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Abstract 

Until today, around 3 billion people lack access to municipal solid waste collection. Espe-

cially low-income countries struggle with mismanagement of plastic waste. Openly disposed plas-

tic materials form a severe risk to humans, animals, and the environment. To mitigate the growing 

issue of improperly discarded plastic waste in Blantyre, Malawi, a pilot program is being estab-

lished by the Chair of Global Health Engineering at ETH Zurich focusing on the collection and 

recycling of high-density polyethylene (HDPE) bottles. This study is dedicated to exploring the 

implementation of an appropriate pre-cleaning station designed for preparing HDPE bottles for 

their subsequent recycling. The development process led to a thorough documentation of the user 

profile and the product environment, acting as an information base for improved decision-making 

processes. In partial collaboration with the users, a suitable design has been developed, and was 

subsequently prototyped. The research yielded various insights about the functionality of the sys-

tem. The designed setup is not reliant on electricity and can be operated without pressurized tap 

water. During operation, the cleaning process uses 0.2dl of water to remove the organic contam-

ination from a single pre-soaked bottle. The cleaning period of a pre-soaked bottle is estimated to 

last 24 seconds. Further, various optimizations of the setup were discussed, opting to ensure a 

smooth initiation of the HDPE recycling pilot program.  
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1 Introduction 

This thesis is part of a PhD project conducted at the Chair of Global Health Engineering at 

ETH Zurich. The PhD research aims to design, implement, and evaluate a closed-loop plastic 

bottle recycling scheme in low-income countries to efficiently, and effectively manage the flow 

of waste bottles from consumers into new drinking bottles. The work is carried out in collabora-

tion with a plastic bottle manufacturer (Arkay Plastics), a local NGO (WASTE Advisers) as well 

as a Malawian beverage manufacturer (Chibuku Products). 

1.1 Global Plastic Waste 

The generation of plastic waste is a rapidly growing process all over the world. Producing 

twice as much plastic waste in comparison to two decades ago (OECD, 2022), the world is faced 

with a major challenge to overcome the problem of mismanaged plastic waste. Almost half of the 

global plastic waste is generated in OECD (Organization for Economic Co-operation and Devel-

opment) countries and is prone to regional differences. Inadequate collection and disposal of 

macroplastics as well as leakage of microplastics are a serious concern to our planet (OECD, 

2022).  Generally, plastics that served their purpose find their way into different channels:  In 

2015, 9% of the cumulative plastic waste was recycled, 12% was incinerated, and 79% was land-

filled or disposed of in the natural environment (Ncube et al., 2021). Even today, plastics follow 

a linear approach (make, use, dispose) rather than a circular economy (design for use, recover, 

redesign) (C. A. Velis et al., 2022). 

Openly disposed plastic material can have severe consequences on the well-being of the 

environment, animals, and humans. Plastic can clog sewers, provide breeding space for mosqui-

toes, entangle or choke animals, enter the human food chain, and much more. Plastic waste dis-

posed in landfills or in the environment can travel far distances, being transported by wind, or 

washed away by heavy rain. The effects are enormous for living creatures. The waste in landfills 

further results in the generation of methane gas, a greenhouse gas causing global climate change 

(Ncube et al., 2021). 

Globally, packaging contributes to almost 50% of the total weight of plastic waste (Geyer 

et al., 2017). This trend is due to the unique properties, high functionality, and low cost of plastic 

materials. Plastics allow for minimal material usage where the packaging material can account 

for less than 3% of the product weight. Among food packaging materials, a variety of thermo-

plastics have emerged including polypropylene (PP), polystyrene (PS), polyvinylchloride (PVC), 

high-/low-density polyethylene (HDPE/ LDPE), and polyethylene terephthalate (PET). Many of 

these are landfilled where they need centuries to degrade (Aarnio & Hämäläinen, 2008; Hu, 2014). 
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The packaging industry has started their efforts to reduce waste disposed into the environment by 

including recyclable plastic in their designs. However, recycling has turned out to be difficult, 

time and budget consuming as the waste collected often consists of various plastic types that need 

to be sorted and separated first (Ncube et al., 2021). 

1.2 Plastic Recycling 

Hahladakis & Iacovidou (2019) describe plastic recycling as the process of recovering and 

reprocessing waste plastic into secondary material that can be used to manufacture new compo-

nents and products. Four types of plastic waste recycling can be identified:  

i) primary recycling (re-extrusion)

ii) secondary recycling (mechanical recycling)

iii) tertiary recycling (chemical or feedstock recycling)

iv) quaternary recycling (energy recovery)

The primary recycling is mostly used for pre-consumer plastic waste. Cuttings, trimmings, 

or faulty products/components can be re-extruded due to the high level of material homogeneity 

present. The secondary or mechanical recycling is well-established and widely known and serves 

as the main process focused on in this Thesis. In closed-loop mechanical recycling (‘upcycling’) 

the quality of the recovered material is equal or comparable to the original product. If the quality 

is inferior, (e.g. through erosion of the plastic properties), the material can be used in other appli-

cations (‘downcycling’). The latter process sequentially extends the lifetime several times before 

the material can no longer be used any further. The majority of post-consumer plastic waste enters 

a cascade recycling system while only a small portion is recycled in a closed loop. 

Since mechanical recycling requires a rather strict polymer purity, a sorting process must 

take place in the beginning. Sorting can be done with help of automated machinery as well as 

manually, ensuring the purity of the recovered material. Mixed plastics such as labels made of PP 

on a bottle made of PET increases the difficulty of this step. The efficiency and effectiveness of 

the sorting process is largely determined by the personnel, the infrastructure, the space available, 

the selling price of the material, and the buyers (Hahladakis & Iacovidou, 2019). 

In industrial-sized recycling plants, the plastic waste is then crushed into flakes and cleaned 

to remove food residues, pulp fibers as well as adhesives. The latest technology requires only a 

water volume of only 2-3 m3 per ton of material. After the washing, the material can undergo 

different separation processes ranging from sink/float techniques to air elutriation, thermal deg-

radation of impurities, and laser sorting. Next, the flakes undergo a drying process and are grinded 

to smaller sizes, if necessary. The plastic flakes can then be extruded, filtered, and sold (Hopewell 

et al., 2009). 
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1.3 Plastic Collection in low-income countries 

Although high income countries (HICs) have generated more plastic waste per capita in 

comparison to low- and middle-income countries (LMICs), the waste management systems in 

OECD countries are on their rise to tackle the massive plastic generation. However, LMICs con-

tinue to struggle with mismanaged or inadequately disposed plastic waste (Ncube et al., 2021). 

Around 3 billion people worldwide are estimated to lack access to municipal solid waste 

collection (Wilson & Velis, 2015). Without any control over the accumulated amounts of inade-

quately disposed solid waste, the plastic pollution is even more difficult to stop. Although often 

left out of city operations by the government, informal waste pickers contribute to efficient and 

viable plastic recovery in low-income areas. These individuals’ work is even more relevant as 

solid waste is susceptible to leak into the environment where no municipal waste collection ser-

vices are in place. Generally, most waste picking occurs at disposal sites, where the waste material 

density is high. Nonetheless, door-to-door collection has the potential of yielding more valuable 

waste and reducing physical contamination. Further, it could improve the work quality of the 

waste pickers (C. A. Velis et al., 2022). 

According to C. Velis et al. (2013), the integration of the informal recycling sector into 

municipal solid waste management could improve the working conditions of the informal waste 

pickers. Furthermore, this would support the formalisation of the service provided by these waste 

experts, potentially leading to their own entrepreneurial ventures. Thus, the informal recycling 

sector has a lot of potential. 

1.4 Justification and Research Questions 

The research site is located in Blantyre, Malawi. It is the second largest city in the country 

with a population of 800,264 as of 2018 (Kanyuka, 2018). As in most low-income countries, poor 

solid waste management is part of the daily lives of many inhabitants. These conditions have not 

yet significantly improved because of insufficient financing, capacity and institutional will. The 

lack of municipal waste collection leaves the residents in rural areas on their own which leads to 

open dumping of solid waste on roadsides and riverbanks. These circumstances harm the envi-

ronment as well as the health of many people (Ndau & Tilley, 2018). The solid waste generation 

in Blantyre is around 275 to 280 tons per year of which plastics make up for 8% (average in low-

income areas in Malawi). As less than half of the waste generated was collected, a huge portion 

of plastics made their way into the environment (Turpie et al., 2019). 

Blantyre acts as the hub for Chibuku Super Maheu production in Malawi and is the location 

of WASTE Advisors, as well as a manufacturing facility of Arkay Plastics capable of reprocessing 
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HDPE scrap. Chibuku Products distribute their beverages via “Chibuku Taverns”, managed by 

“tavern mamas” who sell the brand’s beer in PET bottles. Another of their most popular bever-

ages, Super Maheu, is sold at small shops and kiosks. It is served in HDPE bottles sealed with an 

aluminium lid. Although Super Maheu is not sold at the Chibuku Taverns, these locations are 

intended to serve as a drop-off collection site for Super Maheu HDPE bottles.  

Because of the drink’s chunky composition, residual beverage contamination after con-

sumption can be significant. This contamination increases the complexity and effort of the recy-

cling process. For this reason, a suitable pre-cleaning process is desired before the plastic material 

enters the recycling facility. The Chibuku Taverns also allow for this process. 

This master’s thesis will focus on the design and prototyping of a suitable cleaning station 

to prepare the HDPE bottles as optimally as possible for the transport to the facility as well as the 

subsequent recycling processes. According to Dr. Paul Polak from International Development 

Enterprises, most designers worldwide primarily dedicate their efforts to creating products and 

services for the wealthiest 10% of the global population. A shift in design approaches is essential 

to extend innovation and accessibility to the remaining majority of the world (Energy Bulletin, 

2007). For this reason, a user-centered design (UCD) approach is selected in this thesis, ensuring 

that the product is tailored to the low-income context. The application of a UCD for a plastic 

cleaning station for low-income areas is novel in this context. The research will thus address the 

following research questions: 

Q1 What design of a pre-cleaning station for HDPE bottles is suitable to be implemented 

in a low-resource context? 

Q2 To what extent does the design contribute to the accessibility and affordability of bottle 

pre-cleaning in low-income countries? 

Q3 What are the users' experiences and satisfaction levels with the pre-cleaning station's 

design and functionality? 
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2 Materials and Methods 

2.1 Product Development 

The development of the plastic bottle pre-cleaning station is inspired by Prof. Dr. Shea’s 

lecture on “Product Development and Engineering Design” at ETH Zurich (Shea et al., 2022). 

The course is supplemented by the book “Product Design and Development” by Ulrich & Ep-

pinger, (2016). The book provides a structured methodology for user-focused development activ-

ities. This results in a clear record-keeping of decisions throughout the complete process, which 

is beneficial for future referencing and education of new Research & Development personnel. In 

addition, the structured approach acts as a checklist to ensure that all important issues are ad-

dressed. The proposed structure was adapted to the needs of this thesis, as recommended by Ulrich 

& Eppinger (2016), and is depicted in Figure 1. 

2.1.1 User & Product 

The planning process for product development begins with identifying the product user to 

understand their needs and the context of usage. This step ensures user-centered product devel-

opment (Ulrich & Eppinger, 2016). By identifying and understanding user capacities a successful 

inclusive design can be achieved (Keates & Clarkson, 2002). A mission statement is formulated 

next, outlining the product's basic aspects, benefits, business goals, target markets, stakeholders, 

and defining assumptions and constraints (Ireland & Hirc, 1992; Ulrich & Eppinger, 2016). 

