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ABSTRACT

In modern manufacturing, particularly within the process-driven healthcare industry, maintaining stringent control over critical
quality attributes is paramount for ensuring product integrity and safety. This study demonstrates the application of Statistical Process
Control (SPC), a core methodology in industrial and production engineering, to monitor and manage key process parameters: pH and
the concentration levels of preservatives Methyl Paraben (MP) and Propyl Paraben (PP). Utilizing a comprehensive sixpack analysis,
this research provides an engineering-focused framework for achieving optimal product quality. The study conducted a retrospective
analysis of 184 measurements for each parameter from a healthcare product's routine quality control data. Due to the non-normal
distribution of raw data, a Johnson SU transformation was applied to ensure the validity of the statistical analysis. The results revealed
process instabilities despite some parameters showing acceptable capability indices (Pp and Ppk). The pH process was marginally
capable (Pp=1.32, Ppk=1.21) but out-of-control, with a high defect rate. The MP assay showed good potential (Pp=1.70) and capability
(Ppk=1.44) but exhibited instability, while the highly capable PP assay (Pp=2.00, Ppk=1.61) also showed signs of a process mean shift.
This investigation demonstrated that while all tested products did not show out-of-specifications results, they pinpointed to the hidden
signs of processes that need re-examination for significant improvements.
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1 Introduction

Maintaining the quality, safety, and efficacy of oral medical
and pharmaceutical products is paramount in ensuring patient
well-being and public health [1]. Among the various critical
quality attributes (CQAS) that must be meticulously controlled,
pH and preservative levels hold particular significance [2].
Specifically, Methyl Paraben (MP) and Propyl Paraben (PP)
assays are crucial components to be tested for potency in
healthcare products, particularly as preservatives [3]. Thus, it is
important to embrace the reasons why these attributes require
stringent monitoring, control, and assessment [4], emphasizing
the importance of employing Statistical Process Control (SPC)
methodologies, such as sixpack analysis, to achieve and maintain
optimal product quality [5].

The significance of pH in oral pharmaceutical formulations
is multifaceted [6]-[11]. Inadequate pH control can have
detrimental consequences, as many active pharmaceutical
ingredients (APIs) are susceptible to chemical degradation at
specific pH levels [6],[7]. While specific pH limits are
formulation-dependent and defined in the product's marketing
authorization, general guidance for oral liquids often suggests a
range between pH 4 and 7 to ensure API stability and patient
comfort, although exceptions based on the drug's specific
chemical properties are common. The solubility of an API is
often pH-dependent, affecting bioavailability [8]. Furthermore,
pH can influence the physical stability of formulations, affecting
properties such as viscosity and aggregation, which can reduce
shelf life [9]. Extreme pH values can cause irritation or
discomfort, making it crucial to maintain pH within a
physiologically compatible range, typically avoiding highly
acidic or alkaline conditions (e.g., generally outside the 3-9 range
for oral products to prevent mucosal irritation), for patient

compliance [10]. pH also plays a role in preventing microbial
contamination [11].

The importance of preservatives like MP and PP in oral
formulations cannot be overstated [12]-[15]. They are added to
inhibit the growth of microorganisms that can contaminate a
product during its lifecycle [12],[13]. Microbial contamination
can lead to product spoilage, health risks for patients, reduced
shelf life due to the degradation of the API [14],[15], and
significant regulatory non-compliance.

Given the critical roles of pH and preservatives, their levels
must be tightly controlled throughout the product lifecycle [16]-
[18]. This necessitates real-time monitoring, robust process
control strategies, and comprehensive stability studies [16],[17]
[18]. SPC provides a powerful set of tools for monitoring,
controlling, and improving these processes [19],[20]. By using
SPC techniques, manufacturers can detect special cause variation
using control charts, assess process capability with indices like
Pp and Ppk, reduce variability, make data-driven decisions, and
ensure regulatory compliance [4],[19],[20].

The sixpack analysis, a comprehensive SPC tool, offers a
holistic view of process performance by combining control
charts, histograms, normal probability plots, and capability
indices [19]. This investigation was conducted as an integral part
of extensive research aimed at developing a robust improvement
framework for the Quality Management System (QMS) in the
pharmaceutical sector of economically poor nations. Thus, this
research represents the application of industrial and quality
engineering principles to enhance process control and ensure
consistent product quality within existing production systems.

