacao farming activities were useful to identify various farming challenges 
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faced by farmers and how transformations may have affected them in addressing these 

challenges. 

Five emerging themes were identified as showcasing relations of farmer’s challenges and 

response to transformations to a farmer’s knowledge structure. The five themes were farm 

location, selling of wet beans, labor, distribution of information, and pests and diseases. 

Farmer knowledge structure for each theme, in relation to transformations associated to the 

theme, is formed by combining the three knowledge frameworks. 

The socio-ecological framework is present when associated with both traditional 

knowledge and modernization. However, the presence of traditional knowledge may not 

necessarily be associated with modernization and vice versa. There are themes that do 

incorporate all three frameworks in the knowledge structure for certain transformations. This 

shows that the use of the three frameworks should not be considered separately but should be 

viewed together as a group where the relationship between them is either complementary of 

overlapping. 

The approach used in this paper has shown that the knowledge structures of farmers 

evolve with the presence of transformation. However, not all transformation should be viewed 

equally as each transformation creates a unique knowledge structure where the composition 

between traditional knowledge, socio-ecological knowledge, and modernization may differ 

between each item of transformation. A broader implication for this may apply when 

considering transformations that are systemic or large-scale. The composition of the farmer’s 

knowledge structure of a topic in response to a large-scale transformation may affect how 

farmers perceive the transformation and consequently affect the eventual actions that they 

decide to pursue.
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Chapter 6  – CONCLUDING REMARKS 

 

The problem statement for this dissertation was that there is a need to assess the manual 

cacao harvesting activity to enable the development of appropriate potential technological 

advancements that meet the demands and expectations of both the farmers and the industry. 

To address this problem, the purpose of the studies in the dissertation was to further develop 

an understanding of the manual cacao pod harvesting process from the viewpoints of multiple 

factors associated with cacao harvesting which included technical, environmental, economic, 

and social factors. 

6.1 Technical Factors of Manual Pod Harvesting: Motion-Time Study and 

Mechanical Design 

Harvesting of cacao pods is a tedious and labor-intensive process. The technical factors 

of manual pod harvesting were studied through an engineering perspective. A motion-time 

study and a mechanical design approach were applied to address the technical factors 

presented by the manual harvesting of cacao pods. 

Activities in manual pod harvesting require many sets of motions to conduct the 

process of removing ripe pods from the tree. Identifying these motions and how they contribute 

to the purpose of the process could be useful in determining engineering solutions that could 

advance manual pod harvesting activities. A visual-based and motion capture approach was 

used to conduct a motion and time study. 

With the motion study, motions manual pod harvesting were captured, identified, and 

grouped into tasks. The results showed that the process of manual pod harvesting could be 

divided into four main tasks which are searching for pods to harvest (Search), severing of pods 

from tree (Sever), picking up of pods from the ground (Pick up), and carrying of pods to a 

designated collection point (Carry). An accompanying time study was also done to measure 

time usage of each task. Information on how much time a particular task takes up in the 

process is also useful for evaluating how technological advancements can save or maximize 

time throughout the process. The study only measured for Search, Sever, and Pick up due to 

Carry not being part of the observed process. The average allocation of time for Search, Sever, 

and Pick up as a result of the visual study were 49%, 33.2%, and 17.8% of the time, 

respectively. With the motion capture procedure, classification algorithms were used to classify 

motion in tasks. Time usage for each task was then calculated from the classified tasks. The 

procedure was able to produce time usage values similar to the visual-based results, although 

they varied based on the way the classification models were developed. 

Dividing the process into tasks allowed for each task to be studied separately in terms 

of the engineering and logistical requirements that would allow for the task to be advanced 

with the help of technology. By studying the motions in the manual pod harvesting process, it 

was possible to identify points in the process where technological advancements could likely 

bring improvements to the process. 

The other study done to address the technical factors of the pod harvesting process was 

through designing a mechanical pod pick up mechanism. A mechanical mechanism to pick up 

pods from the grounds could reduce or eliminate the need for a pick up task in the pod 

harvesting process. The pick up mechanism was conceptualized and designed as part of a pod 

pick up system. The principle of the design was that pods were to be picked up by being caught 

in between tines protruding from a wide wheel. To support further modifications needs that 

may arise due to variation in pod characteristics and farm conditions, the design was made to 

be modular to allow for flexibility in adjusting. A prototype was developed for the design and 
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tested for its pick up performance. The system was shown to pick up pods but limitations in 

the operation and design of the system prevented the system from picking up all pods that 

were fed to it. 

Although further improvements are still required to better the performance of the 

designed pick up system, the study showed that means of developing technology for harvesting 

practices based on observing the tasks of the manual harvesting process is possible and would 

likely provide insights on how to further advance the task. According to the results of the 

motion study, the pick up task can take up 15-20% of the total pod harvesting time. If 

technological advancements are made to address the pick up task, the time typically used to 

pick up pods could instead be allocated to tasks such as severing pods so that more pods can 

be harvested during the pod harvesting process. 