The next step involves gathering user needs through methods like interviews, focus groups, 

or observing similar products in use. Customers are a valuable source of information regarding 

their experiences and familiarities. They can effectively convey their specific needs within a 

broader context of customer problems, clearly articulating their own issues and requirements 

(Griffin, 2012). These needs are categorized into primary (general) and secondary (specific) needs 

and assigned different levels of importance. In addition, an Activity Diagram is created to provide 

Figure 1: Product Development Process adapted from Ulrich & Eppinger (2016). The arrows directed towards ear-

lier phases indicate the iterative character of the development process. 
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context about the product’s typical use and lifecycle, highlighting aspects not yet included in the 

user needs (Ulrich & Eppinger, 2016). 

Finally, these user needs are translated into measurable product specifications. This in-

volves assigning metrics to each user need to ensure they are quantifiable and addressable. The 

metrics are given marginal and ideal values based on research, and industry standards (Ulrich & 

Eppinger, 2016), creating a framework for objective evaluation of whether the needs are met 

(Morosini & Borsato, 2017). Where suitable metrics were unavailable, subjective ratings have 

been introduced. The target product specifications are compiled into a table for easy reference 

throughout the product development process. 

2.1.2 Concept Development 

With the specifications at hand, the concept generation phase can be initiated. In this work, 

an adapted version of a brainwriting process is used as the main method for concept generation 

(Litcanu et al., 2015). This approach is largely based on the knowledge of the design team as the 

ideas for new concepts come from an internal search. The main requirements for successful brain-

writing are: 

● Suspend judgment: The presence of criticism during the concept generation phase

has negative impact on the quantity of ideas and restricts the creativity of each

design team member. Thus, no judgment is allowed during this phase (Ulrich &

Eppinger, 2016).

● Generate a lot of ideas: The more ideas that are generated, the more exploration of

the solution space is possible. All ideas are valuable, as they have the potential to

stimulate even more concepts (Ulrich & Eppinger, 2016).

● Welcome ideas that seem infeasible: Ideas that seem not realizable can often be

improved by iterative approaches, or by inputs from other team members (Ulrich

& Eppinger, 2016).

● Make plenty of sketches: Although text and verbal language can provide context

to a topic, they can be less efficient to perceive physical entities. Thus, sketches

should be at hand throughout the whole concept generation phase (Ulrich & Ep-

pinger, 2016). The quality of the sketch material is not critical, as long as it ex-

presses the concept (Yang & Cham, 2006).

As this work includes the contribution of a single individual only, the concept generation 

phase is carried out with help of Design Heuristic cards. These cards are used to create new ideas 

based on existing concepts to further increase the quantity of ideas. (Yilmaz et al., 2015) 
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Once the concepts are generated, a selection of the most promising concepts for the prod-

uct, or for sub-functions of the product needs to be carried out. The concept selection method in 

this work is built around decision matrices for evaluating each concept with a set of selection 

criteria. The criteria are mainly based on the user needs and product specifications elaborated in 

advance. The concepts are subsequently rated and given a score allowing to numerically compare 

the performance of each concept. The concept with the highest score is then chosen for further 

refinement, testing, or development. (Ulrich & Eppinger, 2016) 

2.1.3 System-Level Design & Detailed Design 

The subsequent phase in the development process contains the elaboration of the system 

architecture. This step is crucial because the product architecture has a profound impact for sub-

sequent development activities as well as for the manufacturing. The result of this phase is a rough 

geometric layout of the product, descriptions of the major sub-systems, and a documentation of 

the interactions between the sub-systems. Once a variety of arrangements has been explored, the 

most promising is selected. The approximate layout is then specified more precisely, eventually 

leading to a detailed layout of the product with help of a CAD software. (Ulrich & Eppinger, 

2016)   

2.2 User feedback 

The tavern mamas within the Chibuku taverns play an important role in the logistics of 

bottle collection processes, owing to their established trust with Chibuku management and their 

integral involvement in tavern operations and cultural practices. Consequently, the implementa-

tion of a focus group discussion with the tavern mamas facilitates a comprehensive exploration 

of their perspectives and collective viewpoints (Nyumba et al., 2018). The utilization of focus 

groups as a forum for discussion enables participants to articulate their opinions in their native 

language, thereby revealing the degree of importance they assign to specific issues (Refsgaard & 

Magnussen, 2009). 

The sample size was seven, which included tavern mamas from different Chibuku taverns 

located in Blantyre. The main goal was to gain explore their ideas for the realization of a Super 

Maheu cleaning station, detailed information about the Chubuku taverns, and their opinions 

about the preliminary design presented in Chapter 3.4. Afterwards, the design was adapted 

and im-proved regarding issues that were brought up during the focus group discussion. 

2.3 Prototyping 

The designs obtained at this stage of the development process were prototyped and tested 

in two phases. First, a proof-of-concept prototype was built in Switzerland. The materials and 
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parts needed were purchased in a hardware store or ordered online. The manufacturing and as-

sembly of all parts took place at Dynamo, a Youth Center in Zurich providing working space and 

machinery for private use. The prototype and its sub-functions were tested to verify the function-

ality of the design. The valuable insights gained from these tests were used to re-design iteratively. 

This further optimizes the performance of the product and enables observations of critical weak-

nesses in the system. 

The second prototype was manufactured in Blantyre, Malawi. The goal was to test the 

complete system rather than the different module independently. Further, a verification of the 

affordability and accessibility of the prototype with help of local resources could be conducted. 

Last but not least, the second prototype was presented to project stakeholders for discussion and 

feedback. 
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3 Results and Discussion 

3.1 User and Product 

3.1.1 User Identification 

The identification of target users is fundamental to the effective implementation of a 

novel product. This process not only facilitates the tailoring of product design to meet end-user 

requirements but also yields critical insights for various stakeholders. The definition of a target 

user acts as the base for the subsequent development process. Depicted in Table 1, two 

target users are presented. Informal recyclers as well as the Tavern Mamas will work with the 

product on site and interact daily with the proposed design. For this reason, the design is 

specifically adjusted with these parties in mind. 

3.1.2 Mission Statement 

The framework of the product development process is summarized in the mission statement 

presented in Table 2. It serves as a foundational justification for the product development process 

and provides overarching guidance across all phases. It includes a concise description of the prod-

uct and enumerates the benefits anticipated from its development. Further, the target market as 

well as the complete set of stakeholders are identified. Assumptions and constraints that might 

restrict the design process at any point are introduced at this point to ensure that the development 

is elaborated in the suitable setting. This mission statement functions as the primary information 

repository for the product and is consistently referenced to ascertain the alignment and progress 

of the product development with the predefined objectives. 
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Table 1:  Table of two target users interacting with the bottle collection and pre-cleaning station. 

Questions Target User 1 Target User 2 

Who is 

the User? 

Jack, 45yo, Malawian infor-

mal recycler 

Sbonisiwe, 54yo, Tavern Mama 

at Chibuku Taverns  

What do 

they need? 

A system that: 

• Facilitates collection and

sale of used plastic

• Yields an additional in-

come source

• Enables fast and easy

cleaning of bottles

A system that: 

• Is easy to maintain

• Allows for efficient bottle

storage

• Keeps the taverns tidy

Why do 

they need it? 
• Opportunity to earn money

• Indirect mediation with re-

cycling facilities

• Reduction of plastic waste

and pollution

• Requested by Chibuku

(main contractor)

How is the task 

currently done? 

Unless a contractor has been 

found to buy plastic waste 

back (mostly PET), no plastic 

waste is being recovered 

• Surroundings of the taverns

are manually cleaned

• Plastic waste is disposed

through the household waste

or burned

Where does it 

take place? 

Bottle Cleaning: 

• On the tavern premises

Bottle Collection: 

• In the neighborhood

• Dumping hotspots

• Communal bins

Bottle Cleaning: 

• On the tavern premises

Bottle Storage: 

• Valuable equipment and

clean bottles stored inside

• Temporal storage of plastic

bottles around the tavern

When does it 

take place? 
• Daily operation of the

cleaning station

• For the duration of the

whole cleaning process

• Daily operation of the clean-

ing station

• Chibuku trucks drop-off

beer and collect bottles daily
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Table 2: Mission Statement for the bottle collection and pre-cleaning station. 

Product Opportunity Gap HDPE bottle collection and pre-cleaning station for 

low-income communities to reduce the water and 

energy consumption of the recycling process in the 

facility. 

Benefit Proposition • Reducing health risks to humans, animals, and

other living organisms

• Saving limited raw materials

• New job opportunities in the recycling sector,

especially when scaling up

Key Business Goals Design and prototyping of a working system by the 

end of October 2023. Installation and user instruc-

tions at target area by the end of November 2023. 

Target Market • Beverage manufacturers

• Plastic Manufacturers

• Municipality

• NGOs

Assumptions & 

Constraints 

• Limited access to running water / electricity

• Equipment is secured but theft rate is high

• Limited material availability

• Development and Prototyping budget ~2000CHF

• Target region: Low-income countries

• Optimally operates with Super Maheu bottles

Stakeholders • Beverage manufacturers

• Plastic Manufacturers

• Municipality

• NGOs

• Tavern Mamas

• Informal recyclers

• Transport contractor

• Households
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3.1.3 User Needs 

The collection of user needs is crucial for the development of a user-centered product be-

fore the design phase is initiated. Prior to this thesis, Lin Boynton has carried out a Focus Group 

Discussion in which a set of Tavern Mamas participated. Their statements have been collected 

and transformed into a series of user needs. Further, discussions with WASTE Advisors and the 

project board were held to identify more user needs not addressed by the Focus Group. 

Table 3 illustrates the 29 user needs that have been identified. Primary user needs are spec-

ified in detail with several secondary needs that are ranked with an importance level ranging from 

1-5. The ranking system is based on the frequency and emphasis of the statements obtained, with 

more repetitive and highlighted statements receiving a higher ranking compared to those men-

tioned less frequently. Further, a special focus was put on safety during use, useability of the 

device, and budget boundaries. The final interpretation was performed by the author of this thesis. 

3.1.4 Activity Diagram 

As mentioned in Chapter 2.1.1, an Activity Diagram is generated next. It provides an 

overview of the typical activities associated with the product from its manufacture to its end-of-

life.  Figure 2 illustrates the expected activities specific to the HDPE pre-cleaning station. Given 

the necessity of HDPE bottles as material input for the station's operation, the diagram also in-

cludes the activity cycle of these bottles for enhanced comprehension This integration highlights 

the interaction between the device and the bottles, involving user participation. As represented in 

the diagram, the aim is to achieve a circular economy for the HDPE bottles, while the device itself 

is desirably repairable several times prior to reaching its end-of-life. 
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Table 3: User Needs according to Focus Group, Discussion with Project board, and own assessment. 

