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Abstract

Sulapac, a pioneering company in biomaterials, is committed to delivering
high-quality, sustainable packaging solutions. This thesis focuses on ensur-
ing the injection moulding processes for Sulapac’s 50 ml Premium Nordic
Collection jar. Leveraging the opportunity to re-verify current processes with
a new subcontractor, this study aims to ensure both the mechanical and aes-
thetic qualities of the product. Utilizing the Design of Experiments (DoE)
methodology, key parameters such as holding pressure, cooling time, and
filling speed are analysed to understand their impact on the quality and per-
formance of the jars and lids. Additionally, Failure Mode and Effects Analy-
sis (FMEA) is employed to identify and prioritize potential defects using the
Risk Priority Number, providing actionable insights for corrective measures
to elevate product quality.

The research presents a comprehensive approach, detailing step-by-step
procedures for applying DoE and FMEA to rectify identified defects and
streamline the manufacturing process. Findings highlight the critical im-
portance of controlling manufacturing parameters and implementing re-
verification at each step to ensure product quality consistency. The study
also recommends the use of control charts for a refined monitoring of key
parameters that significantly influence product quality. In addition, this sys-
tematic monitoring method enables for real-time adjustments and contrib-
utes to maintaining stability in the manufacturing process.

By understanding the interaction between key manufacturing parameters and pro-
posing targeted improvements, this thesis equips Sulapac to meet its quality stand-
ards with their manufacturing subcontractor. The methodologies explored in this
study provides a framework that can be applied to future implementation and re-
search, contributing the Sulapac’s continuous improvement.

Keywords Injection moulding, Sulapac, Design of Experiments, Failure Mode and Effects
Analysis, Parameter validation, Closure Mechanism, Continuous improvement.
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1 Introduction

1.1 Background

The practice of injection moulding was originated in the United States, ini-
tially finding application in metallurgical processes before gradually expand-
ing to ceramics and plastics production (Kryachek, 2004). Plastic injection
moulding has been considered one of the most cost-effective methods for
mass-producing plastic parts. It involves injecting molten plastic into a
mould tool and ejecting the solidified part. This process significantly reduces
the cost per unit over repeated cycles, ensuring consistent quality across all
parts (Singh & Verma, 2017). In addition, injection moulding is versatile, ac-
commodating various materials, colors, cosmetics, polishes, and surface tex-
tures, extending beyond plastics to metals and glasses. However, as injection
moulding established itself as a prominent mass production process, aware-
ness of environmental issues has led to a significant shift towards developing
and using more sustainable materials (Ivar Do Sul & Costa, 2014).

The effort to find sustainable solutions in packaging materials has gained sig-
nificant relevance in recent years, driven by growing environmental concerns
and the imperative to reduce plastic waste (Reichert et al., 2020). Biode-
gradable materials, which can benefit the environment, have emerged as
promising candidates for addressing the plastic pollution crisis (Ibrahim et
al., 2022).

Nowadays, the application of bioplastics includes packaging options for dif-
ferent industries such as cosmetics, pharmaceuticals, and food (Youssef & El-
Sayed, 2018). These types of industries demand high-quality materials for
product packaging, given that the components in each product are strictly
analysed and used for human applications. Ensuring the quality of bioplastic
packaging is essential to protect the product and prevent any contamination
before it reaches the final consumer (R et al., 2021).

Sulapac Oy, founded in 2016 in Finland, is renowned for its innovative use of
renewable raw materials, such as wood, and natural binders. This unique
composition results in biodegradable materials that serve various packaging
applications, making Sulapac a compelling choice for environmentally con-
scious industries. The company's biomaterials challenge conventional plas-
tics, promoting their replacement to benefit the environment and align with
a sustainable vision (Sulapac Ltd., 2024).

Sulapac has distinguished itself not only through the manufacturing of high-
quality sustainable materials but also through the development of versatile
final products for commercial applications. Their products cater to multiple



sectors, including cosmetics and food service industries. Furthermore, Sula-
pac has introduced the Nordic Collection portfolio, a high-end product line
tailored for customers in these sectors (Sulapac Ltd., 2024).

The expansion of Sulapac in recent years can be attributed to diversification
and enhancement in both materials and products. Their materials portfolio
included distinct options such as Universal, Premium, and Barrier, along
with variations within these categories that provide different properties and
finishes tailored to specific production processes and product designs. In
terms of finished products, Sulapac has distinguished itself through the high
quality of its offerings across different sectors. Notably, they have established
important manufacturing partnerships with various brands committed to en-
vironmental sustainability (Sulapac Ltd., n.d.). For further details, refer to
the Appendices of the Nordic Collection. The focus of this research lies on
specific models of the product portfolio.

Specifically, this study focuses on the 50 ml Nordic Collection jars and lids.
The objective is to develop a plan to correlate injection moulding production
parameters with the quality of the final product and the operations involved
in manufacturing these jars and lids. Understanding this correlation is criti-
cal to maintaining high-quality packaging and ensuring the integrity of the
packaged products. Key procedures in this study include quality and experi-
mentations approaches to understand the behaviour of the final product
when key parameters are modified, and a validation of these conducting fun-
damental tests as torque and leakage. Moreover, this proposal plan can be
modified and applied to other models, such as the 30 ml and 15 ml jars and
lids, pending further study and analysis.

Employing the Design of Experiments (DoE) methodology and Failure Mode
and Effect analysis (FMEA), this study proposes a systematic approach to as-
sess the current state of the manufacturing process and contribute to Sula-
pac’s quality assurance.

1.2 Problem Statement

Sulapac’s desire to move the manufacturing of the Nordic Collection jars to a
new subcontractor offers an opportunity to understand the related parame-
ters in the injection moulding process, improve related processes, and refine
procedures. Although previous production trials were successful, establish-
ing a robust process with the new partner is vital. Ensuring precise interac-
tion between the lid and jar is critical for maintaining a tight and secure clo-
sure mechanism.

With the transition to a new subcontractor, it is essential to verify and adjust
current process parameters to ensure consistent product quality. Sulapac al-
ready has a well-established quality control system for its material batches,
and the focus now is on adapting these parameters with the new



subcontractor to maintain and enhance product standards. More than a
problem, this transition is an opportunity to re-verify processes and apply
methodologies to understand the correlation and behavior of the 50 ml Pre-
mium model on key parameters. Establishing robust quality procedures that
can contribute to the quality assurance of the new subcontractor will ensure
Sulapac continues to meet its high standards and achieve the desired con-
sistency in its products.

1.3 Project Objectives

This study aims to use the current opportunity by the operations partnership
of Sulapac with a new manufacturing subcontractor to re-verify procedures
and gain a better understanding of the production process parameters of the
50 ml Nordic collection jar and lid. By employing methodologies such as
FMEA and DoE, the research will enhance the comprehension and correla-
tion of process settings that could improve product quality and production
efficiency in a sustainable packaging solution. This research will contribute
to Sulapac's commitment to high quality and continuous improvement in
their operations. The main objectives of this study can be represented by the
following bullet points:

e Comprehensive understanding of the correlation between key process
parameters and the final product status.

e Suggest a quality and experimental plan for Sulapac's operations with
the new subcontractor.

e Suggest methodologies that could be employed to systematically ana-
lyse and optimize the injection moulding processes for Sulapac's prod-
ucts.

e Propose quality tools for the new subcontractor to meet Sulapac’s
quality standards.

1.4 Scope and Limits:

Although the study addresses various considerations, its scope is specifically
limited to examining the current situation of the manufactured products with
the new manufacturing subcontractor and proposing a plan to understand
the correlations between key production parameters and the behavior of the
final product. Identifying these correlations is crucial for the effective execu-
tion of the function and mechanical performance of the lids and jars of the
Nordic Collection, all of which are manufactured through injection mould-
ing.

The main concepts involved in this study revolve around the injection mould-

ing process, manufacturing parameters, mechanical performance, and qual-
ity plan methodologies. This thesis is organized into several steps, each
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addressing specific research objectives. The introduction focuses on outlin-
ing the background, goals, research questions, scope, and structure of the
study. The second stage includes a literature review that comprehensively ex-
amines relevant literature on injection moulding processes, defect detection
methodologies, parameter analysis, and closure mechanisms. Subsequent
stages delve into the methodology employed, the results obtained, and dis-
cussions on the findings, culminating in conclusions and recommendations
for future research.
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2 Literature review

2.1 Quality Management in Manufacturing

The importance of quality in manufacturing is paramount within the indus-
try, serving as a main pillar for success and competitiveness. As markets
evolve and customer expectations rise, maintaining ambitious standards of
quality becomes increasingly vital for businesses to remain competitive and
meet the demands of their customers (Psarommatis et al., 2022). A high-
quality manufacturing practices enhance overall the value of business rela-
tionships; this practice encompasses various aspects, including product per-
formance, durability, reliability, and adherence to specifications. It not only
enhances customer satisfaction but also improves trust and loyalty, ulti-
mately contributing to long-term business success (Ulaga & Eggert, 2006).

The pursuit of high quality in finished products was originated back since the
industrial revolution, marking the transition to mass production and the ad-
vent of standardized manufacturing processes. During this period, the im-
portance on quality began to emerge as a critical factor in ensuring the relia-
bility and consistency of mass-produced goods. Today, quality remains a cen-
tral pillar of manufacturing, driving continuous improvement efforts and
shaping the way companies operate and compete in the global market (Tam-
bare et al., 2022).

The correct application of quality management covers a vary of aspects to
enhance to ensure high quality standards in the manufacturing process. Dif-
ferent studies, and approaches have shown that quality management is es-
sential in manufacturing considering not only the process itself but also the
customer satisfaction(John S. Oakland, 2014).

2.1.1 Quality Planning

Quality planning is considered the foundation of quality management, essen-
tial for establishing the groundwork to manufacture products that meet or
even exceed customer expectations. It involves setting clear, achievable qual-
ity goals and determining the necessary procedures and resources to meet
these objectives. This phase ensures that every aspect of the production pro-
cess aligns with the desired quality standards. It starts by understanding
what the customer expects and translating these expectations into detailed,
measurable quality targets. These targets form the basis for a comprehensive
plan that outlines the processes, tools, and techniques needed to produce and
maintain high-quality outputs.
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A crucial part of quality planning is developing quality criteria and expecta-
tions. These standards serve as benchmarks for measuring the actual perfor-
mance and quality of products. They include detailed descriptions of product
characteristics, performance criteria, and acceptable tolerance levels. Setting
these standards requires a thorough analysis of customer requirements, reg-
ulatory needs, and industry best practices. By establishing these benchmarks,
organizations ensure consistency in their products and services, minimizing
the risk of defects and non-conformance (M. Juran Joseph & A. De Feo Jo-
seph, 2010).

Additionally, quality planning involves proactive measures to identify poten-
tial quality issues before they occur. This includes conducting risk assess-
ments to identify areas where problems are likely to arise and implementing
preventive actions to mitigate these risks. Tools like Failure Modes and Ef-
fects Analysis (FMEA) and Statistical Process Control (SPC) are commonly
used to anticipate and address potential quality challenges. Integrating these
tools into the planning process helps organizations consistently deliver high-
quality products, thereby enhancing customer satisfaction and gaining a
competitive edge in the market. Effective quality planning not only improves
product quality but also fosters a culture of continuous improvement and op-
erational excellence. Out of Crisis report from Edward deming exemplifies
the importance of control to avoid any type of disruption in the process, the
disruption is called crisis, and by preventing factors I possible to avoid the
lack of quality ind products and processes (Edward Deming, 1986).

2.1.2 Quality Assurance and Standardization

Quality Assurance (QA) is a routine activity and procedure designed to instill
confidence that quality requirements are being fulfilled. QA involves well-or-
ganized activities and procedures aimed at verifying whether manufacturing
processes can produce products that meet the desired quality standards.
Common techniques used in QA include the application of data analysis, de-
fect detections, Total Quality Management (TQM), and manufacturing
standards.

The standardization of production parameters is the continuous repeated use
of specific numerical ranges in production equipment or machines to obtain
a product with specific characteristics according to the required design. The
importance of using specific parameters allows us to have a known produc-
tion window, as well as knowledge of what are optimal results. Setting clear
and practical standards that can be easily adhered to the production pro-
cesses can deliver important results benefiting the production department
and raising product quality by reducing the rejection possibilities (Cong Lin,
2009; Tambare et al., 2022).
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Apart from a traditional approach, which relies on fixed parameters settings,
there are studies that apply an adaptive approach. Strasser, Tripathi and
Kerschbaumer demonstrated that by considering factors that could create
variability and change the manufacturing conditions, a traditional approach
is not enough to achieve the full standardization within processes. An adap-
tive approach can create optimal parameters by enhancing quality and re-
ducing waste. This is a type of dynamic approach where parameters are
standardized across the process but adjusted to the need of the production
line to meet the specific requirements or characteristics of the final product
(Strasser et al., 2018).

