
                      © 2025 Author(s).  This is an open access article licensed  

                          under the Creative Commons Attribution (CC BY)                 

                          License (https://creativecommons.org/licenses/by/ 4.0/). 

 

 481                                                                      ARCHIWUM INŻYNIERII PRODUKCJI 

 

PRODUCTION ENGINEERING ARCHIVES  2025, 31(4), 481-492 

 

PRODUCTION ENGINEERING ARCHIVES 

ISSN 2353-5156  (print) 
ISSN 2353-7779  (online)  

Exist since 4th quarter 2013 

Available online at https://pea-journal.eu 

 

Maximizing cleaning efficiency and minimizing rework  

in a recycling facility using the DMAIC approach 

Ivy Mar J. Ramos1*  

1Department of Industrial Engineering, College of Engineering, Bulacan State University, City of Malolos, Bulacan, Philippines 

*Correspondence: ivymar.ramos@bulsu.edu.ph 

 

Article history 

Received 17.07.2025 

Accepted 14.11.2025 

Available online 12.12.2025 

 Abstract 

This study applied the DMAIC (Define, Measure, Analyze, Improve, Control) methodology to im-

prove the operational efficiency of a facility's bottle cleaning process. The Define Phase identified 

critical issues, including a high rework rate (15%), inconsistent cleaning quality (84% efficiency), and 

excessive water and detergent consumption. The Measure Phase established baseline data to quantify 

these inefficiencies. Root causes were identified in the Analyze Phase using a Fishbone Diagram and 

Failure Mode and Effects Analysis (FMEA), highlighting manual detergent dosing, unstable wash 

temperatures, lack of standard operating procedures (SOPs), and inconsistent employee performance 

as major contributors. During the Improve Phase, remedies that were specific to the problem were put 

into place. These included automating the delivery of detergent and controlling the temperature, add-

ing real-time monitoring, updating standard operating procedures (SOPs), and giving employees more 

training. Because of this, the cleaning efficiency went up to 92%, the rework rate went down to 7.5%, 

and the inspection pass rate went up to 92%. Resource usage decreased significantly – detergent by 

23% and water by 20% – resulting in annual cost savings of $23,404.24. These gains were sustained 

through the Control Phase via continuous monitoring, regular audits, and periodic staff retraining. The 

project shows that DMAIC may help improve operations and lower costs in a way that lasts. It gives 

other plants a model to follow if they want to improve their manufacturing processes while making 

them better for the environment and quality. Combining automation, data collection, analysis, and a 

standardized workflow within a framework for improvement led to rapid gains and long-term process 

control. 
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1. Introduction 

In bottle recycling operations, where stringent standards 

were required to satisfy regulatory and customer expectations, 

improving cleaning efficiency and reducing rework rates were 

essential for operational success. As recycling gained global 

importance, facilities faced growing pressure to accomplish 

more with fewer resources (AM, A. 2017). Maintaining con-

sistent quality was particularly challenging in bottle recycling, 

given that food-grade cleanliness was frequently required. 

Bottles that failed to meet hygiene standards necessitated re-

work, which increased costs, wasted resources, and reduced 

overall productivity. This study employed the DMAIC (De-

fine, Measure, Analyze, Improve, Control) methodology to 

streamline cleaning processes, minimize resource use, and en-

hance overall efficiency to address these challenges. 

DMAIC was recognized as a structured, data-driven meth-

odology for process improvement and quality management 

(Moreira et al., 2024). It leveraged statistical tools and process 

optimization techniques to identify the root causes of ineffi-

ciencies, thereby enabling sustainable solutions that enhanced 

productivity and environmental performance (Aichouni et al., 

2021). As an integral component of Six Sigma, DMAIC effec-

tively addresses complex operational challenges by systemat-

ically identifying and eliminating defects and inefficiencies 

(Garg et al., 2020). The framework offered a structured ap-

proach to problem-solving and continuous enhancement of 

processes, essential for achieving substantial quality improve-

ments in business operations (Meena et al., 2018a). 

The methodology has demonstrated effectiveness across di-

verse sectors, such as reducing garment manufacturing defect 

rates and improving engineering organizations' design pro-

cesses (Rahman et al., 2018a). Its utility extended beyond 

manufacturing, as shown in applications that enhanced deliv-

ery efficiency and reduced deviation rates in production 
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systems (Tennakoon & Palawatta, 2015a; Kaid et al., 2016). 

Moreover, the application of Six Sigma – particularly DMAIC 

– has consistently resulted in significant reductions in defect 

rates and substantial cost savings, including reported annual 

savings of US$2.4 million from reduced scrap and rework in 

manufacturing (Gijo et al., 2011). These outcomes under-

scored the universal applicability and transformative potential 

of DMAIC as a tool for operational excellence and financial 

viability across industries (Kumar & Sharma, 2012). This 

widespread success suggested that DMAIC could also revolu-

tionize recycling practices by addressing recurring inefficien-

cies and operational constraints. 

The emphasis of DMAIC on data-driven decision-making 

and continuous improvement make it particularly well-suited 

for recycling processes, which were often resource-intensive 

and characterized by high variability. Its systematic structure, 

beginning with the Define phase, facilitated the precise artic-

ulation of problems and guided data collection, which was vi-

tal for hypothesis development in complex systems (Cardiel-

Ortega et al., 2017). The Measure phase quantified the magni-

tude of identified problems, established baseline metrics, and 

enabled accurate evaluation of improvement efforts. The An-

alyze phase then examined causal factors behind observed in-

efficiencies, using statistical tools to validate hypotheses and 

pinpoint root causes, providing a foundation for targeted inter-

ventions (Soundararajan & Reddy, 2020). The Improve phase 

focused on designing and implementing solutions to eliminate 

root causes, often involving innovative process redesigns or 

technological integration. Finally, the Control phase ensured 

that improvements were sustained over time by implementing 

monitoring systems and standardized procedures, which pre-

vented regression and fostered long-term stability (Mittal et 

al., 2023). 

This structured progression ensured that improvements 

were embedded into the operational framework, resulting in 

lasting gains rather than temporary fixes. The effectiveness of 

DMAIC in delivering sustainable results was evident in indus-

trial applications such as the ceramic industry, where it im-

proved process capacity and significantly reduced delayed or-

ders (Maia et al., 2019a). Furthermore, DMAIC was 

recognized as a continuous improvement strategy that inte-

grated Lean and Six Sigma principles, successfully advancing 

sustainability and environmental management across indus-

trial sectors (Vargas & Scott, 2017a). Its five interconnected 

phases – Define, Measure, Analyze, Improve, and Control – 

systematically support organizations in problem-solving and 

process enhancement (Rahman et al., 2017). This robust and 

adaptable framework provided a proven pathway for identify-

ing, analyzing, and mitigating inefficiencies, making it partic-

ularly effective for resource-intensive and complex processes 

such as those in recycling facilities (Prashar, 2020a). 

