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Amidst urgent global efforts to replace microplastic-generating petroleum foams, this study
assesses the viability of Lean Six Sigma (LSS) methodology to optimise small-scale cellu-
lose foam production for sustainable footwear insoles. As a collaborative effort to bridge the
lab-to-market gap, a tailored DMAIC framework is created to address critical quality issues
persistent in lab-scale manufacturing for this thesis work. The baseline analysis of existing
processes revealed a 44.5% production yield, incapability of maintaining thickness consis-
tency (Cp = 0.22) and a high amount of defects and imperfections. An approach combining
statistical inferences from limited data, along with careful implementation of less-resource-
intense and rapid tools like workspace reorganisation, mold redesign, and batch optimization
was designed. This approach was successful in achieving a 90% yield, 10% reduction in cy-
cle time and 70% reduction in thickness variation. While final process capability (Cp=0.70)
still fell short of industrial standards, user testing showed significant improvements in prod-
uct comfort and fit.

This thesis showcases the suitability of LSS tools to be used for small-scale environments to
effectively mitigate the gap between lab-scale innovation and commercial viability for sus-
tainable materials, though there are still challenges for conversion to full industrial scalabil-
ity. The findings also provide a practical framework for small-scale biomaterial optimisation
while showcasing the need for integrated process-material solutions.
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Symbols and abbreviations

Latin characters

Cp Process Capability Index
Cpk Process Capability Ratio
x̄ Arithmetic Mean cm

Greek characters

r Spearman Correlation Coefficient
s Standard Deviation cm

Abbreviations

CSM Complex Systems and Materials
CTQ Critical To Quality
DMAIC Define-Measure-Analyze-Improve-Control
DoE Design of Experiments
EVA ethylene-vinyl acetate
FTY First Time Yield
IoT Internet of Things
LM Lean Methods
LSL Lower Specification Limit
LSS Lean Six Sigma
SME Small and Medium-sized Enterprises
TPS Total Production System
USL Upper Specification Limit
VOC Voice of Customer
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1 Introduction

The worldwide effort for sustainable manufacturing has grown stronger due to environmental

emergencies, such as microplastic pollution and dependence on petroleum derived materi-

als. Multiple research studies show the widespread in�uence of microplastics in ecosystems,

and associated with health hazards like in�ammatory illnesses and cardiovascular conditions

(Marfella et al., 2024, p. 901). Petroleum-derived polymer foams, such as polyurethane

(PU) and ethylene-vinyl acetate (EVA), are among the most adapted material innovations of

the previous few decades (Quadrini, Bellisario & Santo, 2013, p. 1357), dominating various

sectors from footwear to packaging because of their affordability and mechanical �exibil-

ity. Nonetheless, their environmental impact has increased the need for a more sustainable

substitute like cellulose-based foams, which can provide similar performance without the

large-scale ecological damage.

Even with their high potential, bio-based materials such as cellulose foam encounter a signif-

icant roadblock: innovations developed in labs rarely can move forward towards commercial

success. Fletcher & Bourne (2012, p. 1) explain that this results from a disparity between

the priorities of academic research (where these innovations generate) focused on material

characteristics and the requirements of industry (where the applications of these innovations

lie), like scalability, affordability and manufacturing. Small and lab-scale manufacturers,

such as university spin-offs and startups, often do not have the techniques needed to enhance

their processes to manufacture uniform and ef�cient products, which are two main hall-

marks from a commercial point of view. For example, the production of cellulose foam in

laboratory conditions faces high defect rates, lack of advanced machineries and a low yield.

These problems are more worsened by improvised work�ows and insuf�cient data (Nath &

Agrawal, 2022, p. 864).

Process optimization methods such as Lean Six Sigma (LSS) have the potential to �ll this

void that exists between academia and market. Yet, their conventional use has heavily relied

upon extensive material production with larger datasets and bigger resource allocation. In

Small and Medium-sized Enterprises (SME) and laboratory settings, several limitations such

as small production volumes, manual mode of operation, and limited statistical information

exist. These make the use of traditional LSS tools ineffective (Antony, 2020) . Efforts to

modify LSS for smaller-scale settings (Panayiotou, Stergiou & Panagiotou, 2021, pp. 1113–

1116) have been done and emphasise the necessity for streamlined tools—like visual man-

agement and quick Pareto analysis. But very few of these research tackle the speci�c chal-

lenges of sustainable material manufacturing.

This research centres on cellulose foam as a case study to create a LSS framework cus-
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tomised to address these existing lab-scale limitations. Working alongside Vibae Oy, a

sustainable shoe brand, the thesis addresses two distinct yet connected issues: (1) the lack

of uniform optimization techniques for small-scale manufacturing and (2) the necessity to

balance academic material advancements with industry's needs and quality benchmarks.

By tailoring DMAIC (De�ne-Measure-Analyze-Improve-Control) approaches to resource-

constrained environments, this study aims to illustrate how LSS can boost yield, lower de-

fects, and speed up the commercialisation of sustainable materials.

1.1 Background and motivation for the study

Development of sustainable alternatives to petroleum-based foams has become a focal point

for the footwear industry. Major drivers behind this urgency are environmental concerns

over microplastic pollution and regulatory pressures. Within this context, Aalto University's

Complex Systems and Materials (CSM) group has pioneered the development of cellulose-

based foam. These are fully biodegradable, VOC-free materials with elastic properties com-

parable to conventional EVA foams. This innovation and its potential have garnered the

attention of several commercial producers. One of which is Vibae, a Finnish sustainable

footwear brand seeking to replace EVA insoles in their existing product lineup. The collab-

oration between CSM (providing material expertise and initial production setup) and Vibae

(offering industrial speci�cations and customer viewpoints) is a collective, strategic effort to

narrow the gap between academic research and commercial application.

The motivation for this research arises from three interconnected challenges:

1. Industry-Driven Sustainability-Case company's commitment to replace EVA insoles

with cellulose foam coincides with the global efforts to reduce microplastics, which

now pollute almost 90% of marine ecosystems and are linked to human health risks

(Senathirajah et al., 2021, p. 124004). By optimizing cellulose foam production, this

study directly supports the environmental sustaianable goals of eliminating petroleum-

based materials from the company's supply chain, as well as provide commercial via-

bility by meeting the company's quality standards for mass production.

2. The Lab-to-Market Gap: Innovations originating from labs often fail to reach commer-

cialisation due to sub-optimized processes, high defect rates, and resource constraints

faced by these manufacturers with more academic inclined mindset.