In manufacturing settings, the analysis results play a crucial role in optimiz-
ing and acknowledge the status of a process. By analysing data insights, or-
ganizations can identify opportunities for improvement, mitigate risks, and
enhance strengths. For instance, in manufacturing, analysis results might re-
veal status of the manufacturing line, prompting to execute adjustments to
the process by maximizing output while reducing costs (Tambare et al.,
2022).

Additionally, these insights can help identify new opportunities, optimize op-
erational efficiencies, and foster innovation within the organization. This ap-
proach not only ensures survival in a dynamic marketplace but also marks
the path for the continuous development (Kim et al., 2015).

2.1.3 Quality Control

Setting limits on defect ranges is critical for maintaining quality in manufac-
turing. By defining acceptable ranges for defects and deviations from de-
signed specifications of the product. This helps companies to prevent the pro-
duction of rejected goods and ensures that only products that meet quality
standards are produced, and therefore, released to the market. This includes
the development of specific quality control measures, defect identification
methods, and inspection procedures to ensure correlation with established
quality standards and specifications (Dhafr et al., 2006; Psarommatis et al.,
2022).

By setting limits within the process, the improvement of quality in a manu-
facturing process is incredibly improved. The defect limits approach can be
translated into tolerances; a high-grade quality product managing tolerances
is critical. In addition, for some industries, automotive just to mention, the
lack of control in tolerances can be derivate in safety issues and risk concerns
for the user. Moreover, even if quality measurements remain in the tolerance
range, the cumulative effect of minor deviations can risk overall product
quality and specifications. Byun, in his research of process integration for
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high quality in the steel industry, demonstrated that managing tolerances
and the stack up of defects can bring substantial improvements to the total
quality of the product and process when manufactured (Byun, 2019).

Effective defect detection mechanisms are crucial not only for identifying and
addressing quality issues early in the manufacturing process, but to guaran-
tee the quality of industrial production (He et al., 2020). By implementing a
strictinspection and testing procedures, companies can detect and rectify de-
fects before they escalate into more significant problems. This proactive ap-
proach not only minimizes the risk of defective products reaching customers
but also enhances overall process efficiency and reliability (Vo et al., 2020a).

This involves the use inspection methodologies that creates problem solving
capabilities after the identification and resolution of the quality issues. Find-
ing the root cause can simplify and eliminate the defects in the process. An
adequate root cause problem solving approach can create integrated solution
within a company since cross functional collaboration needs to be applied to
fix the problem. Nowadays, the integration of people, factors and processes
are essential to develop a high-quality product (Vo et al., 2020Db).

2.1.4 Continuous Improvement

Continuous improvement is a fundamental principle in manufacturing and
operations that focuses on consistently enhancing processes, products, and
services. This philosophy is embodied in methodologies such as Lean Manu-
facturing, Six Sigma, and Kaizen. These approaches create an environment
where small, incremental changes can lead to significant improvements over
time. By continuously seeking ways to enhance efficiency, quality, and cus-
tomer satisfaction, organizations can stay competitive and adapt to changing
market demands (Oakland, 2014).

One key aspect of continuous improvement is its focus on incremental
changes rather than major overhauls. This approach encourages employees
at all levels to identify and implement small, manageable improvements in
their daily tasks and processes. These changes might involve streamlining
workflows, reducing waste, or optimizing resource utilization. For example,
Lean Manufacturing aims to eliminate non-value-added activities, thereby
improving the overall efficiency of production processes (Juran & De Feo,
2010).

Continuous improvement also heavily relies on data and feedback. Tools like
Statistical Process Control (SPC) are commonly used to monitor processes,
identify potential issues, and prevent defects. SPC uses statistical methods to
analyse and control process variations. By leveraging quality tools, manufac-
turers can proactively address problems before they escalate, ensuring con-
sistent quality and performance. This data-driven approach is crucial for
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maintaining high standards and achieving operational excellence (Deming,
1986).

Furthermore, continuous improvement promotes a culture of collaboration
and employee engagement. It empowers workers to contribute ideas and take
ownership of improvements in their areas. This empowerment leads to a
more motivated and productive workforce, as employees can see the direct
impact of their efforts on the organization's success. Companies like Toyota
have exemplified this culture through their Toyota Production System, where
continuous improvement is ingrained in every aspect of operations. By valu-
ing employee input and encouraging ongoing learning, organizations can cre-
ate a dynamic environment where innovation and improvement thrive

(Crosby, 1979).

2.2 Overview in Injection Moulding

Injection moulding is situated within the most important manufacturing pro-
cesses for mass production of parts with high dimensional complexity
(Cardozo, 2009). Injection moulding is a cyclic manufacturing process. A cy-
clic manufacturing process is when there the existence of an elapsed time to
move a unit of work from the beginning to the end of the process, and subse-
quently repeat the process with a new work unit (Nadarajah & Kotz, 2008).
The precision of final products in injection moulding enables companies to
establish a scalable increase of production and reduce productions costs
overtime. However, injection moulding requires high quality control actions
to ensure consistency and consequently reduce waste along the process (Ku-
mar et al., 2020; Song et al., 2007).

Injection moulding involves several stages. Initially, raw material is fed into
a heated barrel via a hopper. Inside the barrel, the raw material melts and
becomes homogenized. Then, the molten material is injected through a re-
tention valve into the mould cavity. After the mould cavity is filled, the mate-
rial cools and solidifies. Finally, the mould opens, and the finished part is
ejected, ready for the next cycle Figure 1 illustrates the distinct phases of the
injection moulding process.
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Figure 1: Injection moulding phases in manufacturing (Jung et al., 2023)

2.2.1 Filling phase

The filling stage in injection moulding involves injecting hot, molten material
into a thin, cold mould, forming a layer of solid plastic (or manufactured ma-
terial) along the mould's walls (Hill, n.d.). During this step the mould is
closed, and the melted material fills into the cavity part, moving through the
rotational screw to the mould cavity. The following Figure 2 exemplifies the

operation.

Plasticizing & dosing

Granulate

) R T T T

Plasticized dosing quantity
Injection mould

Figure 2: Filling phase in injection moulding (HVS - Technical moulded parts, 2023).

The filling phase is crucial during the process since is the phase where mate-
rial properties can be compromised to change, hence the thermal properties
of the materials should be carefully studied, just to mention one: Material
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Flow Index (MFT). The filling phase enables the material to fluid into the cav-
ity part and undergo to the packing phase.
2.2.2 Packing phase

The packing phase refers to the injection moulding stage, where after the cav-
ity is filled, specific high pressure is performed to fulfil the entirely mould
and start the formation of the desired product design (Shen et al., 2007). The
following Figure 3 shows this mentioned phase.

Injection

p = 500 — 2000bar

Figure 3: Packing phase in injection moulding (HVS - Technical moulded parts,
2023).

The Packing phase in injection moulding plays a crucial role since it is where
temperature and pressure should be accurate, because of the criticality of this
phase, the material is prompt to create defects in the manufacturing process
if parameters are not well controlled. However, it is important to state that.
According to every material, there are different properties and behaviors can
vary from one to another (Cardozo, 2009).

The flow material factor in this phase can affect directly to the quality of the
final product, since the smoothness of filling the action should be well done.
The defects starts when the injection rate, holding time or pressure are out of
the upper and lower limits (Liparoti et al., 2015).

2.2.3 Cooling phase

The cooling phase is the stage that immediately begins when packing phase
has ended; this phase the material starts to solidify taking, permanently, the
shape of the mould (Rapid MFG, 2020). The peculiarity of the cooling phase
is that is the stage were most productivity adjustments can be done, since it
takes around the 60% to 70% of the entire cyclic time of the injection mould-
ing process. If productivity is the focus, just by applying small reductions to
the cycling time, the productivity, overall, can be improved (Hassan et al.,
2009). Figure 4 exemplifies graphically this phase.
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Figure 4: Cooling phase in injection moulding (HVS - Technical moulded parts, 2023)

The cooling action system can be performed through two different methods
in injection moulding, by fluids or air channels in the moulds. Because injec-
tion moulding parameters is fully driven materials properties, the cooling
method in the process varies from one to another. A proper election of the
cooling system can deliver not only a high product quality but also decrease
production costs and energy consumption (Xu Chun-long, 2010).

2.2.4 Ejection phase

The ejection phase in injection moulding involves of ejecting the moulded
material when the mould opens, once the mould is full open the moulded part
drops to, therefore, be stored. This phase is crucial since a proper ejection
phase ensures the integrity of the final product; this mostly depends on the
friction generated in between the tooling and the material, this is called fric-
tion coefficient. (Pouzada et al., 2006). Figure 5 shows this phase.

Unloading & Release

\ Ejector
produced moulding

Figure 5: Ejection phase in injection moulding (HVS - Technical moulded parts,
2023).
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2.3 Parameters Influencing Product Design in Injection
Moulding

In various manufacturing processes, specific parameters critically influence
the outcome of the designed and subsequently produced products. Within
the realm of injection moulding, key parameters substantially impact the
quality of the manufactured product. Each factor may exert one or more di-
rect effects on the final product quality. As an example, cycle time, which sig-
nificantly influences productivity, is determined by a combination of several
factors. Furthermore, certain factors contribute cumulatively to the overall
process, thereby affecting the total outcome. To continue, the following pa-
rameters are crucial in injection moulding.

2.3.1 Holding pressure and time.

Holding pressure is the sustained pressure applied to a molten material in a
mould cavity. The Holding pressure is applied after the initial filling phase is
complete. This pressure is maintained during both cooling and packing
phases of injection moulding. The maintained time of pressure in the mould
is called Holding time, which both of this reflects an important consequence
in the cycling time, therefore productivity (Hassan et al., 2009; Kuang et al.,
2023).

A correct application of holding pressure and time can minimize potential
defect in the manufacturing, sink marks and voids, mainly. Since then, main
purpose of this parameter is to compensate for material shrinkage as the mol-
ten material cools and solidifies, ensuring that the mould cavity has being
filled property. Therefore, holding pressure is a critical parameter in deter-
mining the quality of the injection moulded part, as it influences the mate-
rial’s density and mass, and the replication of this along the whole manufac-
turing process when producing items with a detailed design.

2.3.2 Injection Speed

The injection speed relies in the velocity which the material is filled in the
mould. A correct filling of material and packing formation depends on the
speed of the filaments once they start to pack in the mould. This factor is
pivotal as a parameter in the injection moulding process; by setting the cor-
rect injection speed could bring advantages by manufacturing precise prod-
ucts. However, if it is not studied properly this could significantly affect the
quality and precision of the final moulded products. In addition, according
to Hong Lin Li and Z. Jia (2012), this method not only enhances product
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quality but also can contribute to significant cost savings by improving the
structure and reducing defects (Hong Lin Li, 2012).

To effectively manage the injection speed in the process, some adaptive con-
trol techniques have been performed in different studies. These methods uti-
lize different control schemes like regulators that can predict and control the
moulding conditions to regulate the speed when parts are manufactured,
hence this will create an accurate process with a steadily repeatability (Yang
& Gao, 1999).

The significance of injection speed, defined as the injection rate, is usually
measured in volume per unit time, such as cubic centimeters per second
(ce/s) or cubic inches per second (in3/s). The injection rate is a crucial factor
that directly relates to the optimization of the injection moulding process. By
optimizing the injection rate, the efficiency and quality of the final products
are directly impacted. The injection rate is determined by the speed at which
the molten material is injected into the mould. When studying the injection
rate, three important aspects need to be considered: filling time, part quality,
and process stability. According to Gu Yuanxian and Shen Chang-yu (2003),
optimizing the injection rate during the filling phase, by controlling the filling
time, can minimize defects such as over-packing, residual stresses, shrink-
age, and warpage (Gu Yuanxian, 2003).

2.3.3 Mould Temperature

In injection moulding, the mould temperature is a crucial factor than can in-
fluence in the quality and characteristics of the final plastic products. Exem-
plified by Karagoz (2021), the mould surface temperature can impact directly
in the mechanical properties of a product. The mentioned study, highlights
that an optimal mould temperature setting can enhance crystallization rates
and can reduce defects like warpages. This remarks the importance of an ac-
curate mould temperature control to ensure properties of the material meet
the selected standards (Karagoz, 2021).

In injection moulding, managing mould temperature with precision is key to
ensure quality production. The control of the mould temperature allows for
the on-real time control of the injection. The control of this is crucial for
achieving optimal surface morphology and dimensional structure. As Lipa-
tori demonstrated in his research, today in manufacturing processes mould
temperature management is a must in the injection moulding industry (Lip-
aroti et al., 2015).

2.3.4 Cooling Time
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The cooling time in injection moulding is considered to be the most major
factor for both cycle time and quality of the finished product. Understanding
and improving cooling time is fundamental for increasing the efficiency in
production and reducing manufacturing costs. The design of the cooling sys-
tem in injection moulding plays a crucial role and affects significantly to the
cycle time by heat transfer from the moulded material and the mould (Yiel-
gady, 2022).