Need No. Rank 

The materials of the device endure the wear and tear of everyday use 

The device withstands operational forces without failure 1 ***** 

The device minimizes the amount of error sources 2 **** 

The device is not susceptible to corrosion 3 *** 

Damaged parts can be easily replaced 4 ***** 

The device is functional over many cycles 5 **** 

The device withstands strong wind and external pushes 6 ** 

The device is protected against theft 7 * 

The device is functional  

Cleaned plastic bottles fulfill the standards of the recycling facility 8 ***** 

The clean plastic bottles use the transportation space efficiently 9 *** 

The device is adaptable to different types of bottles 10 * 

Costs are within limits 

The development costs do not exceed the budget boundaries 11 ***** 

The overall production costs do not exceed the budget boundaries 12 **** 

The device consists of only locally accessible material 13 *** 

The device can be easily operated 

The device allows for quick cleaning of plastic bottles 14 ***** 

The device can be operated with limited access to electricity 15 **** 

The device can be operated with limited access to running water 16 **** 

The device can be used by a single person  17 *** 

The device does not demand for specific strength requirements  18 **** 

The cleaning process is comfortable for an average sized person 19 ** 

The device can be easily maintained 

Cleaning of the device is done quickly 20 ***** 

The device can be dismounted to be temporarily stored inside 21 ** 

The device fits into the storage rooms of the taverns 22 * 

The cleaning process does not endanger the user nor the environment 

Parts that could harm the user are designed properly to prevent accidents 23 ***** 

The accumulated wastewater and particles do not harm the environment 24 **** 

The cleaning process uses low amounts of water 25 *** 

The cleaning process prevents contact between user and contamination 26 * 

The system is aesthetically appealing 

The appearance of the device attracts the user to operate it correctly 27 **** 

The design conveys the connection to Chibuku and the taverns 28 *** 

The design is appealing to workers, tavern clients and pedestrians 29 ** 
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Figure 2: Activity Diagram of the pre-cleaning station, the recycled HDPE bottles, and their interface. 
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3.1.5 Need-Metrics Matrix 

As explained in Chapter 2.1.1, directly incorporating an extensive list of user needs into 

product design is not feasible. Consequently, it is necessary to translate these user needs into 

quantifiable metrics. This translation involves assigning at least one measurable metric to each 

identified user need. To enhance clarity and organization, this translation process is executed 

within a Need-Metrics Matrix. This matrix ensures that every user need is linked to a 

corresponding measurable unit. Appendix A.1 depicts the Need-Metrics Matrix, where user 

needs are listed in the rows and their associated metrics are displayed in the columns.  

3.1.6 Target Product Specifications 

Following the conversion of user needs into measurable and verifiable metrics, specific 

units are assigned for each metric. While the Need-Metrics matrix effectively demonstrates the 

relationship between needs and metrics, it is not the ideal format for guiding the subsequent stages 

of the design process. Therefore, all identified metrics are organized into a separate table for ac-

cessibility. Next, marginal and ideal values are assigned to each metric. They have ideally been 

set by research, and industry standards. In instances where a direct association with a physical 

quantity was not feasible, subjective scales ranging from one to five were employed, and deter-

mined through the author's expertise. The target product specifications, outlined in Appendix 

A.2, serve as the main technical guidelines throughout the remaining stages of product 

development. Given the iterative nature of product development, these specifications are 

crucial for ensuring consistent alignment of the design with the established parameters. 

3.2 Concept Development 

3.2.1 Concept Generation 

As detailed in Chapter 2.1.2, the brainwriting technique was utilized for concept genera-

tion. This method was particularly effective in expanding the range of potential functionalities for 

the device. The process involved categorizing the tasks required to transform dirty reject bottles 

into clean recyclables into three separate sub-systems. The concepts presented in this chapter 

represent a refined selection, having passed through an initial filtering stage. This stage eliminated 

concepts that were impractical within the constraints of this project, such as those requiring elec-

tricity access, which was deemed unfeasible. 
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Anticipating a worst-case scenario, it is assumed that the collected bottles are contaminated 

both internally and externally, and possibly compressed if the previous user attempted to mini-

mize the bottle's volume post-consumption. Consequently, the first sub-system is dedicated to re-

inflating these rejected bottles. Ensuring the accessibility of the entire surface area of the bottle is 

vital for an effective cleaning process, as hidden areas may evade contact with the cleaning inter-

face. The potential solutions addressing this challenge are illustrated through concepts 1a) to 

1g) in Figure 3, each representing a different approach to achieving complete exposure of the 

bottle surface for thorough cleaning. 

Concepts 1a) and 1b) both depict the use of air pressure for bottle re-inflation, as opposed 

to direct manual force. The pressurized air uniformly reshapes the bottle from the inside with 

several pumping cycles, reducing the force required for each action. In concept 1a), an airtight 

clamp is secured to the bottle's lid, allowing pressurized air to be introduced into the bottle. In 

contrast, concept 1b) operates without the need for a custom cap; instead, it employs a flexible 

balloon that retains the air pressure. When the balloon reaches the bottle's internal walls, it begins 

to exert pressure, gradually restoring the bottle to its original shape. The balloon adjusts its form 

to match the bottle's contours until full re-inflation is achieved. In both scenarios, it is necessary 

to release the air before the bottle can be removed. 

In contrast, concepts 1c) – 1g) employ manual force to restore the bottle to its original 

form. Concept 1c) features a pull-string mechanism equipped with a scissor joint, designed to 

exert mechanical pressure outward from the inside. This mechanism benefits from a translation 

of vertical movement into horizontal expansion, allowing it to fit through the bottle's opening and 

then expand laterally once inside. Concept 1d) introduces a variation on the hose plier tool, 
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adapted for this specific application. Setting the joint nearby the opening of the bottle, the brackets 

and the handle distance can expand/shrink laterally without being hindered by the opening. 

1e) 1f)

1g)

1c) 1d) 

Figure 3: Re-inflation concepts: a) Direct pressurized Air, b) Balloon Inflation, c) Pull-String Mechanism, d) 

Adapted Hose Pliers, e) Twist Expansion Mechanism, f) Lever Press g) Manual re-shaping with tube 

1a) 1b) 
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 The power is introduced by pressing on the handle of the tool. In concept 1e), a different 

expansion mechanism is proposed. Rotating the handle activates a gear system that causes the 

brackets to expand laterally. The expansion block can be shifted up and down to re-inflate the 

bottle at different positions on the vertical axis. Concept 1f) shares similarities with the hose plier 

mechanism in concept 1d), but with a unique lever arrangement. Pressing down on the tool rotates 

the brackets around the pivot point. A spring mechanism is incorporated to reset the brackets after 

force is released, simplifying the bottle's removal. This design uses upper body strength rather 

than hand muscles, potentially offering a more ergonomic solution for repetitive tasks. Finally, 

concept 1g) introduces a different approach to re-inflation. Unlike the previous concepts where 

the tool is the primary moving element, this concept requires movement of the bottle. The bottle 

is manually pressed and rotated over a stationary round tube to reshape it, a process that involves 

no moving parts within the tool itself. 

The second sub-system is dedicated to the thorough cleaning of the bottle. Illustrated in 

Figure 4 are various methods designed to eliminate organic contaminants and any residual dirt 

present on the inside or outside of the bottle following its use and subsequent disposal.  

Concepts 2a) to 2e) explore various strategies for mechanically removing contaminants 

from the bottle. This process relies on the frictional force generated between the bottle/contami-

nants and a solid cleaning interface.  

In Concept 2a), the cleaning is achieved using a brush or sponge attached to a handle. 

Narrow edges and the top rim of the bottle can be precisely cleaned with a smaller, more agile 

tool. Concept 2b) involves a different approach where the bottle is cut along the lines extending 

from the edges of its walls to the center of the base of the bottle. This cutting technique allows 

the walls of the bottle to be bent outward, fully exposing the interior for easier access and cleaning. 

Finally, a scraping tool equipped with a sharp edge is maneuvered along the inner walls of the 

bottles to effectively scrape off the contaminants.  

Concepts 2c) and 2d) also involve cutting the bottle but with different approaches. In con-

cept 2c), the bottle's bottom is cut along three edges to form a pipe-like opening. A string, fitted 

with both soft and abrasive brush pieces, is then threaded through this opening, and pulled through 

the bottle neck, effectively sliding along the bottle walls for cleaning. Concept 2d) also employs 

the cross-shaped cutting technique introduced in concept 2b). In this method, the bottle is firmly 

held between a spongy base plate and a bowl. Cleaning is accomplished by applying pressure to 

the bowl while simultaneously rotating the base plate, creating effective friction on the bottle's 

surface. 

The final mechanical cleaning strategy is presented in concept 2e). Here, the bottle is po-

sitioned on a set of brushes designed to clean both the inside and outside simultaneously. It's 



25 

possible that these brushes could be rotated around their vertical axes, eliminating the need to 

manually twist the bottle. 

The remaining concepts 2f) – 2h) illustrate different methods for cleaning with water. Con-

cept 2f) represents the simplest technique, involving a finite volume of water for rinsing the dirty 

bottle. This process includes filling the bottle with water, shaking it to loosen contaminants, and 

then emptying the water. Concept 2g) introduces the use of a glass rinser. This device is designed 

to release water on demand, thus preventing the unnecessary flow of water typically seen with a 

tap. By pressing on a movable plate, a pressure-sensitive valve is activated, directing narrow jets 

of water into the bottle. Moreover, the water that flows out ensures a complete rinse of the bottle's 

areas that are not reached directly by the jets. This method requires a pressurized water inlet for 

effective operation.  

Concept 2h) combines the rinsing properties of water with the friction generated between 

the water and the bottle surface. For this technique, the bottles are again cut in a cross-like fashion. 

They are subsequently stacked and positioned on a pole. This pole is rotated around its central 

axis while being submerged in a water basin. The water serves to soften the contaminants. The 

movement of the rotating bottle wings creates waves and bubbles that assist in dislodging and 

removing the contaminants. 
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2g) 

2e) 2f) 

2h) 

2d) 2c) 

2b) 

Figure 4: Cleaning Concepts: a) Handled brush/ sponge, b) Scrapping tool, c) Pull-string with attached 

abrasives, d) Twist bowl, e) Fixed / rotating brush arrangements, f) Soaking in water, g) Water jet rinsing, h) 

Rotating bottle skewer 

2a) 
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The third sub-system focuses on preparing the bottles for transportation. Given that 

Chibuku trucks are responsible for collecting the cleaned bottles during their delivery rounds to 

Taverns, there is spatial competition between the empty HDPE bottles and the goods being deliv-

ered. Therefore, minimizing the space required to transport the plastic bottles is a crucial aspect 

to consider. To address this challenge, various strategies are presented in Figure 5. 

Concept 3a) illustrates a method for stacking cut bottles to maximize space efficiency. In 

this approach, HDPE bottles are sliced in a cross-like pattern, enabling the sidewalls to be folded 

outwards. This modification allows the bottles to be slid onto a pole through their openings. The 

pole, being easily movable, can be conveniently loaded and secured in the delivery truck. Stacking 

the bottles in this way significantly increases the density of the packed stack, as the internal vol-

ume of each bottle is effectively eliminated. 

Concept 3b) presents the use of a shredder, which can be either electrically or manually 

operated. This device is designed to convert the bottles into small flakes. These flakes can then 

be conveniently stored in a bucket or a bag during transportation to the recycling facility. 

Concept 3c) introduces the use of a baler for packing the bottles. This method eliminates 

the need to cut the bottles beforehand. Instead, the bottles are crushed and pressed into a cuboid 

shape using heavy force. Once compacted, these bales are then tied to maintain their reduced 

volume. The resulting dense bales are then loaded into the trucks, where they can be efficiently 

stacked on top of each other, significantly improving the use of space for transportation. 