3. Lean Six Sigma's Untapped Potential: While Lean Six Sigma (LSS) has proven effec-

tive in large-scale industries, its principles still remain untested to adapt to small-scale

manufacturing. This study explores how LSS can bridge the gap between laboratory

innovations and market-ready products, emphasising rapid and qualitative approaches
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suitable for limited resources.

A research based on utilization of LSS methodology targeted towards sustainable innova-

tions originating from academics could provide a positive shift towards an industry-driven

sustainability.

1.2 Research problem and research questions

Current lab scale production methods for cellulose foam insoles are plagued with inconsis-

tent quality and fail to meet industrial tolerances, limiting their commercialisation as sustain-

able replacements for petroleum-based insoles. Traditional process optimization methods

like Lean Six Sigma requires adaptation to address these challenges in resource-constrained

lab environments.

Based on the research problems, critical questions were formulated that can be answered at

the end of the thesis.

1. How can Lean Six Sigma methodologies be effectively adapted to address the unique

constraints of small-scale cellulose foam production for footwear insoles?

2. What are the critical quality parameters that determine the industrial viability of laboratory-

produced cellulose foam insoles?

3. How do the optimized production processes compare with current methods in terms of

yield, quality consistency, and scalability potential?

1.3 Objective of the study

This study focuses on optimising the small-scale production process of cellulose foam in-

soles through adapted Lean Six Sigma (LSS) methodologies, in collaboration with Aalto

University's CSM group (material supplier) and Vibae. The research's primary objectives

will:

� Target key quality parameters critical to Vibae's requirements.

� Adapt LSS tools with DMAIC framework and Lean Methods (LM) for lab-scale con-

straints (limited data, manual processes).

� Validate improvements using pilot production batches at CSM's facilities.

The ful�llment of these objectives have some limitations and constraints related to the re-

search implementation:

� Material Scope: The study excludes any formulation changes and focuses solely on
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process optimization of existing cellulose foam compositions.

� Scale: The �ndings of this study are validated for small-scale production (� 20 kg/week).

Viability of scaling to industrial volumes requires further study.

� Stakeholder Dependence: The solutions proposed and achieved are tailored to the case

company's speci�cations and may need adaptation for other applications.

� Data Constraints: The study relies on small-sample statistical methods due to limited

production capacity. Higher validation from statistical inferences may require a larger

dataset.

1.4 Structure of the thesis

The thesis is structured into 3 parts, as showcased in Figure 1. The �rst two chapters focus

on the thesis introduction and background regarding the framework used. And chapters 3

and 4 focus on the methodology used and the implementation of the Lean Six Sigma (LSS)

optimisation process. Finally, chapters 5, 6 and 7 provide a comparison (after and before

implementation of LSS methodology), discussion, suggestions for further improvement and

concluding remarks.

Figure 1: Proposed thesis structure with intended outcomes of each part

1.5 Process improvement using Lean Six Sigma

With the evolution in technology, need, demand and scope, no organization can function in

a stagnant way where the process remains unchanged. With newer avenues, there is always

a scope for the inherent process to be examined, their improvement opportunities evaluated

and then experimented upon to gain objective data. Depending upon the success or positive

changes brought forward, the changes can then be introduced into the process �ow. This
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cycle of continuous examination and experimentation is the basic fundamental of a process

improvement method.

One larger complication for the implementation of this continuously improving process

framework can be the inherent resistance from people to change. So, these processes need

to be integrated from the management and stakeholder level itself. This complication can be

largely reduced in the case of small/lab-scale production processes, where there are fewer

associated personnel and more �atter hierarchical levels.

Lean Six Sigma(LSS) is one of the most popular and widely used process improvement

method. It was coined in literature for the �rst time around the year 2000 and has been put

into application ever since. Lean Six Sigma Methodology combines the different approaches

of Lean Thinking and Six Sigma Methodology with a goal of improving process performance

resulting in increased customer satisfaction, production quality and decrease in production

cost (Antony, Snee & Hoerl, 2017, p. 1079). Apart from the aforementioned approaches,

LSS also takes inspirations from pre-existing methodologies like Total Quality Method and

Statistical Process Control.

The bene�ts of LSS has been visualized and documented over varied processes and indus-

tries. Some common bene�ts pertaining especially to manufacturing industries are well es-

tablished through literature review on the topic like waste reduction, cost reduction, quality

improvement, productivity improvement and customer satisfaction (Tengtarto et al., 2023).

One major bene�t of using LSS as a process optimization method is overcoming the limita-

tions of lean and six sigma method alone. Application of lean methods is limited when the

problem is of a complex nature and requiring extensive data analysis and statistical tools.

Similarly, six sigma is too complex for processes where time consuming data collection and

analysis is not important, as the underlying problems are apparant and more visible (Antony,

2020, pp. 3–4.).

For small-scale or laboratory production environments, LSS implementation requires spe-

ci�c adaptations. The methodology's traditional reliance on extensive datasets and standard-

ized processes often proves impractical in resource-constrained settings. However, when

properly modi�ed – such as prioritizing Lean tools for quick wins and employing qualitative

analysis when quantitative data is limited – LSS can deliver signi�cant improvements even

in small-batch production scenarios. The following sections will explore the foundational

elements of LSS, beginning with Six Sigma (Section 1.6) and Lean Methods (Section 1.7),

before discussing their combined application in subsequent chapters.
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1.6 Six Sigma

Six Sigma is a scienti�c method for process improvement. The term sigma derives from

greek letters , where the term can be de�ned as (Liebermann, 2011, pp. 53–54)

- Standard deviation: A measure of variation in statistics

- Process capability: The statistical measure of the ability of a process to meet speci�c re-

quirements.

Six Sigma methodology is a combination of these 2 fundamental concepts. The implemen-

tation of six sigma can encompass many levels of the organisation, but in a “process“ level it

has been successful in reducing the variability occuring in the process with the aim of reduc-

ing the number of defects occurring, lowering the cycle time and hence decreasing associated

costs, which can also be demonstrated through statistical measures (Vinodh, S. V. Kumar &

Vimal, 2014, p. 300). More details on the implementation of Six Sigma Process is discussed

in chapter 3.