The optimization of cooling time relies directly on the cooling system, by ad-
justing cooling flow rates, temperatures, and layout it is possible to reduce
the cooling time of the molten material, therefore, the cycle time which is
translated in productivity. A. Chaabene utilized additive manufacturing to
create moulds with a better performance cooling time. His approach allowed
to optimize the cooling phase and significantly reduce the cooling time of the
process (Chaabene et al., n.d.).

2.3.5 Cycle time

Cycle time in injection moulding refers to the total time required to complete
one cycle of the injection moulding process when manufacturing product.
The cycle begins when the mould closes and ends when the final product is
ejected, and the mould is ready to receive more material for the next cycle.
The cycle time can be stated as the sum of time within different phases Figure
6 shows the time distribution of cycle time. The phases that involve directly
into the cycle time are injection phase, filling phase, cooling phase and the
mould opening and ejection phase (Zink et al., 2017).
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Figure 6: Cycle time and parameters diagram (S. Kim et al., 2008).

To understand better, the cycle can be defined as the accumulation of time of
different action parameters that occur in different phases. Just to exemplify,
the injection speed, which is related to the injection rate, occurs in the filling
phase of the process, where other parameters are involved too, like holding

22



pressure and time. The injection moulding landscape involves a subsequence
of parameters that result in major results (Mukras, 2020).

When we talk about cycle time is important to also consider cooling phase
since is the most-time consuming phase for the cycle time, enhancements in
the cooling systems could reduce completely significantly the cycle time of
the process (Zink et al., 2017).

2.4 Importance of Torque in Sealing Products

The significance of torque in sealing is crucial to maintaining product integ-
rity, preventing leaks, and ensuring product longevity. Gabor Szakacs dis-
cusses the critical aspects and variables influencing torque testing in bottle
caps. The primary concern in manufacturing operations regarding sealing
products is ensuring that the closures effectively prevent issues within the
product (MesaLabs, 2006).

Mesal.abs states that, in addition to torque measurements, there is a signifi-
cant sequence of variables that can affect the torque of a closure action in a
product. During various studies and measurements, the author highlights
several key factors that should be considered in torque testing:

e Excessive pressure: Excessive load during the closing action can alter
the torque measurements of a product. Indeed, an excess of pressure
when applying torque can malfunction or damage the thread structure
that facilitates the closing action.

e Material Properties: The material properties play a crucial role in de-
termining the density and structure needed to generate appropriate
torque during the closure action. Different materials can significantly
affect the torque required and the effectiveness of the seal resulting in
a risk to create damage in the inner area.

Additionally, Mesal.abs emphasizes the importance of calibration when per-
forming torque testing and measurements. Variations in calibration can lead
to inaccurate performance measurements and potentially compromise prod-
uct quality if the values are incorrect (Mesalabs, 2006).

To further support these findings, Szakacs suggests implementing regular
torque testing protocols and training for personnel to ensure consistency and
accuracy in torque application. Continuous monitoring and adjustment
based on real-time data can help maintain optimal torque levels and prevent
issues related to under- or over-tightening closures.
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2.5 Sealing to prevent Leakage

In different industries, a critical aspect of packaging is the sealing and closure
action to prevent leakage. A failure related to leakage in packaging can lead
to potentially ruin the consumer’s experience and manufacturer reputation.

Effective sealing is able to prevent contamination and spoilage, since it works
as the principal barrier against external elements such as air, moisture and
microorganisms. This is particulary important for products that are sensitive
to environmental changes. A properly sealed cap ensures that the product
inside the packaging remains in its ideal state from the point of manufacture
until it reaches the final consumer (Moghimi et al., 2016). In addition, it is
important to mention storage conditions of materials before being manufac-
tured.

The condition of raw materials before being manufactured can impact the
final product mechanical properties, in this study, the closure action between
jars and lids. For instance, impurities or inconsistencies in the raw material
can bring to a lack of performance of the final product, affecting its durability
to maintain a proper seal. High quality raw materials, plus, the proper ma-
nipulation of them possess a high role in the mechanical strength and the
flexibility to be mechanically reliable (Garavand et al., 2017).

Several factors influence the effectiveness of leakage testing. The type of ma-
terial used for both the cap and container is a primary factor. Different ma-
terials have varying different levels of flexibility, mechanical and sealing
properties. In addition, the degradation of the packaging over time or under
certain conditions can, such as exposure to temperatures, can lead to a leak-
age. Therefore, is a must to ensure that the properties of materials are not
altered in order to perform a correct sealing in packaging (Feng et al., 2022).

The design of the cap and the sealing mechanism also play a critical role. The
compatibility of between the cap and the container’s neck finish must be con-
siderer to ensure a correct seal. Furthermore, the application of torque to ex-
ecute the sealing should be consider when analysing the involved factors.

Another critical component in the sealing process is the use of liners. Liners
are materials placed between the cap and the container to enhance the seal.
They are essential in ensuring the integrity of the seal by compensating for
minor irregularities on the sealing surfaces and providing an additional bar-
rier to leakage. Different types of liners, such as foam liners, pressure-sensi-
tive liners, and heat induction liners, are used based on the product's require-
ments and the type of cap used. Foam liners are commonly used for their
cushioning properties, while pressure-sensitive liners are suitable for
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tamper-evident applications. Heat induction liners provide a hermetic seal
that is ideal for liquid products (Al-Jadaa et al., 2015).

2.6 Failure Mode and Effects Analysis (FMEA)

Failure Mode and Effects Analysis (FMEA) is a systematic method used in
manufacturing processes to identify and address potential failures and their
consequences on products or processes. FMEA contributes on considering
possible ways in which a product or process might fail (Tsai et al., 2017).

By assessing the relevance and occurrence of failures, FMEA allows to hier-
archically organize risks based on their impact on operations or final product
(Chiozza & Ponzetti, 2009). Moreover, FMEA is wide used to enhance the
reliability of a product, by exploring all the potential; failures and their
causes; this type of approach can be highly useful for process too, since it can
reduce the possibilities of errors or undesired parameters (J. Enright, n.d.).

Furthermore, FMEA can provide a structured approach from the root cause
analysis, up to the effect in the process by prioritizing risks which facilitates
the implementation of optimization approaches to a process, therefore a final
product or service (J.E. Hunt, 1993).

FMEA

Failure Effect Analysis

Potential M
Types, ways Negetive effect
' ' on process -
posibilities p Study risk and

under study reduce it

Figure 7: FMEA illustration (Advance Innovation Group, 2024).

2.6.1 Application of FMEA in Injection Moulding

As a complex manufacturing system, it is a widespread practice to apply
FMEA to injection Moulding. A manufacturing system that is demanded to
produce high-end products and massively, involves plenty of parameters,
therefore, the parameters that are directly involved to the manufacture of the
product are crucial (Mansur et al., 2016).
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The FMEA approach can be applied in different circumstances into the injec-
tion moulding process. Is the user interests that drives the application of
FMEA to the injection moulding process. Different studies present different
approach according to the interests of the researcher or the Company; Im-
provements in mould performance in production, exploration of critical pa-
rameters in the production of final products, and wear approaches in system
equipment are clear examples of this (Gopal & Dessalegn Dejene, n.d.).

2.7 Design of Experiments (DoE)

Design of Experiments is a fundamental statistical tool mostly used in engi-
neering and manufacturing to identify the factors that influence product
quality and process efficiency. By systematically testing variations in input
variables, DoE helps to determine the conditions that optimize the output of
processes.

2.7.1 Fundamentals of DoE

The principal goal of DoE is to understand the relationship between process
variables (inputs) and output variables (responses) in a controlled manner.
This method provides a structured approach to planning experiments, which
can help to distinguish the effect of different variables by varying them sim-
ultaneously and having different results in the final product. The key princi-
ples of DoE include randomization, which helps ensure that the data ob-
tained is free from bias; replication, which increases the accuracy of the data;
and blocking, which reduces the impact of nuisance variables (Statistical
Manufacturing Journal, 2002).

When principles are properly applied, DoE can be the key tool to improve the
entire process. In addition, the benefits in preventing defects or failures are
useful. For example, a study in the pharmaceutical industry demonstrated a
14.5% improvement by applying DoE techniques, which validated the effec-
tiveness in achieving the customer requirements (Sharad Chaturvedi, 2017).

2.7.2 Step-by-step Process of Results and Factors

Uy and Telford provide a thorough explanation of how to approach a DoE.
By correctly applying DoE techniques, systems can be understood with ro-
bust statistical data, simplifying decision-making processes. Their study em-
phasizes the importance of initial and final optimization design (Uy & Tel-
ford, n.d.).

e Initial Screening: This step involves identifying potential factors that
might influence the process outputs. A comprehensive approach is
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2.7.3

applied to recognize the most noticeable impacts of these selected fac-
tors on the responses. This step identifies the potential factors that
might influence the response of the outputs form the process. This can
be done by applying a comprehensive approach and understanding
the most noticeable impacts on the response of these selected factors.

Factor Ranking and Analysis: During this phase, the significance of
different factors is evaluated. Factors are ranked based on their ef-
fects, providing a clear hierarchy of their importance.

Results Analysis: After obtaining the results, a deeper investigation
into the factors is essential to understand how significant factors in-
teract and influence the response variables.

Optimization: This step focuses on optimizing the analysed process.
Optimization should be justified based on the output results and
aligned with the primary objective of the DoE application.

Model Validation: Ensuring that the model developed is consistent
and optimal is crucial. This step verifies that the DoE has been con-

ducted under conditions that support reliable and valid outcomes.

Type of factorial design

Factorial Designs are among the most used experimental designs in the DoE.
They are particularly valuable for analysing the interaction effects between
different factors. The main types of factorial designs include:

Full Factorial Design: This design involves conducting experiments at
all possible combinations of factor levels. It provides a thorough un-
derstanding of the effects of all factors and their interactions. How-
ever, if the number of factors is large, this approach can be resource-
intensive and time-consuming.

Fractional Factorial Design: Instead of using all possible combina-
tions as in a full factorial design, fractional factorial designs select a
subset of combinations. This reduces the number of experiments re-
quired, making it more practical for studies with many factors. The
trade-off is that some interaction effects may be overlooked.

Two-Level Factorial Design: In this design, each factor is tested at two
levels, typically high and low. It is efficient for identifying significant
factors and interactions but may not capture non-linear relationships.
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e Response Surface Methodology (RSM): RSM is used to model and op-
timize processes where the relationship between factors and re-
sponses is complex and involves curvature. This methodology involves
conducting experiments at various levels and fitting the data to a pol-
ynomial model, providing a more nuanced understanding of how fac-
tors interact.

2.7.4 Interpreting Results from DoE

In the paper by Uy and Telford (2009), the application of regression and Pa-
reto analysis is demonstrated through comprehensive approach The inter-
pretation of the DoE can be interpreted with different tools, this thesis will
use the Regression model and Pareto analysis.

e Regression Analysis: The regression analysis can be performed on the
collected data to model the relationship between the response variable
and the experimental factors. The regression model is able to quantify
the effect of each factor providing coefficient that indicate the rele-
vance and direction of the output effects.

e Pareto Analysis: The pareto analysis is generated to visualize the
ranked factors on their cumulative impact on the response variables.
This chart can reveal which are the key few factors in the variation re-
sponse, highlighting where the decision maker should focus to lead
optimization and data validation.

By applying regression and Pareto analysis Uy and Tlefor effectively nar-
rowed down the factors that were affecting system performance, focusing on
those with the most significant impact. This approach is able to ensure that
any analysis or optimization is targeted efficiently, with a minimal resource
expenditure (Uy & Telford, n.d.).
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3 Methodology

This section presents a comprehensive analysis of Sulapac's current situation
based on collected and analysed information. It begins with the information
collection structure, which includes literature reviews of past studies, initial
or kick-off meetings, and weekly meetings, as well as direct observations. Fol-
lowing this, it details the collaboration with the new subcontract manufac-
turer. Additionally, it includes Sulapac's quality assessment, the design of the
50 ml Premium model, current operations, and an analysis of the production
parameters and final product quality. This analysis provides an integral view
of the current state of Sulapac's manufacturing processes, emphasizing the
importance of re-verifying, and refining these processes with the subcontract
manufacturer to meet Sulapac's high-quality standards and identify potential
improvements. Based on the findings presented in this section, proposals for
Sulapac's implementation strategies will be developed.