Concept 3d) proposes a more pragmatic approach, where bottles are crushed one at a time, 

either using a specialized crushing tool or simply through manual methods like hand or foot pres-

sure. This process reduces the volume of each bottle, which are then gathered in a bag for collec-

tion. In contrast, concept 3e) opts for a simpler process, renouncing any additional steps post-

cleaning. The clean bottles are arranged in a crate in their original shape and volume. This method 

facilitates rapid counting of the received bottles.  
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Figure 5: Stacking Concepts: a) Stacking bottles on pole through opening, b) Plastic shredder, c) plastic baler, 

d) Manual compression, e) No compression

3b) 3c) 

3a) 

3d) 3e) 
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3.2.2 Concept Selection 

To ensure an objective selection of the most appropriate concept for each sub-system (re-

inflation, cleaning, and transport preparation), decision matrices are employed, as detailed 

in Chapter 2.1.2. The selection criteria are based on the user needs and their importance level, 

as discussed in Chapter 2.1.1. Consequently, some criteria are weighted more heavily than 

others in the decision-making process. The initial concepts of each sub-system – 1a), 2a), 3a) 

– serve as the reference concepts and are assigned a baseline rating of three across all

categories. Subsequent concepts in each sub-system are then evaluated and rated in comparison 

to these reference con-cepts. 

The evaluation of the re-inflation concepts is presented in . The analysis identifies concept 

g) as the most promising option. Its key advantage lies in its simplicity, which significantly re-

duces both capital expenditures (CAPEX) and operational expenditures (OPEX). Additionally, 

the absence of moving parts or pressurized components ensures worker safety without the need 

for special measures. The only drawback of this concept, relative to the reference, is its reduced 

portability due to the tool being fixed in position. 

 The assessment of the cleaning concepts is outlined in Table 5, where concepts 2e), 2f), 

and 2g) have emerged as the highest-scoring options. Until this point, waterless cleaning methods 

have been evaluated and compared with water-based cleaning techniques. It becomes clear that a 

hybrid approach, incorporating elements from both methods, could enhance overall cleaning ef-

fectiveness. Therefore, a mixed strategy is proposed for further exploration and investigation. 

This approach will combine the benefits of softening organic contamination with water, as seen 

in concept 2g), and mechanically removing particles through friction, as in concept 2e). However, 

it's important to note that the portability rating for these three concepts is lower compared to the 

reference concept, as the tools required in these methods need to be fixed in place. 

In the evaluation of concepts for preparing bottles for transport, as shown in Table 6, there 

is a distinct shift in prioritization compared to earlier decision matrices. The focus on transport 

efficiency has been given slightly more weight than the OPEX and CAPEX of the product. This 

adjustment is due to the significant costs associated with transportation, which are not reflected 

in the direct expenditures of the device. The importance of this category, however, may be subject 

to adjustment following a detailed assessment of the actual transport space available in Chibuku 

trucks for collecting cleaned bottles. Minimizing the transport volume per bottle becomes espe-

cially critical if truck space is limited, as this can help avoid additional trips.  
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Table 4: Decision Matrix for re-inflation concepts: a) Direct Pressurized Air, b) Balloon Inflation, c) Pull-String Mechanism, d) Adapted Hose Pliers, e) Twist Expansion Mechanism, f) 

Lever Press g) Manual Re-shaping with Tube 

Inflation Concepts 1a) 1b) 1c) 1d) 1e) 1f) 1g) 1h) 

Selection Criterias 
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Worker Safety 20 3 0.60 4 0.80 5 1.00 4 0.80 3 0.60 5 1.00 5 1.00 1 0.20 

Operational Expenditures 15 3 0.45 1 0.15 2 0.30 5 0.75 4 0.60 3 0.45 5 0.75 5 0.75 

Capital Expenditures 12 3 0.36 4 0.48 2 0.24 4 0.48 2 0.24 2 0.24 5 0.60 5 0.60 

Ease of Use 12 3 0.36 3 0.36 4 0.48 3 0.36 4 0.48 4 0.48 4 0.48 3 0.36 

Inflation Effort 10 3 0.30 3 0.30 2 0.20 2 0.20 3 0.30 4 0.40 3 0.30 1 0.10 

Durability 8 3 0.24 2 0.16 1 0.08 3 0.24 2 0.16 3 0.24 4 0.32 2 0.16 

Longevity 8 3 0.24 4 0.32 2 0.16 2 0.16 2 0.16 4 0.32 4 0.32 2 0.16 

Cleaning Effort 5 3 0.15 4 0.20 4 0.20 4 0.20 1 0.05 5 0.25 3 0.15 3 0.15 

Complexity of the System 5 3 0.15 3 0.15 2 0.10 4 0.20 1 0.05 2 0.10 5 0.25 5 0.25 

Portability 5 3 0.15 3 0.15 4 0.20 5 0.25 4 0.20 3 0.15 2 0.10 5 0.25 

Total 

Score 
3.00 3.07 2.96 3.64 2.84 3.63 4.27 2.98 

Rank 5 4 7 2 8 3 1 6 

Continue - - - - - - Yes - 



31 

Table 5: Decision Matrix for cleaning concepts: a) Handled brush/ sponge, b) Scrapping tool, c) Pull-string with attached abrasives, d) Twist bowl, e) Fixed / rotating brush arrange-

ments, f) Soaking in water, g) Water jet rinsing, h) Rotating bottle skewer. 

Cleaning Concept 2a) 2b) 2c) 2d) 2e) 2f) 2g) 2h) 

Selection Criterias 
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Worker Safety 20 3 0.60 2 0.40 2 0.40 4 0.80 5 1.00 4 0.80 5 1.00 2 0.40 

Operational Expenditures 15 3 0.45 5 0.75 1 0.15 2 0.30 2 0.30 1 0.15 5 0.75 1 0.15 

Capital Expenditures 12 3 0.36 3 0.36 3 0.36 2 0.24 4 0.48 5 0.60 4 0.48 2 0.24 

Ease of Use 12 3 0.36 2 0.24 4 0.48 4 0.48 5 0.60 5 0.60 5 0.60 2 0.24 

Cleaning Effort (Bottle) 10 3 0.30 2 0.20 2 0.20 4 0.40 4 0.40 1 0.10 3 0.30 1 0.10 

Durability 8 3 0.24 5 0.40 2 0.16 4 0.32 2 0.16 4 0.32 4 0.32 3 0.24 

Longevity 8 3 0.24 5 0.40 2 0.16 4 0.32 3 0.24 5 0.40 4 0.32 2 0.16 

Cleaning Effort (Equipment) 5 3 0.15 4 0.20 3 0.15 1 0.05 3 0.15 5 0.25 4 0.20 4 0.20 

Complexity of the System 5 3 0.15 2 0.10 2 0.10 2 0.10 3 0.15 5 0.25 2 0.10 2 0.10 

Portability 5 3 0.15 3 0.15 4 0.20 1 0.05 2 0.10 2 0.10 1 0.05 5 0.25 

Total 

Score 
3.00 3.20 2.36 3.06 3.58 3.57 4.12 2.08 

Rank 6 4 7 5 2 3 1 8 

Continue - - - - Yes - Yes - 
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Considering the evaluation criteria, the concepts of cutting the bottles and stacking them 

on a pole (3a), manually crushing them (3d), and packing them in crates without crushing (3e) 

have emerged as the top-rated approaches. 

Concept 3a) has been selected for further development, as it offers significant advantages. 

This method not only reduces the transport space required per bottle but also enables effective 

quality control of the cleaning process. A cut bottle allows for a thorough inspection of both the 

interior and exterior cleanliness, an assessment that is not feasible with crushed bottles. For con-

cept 3e), there is at least the possibility to visually inspect the bottles through their openings. 

In situations where ample transport space is available for bottle collection, the methods of 

simply crushing the bottles (3d) or not crushing them at all (3e) offer practical and straightforward 

transportation solutions. These approaches allow for the bottles to be quickly and efficiently 

loaded without the necessity of using any complex tools. 
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Table 6: Decision Matrix for stacking concepts: a) Stacking bottles on pole through opening, b) Plastic 

shredder, c) plastic baler, d) Manual compression, e) No compression. 

Stacking 

Concepts 
3a) 3b) 3c) 3d) 3e) 

Selection Criteria 
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Worker Safety 15 3 0.45 1 0.15 4 0.60 4 0.60 4 0.60 

Transport Space 

per bottle 
15 3 0.45 5 0.75 4 0.60 2 0.30 1 0.15 

OPEX 12 3 0.36 2 0.24 2 0.24 2 0.24 3 0.36 

CAPEX 12 3 0.36 1 0.12 1 0.12 5 0.60 1 0.12 

Ease of Use 10 3 0.30 2 0.20 3 0.30 3 0.30 5 0.50 

Volume reduction 

effort 
8 3 0.24 1 0.08 1 0.08 3 0.24 4 0.32 

Durability 8 3 0.24 3 0.24 3 0.24 3 0.24 3 0.24 

Longevity 5 3 0.15 2 0.10 3 0.15 4 0.20 3 0.15 

Cleaning Effort 

(Equipment) 
5 3 0.15 2 0.10 4 0.20 5 0.25 4 0.20 

Complexity of the 

System 
5 3 0.15 1 0.05 2 0.10 5 0.25 5 0.25 

Portability 5 3 0.15 3 0.15 2 0.10 5 0.25 5 0.25 

Total 

Score 
3.00 2.18 2.73 3.47 3.14 

Rank 3 5 4 1 2 

Status Yes – – Yes Yes 
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3.3 System Level Design 

3.3.1 System Schematics 

In this chapter, the system architecture of the pre-cleaning station is derived. Figure 7 il-

lustrates the functional decomposition of the product, showcasing how all the functions and sub-

functions interrelate within the product's boundaries. To identify distinct modules that comprise 

the product, a method of clustering for directly connected sub-functions was employed, leading 

to the clustered view in Figure 6. The modules are depicted using coloured boxes and are devel-

oped independently from one another. The modular approach not only facilitates the exchangea-

bility of individual components or functions but also simplifies the process of incorporating rede-

sign steps where needed.  (Erixon, 1996; Kamrani & Salhieh, 2002). 

In addition to the various functions of the system, material and energy flows are illustrated. 

The system receives water and contaminated plastic bottles as inputs, which undergo the cleaning 

process to be transformed into separated trash, wastewater, and clean plastic bottles as outputs. 

The energy needed for this transformation is generated manually through human force. As the 

energy is utilized in the cleaning process, it eventually dissipates into heat and kinetic energy 

within the wastewater stream, completing the material and energy flow cycle of the system. 

The isolated modules are named in Figure 6. Each of them is assigned a different colour, 

that will be used in the following chapters for referencing to the corresponding module. Mainly, 

five distinct modules were determined:  

• Inflation module: Crushed bottles are put into their original shape to expose the

entire surface of the bottle.

• Cleaning module: At this stage, the cleaning water and human force are introduced

to perform the actual cleaning activity, effectively removing, and separating the

contamination from the HDPE bottles.

• Water module: The water used for the cleaning process must be readily available,

even in the event of potential tap water shortages. Additionally, the water is pres-

surized to ensure high cleaning efficiency while minimizing the overall water con-

sumption.

• Stacking module: Cleaned bottles are prepared for transport by reducing their

stacking volume.

• Wastewater treatment: The water exiting the cleaning process is mixed with or-

ganic contaminants. It is either redirected into sewage, collected for a secondary

use, or recycled with help of a filtering / membrane system.