As the Six Sigma method has a heavy reliance on statistical measures, two common metrics

of Six Sigma, namely process capability and First Time Yield (FTY) are discussed below:

Process Capabilitydescribes if and how well a process can produce products within a cer-

tain speci�ed tolerance/limit. Often these limits are set either according to universal stan-

dards (+/- 5%) or can also be speci�ed by the customers. Two main indices used for process

capability measurements are:

Process capability Index Cp is the earliest and most used process capability index. It com-

pares the natural deviation (6s ) against the speci�ed upper and lower limit speci�cations. It

is calculated using the formula (Pearn, 2006, p. 7):

Cp =
USL� LSL

6s
(1)

This measure can skewed, especially in case of uncentered process where the deviation of

USL (Upper Speci�cation Limit) and LSL (Lower Speci�cation Limit) is not equal or cen-

tred around the mean (Ile, 2014, p. 2). To ensure a process has the capability of adhering

to the speci�cations, a Cp value of 1.33 is preferred with the value of 1 being the lowest

minimal acceptable limit.

Cpk, also known as process capability ratio is another index especially to compensate for the

errors that can be caused when the mean value is not centered. In case ofCpk, the minimum

of the process capability assosciated with USl and LSL is used. It can be de�ned as (Pearn,

2006, p. 40):

Cpk = min(Cpku;Cpkl); (2)
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where

Cpku =
USL� x̄

3s
(3)

and

Cpkl =
x̄� LSL

3s
; (4)

wherex̄ is the arithmetic mean ands is the standard deviation.

First Time Yield (FTY) is the ratio of products manufactured without a need for rework and

scraping compared to the total amount of products intended for manufacturing. It is one

of the most effective methods for de�ning a process status, as it is simple to calculate, yet

provides signi�cant input on where the process lies. FTY can be calculated using the formula

(Gygi, 2016, p. 4):

FTY =
(itemsin � itemsscrapped� itemsrework)

itemsin
(5)

1.7 Lean Methods

“Lean” by itself originated not as a methodology but a philosophy that aims at improving

activities/processes by removing or reducing all types of waste from the system (Krogt et

al., 2010, p. 301). Lean has a lot of similarities and founding principles as Toyota's Total

Production System (TPS) and Just-In-Time production, which were mostly used in appli-

cations for commercial vehicles. The philosophy was well rounded by Womack, Jones &

Roos (2007) in his book “The Machine That Changed The World“, where he coined the term

“Lean” for the �rst time and also provided framework for this philosophy to be used in other

applications.

The overall positive impact of lean methods have been well documented with improved

quality, ef�ciency and reduced lead time (Antony, S & Gijo, 2016, p. 26; Chen, Li & Shady,

2008, p. 1085). Similarly, the operational performance of many industries incorporating

human-related lean practices has been analyzed and has shown positive results (Hernandez-

Matias et al., 2020, pp. 229–230). Lean practices as an improvement philosophy has shown

remarkable progress to act as a continuous process and move the production processes from

a successful model to a sustainable model (Poksinska & Swartling, 2018, pp. 12–13).

The fundamental principle of Lean focuses on different types of wastes that generate during

a production process. By acknowledging a process element as a type of waste provides

opportunity for ideation and implementation of methods for removal of the waste. Pyzdek

(2021, pp. 4–5) provides a fundamental subdivision of different types of wastes that can

occur in a production process:
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� Over Production: Production of an element/product more than needed or before it is

needed

� Over Processing: Adding sub-processes that don't add any value to the overall process.

� Transport: Transportation of material, information around the workplace

� Waiting: Downtime where no value adding processes are done

� Inventory: Storage of more materials/ lack of prioritization in inventory

� Motion: Unnecessary motion that don't add value to the process

� People: Inef�cient utilization of human-power's capability

� Errors and Defects: Production that needs repair,enhancement or downright unusable.

Four common tools of lean philosophy used during the thesis, namely gemba, shadow boards,

poka yoke and 5S, are detailed below:

Gemba: Gemba is a Japanese word whose meaning roughly translates to “the actual place”.

In case of production/manufacturing, Gemba can be the workshop where the production

happens. It is an improvement tool to put the focus on place where the processes really

happens (Jana & Tiwari, 2021, pp. 133–135.) The whole process of moving from one process

to another is called a Gemba Walk. This is a clear distinction from traditional workculture,

where the decisions are taken in conference rooms far apart from actual workplace. Gemba

philosophy is incorporated into different stages of process improvement methodology with

different intentions. In DMAIC process, Gemba can be used in multiple stages as:

� Stage 1- During Measure Stage to understand the process

� Stage 2- During Analyze Stage to �nd problems with the process

� Stage 3- During Improve Stage, especially when a radical technological advancement,

process re-engineering can take place

� Stage 4- During Control Stage as a routine tool to ensure the variability and the im-

provement in processes are in check.

The philosophy of Gemba is used in multiple tools that will described in next chapters of

DMAIC process like Process Flow Diagram, Root Cause Analysis, Process Control Plan.

Shadow Boards: Shadow Board are speci�c and designated boards for keeping parts, tools

and allocating service areas to minimize time and reduce waste (Helmold, 2021, pp. 161–

162). Shadow Boards can be of different sizes and shapes (not limited to being a board) but

the fundamental philosophy is to have all processes, materials, tools and equipment ordered
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and labeled. This helps with minimizing time looking for correct tools or areas to work on

and also helps reduce waste due to use of incorrect material, equipment or area. It also helps

provide immediate visual cue if something is missing.

Poka Yoke: Poka Yoke is an error minimization tool that focuses on ensuring zero-defects

and eventually leading to reduction in the need of quality control inspections in all the pro-

cesses or sub-processes. A poka yoke system can be designed to either

� Warn- Mistake is about to occur

� Control- Mistake has occurred but has not caused any defect

� Shut Down- Mistake has caused a defect

In real case scenarios, often mistakes cannot be fully eliminated; poka yoke methods can

provide opportunity for mistake mitigation, detection, facilitation or replacement to ensure

reduction of defect-occuring processes.Poka Yoke methods in a workshop environment can

be labeling, operations designed in a way that error cannot happen, use of asymmetry for cor-

rect assembly and monitoring and checking (Hänggi, Fimpel & Siegenthaler, 2022, pp. 150–

157.)

5S method: 5S method is an operational stability oriented toolbox of lean for ensuring

continuous improvement and developing lean culture in the workplace. This method focuses

on cleaning, maintaining and organizing workspace to enhance productivity, and limit error

and defects occuring in the workplace due to the workplace environment. The name 5S

originates from 5 words in Japanese, focusing on different but correlated concepts of good

maintenance. The concepts of 5S are elaborated below (Filip & Marascu-Klein, 2015, pp. 1–

4.)