Although DMAIC had been successfully applied in multiple 

industrial contexts – including the ceramic industry, where it 

reduced delayed orders and enhanced process capacity (Maia 

et al., 2019b) – its application in recycling operations, partic-

ularly in bottle cleaning facilities, remained limited. Recycling 

posed unique challenges due to variability in material quality, 

the need to meet stringent hygiene standards, and the dual 

objective of achieving economic efficiency while promoting 

environmental sustainability. This study addressed that gap by 

applying DMAIC to identify inefficiencies in cleaning opera-

tions, optimize resource utilization, establish robust inspection 

mechanisms, and integrate monitoring systems. 

The primary aim of this study was to demonstrate that 

DMAIC could deliver tangible improvements in waste reduc-

tion, resource efficiency, and process reliability within bottle 

recycling facilities, thereby generating both environmental 

and economic benefits. The study covered the systematic iden-

tification of process inefficiencies and root cause analysis, and 

the implementation of targeted solutions to enhance cleaning 

efficiency, reduce rework, and optimize resource utilization. 

Specifically, in the Define phase, significant issues like im-

proving detergent, setting inspection criteria, and keeping 

cleaning consistent are found. During the Measure phase, cur-

rent performance metrics – like rework rates and resource con-

sumption – are established as baselines. Root causes are then 

identified in the Analyze phase, utilizing tools like Fishbone 

Diagrams and Failure Mode and Effects Analysis (FMEA) to 

examine issues with detergent concentration, wash tempera-

tures, and inspection procedures. The Improve phase tests out 

changes, such as setting standard wash temperatures and using 

the best detergent. On the other hand, the control phase adds 

real-time monitoring technologies and updated standard oper-

ating procedures (SOPs) to keep up with the advances already 

made. 

The study has several limitations. First, it was limited to a 

single case study, so the findings may not be generalizable 

across other industries. Second, the study was based on oper-

ations data in a specific period and did not control external 

factors such as supplier quality differences or machine-

planned maintenance schedules. Third, despite adopting the 

DMAIC technique as a structured guiding tool for data collec-

tion and analysis, it did not bring other continuous improve-

ment frameworks, which could offer complementary perspec-

tives. These limitations suggest that, while the results provide 

valuable insights into process improvement, further studies 

across multiple contexts, such as industry, organization, and 

methodological, are recommended to strengthen the findings. 

What distinguished this study was its dual contribution: (1) 

improving operational efficiency by reducing rework rates and 

resource consumption, and (2) advancing sustainability goals 

by illustrating how structured quality improvement methodol-

ogies supported circular economy practices. This study ad-

vanced industrial practice and academic discourse by devel-

oping a replicable framework for applying DMAIC in bottle 

recycling facilities. The findings were expected to deliver im-

mediate operational benefits and long-term contributions to 

sustainability, reinforcing the relevance of structured process 

improvement in fostering environmental stewardship and eco-

nomic competitiveness. 

2. Literature review 

Six Sigma is a performance improvement approach that 

seeks to minimize errors and limit process variations, aiming 

to achieve a defect rate of 3.4 defects per million chances 
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(Chauhan & Belokar, 2015). At the heart of the analysis is the 

Define, Measure, Analyze, Improve, and Control (DMAIC) 

strategy, which is a structured and data-based path to identify 

non-value adding activities in the process, taking corrective 

actions, and sustaining the improved (Zhou et al., 2019). It has 

been accepted globally that Six Sigma has improved quality, 

reduced operational costs, and increased customer satisfaction 

in the automotive, electronics, and healthcare industries (Ven-

katesh et al., 2013; Bhargava & Gaur, 2021). 

DMAIC is a systematic approach for improving processes 

that describes problem-solving as a progression from problem 

detection to sustainable control. Its incorporation of statistical 

process control techniques, Pareto charting, cause-and-effect 

diagrams, and other tools allows accurate analysis, evidence-

based decision-making, and eliminates the need for educated 

guesswork (Bharath & Shankar, 2020; Megawati et al., 2020). 

Such a disciplined approach facilitates streamlined work pro-

cesses and embeds process improvement and organizational 

learning (Mast & Lokkerbol, 2012). 

DMAIC is the flexible toolset that has proven effective in 

all business areas. It has reduced healthcare errors and im-

proved patient care (Rahman et al., 2018b). In garment mak-

ing, it has improved the pace of production and has minimized 

variations (Monday, 2022). In the services domain, DMAIC is 

utilized to enhance customer satisfaction and process reliabil-

ity (Tennakoon & Palawatta, 2015b). These myriad uses illu-

minate DMAIC’s value in solving complex operational prob-

lems. 

However, the DMAIC method has only had limited applica-

tion in recycling operations – a critical area of sustainability. 

Contamination, feedstock variability, high product recycling 

rates, and peak and demand troughs have been identified as 

challenges to process efficiency and achieving environmental 

benefits in recycling facilities (Vargas & Scott, 2017b). Initial 

research also indicates DMAIC can overcome these problems 

by minimizing waste, enhancing material recovery, and en-

hancing throughput (Franchetti & Barnala, 2013; Meena et al, 

2018b). For instance, the Define phase focuses on identifying 

inefficiencies, such as cleaning bottlenecks, and the Measure 

phase sets the current defect rates and energy or water usage 

(Gupta et al., 2021; Rajak et al., 2019). Subsequently, the An-

alyze phase exposes the causes of contamination, the Improve 

phase allows for focused redesign or upgradation of equip-

ment, and the Control phase develops activities supporting op-

eration in the long term (Cardiel-Ortega et al., 2017; Realy-

vásquez-Vargas et al., 2018). 

Moreover, including sustainability measures in DMAIC ex-

tends the focus from quality to environmental responsibility. 

Embedding environmental performance indicators at each 

stage can enable organizations to reduce defects and environ-

mental impact (Prashar, 2020b; Talapatra & Gaine, 2019). 

This two-prong strategy is a strategic recycling response to the 

process inefficiencies and white moral toppings of sustainabil-

ity (Vargas & Scott, 2015c). 