35 

Figure 7: Functional decomposition of the pre-cleaning station. White arrows correspond to material flows, 

while black arrows correspond to energy flows. 

Figure 6: Clustered view of the system schematic. Five modules are identified and visualized with different 

colors. 
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3.3.2 Incidental Interactions 

With the system architecture defined, it is crucial to focus on the interactions within the 

system to identify potential weaknesses. The use of the product introduces sources of errors that 

must be well-understood before proceeding with further development. The errors that may arise 

during the proper use of the product are represented by the incidental interaction graph, as de-

picted in Figure 8. Given that the system accepts external energy and partially stores it as pressure, 

various failure modes are presented and should be carefully considered.  

Repeated use of the system may cause wear and tear on different components, particularly 

the inflation module and brushes, which are subjected to stress as bottles are inserted and moved 

forcefully. Next, the piping system, which contains various valves, is susceptible to clogging. 

Small particles present in non-filtered water could obstruct sensitive valves, affecting their proper 

functioning. High water pressure within the pipes may lead to leakage or even rupturing at weak 

points in the system. Further, since the main structure is built from metal, the water used for 

cleaning potentially introduces corrosion on unprotected metal parts. Finally, the workbench, to 

which all modules are attached, is exposed to stress from the use of the five modules. Depending 

on the location of the setup and the ground it stands on, this stress might result in structural insta-

bility, potentially causing the workbench to vibrate, collapse, or tip over. 

Identifying these error sources before finalizing the design provides the opportunity to ad-

dress potential weaknesses in the system and implement measures to prevent failures at an early 

stage of development. 

Figure 8: Incidental interaction graph of the identified modules. 
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3.3.3 Product Layout 

Since Chibuku taverns and their storage rooms are constructed based on various blueprints, 

the specific location and available space for the pre-cleaning station can vary from one tavern to 

another. Possible arrangements are depicted in Figure 9, demonstrating the adaptability of the 

system to accommodate different spatial constraints and layouts. 

The layout of the pre-cleaning station can vary based on the unique conditions of Chibuku 

taverns. However, the arrangements follow a consistent pattern to maintain a linear workflow 

from left to right or right to left, optimizing efficiency and user experience during the cleaning 

process. The list of layouts only shows a few options and is hence further extendable. 
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Figure 9: Different geometric layouts of the pre-cleaning station 



39 

3.4 Detailed Design 

In this chapter, the detailed design of the pre-cleaning station is presented. The concepts 

selected in Chapter 2.1.2  have been translated into technical drawings and eventually 

transformed into 3D representations using CAD software. The figures below illustrate the 

individual modules as well as the complete assembly of all components. 

3.4.1 Inflation Module 

The realization of the inflation module is kept as simple as proposed within the selected 

concept and is presented in Figure 10a). The module consists of a round tube attached to a steel 

plate. The diameter of the tube is approximately 1cm smaller than the bottle opening to ensure 

quick and reliable mounting of the bottle. The steel plate is welded to or screwed into the surface 

below the module. This allows for controlled movement of the bottle during re-inflation.  

3.4.2 Cleaning Module 

 The cleaning interface depicted in Figure 10b) consists of four primary components. Ini-

tially, the interior of the bottle undergoes a rinsing process facilitated by a glass rinser. This rinser 

incorporates an integrated spring mechanism, permitting water jets to ascend into the bottle upon 

placement of a bottle on the rinser's star-shaped platform and subsequent downward pressure. 

Subsequently, the bottle is mounted onto the horizontally arranged brush. As the brush 

remains stationary, the bottle is rotated about its longitudinal axis and marginally inclined laterally 

to alter the primary contact regions between the brush and the bottle. The incorporation of a sec-

ondary brush allows for the simultaneous scrubbing of the bottle's exterior.  

Figure 10: 3D-representation of modules: a) Inflation Module, b) Cleaning Module.

a) b) 
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The previous steps are repeated until the inside of the bottle is considered clean by visual 

inspection. Subsequently, the outside of the bottle is rinsed with help of the tap installed on the 

sink, removing dust/ dirt on the outer surface of the bottle. The water utilized during this phase is 

gathered by the sink, which serves as a collection basin. This setup enables the efficient capture 

and subsequent redirection of wastewater to a predetermined location for appropriate disposal or 

treatment. 

3.4.3 Water Module 

 The cleaning process described in this thesis utilizes pressurized water. Given the occa-

sional shortage of tap water in the taverns, there is a need for an independent source of pressurized 

water. This ensures that the cleaning station can operate consistently, even in situations where tap 

water may be unavailable. 

Figure 11 provides a schematic of the piping system, which includes the following compo-

nents and processes: 

1. Manual Piston Pump: A manual piston pump is used to pump water into the

closed system.

2. Dirt Filter: The water first passes through a dirt filter to remove sand, dirt, and

other particles. This filtering process is essential to protect sensitive valves down-

stream.

3. One-Way Valve: A one-way valve is used to maintain the generated pressure

within the piping system while pumping by restricting upstream flow.

4. Pressure Tank: The filtered water enters a pressure tank, where the work intro-

duced by the manual pump is converted into air pressure. When the water outlet

(glass rinser/tap) is closed, the amount of air particles inside the pressure tank re-

mains constant. As more water is pumped into the closed system, the air inside the

pressure tank is compressed, exerting a certain force on the water. This pressure is

utilized to operate the glass rinser and tap, even if they are located at a higher

position than the pressure tank.

5. Pressure Regulation: The pre-cleaning setup is designed to work at 2.5 bars of

pressure. To ensure worker safety, a pressure-limiting safety valve is included. The

spring-loaded mechanism of the safety valve automatically opens if the water pres-

sure inside the pipes exceeds 2.5 bars.

6. Water access: The water pressure can be accessed through the tap or the glass

rinser by pushing the bottle onto a pressure-sensitive valve.
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This design allows for the creation of sufficient pressure within the system to operate the 

glass rinser and tap without the need for a tall framework. It ensures a safe and reliable water 

supply for the cleaning station, even in areas with occasional tap water shortages.  

3.4.4 Stacking Module 

The two concepts that received the highest rankings in the selection process outlined 

in Chapter 3.2.2 do not require additional equipment beyond the transport unit, which can be 

either a bag or a crate in case of uncrushed bottles. Therefore, the design presented in this 

chapter fo-cuses on the third-ranked concept. 

In this approach, the bottles are cut using two blades arranged in a cross-like manner. This 

cutting method allows for the bending of the bottle walls outward while leaving the bottle opening 

intact. Figure 12a) illustrates the complete mechanism of the cutting tool, which includes an outer 

tube, inner tube, cutting interface, and a bottle adapter. Joints connect the outer tube with the inner 

tube, and manual force can be applied through a handle to operate the tool. 

Figure 12b) depicts the rotating components of the module. The handle is manually oper-

ated by pulling on the lever, and the applied force is then transmitted through the joints to produce 

a linear motion of the inner tube. 

Figure 12c) provides a view of the inner tube and the cutting interface. The U-shaped tube 

serves as the sled for the cutting interface, allowing for linear movement within the outer tube. 

Movement along the short axes is restricted by the dimensions of the outer tube. The cutting 

Figure 11: Schematic of the water module utilized to generate water pressure..
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interface comprises a plate with vertically attached blades. These blades are positioned with an 

inclination to improve the cutting properties of the sharp edges. 

Figure 12: 3D- representation of the cutting module: a) Complete Assembly, b) Explosion view of the handle 

and joints, c) Explosion view of the inner tube with blades attached, d) Explosion view of the outer tube with the bot-

tle adapter attached 
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Figure 12d) displays the guide tube of the cutting tool. The U-shaped metal tube that en-

cases the inner tube ensures the linear movement of the sled. To prevent the cutting interface from 

potentially crushing a loose bottle placed underneath, a suitable counterpiece was designed in 

which the bottle can be placed upside down. The adapter walls help centering the bottle during 

the cutting process. Additionally, a metal tube with vertical cuts welded to the adapter creates 

counterpressure from underneath while pushing the blades through the bottom of the plastic bot-

tle. These measures ensure a clean cut and shield the sharp edges from the user. 

Following the bottle cutting process, a visual quality check can be performed to confirm 

the cleanliness of the bottle. If the bottle is clean, it can be placed on a pole for stacking. Since 

the bottle opening remains intact and the walls are folded outward, the efficiency of stacking is 

improved. To facilitate transportation, the poles can be loaded into the truck by sliding them into 

rails that are fixed on the ground and the sidewall of the truck, as depicted in Figure 13. This 

design prevents the poles from tipping over during transportation, ensuring safe and efficient 

transport of the bottles. 

Figure 13: 3D-representation of the loading process. Bottles are 

stacked on the pole and slide into the rail 
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3.4.5 Wastewater Treatment 

The wastewater module has not been fully developed at this stage. There are various po-

tential solutions of different costs to address the issue of organically contaminated wastewater:  

• Sewage System: One option could be connecting the wastewater to a sewage sys-

tem if available and feasible.

• Filling drum for second purpose: Another possibility is to fill drums with the

wastewater and use it e.g. for flushing of toilets or watering plants

• French Drain: Consideration could be given to using a French drain system to

manage the wastewater, making use of the organic contaminants to nourish plants.

• Water filtering: Implementation of a water filtering system to purify the

wastewater for reuse.

The selection of the most appropriate wastewater management solution would depend on 

the preferences and needs of the stakeholders involved in the project. Further discussions and 

evaluations with these stakeholders would be necessary to determine the best approach for dealing 

with the organically contaminated wastewater. 

3.4.6 Complete Assembly 

Figure 15 provides a comprehensive view of the complete assembly of the pre-cleaning 

station. The manual piston pump located on the far right is submerged into a basket of water (not 

shown in the figure) and is operated to generate the necessary water pressure for the cleaning 

process. The subsequent workflow progresses from left to right with the key steps being: 

1. The bottles are re-shaped using the inflation module

2. The manual removal of the aluminum lid and the plastic label is performed.

3. The bottle is cleaned as described in Chapter 3.4.1

4. Once the bottle is clean, it undergoes cutting with the corresponding cutting 

tool.

5. Finally, the clean bottles are stacked on the empty pole for transportation.

This sequential process ensures that the bottles are properly prepared for transport and for 

the subsequent recycling activities in the facility. 
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Figure 14: Complete assembly of the precleaning station before focus group discussion. 
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3.5 Design Verification 

In this section, the focus group discussion results are presented, covering various categories 

of statements received from the tavern mamas. They include the tavern mama’s affiliation with 

the upcoming pilot program for Super Maheu bottle-to-bottle recycling, comments on available 

infrastructure, their experience with cleaning and cutting bottles, and their ideas for a pre-cleaning 

station design without any prior bias. Additionally, their feedback on the pre-cleaning setup de-

signed in this thesis is included. The main statements are summarized in Table 7 and Table 8. 

The summary of the transcribed focus group discussion is listed in Appendix A.3.  

Table 7: Summarized user statements coming up in the focus group discussion (Part 1). 

Category User Feedback 

Project • The tavern mamas are eager to start the pilot phase of collecting

and pre-cleaning Super Maheu bottles. Managing these collection

point needs to be monetarily beneficial.

• The Super Maheu collection program needs to be made visible to

the people. Advertising helps to make people aware of the pro-

gram.