� Sort (Seiri)-Sorting, transferring and storing of goods according to requirement

� Set in Order (Seiton)-Setting and strategic placement of items to facilitate production

� Shine (Seison)- Cleaning of workplace and machinery

� Standardize (Seiketsu)- Rules regarding process �ow, material and machine placement

using visual cues

� Sustain (Shitsuke)-monitoring, evaluation and continuous improvement of workshop

maintenance assosciated activities.
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1.8 Use of Lean Six Sigma from a small scale perspective

Lean Six Sigma (LSS) continues to be a cornerstone in enhancing operational ef�ciency and

improving quality in manufacturing environments, traditionally associated with large-scale

production. However, its bene�ts extend to lab-scale settings as well, providing valuable

insights into how LSS can be adapted to suit smaller production facilities by combining dif-

ferent lean oriented tools to achieve business excellence as conveyed by Inal et al. (2017,

p. 1282). Despite fewer cases of adoption in lab-scale production, the methodology has

shown remarkable performance in minimising turnaround times and streamlining opera-

tional processes, thus enhancing the achievement of key performance indicators (KPIs) in

laboratory settings.

One signi�cant difference between lab-scale and large-scale environments is the availabil-

ity and nature of data. Large-scale manufacturing generates expansive datasets that enable

rigorous statistical analysis and optimization techniques. This is facilitated even more by

standardized, automated processes that span extensive, continuous production cycles. In

contrast, lab-scale environments typically focus on smaller sample sizes and may involve

unique and diverse processes that do not strictly adhere to industrial standards, leading to

challenges in data consolidation and analysis. For these reasons, data acquisition for lab-

scale environments is less straightforward, requiring Lean Six Sigma practitioners to rely on

statistical data as indicators rather than de�nitive proof during the Analyze phase.

One of the main strategies for successfully implementing LSS in lab-scale facilities is by

prioritising lean tools such as 5S, Value Stream Mapping (VSM), and Poka Yoke, which

can be helpful in yielding quick wins and create visual impact. Using these tools allows

lab-scale environments to improve organization and ef�ciency without extensive resource

investment. Additionally, simpler data collection methods, such as check sheets and basic

measurement techniques, are essential in environments where extensive quantitative data is

unavailable. Qualitative analysis techniques such as Gemba walks, Fishbone diagrams, and

process mapping can become invaluable in identifying process inef�ciencies and potential

improvements when quantitative data lacks robustness (Panayiotou, Stergiou & Panagiotou,

2021, pp. 1113–1117).

Success in adapting Lean Six Sigma in lab-scale environments has also been observed across

various geographic regions and sectors. In regions such as the Middle East, North America,

and the Asian subcontinent, the methodology has been tailored to focus on different aspects

of manufacturing, providing signi�cant bene�ts tailored to local needs and constraints (Al-

gassem, Yang & Au, 2014; Vendrame Takao, Woldt & Silva, 2017; Gnanaraj et al., 2012). In

each case, the adaptation has been able to utilize LSS principles in order to address unique
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challenges inherent to the particular manufacturing scenario, whether it be improving pro-

cesses with limited resources or achieving high-impact improvements without signi�cant

capital investment.

Moreover, adapting Lean Six Sigma in small-scale settings involves utilization of statistics

only as a guiding indicators instead of an absolute proof, especially when dealing with small

sample sizes. This approach facilitates a focus on speci�c, high-impact problems over bigger

or larger organizational changes, furthering operational ef�ciency and hence the pro�tability.

Similar approach conducted by Vendrame Takao, Woldt & Silva (2017, p. 8) for small and

medium-sized enterprises, with a focus on annual monetary savings has shown evidence of

Lean Six Sigma methodology to reduce cycle time and increase sales within limited resource

constraints, albeit it can be challenging as well as uncertain if the implementation can be able

to provide suf�cient ROI to be put into motion.

To summarize, implementing Lean Six Sigma in lab-scale and small-scale manufacturing

environments requires a customized approach that respects the unique challenges and con-

straints of these contexts. By prioritizing lean tools, employing straightforward data collec-

tion methods, and focusing on qualitative analysis, lab-scale facilities can achieve substantial

improvements in ef�ciency and quality. The �exible nature of LSS allows it to be a power-

ful tool for driving process improvements without demanding extensive resources, making it

particularly suitable for lab-scale settings and varied industry sectors worldwide.
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2 Methods: DMAIC framework

The most commonly used Six Sigma Methodology is the DMAIC (De�ne, Measure, Ana-

lyze, Improve, Control) method. These 5 methodology steps are the foundation of de�ning

a problem/scope to measuring, analysing, improving and controlling the process adhering

to the concept of a continuous improvement method. Taking DMAIC method as a process

itself, the �ow goes as Problem! DMAIC Process! Solution.

DMAIC method is not only inherent to Six Sigma Methodology but also can be adapted to

other process optimization methodology focusing on continuous process improvement. Ap-

plication of DMAIC methodology is effective and suitable in cases where there is already an

existing process and the organization is focused on the committing to the process improve-

ment method continuously. Integration of DMAIC and Six Sigma method is effective also

due to both methods having data-driven decision-making and a problem-focused approach

(Pérez-Balboa & Caballero-Morales, 2025, p. 336).

This chapter focuses on each of these methodology steps in detail, from providing their

function and implementation. Lean Six Sigma tools used during each steps of the project

execution are also explained in brief.

2.1 De�ning the project scope

De�ne phase focuses on the problem for which the improvement methodology is to be im-

plemented. This means attaining a clear scope of the problem, the domain boundaries of the

problem and ensure the support from all levels and all assosciated stakeholders is achievable

for the improvement procedure. This provides an idea of what kind of resources are needed

and if these are achievable or not (Shankar, 2009, pp. 1–3.) The fundamental tool-set for

De�ne phase is formulation of a charter document which includes project name, purpose,

estimated duration, deliverables and estimated cost. This charter document can be modi�ed

and elaborated upon at different stages of the DMAIC process. Different tools can be used

during De�ne Process for problem identi�cation, and setting up the scope (Quick, 2019)

such as:

� SIPOC

� CTQ Tree

� SWOT

� Project Charter

� Voice of Customer
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� Kano Model

Due to the narrow project scope,tools focusing on de�nition of the supply chain (SIPOC),

as well as focus on the business opportunities (SWOT analysis) are less relevant. Instead

2 tools, namely Project Charter and Voice of Customer are used and are further explained

upon.