The uniqueness of this research is that DMAIC has been ap-

plied systematically to recycling activities, i.e., bottle clean-

ing, which are less researched in the literature. The research 

bridges operational excellence and sustainability by 

addressing shortcomings such as high rework rates and non-

homogeneous cleaning quality. In addition, it broadens poten-

tial applications of DMAIC outside of traditional manufactur-

ing sectors to a performance improvement protocol and a 

sustainable resource utilization strategy for recycling systems. 

3. Experimental 

A case study methodology was utilized in this research to 

assess the value of the DMAIC in improvements at the bottle-

cleaning line in a recycling company. The study was an exper-

imental in nature, having pre-measurements, a root cause anal-

ysis, interventions, and a post evaluation. DMAIC was chosen 

as it is a structured, data-driven approach, in which problems 

can be identified and optimization improvements can be sus-

tained. DMAIC offers a transparent, replicable process 

roadmap that offers rigor and reproducibility much more than 

an ad hoc "problem-solving" approach. This makes it particu-

larly suitable for recycling operations, where process variabil-

ity and inefficiency are often overlooked yet critical to achiev-

ing environmental and economic goals. 

The study was conducted in a mid-sized recycling facility 

specializing in bottle recovery and cleaning. The facility was 

affected by high rework rates caused by insufficient cleaning, 

leading to higher resource consumption of both materials and 

energy and higher labor costs. The experiments aimed to use 

DMAIC for: (a) identifying and measuring the defects in the 

cleaning process. (b) Analyze root causes of inefficiencies. (c) 

Take corrective actions to minimize the rework. (d) Install 

control systems in order to maintain the gains. 

 

Application of DMAIC 

Define Phase 

The researcher first clarified the project scope and objec-

tives through Stakeholder interviews, process observations, 

and initial data review, and isolated the key issues affecting 

the facility. The problem statement was: "The primary issues 

identified were a high rework rate necessitating multiple 

cleaning cycles for many bottles." With this result, the re-

searcher set the research objectives: to achieve a rework rate 

of less than 10% and improve cleaning efficiency to 90%. A 

project charter was developed with specific roles, delivera-

bles, and success metrics. 

 

Measure Phase 

Baseline performance data were collected over four weeks, 

covering rework rates, cleaning efficiency, inspection pass 

rates, detergent concentration, wash temperature, and daily 

water and detergent consumption. The results showed a 15% 

average rework rate, 84% cleaning efficiency, and an 84.5% 

inspection pass rate – well below targets. The variation of de-

tergent concentration (3.8–5.0%), wash temperature (52–

60°C), and lack of robustness made the cleaning inconsistent. 

Water and detergent consumption were 15,000 and 49.5 L/day 

respectively, indicating gross inefficiencies in the use of re-

sources. These baseline measures were used as reference 

points for the effectiveness of follow-up interventions. 
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Analyze Phase 

Two analysis techniques – Fishbone diagram and Failure 

Mode and Effects Analysis (FMEA) – were used to find and 

rank the causes of inefficiency. Human causes, such as a lack 

of master SOP training and high staff turnover, increased pro-

cess variability as found in our study. At the same time, man-

ual dosing, old heating control, and worn machines caused 

non-reproducible wash parameters. Physical inconsistencies, 

such as variable quality of the detergent used, impure water, 

and residual adhesive, also adversely affect cleaning effi-

ciency. Failings of methods, such as a lack of written SOP and 

dependence on operator judgment in deciding cycle length, 

contributed to variability, as did environmental factors such as 

humidity and airborne contaminants, which delayed drying 

and contaminated the samples. The FMEA results ranked de-

tergent variability (RPN = 400), insufficient SOP training 

(RPN = 378), lack of standardized cleaning processes (RPN = 

378), and wash temperature fluctuations (RPN = 360) as the 

most critical issues, thereby providing evidence-based priori-

ties for targeted improvement. 

 

Improve Phase 

Such interventions specifically targeted high-priority causes 

by technical, procedural, and organizational means. Technical 

improvements have been an automatic detergent dispenser 

(4.0% +/- 0.2%) and digital wash temperature control (55 de-

grees C +/- 2 degrees C), whereas real-time control methods 

have been an alarm and feedback for deviation. SOPs were 

developed for detergent dosing, temperature setting, cycle 

times, and adhesive control with associated training programs 

to maintain SOP use, focusing on high staff turnover positions. 

5S audits and a preventative maintenance schedule were im-

plemented to support discipline and equipment reliability. The 

implementation was phased over three months, beginning 

with preparation, piloting, and culminating in a full-scale 

rollout. Strong post-evaluation results were observed: 50% re-

duction in rework (from 15% to 7.5%), cleaning performance 

increased from 84% to 92%, inspection pass rate reached 92%, 

detergent and water reductions of 23% and 20%, respectively, 

were realized, and process control was achieved. A cost-ben-

efit analysis further confirmed monthly savings of $1,950.35, 

with a payback period of less than five months for equipment 

and training investments.  

 

Control Phase 

To maintain these improvements, the digital sensors were 

equipped with alarm systems for the wash temperature and de-

tergent concentration in a fixed installation. Standard operat-

ing procedures were revised and incorporated into training 

modules. Discipline and Compliance Worksheets. Incentives 

in the form of an incentive payment program. Incentives to 

adhere to protocol were reinforced during weekly audits and 

month-end performance reviews, the latter part of the period 

being designed to ensure disciplined use and compliance. 

Managers were updated regularly with live dashboards. Insti-

tutionalizing the changes ensured they were incorporated into 

the facility's daily processes and would be less likely to revert. 

 

The detailed description of each DMAIC phase allows the 

replication of the experiment in similar recycling facilities. 

Other researchers or practitioners can try the method for their 

facilities on the condition of setting out the problem, creating 

the stabilization of the process, ordering and standardization 

of the actions, controlling the persistence of new criteria, cre-

ating better conditions for the implementation of guidelines, 

and developing and adjusting new goals. Replicability addi-

tionally benefits from the explicit description of the sampling 

strategy, data analysis types, and mitigation steps. 

DMAIC was selected mainly due to its performance record 

in reducing process variation and defects in various industries, 

while providing flexibility to tailor for specific context appli-

cations, such as recycling. It consists of pre-specified phases 

per the study design, rendering the study flow from problem 

identification to sustainable solutions logical and based on ev-

idence. In addition, the DMAIC approach allows for qualita-

tive analysis to be supported by quantitative analysis, thus en-

abling the results to be verifiable and generalizable. 