• The tavern mamas are willing to take over the cleaning them-

selves. Nonetheless, they still must serve customers and would be

happy to get suitable support.

Infrastructure • Despite the installation of taps, they frequently experience water

shortages in the pipes. The absence of running water can persist

for up to three days.

• The taverns are equipped with drums, acting as a temporal storage

of water in case of a shortage.

• Not every tavern is connected to a sewage system. Heavy rain

causes some taverns to be flooded, lacking a suitable drainage sys-

tem.

• Every tavern is equipped with storage rooms, providing space for

the storage of both cleaned and dirty bottles without any spatial

constraints.
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Table 8: Summarized statements coming up in the focus group discussion (Part 2). 

Category User Feedback 

User Experience • Daily, tavern mamas clean the bear bottles they serve to custom-

ers with a bucket of water and a towel.

• Opening the beer generally is carried out with a knife. Thus, tav-

ern mamas are experienced to use a knife to cut a bottle.

Design Ideas Before the elaborated design was shown to the tavern mamas, their 

unbiased ideas about what they need for cleaning the bottles were col-

lected: 

• The setup should be like a table with a sink to perform the clean-

ing.

• The setup needs to have storage space for dirty and clean bottles.

• The space below the cleaning station can be used as additional

storage.

• The cleaning station must be located inside. First, the tap is lo-

cated inside the storage room. Second, the tavern mamas agreed

that equipment will be damaged by customers under the influence

of alcohol.

• The cleaning station should be placed near the existing sinks.

User Feedback Afterwards their opinions about the elaborated design were discussed: 

• The design is viewed as user friendly. They are happy to get

trained on operating the setup.

• They fear the cleaning station to be damaged if left outside.

• The cleaning station should be painted in Chibuku colours (blue

and red)

• The type of bottle should be displayed in proximity to the setup.
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Besides crucial information about the local conditions such as infrastructure, safety of the 

equipment on site etc., the focus group discussion provided valuable insights into the design of 

the pre-cleaning station. While the tavern mamas expressed confidence in operating the designed 

cleaning station, they highlighted the need for optimizing the workflow. Additional storage op-

tions were suggested to maximize the use of available space on the workbench. This includes 

adding plates under the tables for storing dirty bottles and tools like knives for label removal. 

Vertically arranged pins were also introduced on the working surface to temporarily store bottles 

that have undergone specific steps, allowing for more efficient batch processing. As a result, the 

detailed design of the pre-cleaning station was adapted accordingly (see Figure 15). 

Figure 15: Complete assembly of the pre-cleaning station after focus group discussion. 
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3.6 Prototyping 

The prototyping of the designed pre-washing station is presented in this chapter. Before 

the product can be manufactured and installed in Blantyre, a functional verification of the design 

is necessary. 

3.6.1 Switzerland Prototype 

 For this reason, low-cost prototypes investigating the functionality and useability of the 

modules (excluding the wastewater module) were built and tested in Switzerland. The materials 

for the cleaning module and water module were purchased and ordered mainly from local stores. 

Some parts were imported, where no suitable alternative was found. The materials used for the 

inflation and cutting module were either purchased from local steel suppliers or fabricated from 

free scrap metal available at Dynamo, Zurich. Processes such as cutting, drilling, welding, and 

assembling of these two modules was carried out at Dynamo. The total cost of the Swiss prototype 

was 560 CHF. This includes both the expenses for the materials utilized in the construction of the 

prototype and the costs associated with the use of the workspace at Dynamo. 

1. Inflation Module:

The inflation prototype depicted in Figure 16. was built identical to the design previously 

presented in Figure 10a). In this phase of prototyping, one out of four Super Maheu bottles, avail-

able in this phase, was selected for testing the prototype. The testing involved subjecting the bottle 

to compression by stepping on with full body weight. To facilitate the reshaping process, the 

module's ground plate was securely fixed to the workbench using a pair of screw clamps. Several 

testing rounds were conducted to observe the functionality of the designed module, the opera-

tional effort, and the ease to clean the system. The module was able to re-shape the bottles reliably. 

Figure 16: First inflation module prototype 
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The force exerted during this process did not result in any observable physical stress. Furthermore, 

the designed module was able to restore a bottle to its original shape within a matter of seconds. 

2. Water module / Cleaning module:

Figure 17 illustrates the assembly of the water module, showcasing several key compo-

nents. The manual hand pump is rigidly fixed in a position along a vertical beam, which is inter-

connected with a footrest. The pump is submerged into a water-filled bucket as part of the con-

figuration. Additionally, the system incorporates a one-way valve and a barometer, with the safety 

valve yet to be integrated. To maintain intentional pressure control below 2.5 bar, the barometer's 

readings were monitored during the pumping process.  

The pressure reservoir is constructed using a 20-liter plastic bottle made from copolyester, 

commonly employed in water dispensers. Remarkably, this plastic bottle exhibited no signs of 

plastic deformation within the pressure range of 0 to 2.5 bar, suggesting its viability as an eco-

nomical solution for the intended application. Finally, this prototype included the incorporation 

of the glass rinser as main water outlet. To optimize cost-effectiveness, the setup was intentionally 

kept simple, and the construction of a dedicated workbench with a sink was deferred to a later 

stage. 

Figure 17: First water module prototype. The glass rinser is connected as primary water outlet. 
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The water and cleaning modules were tested using the four available Super Maheu bottles, 

which were manually contaminated with a mixture of syrup and dirt to simulate the consistency 

and stickiness of organic contaminants. Cleaning procedures involved rinsing the bottles with 

water jets and subsequent manual brushing. Both the brush and the bottles were manipulated by 

hand during the cleaning process, which, imposed physical strain over time. In the final product 

iteration, this issue will be resolved by securely fastening the brush to the worktable.   

The cleaning process appeared to be a highly effective method for removing the simulated 

contamination. In the subsequent phase of prototyping, a more comprehensive evaluation was 

carried out, involving a larger number of bottles and actual drink contaminants to further assess 

its effectiveness. 

3. Stacking Module:

The fabrication and assembly of the cutting tool closely followed the specifications 

out-lined in the CAD-generated drawings and is depicted in Figure 18. The cutting mechanism 

fea-tured a single diagonally oriented blade. The bottle adapter effectively secured the bottles in 

place, ensuring stability during the cutting process. The blade executed the cutting process 

flawlessly. Given the single-blade configuration, the bottle was temporarily removed from the 

adapter after the first cut, rotated by 90 degrees, and then reinserted again. The second cut 

successfully 

Figure 18: First prototype of the cutting module. The bottle adapter is re-

moved from the guide rail. 
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achieved the desired cutting shape, preparing the bottle for stacking onto the pole. Figure 19 

shows a Super Maheu bottle after cutting. One side was manually removed for better visibility. 

3.6.2 Blantyre Prototype 

The second prototyping phase took place in Blantyre and lasted for a duration of 5 weeks. 

Materials required for building the complete setup were sourced and acquired from local steel 

suppliers, hardware stores, and various markets in town. Only specific components such as the 

safety valve, brushes, glass rinser, and manual hand pump were reused from the Swiss prototype. 

The water and cleaning modules were assembled in a workshop at the Malawi University of Busi-

ness and Applied Sciences (MUBAS) in Blantyre. The workbench, including the inflation mod-

ule, sink, and stacking module, were manufactured either by specialized engineering companies 

or local steel workers found at local markets. Excluding the components that were reused from 

the first prototype, the cost of the Blantyre prototype amounted to 540 CHF. This expenditure 

covers the materials and the manufacturing costs encountered in the development of the prototype. 

 Figure 20 illustrates different steps in the manufacturing process, including the sealing of 

piping components with hemp fibers (see Figure 20a), the attachment of final reinforcements to 

the workbench by a welder (see Figure 20b), and the spray painting of the workbench with two 

layers to protect it from corrosion before adding the loose parts to the setup (see Figure 20c). 

Figure 19: Super Maheu bottle cut in a cross-shaped manner 
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Figure 20: Different stages of manufacturing of the second prototype. a) Sealed components of the 

water module, b) Reinforcements being welded to the workbench, c) Spray painting of the workbench 
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Figure 21 shows the complete assembly of the pre-cleaning station. The water needed to 

operate the system is stored in a 50L drum that continuously fills the bucket underneath the piston 

pump. The pressure tank is located behind the drum. The tray underneath the sink serves a dual 

purpose: firstly, it captures wastewater which was directed into a bucket, and secondly, it acts as 

a storage space for dirty bottles that are prepared for cleaning. 

In Figure 22 a closer view on the main workbench is depicted. From left to right, the ver-

tical tube of the inflation module, the sink with the cleaning interface and the pins for temporal 

bottle storage are visible.  

After construction of the setup, the prototype was evaluated. The testing was conducted at 

the workshop, where the main workbench was assembled. The experimental procedure utilized a 

batch of 40 Super Maheu bottles as the test sample. At the time of these trials, there was no 

operational collection point for Super Maheu, necessitating the procurement of these samples 

from a local grocery outlet. The liquid contents of these bottles were distributed to students at the 

MUBAS campus. Following this distribution, the bottles, which retained residual beverage traces, 

Figure 21: Complete Assembly of the second prototype. All components are included in this prototype. 
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were subjected to a drying period of three days in preparation for the testing phase. In the follow-

ing paragraphs the test results of the different modules are presented: 

1. Inflation Module:

Since the bottles were bought in a store rather than obtained by street collection, none of 

the sample bottles had undergone initial crushing. Consequently, a subset of these samples was 

manually crushed underfoot and then subjected to re-inflation using the inflation module. This 

process mirrored observations made with the Swiss prototype, demonstrating that the module 

functioned both efficiently and reliably. However, a notable difference was the marginally in-

creased diameter of the tube compared to the initial prototype. This variation posed challenges in 

the vertical placement and manoeuvring of the bottle on the tube. In subsequent iterations of the 

prototype, the diameter of the inflation module will be precisely dimensioned to ensure optimal 

functionality. 

2. Water Module:

In the second prototype, the water module underwent different enhancements compared to 

its predecessor. Key developments included the integration of a safety valve, the addition of a 

Figure 22: Front view of the inflation and cleaning module as installed in the second prototype. The inflation module 

is located on the left, the storage pins on the right. The cleaning module in the middle includes: Brush, Sink, Tap, 

Rinser.  
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secondary water outlet in the form of a tap, and the anchoring of the piston pump directly to the 

workbench, as opposed to its previous attachment to a footrest. During the initial phase of opera-

tion, any detected leakages were promptly sealed. This precautionary measure was taken prior to 

the generation of the main pressure within the system. 

After the 5th cycle of pumping water into the system up to 2 bars and releasing water until 

a pressure of 1.5 bars was achieved, pressurizing the pressure tank to 1.7 bars again leaded to 

permanent deformation of the 20L plastic bottle. The deformation incident resulted in the base of 

the bottle, typically concave (inwardly bent), being altered to a convex shape (bent outward). This 

phenomenon is not uncommon and has been previously documented for PET bottles (D’Agostino, 

2019). Although bottle was still intact, the pressure level allowed for further testing was limited 

to 2 bars for safety reasons (including the cleaning experiment).  

Currently, openly accessible results of a pressure test for 20L water dispenser bottles are 

unavailable. This might be due to the fact, that water dispensers usually are not operated under 

pressure but rather function with the static force of the water. An alternative realization of a plastic 

bottle pressure tank was explored by Manohar (2016). The author utilized 2L Pepsi bottles that 

were designed to contain pressurized carbonated beverages and are reported to burst at a pressure 

of around 11.4 bars. These bottles might offer a safer solution for the application as a pressure 

tank in the pre-cleaning station. 