Project Charter

Project Charter provides a clear and scope nature of the project. Project Charter is generally

a tabulated list which helps de�ne the problem which the process methodology is trying to

solve. Project Charter are designed in a way to provide immediate visualization of the overall

project to any new member or associated party, hence should be kept short, functional and

direct. The common main concepts that are needed to be involved while de�ning the project

charter (Blackburn, 2022, p. 14) are:

� Aim of the project

� Business value of the project

� Project Scope

� Baselines/Goals

� Team Members and Roles

Project charters are generated in collaboration of all the potential parties, affected by the

change that occurs during process execution. Especially in organisations with larger hier-

archies, full understanding of the project charter is necessary at all levels to ensure proper

functioning of the whole process.

Voice of Customer (VOC)

A voice of customer, as the name implies, is a prioritised and hierarchical needs and wants

of a product. In any client focused product, the needs and demands of the customer is of

high priority, and often the failure and success of an industry is largely dependent upon

how satis�ed the customers are. There is no speci�c, standardised method or template of

implementing voice of customer. It can be done through an industrial visit by the customer

or in the form of a physical and telephone conversation. However, the voice of customer must

include the prioritized list (both importance and performance) of the customer's needs and

wants in their own voice (Coppenhaver, 2018, p. 21). Later, their input can be transcribed

into a list of wants based on the priority.
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CTQ Tree

Critical to Quality (CTQ) tree provides a visual interpretation and expands upon the needs

and demands of the customer. In practice, VOC and CTQ go hand in hand, as CTQ is the

decomposition of a customer's needs into drivers, which are further broken down into critical

criteria, which are more de�ned and approachable for measurement and analysis in the later

stages (Blackburn, 2022, p. 17). A basic CTQ tree can be de�ned using 3 key elements:

1. VOC- clear and short statement of what the customer wants

2. Driver- qualitative measure to ful�ll customer demands

3. CTQ Criterion- quantitative measure to ful�ll customer demand

A project with well-established baselines can also include the current state of the criterion

and what is the projected state of the criterion after the project completion.

2.2 Measurement and process mapping of the baseline process

It is evident that for a process improvement method to work, the existing process needs to be

set as a baseline. The aim of the measure phase is to extract as much information as possible

from the current process. This includes measuring each subprocess and �ows in the existing

process and help de�ne process capability (Cano, Moguerza & Redchuk, 2012, p. 6.) In case

of a production focused process, this can be the maximum output from the process.

Different types of tools that can be used for measuring and understanding the processes can

be :

� SIPOC Diagram

� Value Stream Map

� Y=F(X) Map

� Process Map

Regardless of the tools used, the determination of defects, problem or deviation in the current

process is a necessary, as well as fundamental approach in LSS. 2 statistical measures are

universally used for this process, which relies on data collection (Shankar, 2009).

1. Measure of central tendency

2. Measure of dispersion

Measure of central tendency can be measured using arithmetic mean and the measure of

dispersion through standard deviation.
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Two important tools for measure phase, process mapping and value stream map are brei�y

discussed below.

Process Mapping

A process map is a powerful tool during measure process as it that provides a visual map of

work�ow sequence and their components. It helps breakdown a complex process into mul-

tiple sub-units and showcases the processes, �ow of material/data and logic using symbolic

geometric shapes like rectangle, diamond and arrows. This help in clear identi�cation of

the bottlenecks/weaknesses that are occurring during the process. The methodology's effec-

tiveness stems from its ability to provide a common language for cross-functional teams to

analyse and discuss process �ows. By translating complex operations into an easily inter-

pretable diagram, process mapping bridges communication gaps between different depart-

ments or specialties involved in the production system. An essential characteristic of process

mapping lies also in its capacity to reveal process fractures and discontinuities that might

otherwise remain obscured in daily operations.

Value Stream Map

Value Stream Mapping is a more advanced process analysis tool that focuses on process im-

provement opportunities by identifying both the value added and non-value added activities

associated with the process. Wastes like Work In Progress (WIP), lead time and manpower

allocated to each sub tasks are identi�ed during the mapping (S. Kumar, Dhingra & Singh,

2018, p. 3). Value Stream Map differs mostly from Process Mapping due to it's inclusion

of supplier and delivery lead times and frequency, to get a more macro level perspective of

the process. Similarly, time-dependent measures like lead time, cycle time and changeover

times are highlighted in this tool.

2.3 Analyzing root cause using Ishikawa diagram and Pareto analysis

Setting up a benchmark during the measure phase, helps to analyze the whole process in

minute details and provides a statistical basis on which inferences can be made. During the

analyze phase the root problems are identi�ed. Sometimes, the root problems are already

hypothesized but statistical data helps validate the hypothesis and also select the primary

root causes in the process.

Tools that are used during the analysis phase include

� Failure Mode and Effect Analysis

� Root Cause Analysis



24

� Pareto Analysis

� Histogram

� Regression Analysis

� Ishikawa Diagram

Ishikawa diagram and pareto charts are used for the thesis, henceforth discussed brie�y be-

low.

Ishikawa Diagram

Ishikawa Diagram, also known as Fish-bone diagram or Cause and Effect Diagram is a vi-

sualization tool for identifying causes behind a problem or a defect. The identi�cation of

the cause behind a problem is initialized by dividing the potential causes into several groups.

Typically a group division of “People“, “Process”, “Material“ and “Machinery” is used but

can have inclusion or elimination of any group based on the defect type. Also depending

upon the complexity, each of these groups can contain different sub-groups. The main idea

behind Ishikawa diagram is to provide a structured view of the underlying cause of the prob-

lem.

Finding potential causes for a problem is done typically as a brainstorming session, which

also makes Ishikawa Diagram a wonderful tool for group engagement. This fact is high-

lighted by Ilie and Ciocoiu (2010) , stating that Ishikawa Diagram

“encourages group participation and utilizes group knowledge of the process,

identi�es areas where data should be collected for further study.”

Pareto Chart

Pareto Chart serves as a critical analytical tool within the Six Sigma methodology, providing

a structured approach to prioritize improvement efforts by distinguishing between the vital

few and trivial many causes of defects or process inef�ciencies. Pareto Chart is a cause

identi�cation tool, based on the fundamentals of the pareto's principle or the “80 \20 law”,

which states that

“80 % of all effects result from 20% of all causes.”(Hardy, 2010, p. 38)

Based on this principle, the most common causes of defects occuring in a sample size is

graphed in the form of a chart, with the highest occurring causes deemed potential elements

for improvement. The sample size and the duration of timeline depends upon the project pro-

duction rate and the amount of monitored data. Beyond simple prioritization, the chart pro-
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vides before-and-after comparisons to validate the improvement effectiveness, helps identify

changes in defect patterns that takes place over time, and provides visual evidence to secure

stakeholder buy-in for focused improvement initiatives. Its particular value in small-scale

production contexts lies in the ability to derive meaningful insights from limited data sets

through clear graphical representation of relative frequencies.