The novelty of this study lies in its systematic application of 

DMAIC to recycling operations, a field where continuous im-

provement tools are rarely applied rigorously. Whereas tradi-

tional recycling research is almost always material recovery- 

or technology-upgrade-centric, this study highlights that pro-

cess discipline and operational excellence knowledge man-

agement technologies can be a key to improved recycling 

plant effectiveness – and thus to greener, better, cheaper recy-

cling. 

4. Results and discussion  

The following section presents the outcomes of applying the 

DMAIC methodology to the bottle cleaning process, followed 

by a discussion of its implications. The results demonstrate 

how systematic interventions addressed process inefficien-

cies, while the discussion interprets these findings concerning 

operational performance and sustainability. 

 

Define Phase 

This phase incorporated stakeholder feedback (derived from 

interviews with facility and managers and staff, process obser-

vation, and initial data review) to isolate the root issue(s) and 

make focused interventions. The main issues identified were: 

• High rework percentage – Bottles need to be cleaned 

multiple times in most cases to meet the required qual-

ity, and as a result, consume more resources and cause 

production delays. 

• High water and detergent consumption – The variation 

in dosage and rinsing resulted in wastage and a higher 

cost of operation. 

• Variability in cleaning performance – Inconsistent 

cleaning results were associated with a lack of control 

of critical parameters in the process, namely, detergent 

concentration and wash temperature. 

The above results were, consequently, utilized to derive the 

following study objectives: 
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• Reduce the rework rate to below 10% within three 

months by addressing the root causes of cleaning incon-

sistencies. 

• Reduce detergent usage by at least 20% through real-

time monitoring and improved dosing practices. 

• Enhance cleaning quality consistency by standardizing 

key parameters, such as detergent concentration and 

wash temperature. 

• Increase cleaning efficiency to at least 90% by mini-

mizing process variability. 

• Improve inspection pass rates to at least 90% by en-

hancing cleaning quality and standardizing inspection 

protocols. 

 

Measure Phase 

Baseline measures were obtained over four weeks to bench-

mark the cleaning activity's status and measure any ineffi-

ciency. The performance indicators were inspection passes, 

cleaning efficiency, rework rate, detergent concentration, 

wash temperature, and daily water consumption. The measur-

ing conditions were derived from early observations and 

stakeholder input collected in the Define Phase, and perfor-

mance disparities and waste were indicated areas for the in-

vestigation. Table 1 shows the collected baseline data, reveal-

ing several critical findings that highlight inefficiencies. 

Table 1. Baseline Data 

Metric 
Week 

Average 
1 2 3 4 

Rework 

Rate (%) 
14 17 15 16 15 

Cleaning  

Efficiency 

(%) 

84 85 82 83 84 

Inspection 

Pass Rate  

(%) 

85 84 86 83 84.5 

Detergent 

Concentra-

tion (%) 

4.2 3.8 4.5 5.0 4.4 

Wash  

Tempera-

ture (oC) 

55 52 60 53 55 

Water  

Usage  

(liters/day) 

15,000 14,500 16,200 15,300 15,000 

Detergent  

Usage  

(liters/day) 

55 50 48 45 49.5 

 
From the data collected, it was analyzed that the rework per-

centage was an average of 15%. Moreover, the presented 

weekly values ranged from 14% to 17%. This was higher than 

the target of no more than 10% of bottles to be subject to re-

work, which means that many bottles were not meeting clean-

ing criteria on the first run and required an additional cleaning 

process. Average cleaning efficiency was 84% and showed 

low variability (82–85%) over the week. The degree of effi-

ciency in this process indicated that while acceptable quality 

was achieved for a proportion of the product, a considerable 

amount of output did not meet standards during the first pro-

duction stage. This was also confirmed by an average pass rate 

of 84.5%. The strong correlation between cleaning efficacy 

and inspection pass rate indicated that inspection failures were 

mainly a result of cleaning process inconsistency. 

When the researcher examined operating parameters more 

closely, he found significant variations that were causing these 

gaps in efficiency. The detergent concentration varied from 

3.8 to 5.0%, with a mean of 4.4%. This variability was mainly 

due to manual dosing practices, so accurate chemical applica-

tion control was not possible. Likewise, wash temperatures 

ranged from 52°C to 60°C, with a 55°C average, below rec-

ommendations that made the detergent less effective. When 

the temperature did not fall in the desired range, detergent en-

zymes could not activate (Dahili et al., 2015). These unstable 

conditions resulted in inconsistent cleaning and affected re-

work and inspection rates. Resource utilization figures even 

revealed further degradation in operational efficiency. The av-

erage daily water use was 15,000 liters, ranging from 14,500 

and 16,200 liters, and the average consumption of detergents 

was 49.5 L per day, ranging from 45 and 55 L. These changes 

indicated a loss of process control and that excessive resources 

were consumed to mitigate quality problems due to an earlier 

process instability. 
 
Analyze Phase 

The Analyze Phase sought to uncover the underlying causes 

of the inefficiencies observed in the cleaning process, as re-

vealed in the Measure Phase. There was clear evidence of in-

consistent cleaning performances when the baseline data were 

reviewed: a rework rate of 15%, a cleaning efficiency of 84% 

and an inspection pass rate of 84.5%. Two key analytical aids 

were used to investigate these problems more thoroughly: the 

Fishbone Diagram (Figure 1) and the Failure Mode and Ef-

fects Analysis (FMEA) (Tables 2 and 4). Using these tools, 

the researcher could classify, visualize, and rank the contribu-

tors to process variability and inefficiency. 

The Fishbone Diagram is a valuable tool for finding the core 

cause of a problem. It divides these components into five main 

groups: Man, Machine, Material, Method, and Environment, 

providing a structured approach to understanding the multi-

faceted nature of process inconsistencies. In the category of 

"man,'' several contributing factors dictate how clean some-

thing will be. One of these is inadequate training on standard 

operating procedures. When there is insufficient training, staff 

often rely on their own opinion, which causes them to diverge 

from the set protocols and leads to an indiscriminate manner 

of operating cleaning cycles and using detergents. The high 

staff turnover exacerbates this problem because new staff 

members may not have received formal training. As a result, 

this may maintain the discrepancies in cleaning modes that ul-

timately may lead to the loss of the efficiency of the cleaning 

process (Boyce, J., 2016a). Another contributing factor is that 

the skill level among the workers is diverse; some of them may 

lack experience or expertise and therefore may not be able to 

carry out the cleaning task to the required standard consist-

ently. The lack of documented and easily accessible SOPs 

worsens these problems by leaving operators without a 
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dependable reference point and encouraging subjective per-

ceptions (Schahawi et al., 2021). 