2 Materials and Methods

This study employed a retrospective analysis of process data
for pH, Methyl Paraben (MP), and Propyl Paraben (PP) levels
collected during routine quality control testing of a finished
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healthcare product. The dataset, sourced from a government-
approved regulatory database in an Asian firm, consisted of 184
chronologically ordered measurements for each parameter,
collected from consecutive batches during routine quality control
testing of a finished oral liquid healthcare product. This
retrospective data provides a longitudinal view of the process
performance under normal manufacturing conditions. For
acidity/alkalinity control by pH meter, the relationship between
pH and hydrogen ion concentration [H+] is defined by the Eq.
(1) [21]:
[H]=10"" @)

This demonstrates the inverse logarithmic relationship
where a lower pH indicates a higher concentration of hydrogen
ions and vice versa [21]. On the other hand, the preservatives
were analyzed chromatographically using High Performance
Liquid Chromatography (HPLC).

2.1 Data Acquisition and Manufacturing Process Context

The data for this retrospective study were obtained from a
finished product quality control database, which is maintained
for regulatory compliance. As this was a retrospective analysis
of an anonymized dataset, specific details regarding the
analytical equipment (e.g., model, brand, and origin of the pH
meter and HPLC system) were not available as they are kept
private. The data for pH, Methyl Paraben (MP), and Propyl
Paraben (PP) were collected from the final process quality
control stage of a standard batch manufacturing process for an
oral liquid pharmaceutical. The process involves the precise
mixing of an active pharmaceutical ingredient (API) with various
excipients, including the MP and PP preservatives, in a
controlled environment. The pH is measured and adjusted at a
critical step to ensure product stability, bioavailability, and
patient comfort. The preservative concentrations are confirmed
using HPLC post-formulation to ensure microbial efficacy
throughout the product's shelf-life. The 184 measurements
represent data collected from consecutive batches over a defined
production period, making them suitable for assessing long-term
process stability and capability.

2.2 Statistical Analysis

The statistical analysis was performed using Minitab®
17.1.0 (Minitab, LLC, State College, PA, USA) [22]. Prior to
conducting process capability analysis, the distribution of the
raw data for each parameter was assessed using the Anderson-
Darling test and visual inspection of histograms and normal
probability plots [23]. This assessment suggested that the raw
data for all three parameters may not be best described directly
by a normal distribution, with low p-values indicating deviations
[24]. To address this, Johnson SU transformation was applied to
the data for each parameter [25]. The Johnson SU transformation
is a flexible three-parameter transformation used to normalize
data in cases where a test for normality, such as the Anderson-
Darling test, indicates a statistically significant deviation from a
normal distribution (e.g., p-value < 0.05), or when visual
inspection of a histogram suggests the presence of skewness,
making the assumption of normality questionable [26].
Following the transformation, the normality of the transformed
data was confirmed using the Anderson-Darling test and visual
inspection.

The capability analysis in Minitab 17 was performed using
the overall standard deviation to reflect long-term process
performance. The control limits on the Individual (1) and Moving
Range (MR) charts were calculated at the software's default of
+3 standard deviations from the process mean, which is a
standard convention in SPC. The primary assumption, addressed

by the Johnson transformation, was the normality of the data
used for capability calculations.

2.3 Process Capability Analysis

Process capability was assessed using a sixpack analysis,
which provides a comprehensive overview of process
performance. For each parameter, the following metrics were
calculated based on internal quality requirements [27]:

Pp (Process Potential): This index measures the potential
capability of the process, assuming it is perfectly centered. It is
calculated as the ratio of the specification width to the process
spread (6 standard deviations) [28].

Pp=(USL-LSL)/ (6.0)

where USL is the Upper Specification Limit, LSL is the
Lower Specification Limit, and o is the overall process standard
deviation.

Ppk (Process Capability): This index measures the actual
capability of the process, taking into account both the process
spread and its centering relative to the specification limits [29].

PPM (Parts Per Million): This represents the estimated
number of defects per million units [30].

2.4 Control Chart Analysis

Individual (1) and Moving Range (MR) control charts were
constructed for each parameter to assess process stability.
Control limits were set at +3 standard deviations from the process
mean. The presence of any points outside these control limits was
investigated as a potential indication of special cause variation.
The last 25 observations for each parameter were specifically
examined for any trends or patterns indicative of recent process
shifts or drifts [31].