2.4 Implementation of improvement measures

Improve phase includes brainstorming, evaluating, implementing and comparing the poten-

tial solutions to address the root causes established during the analyze phase. The data from

measure phase is used as the benchmark upon which any improvement done is measure to

assure that the solution is effective.

Different approaches and tools are used in Improve Process relating to different scenarios.

Tools adhering to LEAN processes are used during the current case study and are elaborated

further in subsequent cchapters. In scenarios with multiple performance indicators, improve-

ment phase can be conducted in multiple stages. Inclusion of user and stakeholder feedback

is helpful during these different phases of the implementation phase especially when data

analysis on a large sample size is not possible.

2.5 Control mechanisms for continuous improvement

The goal for any organisation would be to sustain the bene�ts/values that they get from

the improve phase and also make sure that a framework for future improvements also estab-

lished. This would include standardization of the new work method/process, provide process

control plan to make sure the new process is followed and also provide training/ guidelines

for subsequent handover.

Tools relevant during Control Process include:

� Run Chart

� Control Chart

� Visual Management

� Future Value Stream Map

� Feedback Channel

Use of control charts and visual management systems are brie�y discussed in the following

paragraphs.

Control chart and process plan
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Control chart is a visualization tool for monitoring �uctuations in performance indicators.Even

though there always exists variation in data ( chance causes or inconsequential causes), varia-

tions with very high deviations can have major consequence in production quality, and hence

need to be a control chart can visualize when/if the variations happening are attributed to

(ASTM Committee E-11 on Quality and Statistics, 2018). Control Chart provides feedback

on if the process variable is under or over speci�ed tolerance limits. Control Charts can also

be integrated into process monitoring and reaction plan to implement certain actions when

the metrices go out of control. Similarly, a process plan/reaction plan is a template focusing

on the most common defects or errors occurring during the process and provides guidelines

to the operators on what to do when it occurs. Control charts and reaction plans go hand

in hand, as one provides an indication that something is wrong and the other provides the

context of what to do next.

Visual management

Visual Management takes inspirations from lean Methodology to use different visual cues,

instructions and interfaces to facilitate the control of variables within the processes. Imple-

mentations of visual management can be:

� Color Coding of Operating Machinery

� Simpli�ed SOPs with diagram

� Batch Labelling

The main aim of visual management is to allow operators to detect and address any deviations

occuring immediately.
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3 Methodology

The methodology of this research was carefully designed to bridge the gap between theo-

retical Lean Six Sigma (LSS) principles and their practical application in small-scale sus-

tainable manufacturing. Unlike traditional industrial settings where LSS has been exten-

sively documented, this study focuses on the unique challenges of laboratory-based produc-

tion environments characterised by problems such as limited batch sizes, manual operations,

and constrained resources. The approach combines rigorous process analysis with practical

interventions, ensuring that improvements are both measurable and sustainable within the

project's operational constraints. The collaborative nature of this research, involving both an

industrial partner as well as an academic institution, required a methodology that can align

the academic research objectives with commercial requirements. This helped formulate a

�exible yet structured framework capable of accommodating the dynamic nature of material

development while maintaining focus on process optimisation.

3.1 Research design

The research design followed an applied case study approach, where the focus was on pro-

cess optimization of real-world small-scale cellulose foam production to be used as a replace-

ment of EVA shoe insoles. The case example is meant to be as a representative example of

small-scale sustainable manufacturing to provide rich contextual understanding of the in-

terplay between material properties, process parameters, and human factors in determining

product quality. The research was grounded on action research, with the researcher having

simultaneous role of active involvement in the project and concurrent development of the

research. The innovation (cellulose elastic foam) being a novel innovation bene�tted more

from this research type where the researcher's experience can be integrated more easily into

the problem-solving (Kassem et al., 2023, p. 1283).This was also crucial for accommodating

the evolving understanding of the process and for making mid-course corrections based on

empirical observations.

3.2 Data-collection methods

A mixed-methods data collection approach was used during the project execution. This

included quantitative statistical metrics as well as qualitative data in the form of observation,

interviews and feedback. This dual-method approach ensured comprehensive insights both

from the technical and operational challenges. This approach was also particularly valuable

in small-scale setting where more traditional statistical process control methods would have

limitations regarding the sample size constraints.
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Process observation formed the foundation of the data collection effort, with the conduction

of extensive gemba walks to document the entire process work�ow. These observations were

then systematically recorded, noting cycle times for each production step, type and frequency

of defects encountered, as well as work�ow interruptions that takes place.

Structured measurements were used to provide the quantitative validity for the study. Thick-

ness measurements were taken at multiple points across each foam sheet using vernier cal-

lipers, with careful attention to calibration of measurement regularly. A standardised system

was formulated for defect measurements that distinguished between major defects (potential

to hamper product functionality) and minor defects (small aesthetic imperfections). Pro-

duction yield was tracked across the samples of each batches to establish reliable baseline

performance metrics.

Stakeholder engagement was another critical qualitative component of the data collection

framework. Semi-structured interviews with Vibae's technical team helped clarify commer-

cial requirements and quality expectations, with the loose structure of the interview espe-

cially impactful in the exploratory aspects of the project. User testing provided valuable

feedback on product performance, with carefully designed evaluation criteria that balanced

subjective comfort assessments with objective performance measures. A simple survey (see

Appendix 2) was done for this purpose, evaluating comfort, �t and stability of cellulose foam

insoles using a 5-point Likert scale.

Secondary data sources in the form of historical production records (June-Dec 2024) were

used and analysed for the establishment of baseline measurements. Parameters and concepts

like drying time, LSS adaptations in small scale and common defects occurring were used

for validation from previously published literature sources.

3.3 Data analysis methods

The analysis of collected data was implemented through a combination of both statistical

techniques and qualitative interpretation to address the dual objectives of process optimiza-

tion and stakeholder validation. Quantitative data was processed using descriptive and infer-

ential statistics, while qualitative insights were analysed through thematic analysis.