6.2 Environmental and Economic Factors of Cacao Harvesting: Systems 

Study 

A system study for cacao harvesting was conducted to address the environmental and 

economic factors associated with activities of cacao harvesting. With the systems study, the 

viewpoint of cacao harvesting advancement is expanded to include factors beyond the technical 

requirements of engineering improvements for the harvesting process. 

The systems study utilized the framework of a coupled human-natural system (CHANS) 

to identify relationships between occurrences of cacao harvesting activity and potentially 

influential factors that are not otherwise obvious when considering technological 

advancements. This included factors in weather changes and bean price influence in farmers 

decision-making to harvest. A model was constructed from these relationships, and following 

the CHANS approach, components of the model were composed of natural elements and 

human elements. Changes in weather was included as a natural element, while bean price was 

one of the components associated with the human element. Other components included pest 

severity, labor requirement, and farmer’s profit expectation. Weather variables formed the 

Production variable, which showed how much cacao is produced based on the availability of 

natural resources. Bean price was thought to affect the farmer’s decision to harvest and thus 

was considered as a human element in the form of the Price variable. The Production variable 

together with Price variable served as inputs to the model while Yield and Harvest were the 

out variables. The Yield variable represents the amount of cacao available for harvest while 

the Harvest variable represents the amount of cacao that is harvested. The occurrence of a 

harvest activity is detected from the value of the Harvest variable. 

The model was able to show yearly and seasonal variations in harvesting occurrences. It 

was also able to detect changes in harvesting occurrences due to changes in weather, bean 

price, labor availability, and profit expectations. The model serves as a framework and tool to 

observe dynamics between relationships. Understanding of relationships that affect manual 

harvesting process could help inform how technological advancements would fit into the 

current dynamics of the cacao harvesting systems and how they could potentially offer an 

advantage to the harvesting process based on constraints or benefits caused by the presence 

of environmental and economic factors. 

6.3 Social Factors of Cacao Farming: Case Study of East Luwu 

Cacao harvesting is a part of the overall cacao farming activity. When farming cacao, 

smallholder farmers tend to think of the process as a whole, although still acknowledging that 

there are many different parts of the activity. This study was intended to approach the 

investigation of social factors associated with cacao farming, and thus cacao harvesting, 

through a case study of smallholder cacao farming in the region of East Luwu, Indonesia. 

The case study explored cacao farming challenges, farmer’s knowledge structure, and 

farmer responses to transformations in cacao farming practices based on observations and 
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responses from smallholder farmers in East Luwu. The East Luwu region served as a unique 

case study due to the presence of an external entity in the region that have been introducing 

farmers to various forms of transformations for cacao farming practices. The study sought to 

connect how farmers perceive these transformations in relation to the challenges they are 

facing and their knowledge structure of the transformation item. Farmers identified 

challenges in many parts of the cacao farming activity, including in harvesting, farm 

accessibility, and labor availability. The knowledge structure used in the case study was based 

on three theoretical knowledge frameworks: traditional knowledge, socio-ecological systems, 

and modernization. From the observations and farmer responses in interviews, gatherings, 

and conversations, five themes emerged which relate challenges and knowledge structure with 

responses to transformations. The five themes are farm location, selling of wet beans, labor 

availability, information distribution, and pest and disease prevention. In perceiving a 

transformation, a farmer can construct their knowledge of the transformation using one or a 

combination of the knowledge frameworks. This meant that when faced with a transformation 

of their current ways, farmers may respond to it in different manners based on what the topic 

or issue covers. 

This study showed that social factors could influence a farmer’s response to a 

transformation. In relation to technological advancements, if advancements were to be made 

for particular farming practice, it will bring a transformation to the practice in which farmers 

would have to perceive to allow them to decide how to respond to the transformation. The 

implication is that having or developing a technological advancement is only one part of the 

equation. Another part exists in understanding how farmers will respond to the advancement 

in relation to their current identified challenges and how they form their knowledge structure 

on the advancement. 
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APPENDIX A – R SCRIPT FOR CLASSIFICATION OF ANGLE DATA 

Main code to train and test classification model with SVM RBF algorithm (1 of 2) 
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(continued) Main code to train and test classification model with SVM RBF algorithm (2 of 2) 

 
 

 

Code for libraries sourced into main code 
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Code for functions sourced into main code (1 of 3) 
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(continued) Code for functions sourced into main code (2 of 3) 
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(continued) Code for functions sourced into main code (3 of 3) 
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APPENDIX B – WEIGHT AND DIMENSIONS OF PRINTED PODS 