3 Results and Discussion

Process behavior charts for data often deviate from the
assumed distribution required for suitable statistical processing,
a frequent challenge in collecting raw process output
[32],[33]The use of the Johnson SU transformation is justified by
the non-normal distribution of raw data, ensuring the validity of
parametric statistical methods. The sixpack analysis provides a
robust framework for evaluating process performance, as
supported by similar applications in related fields [5],[34],[35].
This approach allows for a data-driven assessment of the control
and capability of pH, MP, and PP levels. The practical
significance lies in its ability to assess and improve process
capability in a real-world manufacturing setting. Even with
transformed data, capability indices quantify how well the
process performs, while control charts are invaluable for
pinpointing specific instances of instability and guiding root
cause analysis [36],[37]. This data-driven approach allows for
proactive intervention to prevent larger quality issues and
supports practical decisions about process adjustments,
maintenance schedules, and operator training [38],[39]. The
sixpack approach provides a holistic overview of the inspection
characteristics under investigation, as demonstrated in previous
studies [28].

3.1 Sixpack Analysis for pH

Before analyzing the results for the pH process, it is crucial
to clarify the Y-axis of the I-chart in Fig. 1. Since the raw data
was non-normal, the statistical control analysis was performed
after applying Johnson SU transformation. Therefore, the values
plotted on the I-chart's Y-axis represent the transformed,
normalized data points, not the original pH values. This
mathematical transformation centers the data around a mean near
zero, resulting in both positive and negative values, and it allows
for the valid application of control limits based on a normal
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distribution. The sixpack analysis of the pH process, shown in
Fig. 1, reveals a process that is out-of-control. While the
capability histogram and normal probability plot suggest a
normal distribution after transformation, the I and MR charts
indicate significant issues with process stability and variability.
The | chart shows numerous points exceeding the control limits,
suggesting the process is experiencing significant fluctuations. It
should be noted that 43 points on the | chart and 13 on the MR

chart exceeded control limits, suggesting significant issues that
require deeper investigation. The process capability index (Pp)
of 1.32 indicates the process is marginally capable, and the Ppk
value of 1.21 confirms this, especially given the out-of-control
points. The parts per million (PPM) defectives are 154.93,
indicating a relatively high defect rate. The alarms on the | chart
for the last 25 observations suggest the process is shifting
significantly, contributing to its declining capability [36][37] [5].

Process Capability Sixpack Report for pH

Johnson Transformation with SU Distribution Type
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Fig. 1 Sixpack Analysis for pH Process. This report shows significant instability via out-of-control points on the I and MR charts. The
process is only marginally capable (Ppk=1.21) with a high defect rate, necessitating process improvement.

3.2 Sixpack Analysis for MP Assay

The sixpack analysis for the Assay of MP (Fig. 2) reveals a
process that is capable but exhibits some signs of instability. The
| chart displays four individual points exceeding the control
limits, and the MR chart shows three excursions above its upper
control limit, suggesting abnormal variations. The Pp value of
1.70 indicates that the process has good potential to meet
specifications, while the Ppk value of 1.44 reveals the process is
not perfectly centered. The combined information from both
charts highlights that the process is not in a state of statistical
control. A generally declining trend in the last 25 observations is
particularly noteworthy as a potential shift in the process mean,
raising doubts about the long-term reliability of the process. It is
crucial to investigate the causes of the high values and the
potential shift in the mean to stabilize the process before relying
solely on capability indices [36],[37],[40]

3.3 Sixpack Analysis for PP Assay

The sixpack analysis for the Assay of PP, presented in Fig.
3, shows a process that is highly capable but exhibits signs of

instability. The 1 chart reveals several individual points
exceeding the control limits, and the MR chart shows five points
outside its limits, suggesting that short-term variability is likely
unstable. The capability indices are excellent, with a Pp value of
2.00 and a Ppk of 1.61. These values significantly exceed the
common industry acceptance criterion of Ppk 1.33, which
confirms the process is highly capable of meeting specifications.
However, the control charts reveal that the process is unstable.
Specifically, several data points on the | chart fall outside the
calculated +3 standard deviation control limits, and five points
on the MR chart exceed its upper control limit. These out-of-
control points are direct evidence of special cause variation and
instability, demonstrating that although the product remains
within specification, the process itself is not reliable or
predictable. The last 25 observations show several alarms and a
clustering of values, suggesting a potential recent shift or drift in
the process mean. This instability is a strong indicator that the
process is not reliable long-term, even with acceptable capability
indices. The off-centering indicated by the difference between Pp
and Ppk should also be addressed to optimize the process.
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Process Capability Sixpack Report for Assay of MP
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Fig. 2 Sixpack Analysis for MP Assay. This report indicates a capable (Pp=1.70, Ppk=1.44) but off-center process with signs of
instability. Out-of-control points and a potential mean shift in recent data require corrective action.