3.1 Data Collection Methods

The data collection process was systematically organized, considering all the
relevant aspects so that problems can be identified within the stipulated time.
The methods used for data collection are as follows:

e Literature Reviews of Past Studies: The past comprehensive re-
views of research were done for setting up the state of the art,
knowledge base, and background. This included studies on injection
moulding, total quality management, quality manufacturing, DoE,
and FMEA.

e First Meetings or Kick-Off Meetings: These meetings were ar-
ranged at the initiation of the study with stakeholders from Sulapac
and the subcontract manufacturer. The aim was to agree on the pro-
ject goals, expectations, and approach, and to get first insights of the
process and their involved aspects.

e Weekly Meetings: Weekly meetings were held to monitor progress,
follow up on emerging issues, and ensure that all parties involved to
kept in regular contact. Such meetings facilitated periodic data gath-
ering for any review of the project work plan.

e Direct Observation: Observation has been conducted at the sub-
contractor's premises to establish data collection on the manufactur-
ing processes. This provides valuable inferences from the real opera-
tions that identify potential areas of improvement and validate infor-
mation from other sources.

The findings were reported, and implementation proposals were developed

based on these results. The following diagram illustrates the comprehensive
data collection plan and steps taken throughout this process:
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Figure 8: Data collection scheme (Zink et al., 2017)
3.2 Current Product Design

In 2018, Sulapac successfully launched the Nordic Collection portfolio, its
first range of cosmetic jars. This expansion of their product line was met with
considerable success and resulted in high customer satisfaction over the past
few years. The 50 ml Premium model offers a luxurious finish, an effective
seal, and a smooth surface to end-users. The figure 9 below exemplifies a
general 2D drawing of this model.

The jars feature a uniform surface with an interior made from Barrier mate-
rial and an exterior crafted from Premium material, customizable in diverse
colors to meet customer needs. The design principles of the lids mirror those
of the jars, combining aesthetic appeal with functional durability.

By maintaining consistent design and material choices, Sulapac ensures su-
perior quality and versatility, aligning with their commitment to eco-friendly
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and customizable packaging solutions. These established quality standards
enable the manufacturing subcontractor to effectively follow and implement
Sulapac’s guidelines, ensuring the efficient production of this model.

3.2.1 Inner and outer Material

To properly understand the coexistence of the two materials used in Sula-
pac's products, it is important to consider the properties and roles of each
material.

Barrier Material

The Barrier material is recognized as an ideal choice for the cosmetics indus-
try, specifically developed for injection moulding and used primarily for the
internal surfaces of cosmetic jars. It acts as a protective layer that prevents
the evaporation of water, making it highly effective for containing water-
based cosmetics in a sustainable manner. Suitable for double injection or bi-
injection moulding processes, the Barrier material has a 98% bio-based con-
tent, certified by the USDA and BPI, and complies with EU regulations for
food contact materials. Its properties closely resemble conventional plastics,
allowing for sustainable production without compromising performance.
The processing conditions for this material highlight its adaptability and ef-
ficiency in the manufacturing process.

All the properties of the materials can be detailed in the appendices section.
Regarding the Barrier material, it can be concluded that it is the ideal choice
for storing and preserving the integrity of the product, thanks to its smooth
and secure surface designed specifically for this purpose.

Premium Material

The Premium material provides a fine finish and has been thoroughly tested
and approved by the USDA. Its main components are wood fibers and biode-
gradable polymers, offering a more sustainable alternative while maintaining
conditions similar to conventional polymers. This material enhances the
product's aesthetic appeal and aligns with eco-friendly practices. The
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external part of Sulapac's products, made from Premium material, includes
large wood chips to provide a distinctive look and feel. It can be customized
in various colors to meet customer preferences. The use of colorants does not
significantly affect the performance characteristics of the material, ensuring
that the jars and lids maintain their high quality and functionality. Detailed
property tables of the Premium material are available in the appendices.

Combined Benefits

Each material offers distinct characteristics that, when combined, result in a
high-quality product with efficient processing and mass production capabil-
ities. The Barrier material ensures the integrity and secure storage of the con-
tents, while the Premium material adds a refined, aesthetic finish. Together,
they provide a sustainable alternative for companies looking to reduce plastic
use. It’s important to highlight that these are not the only materials in Sula-
pac’s portfolio. Sulapac offers a variety of other materials, each tailored to
meet the diverse production requirements of different companies. This flex-
ibility allows businesses to choose materials that best suit their specific pro-
duction needs and sustainability goals.

3.3 Current Manufacturing Process

This section describes the current manufacturing process of Sulapac's jars
and lids, in collaboration with the current subcontractor. It provides an over-
view of the manufacturing steps and focuses on the impact of key aspects on
production quality and efficiency.

3.3.1 Current Production Parameters

Sulapac has well-established quality procedures for their materials, which
ensures the production of high-quality jars and lids. These materials are me-
ticulously stored and handled to prevent spoilage or deterioration, using only
those that are suitable for the manufacturing process and within their quality
range. This commitment to quality materials supports the overall excellence
of the final products.

The current production parameters used by the subcontractor are designed
to function effectively with the properties of Sulapac's materials to meet the
required quality standards. Parameters such as holding pressure, holding
time, cooling time, and filling speed are critical in achieving the desired qual-
ity products. Research conducted in Section 2 of this study indicates that
these parameters are potentially linked to the final product's quality and di-
mensions.

Although the manufacturing parameters are carefully managed by the sub-
contractor, variations can influence the consistency of product quality across
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different production batches and orders. These variations are not due to ex-
ternal factors, as Sulapac ensures that all materials, before delivering to the
manufacturing subcontractor, are processed at consistent conditions, even
with changes in material properties due to humidity or climate. Any potential
changes in the material properties are limited to a small fraction of the ma-
terials, as they are stored in controlled environments, thus affecting only a
minimal fraction of the production batch.

By varying these manufacturing parameters, it is possible to interpolate and
find the most optimal settings for holding pressure, holding time, cooling
time, and filling speed. This approach helps the subcontractor to meet the
high-quality standards set by Sulapac for the Nordic Collection Portfolio.
This approach is fundamental as Sulapac transitions toward increased pro-
duction quantities of jars and lids, ensuring that the high standards of prod-
uct quality are upheld and supporting the efficient scaling of production.

3.3.2 Current Quality Assessment

At Sulapac, quality control of finished products involves a comprehensive
procedure to ensure that each product meets the established quality stand-
ards. This process is divided into two main stages: visual inspection by the
manufacturing subcontractor and a detailed quality control by Sulapac, in-
cluding procedures that have been previously applied successfully with other
subcontractors.

The subcontractor performs visual inspections according to a detailed check-
list developed in collaboration with Sulapac. This checklist evaluates various
aspects of the jars and lids to ensure they meet Sulapac's specific design
standards and requirements.

In addition to visual inspections, Sulapac conducts thorough quality control
procedures especially in the production validation phase that involves meas-
urements of dimensions, torque tests for both tightening and untightening
forces, and leakage tests, to ensure the mechanical characteristics function as
intended. This dual approach ensures that the products meet high-quality
standards of the customers.

This quality control process has been successfully applied with other subcon-
tractors in the past. However, with the new subcontractor, it is necessary to
re-verify and review these processes to ensure they are implemented as in-
tended by Sulapac. This verification quality assessment employed by the sub-
contractor can be observed in the table below.
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Table 1: Manufacturing subcontractor quality check

VISUAL INSPECTION OF READY-MADE LIDS AND BOTTOMS
:;;nectoa not have any of the following Notes
Injection molding defects

1 Flashing Ok

2 Short shots - items are complete Ok

3 Buming Ok

4 Sink marks Ok

5 Shiny areas Ok

6 Matt areas Ok

7 Streaks Ok

8 Knit lines / joint marks Ok

9 Flow lines Ok
Mechanical defects

10 | Scratches Ok

11 | Deformations Ok

12 | Distortion Ok

13 | Ejector impressions Ok

This table covers a range of aspects and provides a comprehensive overview
of the quality control checks performed after the production process is com-
plete.

3.3.3 Current Final Product Quality

As presented in past studies regarding injection moulding processes, such as
those by Cardozo and Hasan, the final quality of the product can be influ-
enced by the variability in the production parameters. In the current manu-
facturing process executed by Sulapac’s subcontractor, this variability may
be reflected in the final product. Among the commonly observed defects are
flow marks, sink marks, and incomplete filling in small dimensional parts
(threads) on both the jar and the lid. These issues can increase the likelihood
of variations in the functional performance of the product, such as the varia-
tion in the torque force needed for tightening and untightening both pieces.

The defects identified below were based on evaluations of samples provided
by the subcontract manufacturer to Sulapac, as well as from various past pro-
duction orders:

o Sink marks (Shrinkage): Noted in certain dimensions of the jars
and lids, leading to potential structural and functional issues.

e Flow Marks: Particularly prominent around the filling gate, more
noticeable on the lids than on the jars. This defect is especially evident
in darker-colored models, such as Black and Blueberry.
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o Short shots: Resulting in insufficient material packing in specific di-
mensions, which affects the completeness and integrity of the prod-
ucts.

o Color-Dependent Defects: The defects are found across almost all
models, with their visibility varying significantly depending on the
color of the model.

These observations highlight the importance of precise control and re-verifi-
cation of the production process parameters to ensure a consistent and high-
quality outcome. Samples and numerical data will be presented in the imple-
mentation section when evaluating the defects in the FMEA approach.

3.3.4 Current Operations

In the manufacturing sector, the goal of outsourcing production goes beyond
operations streamlining. It supports growth, provides a beneficial supply
chain according to the business needs, eliminates the need for capital-heavy
investments, and provides access to top class technologies. For Sulapac, these
are beneficial aspects that can maintain the efficiency and high-quality of
their products. Moreover, when outsourcing is effectively managed, it en-
hances both time and resource efficiency.

While the current communication and operations for producing these jars
and lids might seem straightforward, it is important to re-verify and refine
the processes with the new manufacturing subcontractor. A key aspect to un-
derstand is the role of the manufacturing subcontractor. The subcontractor
takes complete responsibility for the entire production process, meaning Su-
lapac cannot change or modify the parameters when production of jars and
lids is being executed. Therefore, Sulapac evaluates the final products; this
highlights the importance to define clear procedures and provide precise in-
structions to the subcontractor to maintain product quality.

Establishing a streamlined and effective communication channel between
Sulapac and the manufacturing subcontractor ensures that all parties are
aligned on the production goals, quality standards, and operational proce-
dures. This alignment is key to meet Sulapac’s quality standards and over-
coming future challenges if they are presented.
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4 Implementation Proposal

With the new subcontractor, there is an opportunity to review and re-verify
the current parameters, establishing a plan to maintain and enhance Sula-
pac’s quality standards. This process aims to address key quality aspects
throughout the production process. In this section, a proposed quality plan
for Sulapac will be presented. These proposals are based on the collected in-
formation by various studies. Both the FMEA and DoE are suggested ap-
proaches for Sulapac. These approaches will include step-by-step instruc-
tions and numerical values to exemplify their application. Numerous studies
indicate that using quality tools not only helps in identifying defects but also
in proposing improvements to current processes.

4.1 FMEA Approach Proposal

While the presence of defects in a manufacturing process is an inevitable oc-
currence, it is crucial to maintain them within strictly controlled and accepta-
ble ranges to ensure high quality. By identifying and prioritizing the most
common defects, the study can be guided towards a Design of Experiments
that can be executed in collaboration with the new manufacturing subcon-
tractor. With this said, the most common defects observed in the final prod-
uct of the production process include:

e Sink marks.
e Flow marks.
o Short shots.

As executed in the study by Hanumantharaya and Madgule, prioritizing these
defects is essential to understanding the critical issues in the process. This
initial step in the FMEA involves detecting the defects, determining their se-
verity, defining the probability of occurrence, counting the number of de-
tected errors, and finally establishing the risk priority. This approach is also
discussed in the study by Chiozza and Ponzetti. The FMEA process includes
several variables, as mentioned in the stages of the process:

e Occurrence (O): This refers to the likelihood of the cause of the fail-
ure mode occurring.

o Detection (D): This pertains to the ability to identify the cause of the
defects, which can be analysed through root cause analysis.

o Severity Effect (S): This measures the seriousness of the effects of
the failure mode on a scale.

e Risk Priority Number (RPN): This is the product of S, O, and D,
and it ranges between 1 and 1000, indicating the priority level of the
risk.
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The opportunity to refine and re-verify the parameters with the new manu-
facturing subcontractor is significant. Although the actual data provided by
the current subcontractor provides partial information regarding the rela-
tionship of final product outputs and parameters, it can be supplemented to
conduct an FMEA. It becomes possible to determine the estimation of defects
identified and the corresponding ranges for each defect by estimating using
a confidence level of 95%. This methodology enables making an approximate
FMEA for understanding and quantification of the number of rejects, so that
the basis for the use of DoE could be set.

4.1.1 Estimating and Prioritizing Defects Using FMEA

To prioritize defects using the Failure Mode and Effects Analysis (FMEA), it
is needed to estimate the occurrence of defects and evaluate them in terms of
severity, occurrence, and detectability. As mentioned earlier, these factors al-
low us to calculate the Risk Priority Number (RPN).

As a first step, establish defect data from 20 samples obtained from the 50
ml Premium models. It is important to note that this process can be repli-
cated across all models since they all exhibit similar defects such as flow
marks, sink marks, and short shots.