Analysis of machine aspects has highlighted several signif-

icant mechanical drawbacks that compromised the con-

sistency as well as the performance of the cleaning process. 

Manual adding of detergent, a simple step in appearance, 

brought up many differences in the detergent concentration 

and led to poor cleaning and higher usage. This inconsistency 

directly compromised the cleaning quality, as the concentra-

tion of detergents varied based on human error and the lack of 

precise measurement tools, leading to either under-cleaning 

due to insufficient detergent or over-cleaning and excessive 

waste due to excess detergent (Stefánsdóttir et al., 2017a). In 

addition, obsolete heating controllers were identified as a sig-

nificant cause of temperature variation over wash cycles, 

again affecting correct detergent solubilization and general 

wash performance. It is crucial to correctly manage the tem-

perature so that the detergent chemicals can work. Any tem-

perature changes could make cleaning less effective, espe-

cially in places where strict hygiene requirements are needed 

(Boyce, J., 2016b). Wear and tear on the equipment, especially 

blocked nozzles, worsened the situation by making the deter-

gent unevenly spread across the cleansed surfaces. These ob-

structions disturb the smooth spray pattern and cause some ar-

eas to be insufficiently covered with detergents, while others 

receive too much. The mechanical difficulties caused the 

whole cleaning process to lose harmony, making people won-

der how trustworthy and repeatable the cleaning was. Keeping 

the temperature and mechanical consistency in high-through-

put operations is very important for chemical cleaning to work 

well. 

Regarding ingredients, the leading causes were differences 

in detergent quality from different suppliers and dirty water. 

The quality of detergent may vary. For example, the concen-

tration of active substances can be different, there can be un-

desired byproducts, and the physical qualities of the detergent 

components can be various. These kinds of differences can 

make the detergent less effective at cleaning and make it work 

in strange ways. The examination also concluded that the wa-

ter supply was not clean. Dissolved organic matter and micro-

biological contamination are two examples of these impuri-

ties. They can interact with detergent components and start 

chemical processes that the detergent does not want to happen, 

making it less effective and affecting its long-term stability 

(Aadil et al., 2019). Thus, water quality is a critical control 

point that requires careful monitoring and treatment to ensure 

consistent detergent quality. 

Residual adhesives remaining on the bottles presented an-

other source of material-related complications. These adhe-

sives, often used for labeling or tamper-evident seals, can be 

difficult to remove completely during the bottle washing, es-

pecially if the adhesives have aged or been exposed to adverse 

environmental conditions. The presence of residual adhesive 

can interfere with the proper adhesion of new labels, compro-

mising the integrity of the bottles (Garcia-Garcia et al., 2021). 

Finally, there were different degrees of bottle residue to ac-

count for. This residue, which includes dust, dirt, or other 

particulate material, can arise from some causes, such as bottle 

making, storage, and shipping. 

The absence of standardized operational procedures, partic-

ularly within the Method category, impedes achieving con-

sistent and efficient outcomes (Stefánsdóttir et al., 2017b). 

There is too much variation in the cleaning process since there 

are no defined standard operating procedures for the washing 

process, such as how to dose detergent and control tempera-

ture, and how to handle bottles. Because of this lack, operators 

must rely on their opinions to decide how long to run the 

cleaning cycle instead of using objective criteria. Such discre-

tionary practices inevitably result in inefficient resource utili-

zation, manifesting as inconsistencies in cleaning efficacy, un-

warranted consumption of detergents, energy wastage through 

non-optimized temperature settings, and extended cycle times 

(Hung et al., 2022). These procedural deficiencies have signif-

icant implications from a work systems perspective and the 

cleaning process's overall quality and reliability, which could 

impair downstream processes and product quality and safety 

(Boyce, J., 2016c). 

The performance and efficacy of the bottle washing process 

were significantly affected by the surrounding environment, 

and overall drying kinetics were principally governed by the 

exposure of the empty container to the relative humidity. In 

places with high relative humidity and poor ventilation, the 

evaporation stage took a lot longer, making processing each 

batch of bottles take longer. This slowdown in throughput 

made the cleaning mechanism less effective and made the san-

itized bottles more likely to get dirty again from airborne bac-

teria and particles (Boyce, J., 2016d). The introduction of dust 

and other airborne particles into the cleaning environment, 

a consequence of inadequate filtration systems, further com-

promised the integrity of the cleaning process. This particulate 

matter, which commonly contains microbiological impurities, 

is deposited on the bottles after cleaning and forms visible de-

posits that require further processing or cause failure of 

cleaned bottles during quality control checks. Such particles 

not only spoil the aesthetics of bottles but could also be 

a health hazard, especially in the case of food and drink con-

tainers (Betoret et al.,2016). 

Long drying times can have effects beyond just making 

things less efficient; they could even defeat the aim of the 

cleaning procedure, which is to get rid of dirt and germs 

(Mousavi et al.,2019). Drying slows down the growth of mi-

crobes or harmful chemical processes (Battaiotto et al.,2020). 

The drying step should be strictly controlled, as too fast evap-

oration may trigger the generation of undesired amorphous 

particles (Shakiba et al., 2019). Moist residues on bottles favor 

the development of residual microorganisms and result in the 

uselessness of the initial cleaning and sanitization step (Donno 

et al., 2025). Moreover, moisture can contaminate the sur-

rounding air when the air is bad, affecting relationships be-

tween humidity, ventilation, and filtration. Once again, these 

data prove that controlling the environment in a bottle clean-

ing facility is holistic. 

To prioritize these issues for targeted improvement, the re-

searcher conducted a Failure Mode and Effects Analysis 

(FMEA) as presented in Table 2. It involved several key 
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components that helped analyze risk and prioritize corrective 

actions. The category defines the specific component. Within 

this category, the Function outlined the intended operation, 

answering the question of what the process was supposed to 

do. Specific Requirements were established to ensure perfor-

mance. A Failure Mode describes how a part or process could 

fail when these requirements are not fulfilled. Each Failure 

mode had an associated Failure Effect, which described what 

would happen in the event of a failure in the system or for the 

end user, including performance, safety, or customer satisfac-

tion. Finally, the list of failure causes shows what might have 

gone wrong. This thorough study allowed the researcher to de-

termine how risky something was, what steps should be taken 

first depending on how serious, likely, and detectable it was, 

and how to improve things to improve reliability and quality.  