Descriptive statistics included measures like mean thickness values and standard deviations

which were calculated to understand the variability existing in the baseline process. Pro-

cess capability indices,Cp andCpk (see equations 1 and 2) were computed to evaluate how

tightly the parameters adhere to speci�cation limits, with particular attention to the distri-

bution curve type during different stages. Correlation and regression methods were also
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incorporated during qualitative analysis to explore the relationships between different CTQ

parameters. Small-sample statistical methods were prioritised more in order to account for

limited batch sizes, with p-values calculated to validate the signi�cance levels of the dataset

despite constrained data volumes.

Stakeholder interviews and user feedback were analysed to identify recurring themes and

correlation with the statistical inferences from quantitative analysis. Voice of Customer

(VOC) inputs were converted to CTQ parameters using af�nity diagrams to ensure that the

industrial and customer requirements go hand in hand with the proposed process improve-

ments. User testing results were aggregated into composite scores for comfort, �t, and sta-

bility, with open-ended responses analysed for contextual insights into product performance.

This hybrid analytical approach provided more validity in drawing conclusions from limited

data while preserving the nuanced understanding essential for sustainable process improve-

ments.

3.4 Analytical framework

The analytical framework was structured around the DMAIC methodology, but with signif-

icant adaptations to suit the small-scale production context. In the De�ne phase, the project

boundaries were established through collaborative engagement with all stakeholders. This

phase produced not only the formal project charter but also a shared understanding of success

criteria among the researcher, material research group, and industrial partners.

The Measure phase employed a combination of process mapping techniques and statistical

analysis to establish baseline performance levels. Value stream mapping revealed signi�cant

opportunities for lead time reduction, particularly during the drying process which accounted

for the majority of the total production time. Statistical analysis of thickness variation and

defect rates provided quantitative benchmarks against which improvement efforts could be

measured. Root cause analysis in the Analyze phase combined structured tools like Ishikawa

diagrams with hands-on process experimentation. During this phase controlled monitoring to

isolate the effects of speci�c process parameters were conducted, building a cause-and-effect

understanding that informed subsequent improvement strategies. This phase also included

comparative analysis of defect patterns across different production batches, identifying cor-

relations between process variables and product quality.

The Improve phase implemented changes through a series of controlled experiments, allow-

ing for incremental validation of each modi�cation. Workspace reorganisation using 5S Lean

principles identi�ed and controlled many of the work�ow inef�ciencies identi�ed in earlier
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phases. Process parameter optimization focused on the most signi�cant variables identi�ed

during root cause analysis, with particular attention to batch size effects and drying protocols.

For the Control phase, monitoring systems were developed that balanced the exhaustive na-

ture of these control elements with practicality for a lab-scale environment to ensure that the

improvements can be still be implemented and maintained for a longer timeframe. Simpli-

�ed process control and reaction charts were implemented along with visual management

tools that made process standards immediately apparent to operators. The control systems

were designed to be robust yet having enough �exibility to be capable of maintaining im-

provements while accommodating the inevitable variations occuring during small-scale pro-

duction.

3.5 Methodological innovation and replicability

This research study introduced several methodological innovations to help ef�cient adapta-

tion of LSS for small-scale sustainable manufacturing. The development of hybrid analy-

sis techniques that combine traditional LSS tools with more simpli�ed material evaluation

methods provides a different approach to the �eld. The creation of simpli�ed process control

methods suitable for resource-constrained environments also provides an initial framework

that can be further modi�ed and perfected for similar applications.

For researchers seeking to replicate this approach, this methodology heavily emphasizes the

importance of adaptation as per context. The speci�c tools and techniques to be used for

the methodology must be selected based on the unique characteristics of each production

environment, with particular attention to scale, resources available, and material properties.

The iterative nature of this approach allows for continuous and rapid re�nement as process

understanding deepens.

The methodology's strength is its balanced consideration of technical process factors and hu-

man operational factors. The methodology addresses both the mechanical aspects of produc-

tion and the workplace practices that impact consistency. By doing so, the approach delivers

sustainable improvements that can potentially persist beyond the research timeframe. This

comprehensive perspective makes the methodology particularly valuable for linking labora-

tory innovation and commercial production in sustainable materials development. This dili-

gent yet practical methodological framework acts as the foundation for the results presented

in the following chapter, where the effectiveness of these approaches is demonstrated through

concrete process improvements and product enhancements. The methodology's success in

this challenging context also suggests its potential for broader application in sustainable ma-

terials process optimization.
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4 Results

The implementation of the DMAIC methodology and it's subsequent �ndings are discussed

in this chapter. Each section of this chapter will focus on each phase of the methodology,

namely de�ne, measure, analyze,improve and control.

4.1 De�ning the production aspects of cellulose insoles

This section provides a brief introductory background about the product in question and

involved stakeholders in the project. Additionally, to de�ne the main scope and highlight the

key performance indicators to be measured, a project charter as well as Voice of Customer

(VOC) is formulated.

The case innovation of the study, cellulose-based foam has been developed and elaborated

upon during the recent year at Aalto University's Complex Systems and Materials (CSM)

group, initially as a project work for ful�llment of Product Development Course (pdp) con-

ducted by Aalto Design Factory and later as a research entity in the same research group.

The unique material composition to mimic conventional EVA, while being sourced from

bio-products raised interest both in the research �eld as well as in commercial potential.

Figure 2 showcases different samples with varying material composition.

Figure 2: Current cellulose foam samples with varying material composition

The current iteration of the cellulose based foam is VOC-free, microplastic free and bio-

based. It possesses excellent spring-back properties comparable to conventional foam. The

�rmness and density of the foam can be altered by changing the material composition (see

Appendix 1 for material details).
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4.1.1 Project charter and Voice of Customer

The project de�nition started with conversations with the main stakeholders of the thesis

project, respectively the representatives of CSM department and Vibae Oy. Vibae Oy re-

quired a certain no. of sustainable insoles produced within a time-frame which also would

satisfy their quality standards. This helped de�ne the focus of the project to increase the

production capacity, while keeping consistent quality in production. Similarly the scope of

the whole project was well de�ned, with Vibae Oy responsible for the commercialisation

and use of insoles after the production as they see �t.

A charter document was created (refer to Table 1) to enumerate the overall scope, areas, cost

and areas included for clear visualization of the project details.