With this approach, its possible to systematically analyse the defects and pri-
oritize them based on their impact and frequency. This method provides a
structured way to address quality issues and helps in focusing on the most
critical areas for improvement. The mentioned defects can be appreciated in
the following table:

Table 2: Defects in samples.

DEFECTS QUANTITY
Flow marks only 10 units
Short shots only 2 units
Sink marks only 1 units
Flow marks and Short shots 4 units
Flow marks and Sink marks 1 unit

Short shots and Sink kmarks 1 unit

Flow marks, Short shots and Sink | 1 unit
marks

In some cases, products exhibit two defects simultaneously, which is consid-
ered an overlapping of defects. This is important to account for the estima-
tion of defect occurrences. In the FMEA model, each defect is typically
treated independently. However, in practice, some products may present
multiple defects. Ignoring this overlap could lead to an overestimation of the
total number of defective units and affect the accuracy of the severity,
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occurrence, and detection evaluations. Consequently, this would impact the
prioritization of defects to be addressed with tools like DoE.

Description of the Adjusted Approach:

1.

Identification of Overlapping Defects: Using the 20 samples, it
is possible to identify how many units in the sample exhibit multiple
defects and their types. For example, if a unit has both flow marks and
short shot defects simultaneously, it is counted in both categories but
also recognized as an instance of overlap.

Adjustment of Defect Proportions: It is necessary to apply ad-
justments to reflect the presence of multiple defects in a single unit.
Instead of simply summing the defects, it is needed to calculate the
proportion of each defect, considering units that show more than one
type of defect.

Calculation of Confidence Intervals: Using the data, we recalcu-
late the confidence intervals for each type of defect. This will help pro-
vide a more accurate range and allow for a more specific RPN.
Calculation of S, O, D, and RPN: Based on the adjusted propor-
tions, it is possible to calculate a more accurate RPN, as well as other
variables.

By applying this method of estimation, it is possible to benefit from improved
accuracy, effective prioritization, and a more practical approach. Once it is
understanding the differentiation of defects, this proceeds to calculate the
adjusted proportions. The following table provides this adjustment.

Table 3: Adjusted defects in samples.

TOTALS TYPE DEFECTS TOTAL AMOUNT
Total units with Flow marks 16

Total units with Short shot 8

Total units with Sink Marks 4

As second step, calculate the proportion of each defect in the sample of 20

units:

1.

2.

Proportion of Flow marks PFlow Marks
~ 16
PFlow Marks = 0" 0.80

Proportion of Short Shot PShort Shots
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o 8
PShort Shots = — = 0.40
ort Shots = -5

3. Proportion of Sink marks PSink Marks

o 4
PSink Marks = — = 0.20
ink Marks = o5

As a third step using the formula for the 95% interval confidence for a pro-
portion of P, the formula is the following:

501 — B
IC=p +Z x\/p(Tp)

Where Z = 1.96 for a 95% confidence level.
With this, it is possible to calculate the confidence interval for Flow marks,
Short Shot and Sink marks:

1. Confidence interval for Flow marks:

0.80 x (1 — 0.80
IC Flow marks = 0.80 + 1.96 x V- (20 )

0.16
IC Flow marks = 0.80 + 1.96 x ‘/W

IC Flow marks = 0.80 + 0.175

IC Flow marks = (0.625]0.975)

2. Confidence Interval for Short Shot:

0.40 X (1 — 0.40
IC Short Shots = 0.40 + 1.96 X V- (2 5 )

0.24
IC Short Shots = 0.80 + 1.96 X ‘/W

IC Short Shots = 0.40 4+ 0.218
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IC Short Shots = (0.182]|0.618)

3. Confidence Interval for Sink Marks

0.20 X (1 —0.20
IC Shorts Shots = 0.20 +1.96 x V- (20 )

0.16
IC Short Shots = 0.20 + 1.96 X ‘/W
IC Short Shots = 0.20+ 0.175

IC Short Shots = (0.025[0.375)

As the fourth step, estimate the occurrence of defects. For this purpose, a to-
tal production quantity of 5000 units, which represents a medium produc-
tion order received from a customer to date. The choice of 5000 units is in-
tended to demonstrate the significance of defects in a close approximation to
the largest production batches.

In this context, the term "population" is used to refer to the total set of items

under consideration—in this case, the 5000 units.

1. Flow marks:
(0.625 x 5000/0.975 x 5000) = (3125|4875)

2. Short Shot:
(0.182 x 5000/0.618 x 5000) = (910|3090)

3. Sink marks:
(0.025 x 5000/0.375 x 5000) = (125|1875)

As a fifth step, assign and give numerical values according to severity, occur-
rence, and detection. With these values, it will be possible to calculate the
Risk Priority Number (RPN).
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These ratings are critical for evaluating each potential failure. They help pri-
oritize which defects to address based on their impact, likelihood, and diffi-
culty of detection. To determine these values, we refer to the "FMEA Manual"
from AIAG’s study, where they provide a ranking reference type for each of
these factors.

1.

Severity: Severity in manufacturing considers how the defect affects
the functionality. In this case the functionality will be the mechanical
property of the Jar and Lid when applying torque to seal the product.
The scale is the following:

e 1-3: Minor defect that do not affect the functionality or safety.

e 4-6: Moderate issues that affect the performance but do not

compromise safety.
e 7-8: Major issued that significantly impact performance.
e 0-10: Critical issued those results in product failure.

Occurrence: Ocurrrence evaluates how frequently a defect is likely to
occur or occurred during production.

e 1: Extremely unlikely to occur

e 2-3: Low likelihood of occurrence

e 4-6: Moderate likelihood

e 7-8: Likelihood

e 0-10: Almost certain to occur (Extreme frequent issue).

Detection: Detection is measured within the possibility to idently the
defects, identified from Sulapac and Customer.

e 1-2: Almost certain to be detected.

e 3-4: High likelihood of detection.

e 5-6: Moderate likelihood.

e 7-8: Low likelihood.

e 0-10: Very unlikely to be detected (almost impossible to detect).

The ranking of S, O and D for each defect are the following:

1. Flow marks:

e Severity: 6

e QOccurrence: 8

e Detection: 5
2. Short Shot:

e Severity: 8

e QOccurrence: 6

e Detection: 6
3. Sink marks:
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e Severity: 5
e QOccurrence: 4
e Detection: 4
Which allows to perform the RPN calculations:
1. Flow marks:
RPN Flowmarks =SxOxD=6x8x5=240
2. Short Shot:
RPN Short Shot=SxOxD=8x6x6 =288
3. Sink Marks:
RPN Sinkmarks=SxOxD=5x4x%x4=80

The RPN values can be appreciated in the following table:

Table 4: Risk Priority Number values.

Defect Type Severity Occurrence Detection RPN
Flow marks 6 8 5 240
Short Shots 8 6 6 288
Sink marks 5 4 4 8o

The results indicate that Short Shot is the most critical defect among the
three. This suggests that prioritizing this defect should be the focus when ap-
plying quality improvement tools.

4.1.2 Analysis and Interpretation of FMEA results.
Short Shot:

The Short Shot defect has the highest RPN of 288, indicating it is the most
critical defect to address. Its high severity and significant occurrence make it
a top priority for corrective action. The Short Shot defect, as previously men-
tioned, refers to the incomplete formation of threads when the material is
injected into the mould. This is particularly critical because the threads are
essential to the main function of the jar and lid, especially for products in-
tended to seal items for human consumption. Furthermore, the defect can
impact the torque, which is crucial for ensuring a secure seal.

Flow marks:
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With an RPN of 240, flow marks is the second highest priority defect to ad-
dress. The flow marks directly impact the aesthetic quality of the external
surface of the final product. As detailed in the defects table, these marks are
typically found near the injection gate, occurring during the mould filling
process and thus affecting surface quality.

Flow marks can be influenced by high pressure during the holding phase and
excessive mould temperature, which can affect the material's flow properties,
leading to inconsistent flow patterns and visible defects. Therefore, it is cru-
cial to further investigate the exact conditions contributing to the formation
of flow marks and implement appropriate measures to control this defect ef-
fectively.

Sink marks:

Sink with a RPN of 80, is the defect that possess less risk compared the two
other defects. However, this does not mean that should not be addressed;
during the defects analysis the sink marks are observed in certain jars. De-
spite the effect of sink marks are not a critical cause, if not addressed to be
corrected, this could increase its occurrence level.

As result of a successful FMEA, it is possible now to understand the criticality
of each defect and the approach that should be applied to them, as this study
aims to propose methodology to concrete the objectives, this result allows to
go further, as in this, now conform a Design of Experiments that can address
these quality aspects.

4.2 DoE Approach Proposal

The identified defects have been prioritized through the FMEA, providing a
clear direction for addressing these problems. To implement the DoE, a se-
quence of systematic steps must be followed, as outlined in previous studies.
Conducting the DoE involves following a structured and organized approach.

It is important to note that this DoE section is presented as a proposal, con-
sidering the various factors involved, such as costs for materials, production,
labor, and time, especially in cases of outsourced manufacturing. Despite
these considerations, the study offers a solid and well-supported plan.

4.2.1 Factors Selection
Defects have been identified and prioritized by their RPN. To address these
defects, it's essential to define the process inputs for correction. Previous

studies help identify the injection moulding process parameters that mostly
are related to these defects.
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Short Shot Defect:

Filling Speed: The speed at which the molten material is injected into
the cavity can correct the short shot defect. A direct influence exists on
improving the material's ability to fill the mould before it starts to so-
lidify. This is particularly important for complex geometries or thin
sections where the material needs to flow adequately and in the cor-
rect timeframe to solidify properly. As noted by Hong Li and Zia in
their study, insufficient flow increases costs because the material so-
lidifies prematurely, causing short shots.

Cooling Time: Cooling time is closely related to filling speed, as prem-
ature solidification in the cavity before it is fully filled can occur. Se-
lecting the correct cooling time will ensure proper solidification with
the necessary details of the mould.

Holding Time: Holding time is the period during which pressure is
maintained to compensate for material shrinkage as it cools, ensuring
the mould cavity is fully filled. Insufficient holding time results in in-
complete filling, especially in areas far from the injection gate, leading
to short shots.

Flow marks Defect:

Holding Pressure: Holding pressure is applied after initial filling to
maintain the material in the cavity while it solidifies. This pressure
ensures the material continues to fill the cavity. High holding pressure
increases the risk of flow marks because it forces material to escape
through gaps. Reducing holding pressure can help prevent this defect,
but if it’s too low, it won't adequately compensate when the material
solidifies.

Cooling Time: Inadequate cooling time can cause partially molten ma-
terial to flow through parting lines when the mould opens. This can
depend on the mould design and the position of complex areas and
surfaces. Proper cooling time ensures the material solidifies com-
pletely before the mould opens, reducing the risk of flow marks.

Sink marks Defect:

44



Cooling Time: A short cooling time can lead to insufficient solidifica-
tion before the mould opens, causing the material to shrink after being
removed from the mould.

Holding Time: Without enough holding time, the material may not
stabilize, leading to visible gaps and geometric deformities as it
shrinks.

4.2.2 DoE Model

The selected inputs will be four, representing a full factorial level across the
four dimensions of the systematic process cube. This approach allows for a
comprehensive planning of the DoE. As for the outputs, based on the identi-
fied defects, the chosen outputs will be:

Dimensions: (Height and Inner/Outer Diameter)
Surface Quality: (Flow marks)
Mould Filling: (Short Shot)

With this approach, the following analysis can be established:

INPUTS OUTPUTS

Holding Pressure

Dimensions
Holding Time » Analysis of surface quality } DIRECT OUTPUTS

Cooling Time Analysis of mold filling
Injection Speed Flash INDIRECT OUTPUTS:
Leakage analysis } AFTER TESTING DI-

RECT OUTPUTS

Torque analysis

Figure 10: DoE analysis approach.

To better illustrate this approach of addressing both types of outputs:

Direct Outputs: These include aspects like the dimensions of the jars
and lids (height, weight, and inner/outer diameter) and surface qual-
ity, which are immediate indicators of product quality.

Indirect Outputs: These encompass the performance of the products
in terms of their mechanical functions, particularly how well they
close and seal, which are critical for their use.

This dual focus ensures not only the correction of current defects but also the
maintenance of the primary functionality of the products.
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i ° T test
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Figure 11: DoE Plan and validation scheme.

4.2.3 DoE Planning

The execution of the Design of Experiments must be carefully planned. A
poorly planned DoE can result in high costs for money, labor, and materials.
Master planning of the DoE is crucial to utilize time and budget optimally
without incurring excessive costs for improvement. Below, the planning table
for the 50 ml.