Each failure mode was assessed in a structured brainstorm-

ing session with the supervisors, operators, and the owner. The 

Researcher facilitated consensus on the Severity (S), Occur-

rence (O), and Detection (D) values by combining stakeholder 

experience, historical data, and process knowledge. The group 

assigned quantitative ratings to S, O, and D using a standard-

ized 1–10 scale as presented in Table 3. Severity scores re-

flected the potential seriousness of the effect on performance, 

safety, or customer satisfaction. Occurrence scores repre-

sented the estimated likelihood of the failure cause happening. 

The detection scores represented the likelihood of finding the 

failure before reaching the end-user. Moreover, the Risk Pri-

ority Number (RPN) was obtained by multiplying the three 

values (S × O × D). Table 4 summarizes the RPN values. 

Table 3. Rating Scale for Severity (S), Occurrence (O), and Detec-

tion (D) 

Rating 

Severity (S)  

Effect of Fail-

ure 

Occurrence 

(O) 

Likelihood of 

Failure 

Detection (D) 

Likelihood of 

Detection 

1 No effect 
Failure almost 

impossible 

Almost certain 

detection 

2 

Very minor ef-

fect; negligible 

impact 

Remote failure 

Very high like-

lihood of detec-

tion 

3 

Minor effect; 

slight inconven-

ience 

Extremely rare 

failure 

High likelihood 

of detection 

4 

Noticeable ef-

fect; some dis-

satisfaction 

Very rare fail-

ure 

Moderate to 

high likelihood 

of detection 

5 

Moderate effect; 

rework required, 

some efficiency 

loss 

Rare failure; 

occurs less than 

once a year 

Moderate like-

lihood of detec-

tion 

6 

Significant ef-

fect; partial 

function loss, 

reduced perfor-

mance 

Infrequent fail-

ure; occurs 

yearly 

Low to moder-

ate likelihood 

of detection 

7 

Major effect; 

strong dissatis-

faction or safety 

concern 

Occasional fail-

ure; occurs sev-

eral times a 

year 

Low likelihood 

of detection 

Rating 

Severity (S)  

Effect of Fail-

ure 

Occurrence 

(O) 

Likelihood of 

Failure 

Detection (D) 

Likelihood of 

Detection 

8 

Severe effect; 

system disrup-

tion or high dis-

satisfaction 

Likely failure; 

occurs monthly 

Very low likeli-

hood of detec-

tion 

9 

Critical effect; 

major safety is-

sue or near-total 

system loss 

Frequent fail-

ure; occurs 

weekly or often 

Extremely dif-

ficult to detect 

10 

Catastrophic ef-

fect; hazardous 

failure or com-

plete system 

shutdown 

Very frequent 

failure; occurs 

almost every 

cycle 

Almost impos-

sible to detect 

before reaching 

end user 

 

A change in detergent concentration during the dispensing 

phase was the most prominent failure mechanism, with an 

RPN of 400. This illustrates that irregular amounts of chemi-

cals might make the cleaning procedure far less effective and 

reliable (Lo et al., 2018). There are several reasons why this 

can happen, such as broken dispensing equipment, poor cali-

bration methods, or differences in the detergent formulation 

itself. These can result in suboptimal cleaning results (Bu-

benik et al., 2025). Lack of training on SOPs and non-exist-

ence of standard cleaning protocols were reported as high-pri-

ority concerns, with both getting an RPN of 378, highlighting 

the importance of human factor principles and procedural clar-

ity in maintaining process performance and effectiveness 

(Jain, K., 2017). Insufficient training could, in turn, cause de-

viation from set procedures and then influence the cleaning 

steps' reproducibility and the process's overall quality (An-

drada et al., 2018).   

Wash temperature (RPN=360) variation and inadequate in-

spection instrument (RPN=288) also emphasize the im-

portance of equipment calibration and robust quality assur-

ance measures in maintaining effective cleaning operations. 

Changes in the wash temperature may affect the detergents' 

cleaning and/or disinfecting effectiveness, resulting in incom-

plete cleaning and/or damaging the cleaned material. Poor or 

out-of-calibration inspection equipment can contribute to fail-

ing to ensure cleanliness meets criteria while allowing items 

that have been inadequately cleaned to move forward, increas-

ing the potential for cross-contamination. Equipment deterio-

ration with an RPN of 270 and residual variation, RPN 196, 

indicated that proactive maintenance programs and improved 

cleaning agent selection would be necessary to prevent poten-

tial process interruptions. An RPN of 192 suggests that varia-

ble cleaning cycle duration, due to high employee turnover 

and undefined cleaning conditions, is difficult to control 

within process parameters that are not workforce dependent. 

Environmental factors, including high humidity and poor ven-

tilation, were rated at an RPN 168. As for the dust and con-

taminants present in the plant, these received an RPN of 140, 

suggesting significant process loss potential, so complete en-

vironmental control is required. Categorizing different ar-

rangements and cleaning methods is necessary to optimize re-

source management (Stefánsdóttir et al., 2017c). 
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To summarize, the Analyze Phase determined that the clean-

ing process inefficiencies resulted from process variability in 

the form of: Human error, Outdated equipment, Inconsistent 

materials, and a lack of standard work. Combining Fishbone 

and FMEA tools made it possible to visualize mainly quanti-

tative analysis of root causes. Supported by relevant research, 

the results showed that the next phase – Improve – must focus 

on automating critical variables (especially detergent dosing), 

stabilizing wash temperature, introducing SOPs, enhancing 

operator training, and upgrading equipment reliability. These 

targeted actions are expected to reduce rework, improve clean-

ing efficiency, and meet the quality targets set at the beginning 

of the DMAIC cycle. 

 

Improve Phase 

The Improve Phase focused on implementing targeted so-

lutions to the high-priority root causes identified in the Ana-

lyze Phase. Drawing from the results of the FMEA, baseline 

performance data, and stakeholder feedback, the primary 

goals were to enhance cleaning consistency, reduce resource 

wastage, and improve overall operational efficiency. 

To address inconsistent wash temperatures – identified as 

a critical root cause – digital temperature controllers were in-

stalled. These devices maintained the wash temperature within 

the optimal range of 55°C ± 2°C. Integrated alarms alerted op-

erators to deviations, and SOPs mandated 15-minute interval 

checks, weekly calibration, and immediate corrective action in 

the event of deviations. This practice helped maintain the tem-

perature, which, as already mentioned, was necessary for suc-

cessful detergent activation and uniform cleaning results. At 

the same time, the labor-intensive application of detergent, 

which introduced additional inconsistency, was replaced with 

an automated dispensing system set to administer detergent at 

a constant concentration of 4.0% ± 0.2%. Flow sensors moni-

tored dosage, and any deviation beyond 0.5% triggered system 

pauses and recalibration. Operators conducted calibration 

checks at the start of each shift, used certified detergents, and 

logged detergent use per shift. These process controls reduced 

chemical waste and standardized cleaning quality. 