Table 1: Project charter document formulated during de�ne phase

Prepared By Anmol Bhattarai

Project Name Cellulose Insoles

Purpose of project Increase Production and Quality of In-

soles

Business Need of the projectLower manufacuturing cost and increas-

ing customer satisfaction

Estimated Duration Six Months

Functional Areas Involved Production Process

Project Scope Manufacturing Layout, Manufacturing

Process, Manufacturing Equipments

Suppliers to the process Aalto CSM, Vibae Oy

Not included in scope Business Process, Supply Chain

Project Goal Lower Defects Per Unit, Improved Thick-

ness

Estimated Cost EUR 2000

As the value of internal stakeholders or primary customer is essential to understand, the

VOC (Voice of Customer) is de�ned to understand the primary needs and demands of the

stakeholders which can then be ensured to be incorporated into the optimization efforts.

The VOC was generated through a personal interview with the CEO of Vibae, with the

primary requirement set as “cellulose insoles to directly replace the existing footbed of

the company”.
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4.1.2 CTQ tree

After the de�nition of the main outcome, a CTQ tree (see Figure 3) was designed to nar-

row down the scope of the project and to attain measurable outcomes that can be directly

assosciated with the production process. Several different measures were discussed based on

different drivers (aesthetics, supply and function), such as

� density of the insole

� insole moldability

� height of the insole

� physical appearance of the insole

� real life performance of the insoles

Figure 3: CTQ Tree formulated during de�ne phase

Quality indicators directly related to the function of the product were excluded from the

main project scope due to time limitations and the �rst intention of the product being more

investment and publicity oriented. But other drivers related to the aesthetics and supply of

the foam do have correlation to the functionality of the �nal product. CTQ measures relating

to the thickness of the insole, it's appearance, production and quality consistency were more

prioritized for the scope of the project.
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4.2 Mapping the current process baselines

After clear identi�cation of the study's main focus, limitations and scope, the understanding

of the process from the production perspective is done. This is done by visual analysis of

the current status of the production and simultaneous assessment of the baseline measures.

Multiple gemba walks are done during the whole mapping process to ensure all the variables

having relevancy to the CTQ criteria can be viewed.

4.2.1 Pre-optimization status of production

The current production of cellulose sheets is in the form of �at sheets (as in Figure 4a and

4b) shaped over �at metal trays lined with standard baking paper. The sheet thickness ranges

from 3 mm to 12 mm. Due to the �at nature of the sheets , the thickness distribution over a

single sheet specimen has high deviation and imperfections due to the �owing nature of the

initial suspension (as in Figure 4c). The current iteration of cellulose sheets have standard-

ized material composition percentage, which will be the same throughout the study.

(a)sample piece of �at cel-
lulose foam sheet

(b)multiple samples of �at
cellulose foam sheets

(c)thickness variation and
imperfections in �at cellu-
lose foam sheets

Figure 4: Current foam sample with constant material composition

The production process involves several household appliances and semi-industrial units. The

machinery involved are as follows:

� stand mixer

� hand-held mixer

� dehydrator

� convection oven

A process �ow diagram was created to divide the process into multiple sub-processes for

better identi�cation and clarity of where the problems could lie in a visual representation.
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This would especially be important during analyze phase to �nd out potential places of im-

provement. The whole process can be divided into 3 fundamental sub-processes as shown in

Figure 5.

Figure 5: Current Process �ow diagram used in production

Cycle Time, Lead Time and Changeover Time were monitored and noted during the Gemba

Walk done in the workplace area for each subprocess. A tentative frequency of material

delivery from the supplier as well as from the production facilities to the user (stakeholder

in this case) is also calculated . A simpli�ed Value Stream Map is then established as shown

as in Figure 6, which shows these parameters for each subprocesses, starting from material

delivery, mixing, drying, moulding, post-processing, product �nishing to �nal delivery.
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Figure 6: Value stream map based on current production

Drying process was identi�ed as the sub-process for the highest cycle time. A mean time

of around 18 hrs is used during drying. This can also be identi�ed as a primary bottleneck

during the whole process, as the maximum capacity of the drying chamber is limited to 4

sheets at a time, so even increasing the foam mixture would not create any signi�cant change

in the �nal throughput.

4.2.2 Baseline measures

To create a baseline of where the current production process lies, data analysis was done

based on historical pre-records for understanding the current production process. The no.

of sheets produced during each batch of production was recorded in between the timeline of

06/2024 to 12/2024. The observation included 25 batches in total, with a production capacity

overview in Figure 7.
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Figure 7: Historical data on production capacity from 06/2024 to 12/2024

The sheets were further inspected to identify the sheets that can be used for further steps of

molding and subsequent product use, and catagorized into approved and unsuccessful sheets.

The graph of each batch and it's subsequent approved samples are shown as in Figure 8.

Figure 8: Sheets produced vs No. of approved sheets during baseline measurement

The calculations show a very low yield ratio of approximately 44.5%, showcasing that more

than half of the foam sheets produced were unsuitable for use in most cases or required
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extra rework in some cases. The number of samples produced during each batch during this

period is not standardized (between 2 and 5). To identify any relevance of this �uctuation in

batch size, a linear regression was done to compare the batch size, i.e., the number of sheets

produced in a batch, and the number of successful sheets produced, as shown in Figure 9.

Figure 9: Linear regression of batch Size vs success Percentage for baseline

The percentage of successful sheets produced has a negative regression coef�cient of -0.3

compared to the batch size, meaning that for each additional sheet attempted per batch, the

success rate drops by 3.4% which correlates with the behavior seen in live production, where

a larger batch size often have complications during the mixing phase. This hypothesis is

also strongly supported by the negative correlation in between these 2 variables as shown

in Figure 10. The R-squared value of 0.52 indicates that batch size explains approximately

52% of the variability in the success percentage, making it a very signi�cant factor to keep

in view.

Figure 10: Correlation between batch size and success percentage for baseline samples

Due to unavailability of sheets with same dimensional values, the thickness variation in

between sheets was measured for only the sheets that were produced with the exact same

material composition and using same size of base mesh. A sample size of 10 sheets was

taken, and their thickness measured with the help of vernier callipers.
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The sample distribution showcased a mean average thickness of 11.3 mm with a standard

deviation of 3.02 mm. Figure 11 and 12 help showcase the variation occuring in thickness

consistency with irregular concentration.

Figure 11: Thickness variation in baseline samples

Figure 12: Cumulative Distribution Function of baseline samples

In this current state, the process capability of the process, considering an allowable deviation

of upto (+/-)2 mm from the speci�ed insole thickness of 14 mm, wasCp = 0:22 andCpk =

� 0:07, showcasing the incapability of the process to reproduce samples adhering to the

speci�cation limits. Similarly, the negativeCpk highlights that the process average is below
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