Table 5: DoE plan execution

Model | Cycle time | Settings quan- | Time  per | Total Time | Total Time
(seconds) tity for DoE Parameter | per Mate- | per mate-

Setting rial rial (hours)
(min) (minutes)

Lids 30.40 17 settings 55 935 15.58

50 ml

Jars 48.96 17 settings 55 935 15.58

50 ml

Since the DoE plan is to execute 17 runs per lid or jar of each model, according
to the cycle time of each item, it is suggested to run 30 minutes per setting
and take samples for every cycle from different shots. Running each DoE set-
ting for 30 minutes, with 5 minutes for stabilization and 25 minutes for data
collection, is justified by the need to:

e Allow the system to stabilize after parameter changes.
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e Collect an at least representative sample size of 20 items over the 30-
minute period.

e Ensure process stability and detect variability.

o Efficiently manage time and resources while obtaining reliable and
meaningful data.

The approach will not be on piece sampling (i.e., reaching 20 pieces and then
changing the parameter), but rather on sampling at every cycle interval, to
better simulate the production process higher quantities and continuous
time.

4.2.4 DoE Factorial Design

To select the variability of the factors to be introduced, it is first necessary to
define the levels of the DoE. The DoE will have 2 levels (Low and High),
where two distinct values for each factor will be set.

Table 6: DoE Inputs and Levels model.

OrdenEst OrdenCorrida PuntoCentral Bloques Filling Speed Cooling Time Holding Pressure Holding Time

1 12 1 1 1 97.62 12 380 3.8
2 4 2 1 1 97.62 12 380 2.2
3 10 3 1 1 97.62 3 380 3.8
4 9 4 1 1 24.38 3 380 3.8
5 3 5 1 1 97.62 12 430 2.2
& [ 6 1 1 24.28 12 450 2.2
7 6 7 1 1 97.62 8 450 2.2
8 14 ) 1 1 97.62 ) 430 3.8
9 3 9 1 1 24.38 12 380 2.2
10 17 10 0 1 91.25 10 43 3.0
n 16 1 1 1 97.62 12 450 3.8
12 1 12 1 1 24.38 3 380 2.2
13 2 13 1 1 97.62 ) 380 2.2
14 1 14 1 1 24.88 12 380 3.8
15 15 15 1 1 24.38 12 450 3.8
16 5 16 1 1 24.88 ) 450 2.2
17 13 7 1 1 24.88 3 450 3.8

The factorial design consists of 4 factors in a full factorial design, with one
replication. This is done considering material and time costs. This can be
seen in the following table of 17 randomized runs. The initial plan is to find
the quantity that simulates the optimal design; the replicability of the prod-
ucts will be analysed once the optimal characteristics that provide the desired
product quality are identified. The production plan, as mentioned earlier, in-
volves the sampling and analysis as required, resulting in the following val-
ues:

47



Table 7: DoE model results.

Filling Speed] Cooling Time |Holding Pressuref| Holding Time Jinner Diameter Outer Diameter Height = S. Qua Rugosity Weight 5 o"tpuéisf:';':rr";‘?;ﬁ‘:‘:h with
97,62 12 380} 38 54.701 55200 10.305 0.691 12800
9762 12 380 22 54708 55209 10290 0764 125007 Lid/Jar with this outputs
: . - . - - . Lid/Jar with this outputs
97,62 8 380} 38 54,333 55200 10300 0.552 12450
84.8 8 380 38 54,790 55200 10.300 0.284 12500 Lid/Jar with this cutputs
97.62 12 450§ 22 54,701 55208 10310 0.550 12520 Lid/ Jar with this outputs
84.8 12 4501 22 54,622 55199 10.290 0.564 125.10
Lid/Jar with this outputs
97.62 8 4501 22 54.238 55201 10333 0.578 12511
97,62 8 450 38 54,699 55200 10310 0.384 12500 Lid/Jar with this outputs
2438 12 380 22 54,700 55201 10.297 0460 12506 Lid/Jar with this outputs
91.25 10 419 30 54,700 55200 10310 0223 12509 Lid/ Jar with this outputs
97,62 12 450§ 38 54,700 55200 10300 0198 12537 Lid/Jar with this outputs
84.8 8 380 22 54.701 55198 10330 0.655 12566
97.62 8 380) 22 54,700 55200 10300 0781 12599 Lid/Jar with this outputs
84.8 12 380 38 54612 55300 10310 0.297 12579 Lid/Jar with this outputs
2438 12 450) 38 54,633 55399 10291 0.633 12533 Lid/ Jar with this outputs
84,8 8 450) 22 54,699 55402 10.297 0222 12578 Lid/ Jar with this outputs
24.8 8 450§ 38 54,701 55200 10300 0389 12322 Lid/ Jar with this outputs
Flfl“l;:::od Factor 2 Factor 3 Factor4
ng CoolingTime  Holding Pressure | /o o We get this values from measuring, the
(mm/s) {Seconds) (Bars) (Su“ngnds: ® inner/outer diameter, weight, rugosity
Introduce these settings in the and Height by taking samples in each
injection molding equipments run
parameters

The results obtained from the statistical software allowed for identifying the
factors with the greatest impact on the production process. This enabled the
identification of where to implement corrective actions and narrow the pro-
cess window to further adjust the parameters. The following Figure 12
demonstrates how the factors were identified.

Diagrama de Pareto de los efectos
(la respuesta es Inner Diameter, o = 0.05)

Terming 01253
AR Factor  Mombre
ABED & Filling Speed
fas) B Cooling Time
D C Holding Presure
N ¥] Holding Time
BED
B
BD
C
BC

000 002 004 006 008 040 042 034 0d6
Efecto

PEE de Lenth = Q0423375

Figure 12: Pareto regression analysis.

The factorial regression could allow for the identification of all combination
factors that most significantly affect the outputs. This regression can be exe-
cuted for each of the outputs, understanding the comparison of factors versus
outputs within the production process. Once the parameters are detected
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based on the sampling and collected data, it is necessary to proceed with an-
alysing and narrowing the tolerance curve. After defining the important fac-
tors, the next step is to establish the lower control limits and the upper con-
trol limits. However, it is essential to verify the adequate performance of the
mechanical properties of the jar and lid before proceeding.

4.2.5 Torque/Leakage Assurance

As mentioned earlier, the importance of an effective mechanical performance
is crucial, and it is considered a relevant factor. Torque measurement is nec-
essary to assess the precision of thread formation during the manufacturing
process. Additionally, reference tables for optimal torque values for caps and
closures, based on their diameter and storage capacity, are available to guide
this assessment.

Torque:

The torque measurement can be executed using the current equipment that
Sulapac possesses, the Sauter Model DA-500. This device allows for measur-
ing torque both during tightening and release, ensuring that the models are
within the acceptable torque range.

LT

o

Figure 13: Jars and Lids torque testing.

The torque measurement process is quite straightforward and involves the
following steps:
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Measurement Procedure

Setting the Device:
e Configure the torque meter to the measurement mode.
e Set the device to record the peak torque value, which is the highest

force applied during the opening or closing process for both jar and
lid.

Measuring Opening Torque:
e For opening torque, turn the lid counterclockwise.
e Apply a steady and even force until the lid begins to move.
e Record the maximum torque value shown on the torque meter, and
then rest values to zero.

Measuring Closing Torque:
e For closing torque, turn the lid clockwise.
e Apply a steady and even force until the lid is securely closed.

e Record the maximum torque value shown on the torque meter, then
reset values to 0 for next sample.

Repeat for Accuracy:
e Perform multiple measurements (usually at least 3-5 times) to ensure
data consistency and reliability.
e Calculate the average torque value from these measurements for a
more accurate assessment.

Torque results will be able to be recorded like in the following table:

Table 8: Premium 50 ml torque results.

Specification (N-m) 50 ML Premium
Torque Min Max 1] 2| 3] 4] 5] 6| . g 9| 10
Tightening
Range table/ Torque o1 33 2.373 2.457 2.223| 2.402 2.474 3.045 2.411 2.551] 2.582] 2.768
of refer-(Closing)
ence Untightening
Torque (Re- 12 27 2161 2.282 2.187] 2.125 2.059 2.925 1.515 2.426 2.105 2.255
lease)

This table has been elaborated with Sulapac samples from the last production
batch, the same ones that presented all the mentioned defects in the data col-
lection, to exemplify how the torque measurement works. It can be observed
that despite the external defects, the majority are within the desired torque
ranges. Each sample has been measured 3 to 4 times to ensure the accurate
numerical value of the torque.

50



Leakage

The crucial part of sealing a lid and jar is ensuring it is properly closed and
that there is no leakage. The need to measure leakage is extremely important.
Leakage measurement is performed using a vacuum chamber and a set pres-
sure.

Post-Test Analysis:

Evaluate the Results:
e Assess the integrity of each jar and lid based on the observations dur-
ing the test.

o Identify which samples passed or failed the leakage test.

Investigate Leaks:

e For any samples that failed, examine the specific areas where leaks
were detected.

e Determine the possible causes of the leaks, such as manufacturing de-
fects or improper sealing.

Implement Corrective Actions:
e Take steps to address the causes of leakage.

Document and Report:
e Record detailed test results for each sample.

4.2.6 Mechanical Validation Plan

With a significant number of samples, it is important to reject and select
those that meet the desired expectations and requirements. Additionally, it
is necessary to narrow the curve to establish the upper and lower limits to
produce the jars and lids. The following Figure 14 exemplifies what is being
described.

Example: 50 ML Premium

Samples are going to be label, and will be execited in different combination:
of jars and lids with different parameters. Consider: HP, HT, CT as the factors

Lid 5 from Run 4 Lid 1 from Run 7 Lid 1 from Run 2
HP: 350 HP: 450 HP: 350
HT:4.5 HT:4.5 HT:4.5
CT: 20 CT: 10 CT: 20
HP: 550 HP: 650 HP: 550
HT:8.50 HT:12.50 HT:12.50
CT: 25 CT: 25 CT: 20

Jar 3 from Run7 Jar 1 from Run 3 Jar 2 fromRun 5

Figure 14: Jars and Lids labeling for test validation.
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Each sample, along with its different parameters, will be labeled and rec-
orded with the outputs (characteristics) they possess and the parameters un-
der which they were manufactured. Samples with significant defects will also
be labeled. Combinations will be made by prioritizing those samples within
the permitted tolerance ranges for dimensions, those that meet the average
weight, and those without defects. In other words, samples with ideal char-
acteristics will be prioritized. Once this is done, mechanical tests will be per-
formed.
THE ONES THAT PASS BOTH LEAKAGE TEST

AND TORQUE TEST ARE GOING TO BE
SELECTED AS THE BEST DESIGN

Lid 1 from Run 7 Lid 5 from Run 4 Lid 1 from Run 2
WE EXECUTE: HP: 450 HP: 350 HP: 350
) LeskeeTet [N o . . a
HP: 650 HP: 550 HE-550
THEN , : HT:1250
HT HT:850 L
Torque Test L CT:25 =
Jar 2 from Run §
Jar 1 from Run 3 Jar 3 fromRun7 Jarzfrom Run s

© S

Figure 15: Jars and Lids mechanical test validation.

The selection of ideal samples will allow for the identification of those that
do not have visual defects and meet the mechanical requirements. Validating
these "ideal" samples will enable the modification of parameters in the pro-
duction process, thereby applying replicability and studying the "optimal"
parameters. With this, it is justified and demonstrated that certain combina-
tions of parameter modifications in the injection moulding process can en-
sure superior quality in dimensions, design, torque tests, and leakage tests
for Sulapac customers.

4.3 Control Charts Proposal

It is essential to establish upper and lower control limits (UCL and LCL). Im-
plementing these controls on parameters helps prevent production errors
that can lead to defects in jars and lids. This is especially important when
manufacturing is outsourced, as excessive defective products increase time
and costs. Once models are validated with optimal parameters, UCL and LCL
can be set at these ideal levels. This benefits production quality, saves costs,
and makes error identification easier. Additionally, it allows Sulapac and the
subcontractor to monitor quality more effectively and project product quality
for larger orders and higher specifications based on customer needs.

4.3.1 Implementation of UCL and LCL
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For a correct implementation of UCL and LCL, the precise steps to establish
them should be specified as follows:

e Collect Data at Optimal Settings: Once the optimal settings are
identified, collect enough data points for each parameter during actual
production runs. This data will help calculate the mean and standard
deviation for each parameter.

e Calculate Mean and Standard Deviation: Calculate the mean ()
and standard deviation (o) for each parameter based on the collected
data.

e Determine Control Limits: Use the mean and standard deviation
to propose the Upper Control Limit (UCL) and Lower Control Limit
(LCL) for each parameter. Typically, control limits are set at +3 stand-
ard deviations from the mean.

Example Calculation Steps:

Collect Data at Optimal Settings:
As to exemplify, lets establish that the optimal setting for filling speed is iden-
tified as 5.4 units/sec. The data collection will be the following at this setting:

[5.38, 5.42, 5.40, 5.41, 5.39, 5.42, 5.40, 5.41, 5.39, 5.40].