3. Cleaning Module:

The cleaning process starts with the removal of material contaminants. First, the plastic 

label was detached from the bottle. The label consists of a plastic sheet with imprints containing 

product information on it. A layer of adhesives is used to fix the label to the bottle. The label 

removal was tested with a peel angle of 90° and 180°. At an angle of 90° the removal process was 

noticeably straining after a handling several bottles. Expanding the peel angle to 180° was esti-

mated much more convenient as less force was needed. This observation aligns with existing 

literature, which indicates that the critical force necessary for peeling at a 90° configuration is 

approximately double that required for a 180° angle. (Bartlett et al., 2023). Nonetheless, in both 

cases, the label could be peeled off with no adhesive residue sticking to the bottle.  

The removal of the aluminium lid presented several challenges. The lid is composed of four 

distinct layers as described by (de Roiste, 1999). The top coating displays the product name and 

logo. Beneath this is the aluminium foil, serving as a barrier layer to shield the beverage from 

external influences. Following this is a plastic tie layer, functioning as the sealant. Adhesives are 

employed to bridge the aluminium and tie layers, as well as to secure the tie layer to the bottle. 

During the lid removal process, two primary issues were encountered. First, consumers open the 
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beverages differently. Some gently remove most of the lid in one piece which allows to peel the 

complete lid off easily. Others puncture the lid, causing the aluminium to be torn into several 

fragments. This method often leads to the foil tearing along the rim of the opening during the 

removal of individual lid segments. Consequently, the residual aluminium adheres to the tie layer, 

posing significant difficulty in its complete removal. In both scenarios described, the primary 

challenge was not the aluminium itself, but rather the tie layer. After the lid removal, this layer 

was sticking to the bottles after removing the lid for most of the samples, introducing a material 

contaminant which could not be addressed by the cleaning setup. This specific issue is illustrated 

in Figure 23. 

In summary, the adhesive and the plastic label currently utilized in Super Maheu packaging 

are deemed appropriate for the subsequent recycling processes. The multilayer lid on the other 

hand is considered as problematic as it introduces material impurities for the subsequent recy-

cling. 

The last step of the cleaning process is the removal of organic contaminants. For testing, 

the sample bottles were separated into two groups. The first half of the samples were cleaned 

starting from their dry state. The remaining bottles were soaked in a finite water volume of 4L for 

Figure 23: Empty Super Maheu bottle. Some aluminium foil and 

parts of the tie layer remained on the bottle rim. 
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one minute before the cleaning process was initiated. Figure 24a) depicts the amount of water 

used to clean sets of five dry bottles. In Figure 24b) the water consumption of sets of five pre-

soaked bottles is visualized. The water consumption per bottle could be reduced by 23% when 

pre-soaking the bottles first. The soaking loosens the contamination and hence, reduces the 

amount of cleaning repetitions (rinsing, brushing), making the process more resource efficient. 

Figure 25a) and Figure 25b) compare the time needed to clean a set of 5 bottles for dry and 

pre-soaked bottles. The cleaning time is drastically reduced (almost 50%) by pre-soaking the bot-

tles in water first.  

Figure 24: Water consumption of (a) unsoaked and (b) pre-soaked bottles. 

a) b)

Figure 25: Time consumption of (a) unsoaked and (b) pre-soaked bottles. 

a) b)
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Consequently, it is advisable to modify the cleaning process by incorporating a preliminary 

soaking step after the bottle reinflation. With this process, a water consumption rate of 0.2l per 

bottle with a cleaning time of 24 seconds per bottle can be achieved. The water used for this step 

does not need to be fresh, since the removal of contamination follows the soaking process. 

4. Stacking Module:

Finally, the cutting tool built in Blantyre also showed some problems. In comparison to the 

first prototype, the blades were not able to penetrate the bottom of the bottle even when introduc-

ing the maximum manual force on the lever. The tool was designed to work with the bottles 

available in Switzerland. Comparing them with the newly acquired ones shows that the thickness 

of the bottom layer has increased by a factor of two. Even though different geometries and cutting 

angles of the cutting interface were investigated, the bottom of the bottles could not be cut. Even 

manual cutting with a sharp knife was energy and time consuming while the bottles, available in 

the design phase, showed little resistance to cutting manually.  

3.7 Discussion 

The design of the pre-cleaning station for HDPE bottles in low-income countries was real-

ized through a methodical product development process. This structured approach facilitated a 

comprehensive analysis of the target user and the product environment. It also enabled the objec-

tive selection of the most viable concept for addressing the identified problem. The thorough 

documentation ensured that the design team, project board, and various stakeholders maintained 

a complete and clear understanding of the product's progress and specifications, enhancing the 

decision-making progress throughout all phases.  

Through engaging discussions with WASTE advisors, Chibuku company, and the project 

board, essential insights were acquired, guaranteeing the design's compatibility with the low-re-

source environment. Additionally, a focus group session with the users of the pre-cleaning station 

provided inputs for design enhancement, addressing specific concerns and requirements high-

lighted by the participants. 

The prototyping stage was carried out in two distinct phases, each offering valuable in-

sights. The initial set of prototypes focused on evaluating the overall functionality of the designed 

modules, which were deemed apt for their intended functions. The subsequent phase of prototyp-

ing, conducted in Blantyre, revealed a number of issues. First, the pressure vessel, constructed 

from a 20L water dispenser bottle, exhibited signs of plastic deformation. This is a concerning 

issue in any pressurized system, as repeated cycles of deformation could further weaken the ma-

terial, potentially leading to a catastrophic burst failure. To safeguard worker safety, it is impera-

tive to incorporate a more robust pressure tank. One potential solution, as suggested by (Manohar, 
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2016), is to utilize plastic bottles specifically designed to withstand pressurized conditions. Alter-

natively, a steel pressure tank could be employed. This option might involve repurposing an old 

fire extinguisher or a gas tank. If stainless steel is not readily available, it would be advisable to 

apply a protective coating to the interior of the tank to prevent corrosion, thereby enhancing its 

longevity and safety. 

After observation of the deformation in the pressure tank, the maximum cleaning pressure 

was limited to 2 bars. While visual assessment indicated that the bottles appeared clean at this 

pressure, the application of higher pressures could potentially yield better cleaning results in a 

shorter timeframe. This emphasizes the necessity for a more robust pressure tank capable of safely 

withstanding higher pressures. 

Subsequently, the process for the removal of material contaminants was thoroughly exam-

ined. Although the label was easily peeled off, the multi-layer lid posed significant challenges. 

The remaining contaminants primarily consisted of adhesive residues from the seal, the tie layer, 

and potentially some remnants of aluminum. Therefore, further investigations are essential. These 

should either focus on identifying and developing processes capable of efficiently removing these 

specific contaminants or alternatively, consider a revision in the packaging process itself. Modi-

fying the packaging method could potentially facilitate easier detachment of all components of 

the lid. 

Finally, an alteration in the bottle's thickness was noted, leading to a malfunction in the 

stacking module. The existing cutting tool was unable to slice through the bottle as originally 

designed. Consequently, this necessitates a reconsideration of either the cutting pattern or the 

cutting process itself, to effectively transform the bottle into a state suitable for stacking. In addi-

tion to addressing the immediate issue with the cutting tool, it would be worthwhile to investigate 

the underlying cause of the increased bottom wall thickness. Understanding the reason for this 

enhancement is crucial to ensure that the production process is not using more plastic than neces-

sary. 

The pre-cleaning station developed for Super Maheu bottles presents a straightforward and 

effective method for cleaning used bottles. A key advantage of this station is its operational inde-

pendence from electricity and running water, relying solely on sufficient water storage. The de-

signed pre-cleaning station, with a production cost of 540 CHF, is appropriate for utilization in a 

low-resource context. However, expanding the project budget and loosening constraints to in-

clude resources like electricity – potentially sourced from photovoltaics and stored in batteries – 

could significantly enhance the station's efficiency, and overall user experience. 
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4 Conclusions and Recommendations 

In this thesis, the implementation of a bottle collection and pre-cleaning station for HDPE 

bottles is investigated. This work is part of a PhD project conducted at the Chair of Global Health 

Engineering at ETH Zurich and aims to design and prototype a suitable solution to prepare dirty 

post-consumer bottles for mechanical recycling. The project develops a solution for a beverage 

company in Blantyre, Malawi, but the modular and simple design is intended to be translatable to 

other low-resource contexts.  

The current work focuses on a maize drink in an HDPE bottle produced by Chibuku Prod-

ucts Ltd, but future work could be done to test the applicability of the solution for other drink or 

bottle types. The project benefits from access to a space at the Chibuku taverns, which are offered 

as a collection point for the Super Maheu bottles. These taverns are managed by tavern mamas 

who will act as one the main users of the pre-cleaning station. 

A methodical development approach is selected for the desired setup and ensures user-

centered design. This approach facilitates comprehensive documentation at all stages and acts as 

a portfolio for the decision-making process of the design team, project board and stakeholders. 

Various concepts addressing specific tasks within the pre-cleaning process are developed and the 

most suitable approach is objectively selected based on a numerical rating system. The chosen 

concepts are refined, embedded in the system architecture, and transformed into a detailed design 

using CAD software.  

The detailed design comprises five different modules that were each developed inde-

pendently. The inflation module re-shapes crushed bottles. A water module manually generates 

water pressure used in the subsequent steps of the cleaning process. The cleaning module consists 

of a stationary brush capable of brushing the inside and outside of a bottle simultaneously, a glass 

rinser propelling jets of water into the interior of the bottle, and a tap. Cleaned bottles are cut with 

a tool to enable efficient stacking for transport on a collection truck. 

As the main users of the pre-cleaning station, the tavern mamas were interviewed in a focus 

group setting. They confirmed their affiliation with the project and were confident about the pro-

posed design. New ideas discussed during the focus group discussion could be directly imple-

mented in the present design. 

The prototyping was conducted in two phases. A proof-of-concept prototype was built in 

Switzerland, providing initial findings that all modules were functional in the developed system. 

Further investigation was conducted on a second prototype at the study site in Blantyre to exten-

sively test the design and investigate the interactions between the modules.  
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During this phase, various challenges were identified. The 20L plastic bottle used as a 

pressure vessel was not suitable for long-term use, as plastic deformation occurred below the 

operational pressure. As a result, the experimental pressure had to be set lower than planned. The 

effectiveness of the cleaning module was compromised due to the inability to achieve the desired 

water pressure, marginally reducing efficiency compared to the prototype developed in Switzer-

land. Additionally, the cutting tool faced difficulties in penetrating the locally purchased bottles. 

Between the design of the module and its implementation, the plastic thickness of the Super Ma-

heu bottle base has increased by a factor of two. Finally, significant issues were encountered in 

the removal of the multi-layer lid from the bottles. A key challenge was the strong adherence of 

the tie layer to the bottle, frequently resulting in residual material attached to the bottle.  

Based on the findings from the prototyping phase, several key revisions have been identi-

fied to enhance the system's functionality and safety: 

• The current pressure vessel is prone to burst failure and should be replaced with a

safer alternative. Options include re-using plastic bottles from carbonated bever-

ages or employing standardized pressure tanks. These alternatives not only offer

increased safety against burst failure but also have the potential to withstand higher

pressures, thereby improving the overall efficiency of the cleaning process.