Real-time monitoring of wash temperature and detergent 

concentration was provided through sensors. This allowed the 

sensors to transmit data to the supervisors, making it possible 

to take corrective action in real time to increase traceability. 

Weekly reports were discussed at process audits for perfor-

mance trend monitoring. Performance trends were monitored 

during process audits by reviewing the weekly reports. In sup-

port of these technical upgrades, updated standard operating 

procedures were developed to define precise actions for deter-

gent dosing, temperature setting, handling of bottles with ad-

hesive residues, and adherence to a maximum cycle time of 

seven minutes. To address workforce variability, employees 

received comprehensive training on the new systems, and 

high-turnover positions were given focused attention to ensure 

consistency. Weekly 5S audits were conducted using stand-

ardized checklists, and equipment calibration, adherence to 

SOPs, and cleaning output quality were evaluated. 

These results have substantial environmental benefits. 

Lower detergent consumption decreases the chemical load in 

wastewater, minimizing the potential for aquatic toxicity and 

reducing the environmental footprint of effluent discharge. 

Reduced water usage conserves a critical natural resource and 

decreases the volume of wastewater that must be treated be-

fore release, thereby reducing energy and chemical demands 

for wastewater treatment. 

The implementation was carried out over three months in 

preparation, piloting, and evaluation, and the first month in-

volved installing the new systems and finalizing SOPs. Inten-

sive training was conducted to correct non-adherence identi-

fied in the baseline phase during this time, and in the second 

month-initiated piloting of the systems in controlled batches. 

Real-time data on wash parameters and cleaning quality were 

collected to assess the effectiveness of the interventions. The 

final month saw full-scale implementation and evaluation, 

which confirmed significant improvements across all perfor-

mance metrics. Table 5 compares the KPI's before and after 

implementation, focusing on reduced inspection pass rate, re-

source efficiency, and general cleaning consistency. 

Table 5. Comparative Analysis of Baseline and Post-Implementa-

tion Data 

Metric 

Baseline  

(Pre- 

Implemen-

tation) 

Post-Imple-

mentation 
Improvement 

Rework Rate 15% 7.5% 
50%  

reduction 

Cleaning  

Efficiency 
84% 92% 

8%  

improvement 

Inspection  

Pass Rate 
84.5% 92% 

5.5.%  

improvement 

Detergent  

Concentra-

tion 

4.4% 

(manual  

dosing  

variability) 

4.0% + 

0.2%  

(automated) 

Standardized 

Wash  

Temperature 
52oC – 60oC 55oC + 2oC Standardized 

Water Usage  

(liters/day) 

15,000  

liters 
12,000 liters 20% reduction 

Detergent  

Usage  

(liters/day) 

49.5 liters 38 liters 23% reduction 

 

A cost-benefit analysis confirmed the economic viability 

of the project. Monthly savings reached $1,950.35, driven by 

reduced water use ($392.69), detergent savings ($903.18), and 

lower rework-related costs ($654.48). With an investment of 

$8,726.41 in equipment upgrades, training, and process stand-

ardization, the payback period was under five months. These 

results show that the initiative made things more efficient, en-

sured the economy would stay strong, and set the facility up 

for better long-term performance. Table 6 shows a side-by-

side comparison of the cost indicators to clarify things. 
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Table 6. Comparative Analysis of Costs 

Metric 
Baseline 

Costs 

Post-Imple-

mentation 

Costs 

Savings 

Water  

Usage  

($/month) 

$1,963.44 $1,570.75 $392.69 

Detergent 

Usage 

($/month) 

$3,887.62 $2,984.43 $903.18 

Rework 

Costs 

($/month) 

$1,308.96 $654.48 $654.48 

Total  

Costs 

($/month) 

$7,160.02 $5,209.67 $1950.35 

 
Control Phase 

The Control Phase aimed to sustain the improvements 

achieved during the improvement phase and ensure continued 

operational efficiency (Garza-Reyes et al., 2016). This step 

was about how to take what had been done and make it part of 

the culture via monitoring, revised SOPs, continual manage-

ment audits, and further and ongoing staff training. The facil-

ity installed a real-time monitoring system integrated with dig-

ital sensors to maintain the optimized wash temperature and 

detergent concentration. These sensors gave feedback on tem-

perature (55°C ± 2°C) and detergent (4% target), and alarm 

systems were built to alert the operators to deviations and 

prompt corrective actions to be taken promptly. This provided 

automated data collection that allowed for trending and ac-

countability. 

New standard operating procedures (SOPs) were devel-

oped and disseminated to the employees to ensure consistency 

in cleaning processes. Detergent dispensing using the auto-

mated system, setting and monitoring wash temperatures, and 

the frequency of equipment maintenance are included in the 

guidelines. The method of inspecting bottles post-cleaning 

and reducing human error by implementing automated visual 

inspection systems, where applicable, is also included in the 

SOPs. Periodic training sessions were conducted for all staff, 

focusing on using the new monitoring systems and adhering 

to updated SOPs. The training focused on skill gaps identified 

in the fishbone analysis and the necessity of following pro-

cesses with careful devotion. An intensive training program 

was also developed to support standard operating procedures 

on how the correct setup and fault troubleshooting should be 

carried out to guarantee long-term performance. Finally, an 

audit process and performance review were implemented to 

audit for SOP compliance and system performance. The audit 

was carried out weekly to assess the significant variables such 

as rework percentages, quality of cleaning, and consumption 

of resources, which were audited and summarized into head-

wise monthly reports to keep the management informed about 

the progress and anticipate future problems. Collectively, 

these changes contribute to a more sustainable cleaning 

process, demonstrating that DMAIC interventions can simul-

taneously achieve operational efficiency and environmental 

stewardship. 

5. Summary and conclusion 

The DMAIC approach was crucial in helping to resolve the 

operational issues within a facility’s cleaning process, yield-

ing quality, proper resource usage, and cost-effectiveness. Es-

tablish clear goals for the project -specifically rework reduc-

tion, increased cleaning consistency, optimized resource 

usage, and standardized process parameters – during the De-

fine Phase. The Measure Phase provided baseline data show-

ing a high % rework rate of 15%, suboptimal cleaning effi-

ciency of 84%, and excessive detergent and water 

consumption. The Analyze Phase helped to identify root 

causes of these inefficiencies – manual detergent dosing, un-

stable wash temperatures, a lack of standard procedures, and a 

lack of operator training. 