Table A.1 Weight and Dimensions of 3D-printed Pods Used in 

Pick Up System Performance Tests 

Pod # 
Weight 

(g) 

Length 

(mm) 

Diameter 

(mm) 

1 523.0 183.0 85.0 

2 473.0 174.0 83.0 

3 358.0 180.0 87.0 

4 485.0 190.0 87.0 

5 502.0 185.0 82.0 

6 379.0 180.0 86.0 

7 523.0 180.0 87.0 

8 453.0 172.0 85.0 

9 286.0 167.0 83.0 

10 489.0 187.0 88.0 

11 320.0 165.0 82.0 

12 478.0 192.0 93.0 

13 478.0 190.0 94.0 

14 581.0 178.8 88.7 

15 601.0 178.8 88.8 

16 641.0 178.9 88.5 

17 680.0 188.0 93.7 

18 721.0 188.3 93.5 

19 760.0 196.0 97.5 

20 800.0 196.0 97.0 

21 851.0 240.0 98.0 
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APPENDIX C – PODS PICKED UP IN PICK UP SYSTEM PERFORMANCE TEST 

 
Figure A.1 Pods picked up during pick up system performance test on asphalt surface. 

Yellow boxes show pod as picked up, red boxes show pod as not picked up. 

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

1 V V V V V V V V V 1 X X X X V X X V X

2 X V V V X X V V X 2 X V X X X X X V X

3 V V V V V V V V V 3 V V X V X X V X V

4 V V V V X X X V X 4 V V X X X X V X X

5 X X V V V V V V X 5 X X X X X X V V V

6 V V V V V X V V V 6 X V V X X X X V V

7 V V V V V V V V V 7 V V X V V V X X V

8 V X V X X V X X V 8 X X X V X V X X X

9 V V V V V V V V V 9 V V V X X X V V V

10 V V V V V V V V V 10 V V V X X V X V X

11 V V V V V X X V V 11 V X X V X X X V V

12 V V X V X X V V X 12 V V V V X V X V V

13 V V V X X V V V V 13 V V V V V V X X X

14 X V V X X X X V V 14 V V X X X X X X V

15 X V V V X X V V V 15 X V V X X V X X X

16 V X V V X V X X X 16 X V X X V V X V X

17 V V V X V V V V V 17 V V V X V X V X X

18 V X V V V X X X X 18 X V X V V X X V X

19 V V X X X V V X V 19 V V X X V X X V X

20 X X X X X X X X X 20 V X X X X X X V X

21 X X V X X X X V V 21 V V X X X V X X X

Total pods 

picked up
15 15 18 14 10 11 13 16 14

Total pods 

picked up
13 16 7 7 7 8 5 12 8

Total pods not 

picked up
6 6 3 7 11 10 8 5 7

Total pods not 

picked up
8 5 14 14 14 13 16 9 13

Percent pods 

picked up
71.4% 71.4% 85.7% 66.7% 47.6% 52.4% 61.9% 76.2% 66.7%

Percent pods 

picked up
61.9% 76.2% 33.3% 33.3% 33.3% 38.1% 23.8% 57.1% 38.1%

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

1 X V V V V X X X X 1 X V V X X X V V V

2 X X X V X V X V X 2 X X X X X X X V X

3 V V V X X V X V V 3 V X V V X V V X V

4 V V V X V V V X V 4 V V X V V V V X X

5 V V X V X V V V V 5 V V X X V V V X V

6 V V V V V V V X V 6 V V V X V V V V V

7 V X V V V V V V V 7 V V V V X V V V V

8 X X X X V X X X V 8 X X V X X X X X X

9 V V V V V V V V V 9 X X V X V V X X V

10 V V V V V V V V V 10 X V V X V V V V V

11 V X V V V V X X V 11 V X X X V V V V V

12 V V V V V V V V V 12 X X V V V V V V X

13 V V V X V V V V V 13 V V X V X V X V V

14 V V X V V X X X V 14 X V V V X X X V V

15 V V X V X X V V V 15 V X V X V X X V V

16 V V V X X V X X X 16 X X X X V V X V X

17 X V V V V V V X V 17 X V V X X V V V X

18 X X V V X X X V V 18 X V V X V X V V V

19 X V V X V X V V V 19 V X V X X X X X V

20 X X X V X X X X V 20 X X V X X X V X V

21 X V X X X X V X X 21 X V V X V X V X X

Total pods 

picked up
13 15 14 14 13 13 12 11 17

Total pods 

picked up
9 11 15 6 11 12 13 13 14

Total pods not 

picked up
8 6 7 7 8 8 9 10 4

Total pods not 

picked up
12 10 6 15 10 9 8 8 7

Percent pods 

picked up
61.9% 71.4% 66.7% 66.7% 61.9% 61.9% 57.1% 52.4% 81.0%

Percent pods 

picked up
42.9% 52.4% 71.4% 28.6% 52.4% 57.1% 61.9% 61.9% 66.7%

Angled orientation Assorted orientation

Pod #

Was the pod fully picked up and collected on this push?