3.4 Cause and Effect Analysis

The inconsistent control of pH, MP, and PP levels
necessitates a comprehensive investigation using a tool like the
Ishikawa (Fishbone) analysis, with potential causes categorized
as shown in Table 1. Potential causes include measurement
system deficiencies [41],[42], human factors [43], method-
related issues [44],[45], equipment-related problems [46],
material-related factors [47], and environmental influences [48].

The primary concern is the unstable process variability evident
in the control charts. This may be caused by inconsistent mixing,
temperature  variations, or raw material fluctuations
[41],[42],[46]. Although capability analysis can be performed on
out-of-control processes, the results may not be reliable [49]-
[51]. To obtain a reliable assessment, it is essential to first
identify and eliminate the special causes of variation to bring the
process into a state of control [49]-[51].
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Process Capability Sixpack Report for Assay of PP
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Fig. 3 Sixpack Analysis for Assay of PP. The analysis shows a highly capable process (Pp=2.00, Ppk=1.61). However, the | and MR
charts reveal out-of-control points, indicating statistical instability that requires investigation.

Table 1 Range of potential causes and sub-causes for inconsistent control of pH, MP, and PP levels.

Category* Cause Sub-cause
Inaccurate Instruments** Calibration, Faulty Equipment, Maintenance
Measurement Sampling Errors Representative Samples, Technique, Contamination
Operator Error Inconsistent Technique, Training, Human Error
Inadequate Training Process Control, Equipment, Procedures
Man Human Error*** Weighing, Mixing, Adjustments
Lack of Awareness Importance of Limits
Inadequate Procedures Definition, Standardization, Outdated
Method Process Variability® Mixing, Temperature, Raw Materials
Lack of Optimization Design, Control, Monitoring
. Equipment Malfunction® Sensors, Pumps, Dispensing
Machine . . -
Maintenance Issues Preventive, Calibration
Raw Material Variability Quality of Water, Ingredients
Material Storage Conditions Heat, Moisture, Degradation

Supplier Issues
Temperature Fluctuations
Humidity

Contamination

Environment

Consistency, Quality Control, Supply Chain

Seasonal Changes, HVAC System Issues, Poor Insulation
Weather Conditions, Ventilation Problems, Equipment Leaks
Airborne, Dust, Microorganisms

* Table follows Fishbone or Ishikawa diagram concept in identification of the spectrum of the potential causes for the observed defect(s).
** pH probe calibration drift, incorrect buffer standards, HPLC column degradation

*** Incorrect weighing of preservatives, improper pH adjustment technique, inconsistent sample withdrawal

£ Inadequate mixing time/speed, temperature fluctuations affecting solubility, variability in raw material lots

€ Faulty pH electrode, malfunctioning mixer impeller, residual cleaning agents in the tank
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4 Conclusion

Capability analysis is a valuable tool for monitoring finished
product quality, but it must be used with caution when a process
is out-of-control. A thorough investigation of the out-of-control
points and observed process variability should be conducted to
identify the root causes of the inconsistent control and capability
of pH, MP, and PP levels in future studies. Potential sources of
the increased and unstable process variability, such as
inconsistent mixing, temperature variations, and changes in raw
material quality, should be investigated. Equipment malfunction,
raw material variability, and the measurement system itself
should also be assessed. Additionally, operator techniques and
adherence to standard procedures should be reviewed to
minimize human-factor variability. Following the investigation,
appropriate corrective actions must be implemented to address
the identified root causes, including optimizing process controls,
improving equipment maintenance, and ensuring raw material
quality. The effectiveness of these actions should be verified
through ongoing monitoring of control charts and capability
indices, and the process should be continuously monitored for
long-term stability.

Acknowledgements
None to declare.
Author Contributions

M. Eissa: Conceptualization, Methodology, Formal
Analysis, Investigation, Data Curation, Writing — Original Draft,
Writing — Review & Editing, Visualization.