Calculate Mean and Standard Deviation:

e Mean () = (Sum of all data points) / (Number of data points)

e u=(538+542+ 540+ 541+ 5.39 + 5.42 + 5.40 + 5.41 + 5.39 +
5.40) / 10

e u=5402

e Standard Deviation (0) = V [Z(xi - n)2 / (n - 1)]

e 0=0.012

e Xirepresents each individual data point.

e Nis the total number for data points.

Determination of Control Limits:
e UCL=p+30=5.402+ 3(0.012) = 5.438
e LCL=p-30=5.402-3(0.012) = 5.366

As it follows, this should be applied for all 4 key factors that were used in the
DoE.

Filling Speed:
e Optimal Setting: 5.4 units/sec
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e Mean (u): 5.402
e Standard Deviation (0): 0.012
e UCL: 5.438
e LCL:5.366
Cooling Time:
e Optimal Setting: 15.3 seconds
e Collect data at optimal setting and calculate mean and standard devi-

ation.
e Calculate UCL and LCL using the same method.
Holding Time:

e Optimal Setting: 7.3 seconds

e Collect data at optimal setting and calculate mean and standard devi-
ation.

e Calculate UCL and LCL using the same method.

Holding Pressure:

e Optimal Setting: 50.3 kN

e Collect data at optimal setting and calculate mean and standard devi-
ation.

e Calculate UCL and LCL using the same method.

It is necessary to integrate in this quality plan, the collection of data at the
identified optimal settings during regular production to monitor process sta-
bility is substantially beneficial to establish limits. With the use of the calcu-
lated UCL and LCL to control each key parameter, with this is possible to
ensure the correct prevention and monitoring of control charts to ensure the
process remains within the desired quality.

4.4 Continuous improvement Proposal

Continuous improvement is essential for maintaining Sulapac's product
quality and ensuring that processes consistently meet high standards. Since
2018, Sulapac has held the ISO-9001 quality management certification, high-
lighting its dedication to continuous process improvement and quality man-
agement. To further contribute to their improvement commitment, Sulapac
can implement the PDCA (Plan-Do-Check-Act) cycle, also known as the
Deming Cycle. This cycle provides a structured approach for systematically
analysing processes, identifying areas for improvement, and implementing
effective changes to sustain and elevate the product quality.

e Plan The first step involves thorough planning. Identify specific qual-
ity issues through data analysis and feedback from production runs.
For instance, use control charts to pinpoint recurring defects such as
flow marks or short shots. Set clear, measurable objectives and
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develop an action plan detailing resources, timelines, and personnel.
Planning may also involve researching new technologies or methodol-
ogies to improve the production process.

e Do Next, implement the planned changes on a small scale to test their
effectiveness. Adjust production parameters, such as modifying the
filling speed or cooling time, based on insights from the planning
phase. Document each change and its impact meticulously. Small-
scale implementation helps mitigate risks and allows for real-time ad-
justments without disrupting the entire production line.

e Check Monitor and evaluate the impact of changes on product qual-
ity. Use the same metrics and data collection methods to assess
whether the changes lead to improvements. Collect new data points
and compare them against established control limits to determine if
defects are reduced and overall quality improved.

e Act Based on the evaluation, decide whether to adopt the changes on
a larger scale or make further adjustments. If successful, standardize
the new processes and update operating procedures. Share results
with the team to ensure everyone follows the improved practices. If
the desired outcomes are not achieved, revisit the planning phase to
devise alternative strategies and repeat the cycle.

By continuously applying the PDCA cycle, Sulapac can maintain high-quality
standards and foster a culture of continuous improvement. This proactive
approach, supported by leadership and operations, enhances product qual-
ity, increases operational efficiency, and boosts customer satisfaction.

4.5 Refining Operations and Communication

Clearly defined operations and communications are essential for achieving
efficient processes without bottlenecks, especially when operations are out-
sourced. Establishing procedures and workflows is key for effective offshore
communication, ensuring smooth time management and role independence.
Sulapac already has optimal operations and established communication
standards, and the proposed improvements in this section aim to refine cur-
rent operations and adapt processes to better meet their evolving needs.
These procedures will not only facilitate better communication and operation
but also act as a safeguard against defects in the manufacturing process. Ad-
ditionally, they make it easier to manage any disruptions in the supply chain.

4.5.1 Quality Procedures Proposal

The roles within the current operations are clear and well-defined. To further
enhance coordination and decision-making processes, it is beneficial to
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address areas where additional clarity can support quality prevention as-
pects. Creating flowcharts could contribute to maintain product quality and
proactively address any potential issues.

Color variation:

The operator at the subcontractor's facilities already performs visual color
variation control, which should be relatively continuous. A box sheet consists
of approximately 30 samples, meaning that upon completing each layer of
the box, the operator must visually verify the color. During the production
process, it is common to encounter color differentiation between the jar and
the lids. This can result in irregularities between pieces because the dosing
for the lids is different from that for the jars.

Although excessive color variation has not yet led to rejections beyond ac-
ceptable ranges, addressing this issue is crucial as the production of the Nor-
dic Collection expands. It is essential to further develop these procedures in
collaboration with the manufacturing subcontractor to manage and prevent
excessive color variation. While the subcontractor already implements this
procedure, intensifying the control will ensure greater consistency. This col-
laborative approach aligns with the subcontractor's established processes,
promoting smoother production and better-quality control. Implementing
these procedures will help maintain product quality and avoid potential con-
flicts related to production rejection and acceptable ranges. It is important to
consider these procedures under normal and everyday production conditions
to ensure their effectiveness and practicality.

Colour variation quality control

1 packed

Manufacuring boxes If::i i::‘:ﬁ; Visual color control of taken
process started and Gavity (2) pleces with previous ones.
o Yes
Rejectand | Exceeded
report M variation?
No
Approve and
Adjust Color report
Inputs
Finish 4

Figure 16: Color quality control procedure
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Design and defect control:

Unlike color quality control, design and defect control do not need to be as
frequent. The operators at the subcontractor's facilities already monitor the
ranges and behaviors of the parameters that most influence defects, using
established control limits. Samples are taken every two hours from different
cavities and from various boxes, ensuring random sampling.

Even when parameter indicators are within range, maintaining an additional
visual check is important for prevention, particularly in outsourced produc-
tion. This type of production is conducted at the client's request, based on
established production orders rather than continuous production. Therefore,
emphasizing and controlling the manufacturing process is crucial.

To enhance this process, it is suggested to implement a systematic review and
adjustment procedure to further refine quality control aspects.

Quality design and defect control

Manufacuring
process started

lz hours elapsed

Take samples from
cavity (1)
and cavity (2)

and inner/outer diameter.

Measure, Weight, height
Visually check any defect

Exceeded Yes Reject, record
—_— N
variation? data and report
lNo
Approve and

»  Finish

record data

Figure 17: Quality design procedure
Operations Workflow Proposal

The direct stakeholders include the supply chain lead, the injection moulding
lead, the product development team, and the manufacturing subcontractor.
While the current workflow functions effectively, establishing the following
workflow is recommended to further verify and enhance the high standards
set by Sulapac.
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The proposed workflow diagram outlines the production process from order
creation to final quality verification. It begins with the creation of a produc-
tion order and checking if materials are in stock. If materials are not in stock,
they are shipped to the manufacturing subcontractor. Production is then
scheduled and proceeds to execution if on time. Any delays or issues are iden-
tified and coordinated with the supply chain lead or the manufacturing sub-
contractor.

During production, any manufacturing issues are addressed by the quality
lead and the manufacturing subcontractor. After production, a report is gen-
erated. If quality issues are identified, the injection moulding lead resolves
them with the manufacturing subcontractor. Finally, samples are sent to Su-
lapac for quality verification, ensuring efficient problem-solving.
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In this section, hypothetical results for FMEA calculations and control limit
charts will be analysed.

Failure Mode and Effect Analysis.

The FMEA results show that calculating the Risk Priority Number (RPN) is
crucial for Sulapac's quality control. It helps identify and prioritize defects
that most affect the quality of their products. For instance, short shots have
a high RPN because poor thread formation can directly impact the mechani-
cal properties of jars and lids. Mechanical failures may cause issues with
torque, affecting both tightening and untightening, leading to leakage. If
there is a liquid inside, it could escape through the back shot hole, causing
deformations in such thin and detailed parts.

Understanding the priority of defects and their relation to mechanical fail-
ures is a key outcome of the FMEA. These calculations, despite being approx-
imate, can be replicated with a real population, as demonstrated with a 5000-
unit production order. This approach can be applied to larger populations
with more samples, allowing for more specific priorities within narrower con-
fidence intervals. Reprioritization is also possible if new defects arise or ex-
isting defects worsen, impacting the product's mechanical performance.

The statistical software Minitab was used to perform the FMEA, demonstrat-
ing its practical application in current operations. The following table shows
the FMEA table results.

Table 9: FMEA table result.

Step  Item/Component Function Potential Potential SEV  Potential OCC  Current DET RPN Actions Responsibility  Target End Date
# Failure Mode  Failure Effects Causes Controls Recommended

1 Short Shots Threads formation for Leakage/ Spill of 8 Lackof ©  Filling Speed 6 288 A research to Mueller/ 12/12/2024

ensuring mechanical  Torque contained Material in and Cooling study factors Sulapac

property to execute product / molding time. variability and

smoathly Closuring filling stage. optimal Sulapac/Sub-

failure parameters. Study  contractor

can be addressed
with a Design of
Experiments.

2 Flash Marks Better visual Surface Lack of 6 Leakage of 8 Holding 5 240 A research to Mueller/ 12/12/2024
appreciation onafine  Roughness uniformity in material near Pressure and study factors Sulapac
surface ending for the surface / Fine injection Holding variability and
final consumer. ending ruined gate. time. optimal
parameters, Study
canbe addressed  Sulapac/Sub-
with a Design of
Experiments

3

3 Shrinkage Correct dimensions for ~ Dimension Lack 5 Notenough 4 Holding 4 80 Aresearchto Mueller/ 12/12/2024
both jar and lid. alteration uniformity in Cooling Pressure and study factors Sulapac

Jar and Lid time. Cooling variability and

dimensions time. optimal Sulapac/Sub-
parameters. Study  contractor
can be addressed
with a Design of
Experiments

As detailed in the implementations section, the Short Shot defect critically
impacts thread formation, which is essential for sealing jars and lids in the
cosmetic industry. It affects torque and sealing performance, making it a top
priority for corrective action in scaling up production. Flow marks impact the
product's aesthetic quality and are caused by high pressure and mould tem-
perature, necessitating further investigation for control. The sink marks pose
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the least risk but still requires attention to prevent increased occurrence and
customer dissatisfaction. The FMEA results highlight the importance of ad-
dressing these defects and guide the development of a Design of Experiments
to mitigate these issues.

Design of Experiments

Understanding the Design of Experiments approach is crucial for improving
product quality. Selecting the right factors is the most critical aspect, as they
form the foundation of the study. While outputs can be analysed or modified,
the inputs cannot. Poor input selection leads to increased costs in materials,
time, and labour. Although hypothetical results would lack credibility, select-
ing factors based on literary studies, collected data, and FMEA calculations
provides strong support.

Control Charts

The simulation of control limit charts calculations demonstrates the ability
to control parameters within the production process. Below, a control chart
representing the filling speed is exemplified, as calculated in the implemen-
tation section. Control charts are essential for maintaining continuous pro-
duction and monitoring once optimal parameters are found through DoE and
validated by further testing.

Although control charts will be used exclusively with the subcontractor,
maintaining these procedural standards will significantly contribute to con-
sistent product quality. The presented graph shows sample collection over 14
different periods in a replica of 3. Using Minitab 22 Statistical Software, the
calculation simulates the hypothetical behavior of data collection for filling
speed, showing variables within limits and some samples approaching or ex-
ceeding the limits. These serve to alert when established limits are exceeded,
indicating imperfections or possible defects that can be prevented by adjust-
ing the ranges to more narrowed values.

Xbar-R Chart of Filling Speed 1, ..., Filling Speed 3

UCL=55064

550
5.45 ,//\ /-\VA.‘\ fesann

T — yroﬁ.r\j/

ymphe Mean

54

LCL=5.3178

2 3 4 5 [ 7 8 9 10 n 12 13 14

UCL=0.2372

R=0.0921

Sample
A
A e, / \
3 o / W o \_/
0.00 LeL=0
2 3 + s [ 7 8 9w w2 1 1
Sample

Figure 19: Control Charts
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5 Scientific Discussion

To properly address the study, it must be understood that each model has
two completely independent items that function mechanically together. Each
study and calculation conducted can be replicated without issue in each item
and as needed, adapted to other different models.