Pod #
Was the pod fully picked up and collected on this push? Was the pod fully picked up and collected on this push?

Parallel orientation

Pod #

Perpendicular orientation

Was the pod fully picked up and collected on this push?
Pod #
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Figure A.2 Pods picked up during pick up system performance test on grass surface. Yellow 

boxes show pod as picked up, red boxes show pod as not picked up. 

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

1 V X X V V X V V X 1 X X X X X V X V X

2 X X V V V X V V V 2 X V V X V V V X X

3 V V V V V V V V V 3 V V X V V V V V V

4 V X X V X X V V X 4 X X V X X X X X X

5 X X X X X V V V X 5 V X X X V X X V X

6 V V V V V V X V V 6 X V X V X X V V X

7 X X X V V X V V X 7 X X X V V X X X X

8 V V V V V V V X V 8 X X X X X X X X V

9 V X V V X V V V X 9 V V X V V V V V X

10 V V V V V V V V V 10 V X X X V X V X X

11 V V V V V V V V X 11 X X V V X X X X X

12 V X X V V X X V V 12 X V X X X X X V X

13 X V V V V X X V V 13 X X X V V X V V X

14 X V V V V X X V X 14 X X X X V X X X V

15 V V V V V X X V V 15 X X X V X X V X X

16 V V V X X X X X X 16 X X X X X X X X V

17 X X V V V X V V V 17 X X X X X V X X X

18 X X V X X X X X V 18 X X X X X X X X V

19 X X X V X X V X X 19 X X X X V V X X X

20 V X X X X X X X X 20 X X X X X X X X X

21 X V X X X X V X V 21 X X X X X X X X X

Total pods 

picked up
12 10 13 16 13 7 13 15 11

Total pods 

picked up
4 5 3 7 9 6 7 7 5

Total pods not 

picked up
9 11 8 5 8 14 8 6 10

Total pods not 

picked up
17 16 18 14 12 15 14 14 16

Percent pods 

picked up
57.1% 47.6% 61.9% 76.2% 61.9% 33.3% 61.9% 71.4% 52.4%

Percent pods 

picked up
19.0% 23.8% 14.3% 33.3% 42.9% 28.6% 33.3% 33.3% 23.8%

1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

1 X X V X X X X X V 1 X X X V X V X X X

2 V X X X X X V V V 2 V X V V X X X X X

3 V V X X X X X V V 3 X X V X X X V V X

4 V V X V X X V X X 4 X V V V X X V X V

5 V X X X V V X X X 5 V X V X X V V V V

6 V V X X V X V X X 6 V X V X V X V V X

7 X V V V X X X X V 7 V V X V X V X X V

8 X V X X X V X X V 8 V X V X X X V X V

9 X V V V V V V V V 9 X V X V V X V V X

10 X V V X V V X X X 10 V X X X V V V X X

11 X X X V X V V V V 11 X V X X V X V X V

12 V V X V X X X X X 12 X X X V V X V V X

13 X X X V X X V V V 13 V X V X X V X V V

14 X V V X X X X X X 14 X V X X V X X V V

15 X X X V X X X V V 15 V V V X X X X X X

16 V X X X X X X V X 16 X X X X X V V X X

17 X X X X V X X X X 17 V X X X X V X X V

18 X V X X X X X X X 18 V X X X X X V X X

19 X X V X X X V X X 19 V X X X X X X X X

20 X X X X X V X X V 20 V X V X X X X X X

21 X X X X X X X X V 21 V X X X X X X X X

Total pods 

picked up
7 10 6 7 5 6 7 7 11

Total pods 

picked up
13 6 9 6 6 7 11 7 8

Total pods not 

picked up
14 11 15 14 16 15 14 14 10

Total pods not 

picked up
8 15 12 15 15 14 10 14 13

Percent pods 

picked up
33.3% 47.6% 28.6% 33.3% 23.8% 28.6% 33.3% 33.3% 52.4%

Percent pods 

picked up
61.9% 28.6% 42.9% 28.6% 28.6% 33.3% 52.4% 33.3% 38.1%

Angled orientation Assorted orientation

Pod #
Was the pod fully picked up and collected on this push?

Pod #
Was the pod fully picked up and collected on this push?

Parallel orientation Perpendicular orientation

Pod #
Was the pod fully picked up and collected on this push?

Pod #
Was the pod fully picked up and collected on this push?
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APPENDIX D – R SCRIPT FOR CACAO HARVESTING SYSTEM MODEL 

Main code (1 of 2) 
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(continued) Main code (2 of 2) 
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