Conflict of Interest Statement

The author declares no competing financial or non-financial
interests, nor any personal relationships, that could influence the
work reported herein.

Funding Information

This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-profit
sectors.

Generative Al Statement

No generative AI/LLM was used in any stage of this
manuscript except as a supportive tool in the writing of the
manuscript.

Data Availability
Data will be made available on request.
References

[1] Haleem, R.M., Salem, M.Y., Fatahallah, F.A. and
Abdelfattah, L.E., 2015. Quality in the pharmaceutical
industry—A literature review. Saudi pharmaceutical
journal, 23(5), pp.463-469.

[2] Yu,L.X., Amidon, G., Khan, M.A., Hoag, S.W., Palli, J.,
Raju, G.K. and Woodcock, J., 2014. Understanding
pharmaceutical — quality by  design. The  AAPS
journal, 16(4), pp.771-783.

[3] Elder, K. P., & Crowley, J. (2012). Compendium of
pharmaceutical excipients. Pharmaceutical Press.

[4] Food and Drug Administration. (2022). Guidance for
industry: Process validation: general principles and
practices. U.S. Department of Health and Human
Services.

[5] Clayton, M.C., 1997. Understanding Variation: The Key
to Managing Chaos. Journal of Organizational Behavior
Management, 17(2), p.109.

[6] Connors, K.A., Amidon, G.L. and Stella, V.J.,
1986. Chemical stability of pharmaceuticals: a handbook
for pharmacists. John Wiley & Sons.

[7] Waterman, K.C., Adami, R.C., Alsante, K.M., Antipas,
A.S., Arenson, D.R., Carrier, R., Hong, J., Landis, M.S.,
Lombardo, F., Shah, J.C. and Shalaev, E., 2002.
Hydrolysis in pharmaceutical
formulations. Pharmaceutical development and
technology, 7(2), pp.113-146.

[8] Anand, O., Pepin, X.J., Kolhatkar, V. and Seo, P., 2022.
The Use of Physiologically Based Pharmacokinetic
Analyses—in Biopharmaceutics Applications-Regulatory
and Industry Perspectives. Pharmaceutical
research, 39(8), pp.1681-1700.

[9] Martin, A.N., Swarbrick, J. and Cammarata, A.,
1983. Physical pharmacy: physical chemical principles in
the pharmaceutical sciences. Lea & Febiger.

[10] Beasley, D. C., Rubenstein, A., & Watts, P. (2012). Pre-
clinical development handbook: formulation. John Wiley
& Sons.

[11] Block, S. S. (2001). Disinfection, sterilization and
preservation. Lippincott Williams & Wilkins.

[12] Eissa, M.E., 2018. Quantitative microbiological risk
assessment: Underrated tool in process improvement in
food microbiology. Journal of Food Science and
Hygiene, 1(1), pp.12-15.

[13] US Food and Drug Administration, 2017. FDA advises
drug manufacturers that Burkholderia cepacia complex
poses a contamination risk in non-sterile, water-based
drug products.

[14] Halla, N., Fernandes, I.P., Heleno, S.A., Costa, P.,
Boucherit-Otmani, Z., Boucherit, K., Rodrigues, A.E.,
Ferreira, 1.C. and Barreiro, M.F., 2018. Cosmetics
preservation: a review on present
strategies. Molecules, 23(7), p.1571.

[15] Eissa, M., 2024. Bioburden analysis and microbiological
stability of municipal distribution system through
examination of transformed total microbial count
dataset. Frontiers  in  Scientific  Research  and
Technology, 8(1).

[16] US Department of Health and Human Services, 2011.
Process validation: general principles and practices. US
Department of Health and Human Services: Washington,
DC, USA.

[17] United States Pharmacopeial Convention. (2023).
Preservative effectiveness testing. USP-NF General
Chapter <51>.

[18] International Council for Harmonisation. (2003). Stability
testing of new drug substances and products (Q1A(R2)).

[19] Montgomery, D. C. (2020). Introduction to statistical
quality control (8th ed.). Wiley.

[20] Allison, G., Cain, Y.T., Cooney, C., Garcia, T., Bizjak,
T.G., Holte, O., Jagota, N., Komas, B., Korakianiti, E.,
Kourti, D. and Madurawe, R., 2017. Regulatory and
quality considerations for continuous
manufacturing. Continuous Manufacturing of
Pharmaceuticals, pp.107-125.