• A lab study could be done to determine the plastic purity needed for recycling. If

needed, a suitable process to scrape away residual pieces of the lid could be devel-

oped. Alternatively, changes to the packaging process could be discussed with

Chibuku Products to ensure easy removal of the lid.

• If the current increased material thickness of the bottles persists, the cutting tool

will require a redesign. This redesign should explore alternative cutting patterns or

different cutting methodologies to ensure efficient use of transport space.

The pre-cleaning setup was designed within budget and time constraints for a low-resource 

context without access to electricity. Future work could be done with an extended pilot of the 

proposed setup to ensure that cleaning efficiency and user experience are satisfactory. With the 

suggested revisions, the evaluated prototype can serve as a low-cost tool for the closed-loop re-

cycling pilot in Blantyre with Chibuku Products. 
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A.1 Needs-Metrics Matrix
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A.2 Target Product Specifications

No. Metric Units Marginal Ideal 

1 Young Modulus of steel parts Pa > 180 ~ 200 

2 Stability / Balance upon use cycle Subj. > 3 5 

3 Force needed to bring the system to fail N > 250 400 

4 Number of parts exposed to stress # < 8 4 

5 Percentage of corrosive parts % < 10 0 

6 Corosity Resistance mm/year < 0.5 0 

7 Time needed to replace essential parts min < 30 20 

8 Lifetime span of device years > 2 4 

9 Wind resistance / Inertia (windspeed without falling) m/s > 20 25 

10 Displacement reached upon pushing gently cm < 5 0 

11 No. of loose parts (incl. equipment) # < 4 0 

12 No. of fixation points of complete device to ground # > 4 8 

13 Equipped material costs CHF < 150 100 

14 Percentage of visible contamination after cleaning % < 20 5 

15 Bottle specific volume units / 𝑚3 > 250 300 

16 Adjustability to different bottles Subj. > 2 5 

17 Development Costs CHF < 2500 2000 

18 Manufacturing Costs CHF < 800 500 

19 Amount of imported parts # < 4 0 

20 Costs of imported part  CHF < 500 200 

21 Time needed to treat one bottle s < 45 30 

22 No. of steps needed to treat one bottle # < 8 5 

23 Functionality ensured without electricity Subj. > 3 5 

24 Functionality ensured without running water Subj. > 3 5 

25 No. of people needed to operate the device # < 3 1 

26 Mechanical Force required to operate the device N <150 80 

27 Height where mechanical input is applied cm < 140 < 120 

28 Time needed to clean the device min < 10 5 

29 Time needed to move the device from fixed location min < 10 5 

30 Height of the device m < 3 < 2 

31 Width / Length of the device m < 3 < 2 

32 No. of harmful spots the user is exposed to  # < 3 0 

33 Level of accident protection Subj. > 3 5 

34 Exposure of waste to living organisms on the surface Subj. > 3 5 

35 Amount of water used to clean one bottle L > 0.2 < 0.1 

36 Contact duration between user and contamination  s / bottle > 15 6 

37 Level of self-explanation of the device Subj. > 3 5 

38 Clarity about the belonging of the device Subj. > 3 5 

39 Level of visual appealingness Subj. > 3 5 
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A.3 Focus Group Discussion (Summary)

SECOND TAVERN VISIT  

4th October 2023

The bellow report contains findings from first tavern meeting with tavern mamas as a 

focus group discussion  

Registration of participants 

Name Selling point Role 

Veronica Awame Chilobwe tavern Chairperson 

Rose Chimombo Mbayani lower Secretary 

Irene Malata Argentina Tavern Chairlady 

Jenifer Paulo Ndirande Urban Treasure 

Esnarth Kadango Limbe Tavern Regional chair 

Margret Mwase Mbayani Upper Vice Secretary 

Agness Charles Ndirande Lower Vice Chairlady Ndirande 

Lower 

 The following table records responses from the discussion held 

Explain the whole cleaning and storage pro-

cess  

Generally; cleaning materials are mostly 

sourced by the tavern mamas. Most of these 

tavern has tap water and where the pipe water 

isn’t functioning they alternatively buy from 

nearby selling joints. Upon delivery the beer 

is stored in their storage facilities to be sold 

3 or four days later as most customers prefer 

it like that. Before giving beer to customers 

mamas have to clean it first. 

What are hygiene related issues and risks en-

countered before? 

There have been cases in most of these tav-

erns before where customers threatened to 

sue these sellers over allegations that they 

were selling beer below hygiene levels; i.e. 

customers complained about bottles having 

urine, petrol and even condoms stinks   

Where do you get water? Beside here are 

there alternatives? 

Every tavern has tap water for the majority of 

these taverns. In cases where tap water isn’t 

functioning they purchase from nearby sell-

ing stations. 

.:these other taverns had piped water but now 

they are no longer functioning 

What happens if there Is no piped water? As earlier said most of these taverns have 

piped water. Limbe tavern, lower mbayani 

tavern, ndirande upper and lower taverns, 
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argentina tavern have functioning taps. Al-

ternatively the other taverns use drums and 

basins for cleaning.   

How do you think a collection and pre-clean-

ing point could look like? 

Majority of the responses holds that there 

should be 3 stations for this exercise; a sta-

tion where all collected bottles should be put 

and further to that a sink that will be used for 

the actual cleaning of the bottles. Addition-

ally, there should be the other part where 

cleaned bottles will be put after cleaning.  

The below table accounts for responses the tavern mamas gave with regard to user needs. 

How user friendly do you think the designs 

above might be? 

Mamas from all selling joints view these de-

signs very user friendly. They feel this is easy 

and not too involving since they will be only 

operating, having trained and the machine 

will do the rest.  

What do you think about having cleaning sta-

tion for bottles at a tavern? And possible is-

sues that you think may come from it.  

All tavern mamas present were delighted to 

hear such an innovative idea and they view 

this as a good development. The only possi-

ble issue the feel may come from it is that of 

vandalisation of such an innovation.  

What are ways that we could prevent this 

new cleaning station from disrupting your 

tavern operations? 

Here, majority of the mamas believe that this 

station needs to be placed near to their oper-

ating points for easy multitasking. They be-

lieve the remaining part is the issue of 

properly managing time but there won’t be 

any disruption of operations 

What would be the best place for washing 

equipment for the super maheu bottles?  

Mbayani Lower tavern mama would love 

to have the station in one of their storage 

rooms. The 8 by 5 meters room is probably 

their bigger store room and where the tap is 

placed hence the tavern mama hopes this fits 

for the initiative. Likewise, Mbayani upper, 

Limbe, argentina, Ndirande upper and 

lower taverns would love to have this station 

in one of their storages and mostly close to 

their selling side for easy multitasking of op-

erations.   

What should the collection point not look 

like? What to avoid within the looks (messy, 

ugly etc.) 

Here the response of the majority is that the 

collection point should look familiar with 

their chibuku colours. And most importantly 

they should be well placed.  

Does anyone working at the tavern have ex-

perience in using tools? How strong do you 

All tavern mamas present have no experience 

in using the tools. 



71 

estimate you or any workers within your tav-

ern rendering a helping hand during operat-

ing the machinery?  

Also the majority of the mamas present be-

lieve the guards would love to help in oper-

ating the machinery but they would prefer to 

work alone in order to take a very good care 

of the property. 

What ideas do you have to motivate people 

to collect and wash super maheu bottles 

here?  

Here the response of the majority of mamas 

believe that money is the biggest motivation. 

They also suggest posters be posted to let 

people know about the bottle collection exer-

cise 

Any idea on how to make the equipment ap-

pealing? 

All the mamas present hold that the equip-

ment should have the colors their companies 

use. 

The following table gives responses the tavern mamas gave on the issue of usability dur-

ing the focus group discussions. 

Have you ever had issues with cutting pro-

cess i.e. the use of knives?  

The common issue in all tavern mamas pre-

sent is being cut by the knives used 

What do you do to prevent injuries and en-

sure safety? 

The common precaution the tavern mamas 

use is concentration when cutting the packets 

How do you cut the bottles open? Commonly there are two ways these tavern 

mamas cut the packets; they either use cellu-

lar in cases where a customer is drinking 

alone or round if two or three customers are 

drinking as a group 

Have you ever seen a pressurized tank be-

fore?  And who was using it?  

Here most of the tavern mamas have seen the 

tanks before and some have eve used them.  

Mostly they have seen them in nearby areas 

and some used them during the days they 

were selling a certain beer brand (Jive) some-

time back.  

Is this brush design something you could see 

people using? How easy would it be for peo-

ple to use to clean bottles?  

The majority response was that they have 

never thought about it but they are all excited 

to see such a development edging towards 

their field. 

The tavern mamas feel having taught on how 

to operate them, they will find it easy and re-

lieving to use to clean bottles.  

How do imagine managing a collection 

point? Is there a time window where you 

could be available to oversee? Would people 

be interested in helping?  

The tavern mamas present are excited with 

the imagination of managing the collection 

point. 

All tavern mamas present feel there will be 

enough time to oversee the whole collecting 

process.  

Another uniform response is that the guards 

will be willing to help  
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The last table below accounts for the additional logistical responses the tavern mamas 

gave during the focus group discussions.  

How big Is the space that could be available 

on the site?  

Mbayani Lower about 8 by 5 meters 

Mbayani upper about 5 by 4 meters 

Limbe, ndirande upper and lower tavern, 

argentina  and chilobwe estimates atleast 6 

by 5 meters spaces 

Is there an outside tap water connection? Only chilobwe and ndirande upper taverns 

had this facility but chilobwe’s was vandal-

ized and ndirande upper only remains with 

it. The other taverns have no such outside tap 

water connections.  

Where does your wastewater go from the 

sink flow?  

Some taverns have no such things. For mba-

yani lower, limbe, ndirande upper the 

wastewater go through the system and lead 

them to the manholes designed.  

Where does the rainflow when it is heavily 

raining?  

Some taverns like limbe the water spreads to 

some parts of the market. But for some tav-

erns like mbayani, ndirande and chilobwe 

go down to the livers behind the taverns.  

What is the safety of the taverns like through-

out the day? Are there times when it is not 

safe around the taverns?  

Here the common response was that there is 

security around the taverns though the 

measures and enforcements aren’t tight.  

 When would be the highest danger of equip-

ment being stolen and what do you do to pre-

vent things from being stolen?  

Here the answer is common in most of these 

taverns. There cannot be such cases since 

there are guards assigned to look after secu-

rity of the taverns. Additionally, some tav-

erns are located near police stations and this 

adds to the security of these places.  

How much locked storage space do you 

have? How many rooms? Is there extra space 

to store some critical tools inside overnight?  

All storages are always locked and big 

enough. For example; 

Chilobwe: They have 2 stores 

Mbayani: They have 4 rooms 

Limbe: They have 3 storage rooms  

Ndirande lower and upper have more than 

3 store rooms. The store rooms are spacious 

and they have enough space for some critical 

tools.  

Do you think there is space to store stacks of 

clean bottles until chibuku trucks collect 

them?  

Here the common response is that there are 

spaces in all taverns to store stacks of clean 

bottles until trucks collect them.  

How often do chibuku trucks come to your 

tavern?  

Here there is a common response; chibuku 

trucks comes daily unless there is a fault 

somewhere.  