Based on these findings, the Improve Phase implemented 

targeted solutions: automating detergent dosing, stabilizing 

wash temperatures through digital controls, deploying real-

time monitoring with sensors, updating standard operating 

procedures, and conducting structured training programs. 

These actions led to significant performance improvements – 

reducing the rework rate to 7.5%, increasing cleaning effi-

ciency to 92%, and improving the inspection pass rate to 92%. 

Detergent concentration and wash temperature were consist-

ently maintained at 4.0% ± 0.2% and 55°C ± 2°C, respec-

tively, while detergent and water usage were reduced by 23% 

and 20%, aligning with environmental sustainability goals. 

The Control Phase embedded these improvements into routine 

operations through real-time dashboards, SOPs, weekly au-

dits, and periodic staff retraining. Economically, these 

changes translated into an annualized savings of $23,404.24, 

with a return on investment achieved in less than five months. 

To ensure long-term success, it is recommended that the 

DMAIC model be replicated in other processes within the fa-

cility, supported by the institutionalization of DMAIC train-

ing, integration of advanced analytics for predictive monitor-

ing, regular reviews of SOPs and performance indicators, and 

alignment of quality goals with broader sustainability initia-

tives. Thus, all Define Phase targets were fully realized, con-

firming the effectiveness of DMAIC in achieving both opera-

tional and sustainability objectives. 

The results of this study indicated that applying the 

DMAIC method will lead to a substantial increase in the reli-

ability of processes, cost-efficiency use of resources, and re-

duction in wastage during bottle recycling. By analyzing ex-

isting cleaning protocols, identifying bottlenecks, and 

implementing targeted interventions, measurable gains were 

achieved in cleaning consistency, detergent use, and rework 

reduction. These results align with findings reported in the 

wider Six Sigma literature – particularly regarding the meth-

odology’s capacity to reduce variation and enhance process 

capability. This study offers a novel contribution by demon-

strating its adaptability and effectiveness in the underexplored 

context of recycling operations. It provides Filipino and global 
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entities a methodology for systematically addressing produc-

tivity, efficiency, and long-term process capabilities. The 

claimed benefits were like those reported in more established 

industries such as automotive and electronics, confirming that 

DMAIC is applicable across various industries. However, it 

remains to be further investigated whether the magnitude of 

improvements achieved here surpasses or merely parallels 

those in similar industries. As a result, future studies need to 

compare performance across different contexts and industries 

to extend existing knowledge on the applicability of DMAIC 

as a holistic tool for improving operational performance and     

environmental sustainability. 
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Appendix 

Appendix A 

Table 2. Failure Mode and Effect Analysis

Category Function Requirements Failure Mode Failure Effect Failure Causes 

Man 

SOP 

Adherence 

Consistent 

process 

adherence 

Insufficient 

training on SOPs 

Non-adherence to cleaning 

processes, leading to errors 

Lack of initial training, 

infrequent refresher 

programs 

  
High employee 

turnover 

Knowledge gaps, 

process inconsistency 

Frequent staff changes, 

insufficient onboarding 

Machine 

Detergent 

Dispensing 

Accurate 

detergent 

dispensing 

Variability in 

detergent 

concentration 

Inconsistent 

cleaning results 

Manual detergent  

dispensing 

  
Equipment 

wear and tear 

Uneven detergent  

application, 

cleaning inconsistency 

Lack of 

regular replacement 

Heating 

Controls 

Maintain a  

stable 

washing  

temperature 

Wash temperature 

fluctuations 

Reduced 

cleaning efficiency, 

inconsistent results 

Outdated equipment, 

insufficient calibration 

Inspection 

Tools 

Accurate 

detection 

of cleaning 

defects 

Inadequate 

inspection tools 

Missed 

cleaning defects, 

reduced inspection quality 

Manual 

inspection methods 

Material 

Detergent 

Quality 

Consistent 

and effective 

detergent quality 

Variability in 

detergent quality 

Decreased 

cleaning efficiency, 

rework requirements 

Inconsistent 

suppliers, 

standard 

detergent quality 

Water 

Quality 

Effective 

Detergent 

performance 

Impurities 

in water 

Reduced 

detergent effectiveness, 

poor cleaning 

Untreated water 

Bottle 

Residue 

Removal 

Efficient 

removal 

of all residues 

Residue 

variability 

Increased 

cleaning times, 

rework due to residue 

Variation 

in the incoming 

bottle quality 

Method 

Cleaning  

Process 

Standardized 

cleaning steps 

Lack of standard-

ized cleaning 

Variability in cleaning  

outcomes 

Absence of formalized 

SOPs for key  

parameters 

Cleaning cycle 

Optimized  

resource use  

during cycles 

Inconsistent  

cleaning  

cycle lengths 

Waste of resources,  

inconsistent cleaning quality 

Operator discretion in 

cycle duration 

Environment 

Facility  

Cleanliness 

Clean facility 

environment for 

optimal results 

Dust and debris in 

the facility 

Increased rework and  

contamination 

Poor cleaning  

protocols, facility 

maintenance issues 

Humidity and 

Ventilation 

Controlled  

environment for 

drying 

High humidity and  

Inadequate  

ventilation 

Increased drying time,  

reduced throughput 
Poor ventilation 
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Table 4. Risk Priority Number (RPN) 

Category Function Failure Mode S O D 

Risk Priority 

Number 

(RPN) 

Rank 

Man SOP Adherence 

Insufficient training on SOPs 9 7 6 378 2 

High employee  

turnover 
8 6 4 192 7 

Machine 

Detergent  

Dispensing 

Variability in  

detergent 

concentration 

10 8 5 400 1 

Equipment wear and tear 9 6 5 270 5 

Heating Controls Wash temperature fluctuations 9 8 5 360 3 

Inspection Tools Inadequate inspection tools 8 6 6 288 4 

Material 

Detergent Quality 
Variability in  

detergent quality 
8 5 4 160 9 

Water Quality Impurities in water 8 5 4 160 9 

Bottle Residue  

Removal 
Residue variability 7 7 4 196 6 

Method 
Cleaning Process Lack of standardized cleaning  9 7 5 378 2 

Cleaning cycle Inconsistent cleaning cycle lengths 8 6 4 192 7 

Environment 

Facility Cleanliness Dust and debris in the facility 7 5 4 140 10 

Humidity and  

Ventilation 

High humidity and Inadequate  

ventilation 
7 6 4 168 8 
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Fig. 1. Fishbone Diagram 