5.1 The FMEA and DoE approach

Starting with the FMEA calculations, the current situation of the defects has
been understood. The levels of occurrence, severity, and detection have been
evaluated according to the current state of the defects and how they affect
performance in both leakage and torque under current manufacturing con-
ditions. This allows for establishing, alongside confidence interval calcula-
tions, approximate data for larger production populations. The FMEA study
can be applied to each different model to understand each defect and its im-
pact more clearly. While the focus is on the 50 ml models, the FMEA study
can be applied to provide values for occurrence, severity, and detection ac-
cording to how each model is affected, as each piece is completely independ-
ent. As a proposal, FMEA can be a methodology not only applied to the Nor-
dic Collection 50 ml but also to other types of products from raw materials to
finished products. Sulapac, being part of the bioplastic industry, has ample
opportunity to apply improvements in quality monitoring, which is the most
critical point in the pursuit of company growth.

Being a theoretical proposal, data simulation and calculations are required
to implement the proposals. There may be empirical alternatives to address
current challenges, make decisions, and strictly delegate roles for defect res-
olution, or simply claim manufacturers to solve their defect issues. However,
it must be understood that the approach of this study is to analyse previous
studies' literature, focusing on optimization. The main objective is to find the
correlation of the parameters with the final product design and its aesthetic
and mechanical characteristics. This means that the true importance is un-
derstanding that varying a factor reflects a result in the characteristics of both
the jar and the lid. However, the possibility of no result is possible, which
may occur in the factors and is due to the interpretation of the regression
models and the points interacting in the statistical model. According to stud-
ies and some current knowledge and everyday use in the manufacturing in-
dustry, the DoE has been selected to understand these factor changes and
behaviors, both in how they can affect a factor's variability or not. By doing
this, a complete understanding of the model is generated, and the correlation
of each factor with each aspect of the jar and lid is understood.

While DoE is a method commonly applied today not only in plastic industries

but also in chemical, pharmaceutical, and other industries, it is a costly ap-
proach. The workloads involve occupying production time in testing and
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analysing the outputs. A DoE involves time and material costs just to validate
the interaction of the factors and the data, which implies establishing stand-
ards. The benefit of DoE can only be beneficial if the goal is to understand all
the factors properly. In the end, it is the current decision of each company to
execute it; however, if the goal is business growth and portfolio expansion, it
is necessary to establish a complete understanding to solidly support the final
product quality and continuous improvement in the process.

The application of FMEA with the DoE approach has been applied in this
study to understand the current situation and propose a model that can ad-
dress the entire current process. The methodologies used could be ques-
tioned, perhaps the possible need for a statistical model before DoE, such as
ANOVA. The answer lies in that FMEA not only takes a preventive approach
but also an integral and current approach to the problems. The search for
parameter correlation also involves prioritized corrective action to avoid fu-
ture defects; DoE, apart from understanding the experimental results, covers
the total interaction analysis to see how current defects replicate in future
production batches and the damage they can cause, in this case, torque and
sealing, fundamental mechanical properties in the current product.

Moreover, FMEA allows prioritizing current defects and can be executed with
the small amount of data available. Not to undermine FMEA, which is a very
adaptable approach, something essential for this study that proposes that Su-
lapac can continue collecting and implementing data. By prioritizing, it also
guides DoE in knowing which factors need to be analysed to avoid overload-
ing the model or making it more costly. It should be clear that DoE is neces-
sary, but it should also be recognized that the manufacturer has knowledge
of quality parameters, meaning that if a quality bar is set, it can be established
that the subcontractor has the expertise to apply improvements empirically.
However, DoE establishes a methodological approach that allows the sub-
contractor to find the product correlations efficiently. Considering the costs
of doing a DoE with many replicas, the quality work is not from scratch; there
is already progress. The idea is to organize, guide, and possibly improve.

5.2 Control Charts approach

Control charts are more a means of continuous improvement than a way to
correlate data. This implementation suggestion is aimed at continuous im-
provement. It would not be entirely useful to find the correlation between the
data and the final outputs without establishing control parameters for these
optimal parameters. It is fundamental to understand that an improvement
action is not truly an improvement if it is not maintained over time. The con-
trol charts methodology not only refers to increasing quality but also to
standardizing it and making it a routine.

The need for control charts can be questioned by simple visual procedures,
as in manufacturing, it could be defined that if it looks correctly visual, there
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are no major problems. However, the idea is to create procedures so that both
Sulapac and the subcontractor facilitate decision-making between them. Ul-
timately, the need is to generate historical records and propose improve-
ments in a well-monitored and understandable process.
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6 Conclusions and Future research

6.1 Conclusions

By taking the opportunity to re-verify the current processes with the subcon-
tractor, it was possible to understand the connection between the behaviours
of the final product and the key manufacturing parameters for both jars and
lids of the 50 ml Premium model. Additionally, recognizing the independ-
ence of each piece in terms of design and manufacturing, yet their joint me-
chanical function, is essential. By prioritizing, adjusting, and calculating the
RPN for defects, the FMEA has contributed to the understanding of the cur-
rent defect situation, provided important insights into the production pro-
cess, and acted as a tool to identify the most valuable parameters to be further
analysed in a DoE. The application of occurrence, severity, and detection
metrics has allowed for a comprehensive understanding of the current situa-
tion. More importantly, the FMEA can be applied to each different model by
the Sulapac quality team. With a clear FMEA, the DokE is easier to apply, serv-
ing as a guide to analyse factor studies.

Sulapac's familiarity with the DoE approach benefits the current study by
supporting product quality and aiding future research for products in devel-
opment. By addressing key parameters for different product models, DoE can
be applied to both preventive and corrective actions, serving as a reference
for similar models with comparable mechanical characteristics. The execu-
tion plan for DoE was developed based on Sulapac's timelines and needs,
proposing an initial replication of the 17 different runs. However, to narrow
the range further, additional replications of the various 17 settings at differ-
ent levels are necessary. This will allow for a more segmented and beneficial
study, which Sulapac may choose to develop further in the future.

Implementing control charts will be crucial for maintaining long-term qual-
ity with the subcontractor. By establishing these charts as standard proce-
dures and coordinating with the subcontractor, it is possible to maintain a
narrow range of optimal parameters. This process can be refined over time
through proper analysis, ensuring consistent quality and minimizing control

gaps.

It is crucial to comprehend how processing parameters relate to the product's
functional performance or visual appeal. Sulapac can guarantee that the
product continuously satisfies high requirements by employing control
charts to keep these characteristics within specified ranges. This approach
significantly reduces the need for frequent, batch-specific, destructive per-
formance testing. Instead, the focus shifts to real-time monitoring and ad-
justments, which allows for a more efficient and streamlined manufacturing
process. This guarantees a high-quality product, reduces waste, and im-
proves overall production efficiency.
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Control chart implementation also offers a proactive way to ensure quality.
Potential flaws can be found and fixed before they have an impact on the fin-
ished product by regularly checking and modifying the processing parame-
ters. Because of its exceptional predictive power, one may immediately take
appropriate action to preserve process integrity if any of the predetermined
criteria are departed from. It turns out that sustainable production processes
are just as important as product quality.

On the other hand, procedures and roles are extremely important in business
partnerships, especially concerning outsourcing, as in the case of Sulapac
with their subcontractor. For such a proposal to work, it depends on both
stakeholders. There must be a clear and well-communicated coexistence to
address problems or disruptions that may occur. This will allow for improve-
ments, decision-making, and less downtime in solutions. Implementing in
processes or work methods is possible, but the ideal is to maintain them over
time and for these methodologies to bring benefits, as well as the flexibility
to adapt to current work methods without creating friction in the roles per-
formed or the efficiency of functions.

6.2 Future Research

Implementing and tailoring FMEA and DoE in other product models can
bring additional benefits to Sulapac. It is possible to enhance both FMEA and
DoE, from increasing DoE levels to employing factorial designs for product
improvement. Techniques like control charts for real-time monitoring could
assist in providing live tracking of production performance, thereby allowing
for tighter control and better preventive measures.

The use of DoE in this research guarantees an improvement in product qual-
ity and facilitates the work of another relevant future research. Determining
key parameters for different product models aids in both prevention and cor-
rection. This method will serve as a benchmark for models with the same
mechanical behavior. By collaborating with the subcontractor, Sulapac can
optimize all these processes, resulting in increased customer satisfaction and
expanded business opportunities. This method also helps in the effective uti-
lization of materials by Sulapac, ensuring optimal performance and enhanc-
ing customer satisfaction.
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7 Appendices

Nordic Collection Jars

@ 60 mm
I 38 mm

@ 47 mm

27 mm

Premium Material Properties

MECHANICAL PROPERTIES

MATERIAL SULAPAC PREMIUM POLYPROPYLENE
PHYSICAL PROPERTIES

Hardness (Shore O) 70-80 85-T5
Material density (g/cm’) 1.27 0.90
TENSILE PROPERTIES (ISO 527-1)

Tensile strength (MPa) 45— 50 20

Tensile modulus (GPa) 586 1.20
Tensile strain (%) 12-14 100 — 600 (typical)
FLEXURAL PROPERTIES (ISO 178)

Flexural strength (MPa) 70— 80 25
Flexural moedulus (GPa) 4-5 1.25
Flexural strain (%) 20-24 -
IMPACT PROPERTIES (Unnotched, ISO 179-1)

Charpy impact strength (kJ/m’) 6-7 165
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BARRIER PROPERTIES

MATERIAL SULAPAC PREMIUM POLYPROPYLENE  POLYETHYLENE (HD)
WVTR (g/m?day) 26 05 07

OTR (em3/me/day) <0.1 19 12

OIL (% area) 0 0 0

PROCESSING CONDITIONS - SULAPAC PREMIUM

TEMPERATURE GENERAL INSTRUCTIONS
Throat 40 -60°C + Typical seltings may require optimization.
. +« Both cold and hot runner systems are
Feed zone 150-160°C sitable for this material.
Compression zone 170 — 190 °C . Vah_'e ga_le systems can be used. )
= Avoid using temperatures above 200°C in

Homogenizing zone 175 - 190 °C order to lower the risk of material

: degradation.
Machine nozzle 175-180°C » The dwell time of the material inside the
Back pressure machine shall be reduced to a minimum in

P 5—10 bar order to lower the risk of
Screw speed, max < 0,20 mfs thermal degradation.
Hot runner nozzle and bushing 180 — 200 °C
Tooling temperature T 20-40°C

Barrier Material Properties

MECHANICAL PROPERTIES

MATERIAL SULAPAC BARRIER
PHYSICAL PROPERTIES

Hardness (Shore D) 85

Material density (g/cm ) 1.49
Shrinkage (%) 1.0
TENSILE PROPERTIES (ISO 527-1)

Tensile strength (MPa) 44

Tensile modulus (GPa) 8.7

Tensile strain (%) 11
FLEXURAL PROPERTIES (ISO 178)

Flexural strength (MPa) 65

Flexural modulus (GPa) 8.2

Flexural strain (%) 11
IMPACT PROPERTIES (Unnotched, ISO 179-1)

Charpy impact strength (kJ/m) 8.7
RHEOLOGICAL PROPERTIES (ISO 1133)

MF1 (190°C/2.16 kg) 8,0 — 13,0 (g/10 min)
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MATERIAL SULAPAC BARRIER POLYPROPYLENE
WVTR (g/m?/day)
ASTM F1249 0.01 0.01
(23 C/85%)
OTR (cm3/m2/day)
ASTM D3985 23 35-377*
(23 C/0%)
TEMPERATURE
Throat 40 -60°C
Feed zone 165°C
Compression zone 175°C
Homogenizing zone 180°C
Machine nozzle 180°C
Back pressure 510 bar
Hot runner nozzle and bushing 180-183°C
Tinold, Front 60 -70°C
Trmeld, Back 60 -70°C

Sulapac’s Subcontractor Quality Checklist

START OF THE PRODUCTION RUN
Inspection item / activity YES/NO Notes

Sulapac material name and material
1 | code are correct and match the produc-
tion order.

Material package is intact and tightly
2 | closed: no opportunity for contamina-
tion.

Visual inspection of the material: mate-
3 rial appears clean and intact, no contam-
ination or excessive moisture inside the
bag.

Use correct drying time and tempera-
4 | ture. Information is available on Sulapac
TDS.

Injection moulding parameters — Sepa-
rate document.
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VISUAL INSPECTION OF READY-MADE LIDS AND BOTTOMS

Item does not have any of the
following defects

YES/NO

Notes

Injection moulding defects

1 Flashing
2 Short shots — items are complete
3 Burning
4 Sink marks
5 Shiny areas
6 Matt areas
7 Streaks
8 Knit lines / joint marks
9 Flow lines
Mechanical defects
10 | Scratches
11 | Deformations
12 | Distortion
13 | Ejector impressions
14 | Stress whitening
15 | Scrapings
16 | Cracks
Contamination
17 | Dark spots / other colour defects
18 | Dust, oil, fat or other contaminants
Other
19 | Even and defect free colour
20 | Date clock correct

FUNCTIONALITY OF READY-MADE JARS

Item does not have any of the fol- | YES/NO

lowing defects

Notes

Injection moulding defects

Dimensions are within tolerances

Jar and lid, and fit together — no rattling
or movement, no excessive tightness

Threads are complete and smooth
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