[21] Helmenstine, A. M. (2020). How to calculate pH —
Formula and examples. Science Notes and Projects.

136



M. Eissa /JEA Vol. 06(04) 2025, pp 131-137

[22] Eissa, M.E., Rashed, E.R. and Eissa, D.E., 2023. Case of
preferential selection of attribute over variable control
charts in trend analysis of microbiological count in
water. Acta Natura et Scientia, 4(1), pp.1-9.

[23] Eissa, M.E., 2024. Statistical Process Control
Implementation in Inspection of Active Medicinal
Compound Quality: A Model of First-Generation
Antihistaminics. Acta Natura et Scientia, 5(2), pp.96-105.

[24] Eissa, M.E., 2019. Drug recall monitoring and trend
analysis: a multidimensional study. Global Journal on
Quality and Safety in Healthcare, 2(2), pp.34-39.

[25] Eissa, M.E., 2024. Current perspective in quality control
examining and extended researching for certain aspects of
active pharmaceutical ingredient using statistical process
control. Acta Natura et Scientia, 5(1), pp.31-40.

[26] Eissa, M. and Rashed, E., 2020. Application of statistical
process optimization tools in inventory management of
goods quality: suppliers evaluation in healthcare
facility. Journal of Turkish Operations
Management, 4(1), pp.388-408.

[27] Eissa, M.E., 2015. Shewhart control chart in
microbiological quality control of purified water and its
use in quantitative risk evaluation. Pharmaceutical and
Biosciences Journal, pp.45-51.

[28] Eissa, M., 2024. Statistical process control and capability
six-pack for conductivity measurement in medicinal
chemical industry. J Pharmacol Pharmaceut Res, 1(1),
pp.9-14.

[29] Eissa, M.E. and Abid, A.M., 2018. Application of
statistical process control for spotting compliance to good
pharmaceutical practice. Brazilian Journal of
Pharmaceutical Sciences, 54, p.e17499.

[30] Eissa, M. and Rashed, E., 2023. Evaluation of
microbiological cleanliness of machines/equipment
through rinse technique using statistical process
control. EMU Journal of Pharmaceutical Sciences, 6(1),
pp.1-12.

[31] Eissa, M.E., Mahmoud, A.M. and Nouby, A.S., 2015.
Control chart in microbiological cleaning efficacy of
pharmaceutical facility. Dhaka University Journal of
Pharmaceutical Sciences, 14(2), pp.133-138.

[32] Xie, M., Goh, T.N. and Kuralmani, V., 2002. Statistical
models and control charts for high-quality processes.
Springer Science & Business Media.

[33] Eissa, M.E.A.M., 2024. Statistical analysis of the critical
quality attributes of 1, 2-dihydroxypropane as a
pharmaceutical excipient. German Journal of
Pharmaceuticals and Biomaterials, 3(3), pp.9-17.

[34] Johnson, N.L., 1949. Systems of frequency curves
generated by methods of translation. Biometrika, 36(1/2),
pp.149-176.

[35] Minitab. (2025). Example of Normal Capability Sixpack.
Retrieved from https://support.minitab.com/minitab/help-
and-how-to/quality-and-process-
improvement/capability-analysis/how-to/capability-
sixpack/normal-capability-sixpack/before-you-
start/example/

[36] Benkova, M., Bednarova, D. and Bogdanovska, G., 2024.
Process capability evaluation using capability indices as a
part of statistical process control. Mathematics, 12(11),
p.1679.

[37] Udroiu, R. and Braga, I.C., 2020. System performance
and process capability in additive manufacturing: quality
control for polymer jetting. Polymers, 12(6), p.1292.

[38] Manufacturing trends to run 2025: a practical overview.

Avenga.
[39] Gade, K.R., 2021. Data-driven decision making in a
complex world. Journal of computational

innovation, 1(1).

[40] Mrugalska, B., Karwowski, W. and Ahram, T.Z. eds.,
2024. Production Management, Manufacturing, and
Process Control. Taylor & Francis.

[41] Hayford, T. and Maeda, J.L., 2017. Issues and challenges
in measuring and improving the quality of health care.
Washington, DC: Congressional Budget Office.

[42] Centers for Medicare & Medicaid Services, 2022. Quality
measures: how they are developed, used, &
maintained [online]

[43] Sawyer, D., Aziz, K.J., Backinger, C.L., Beers, E.T.,
Lowery, A. and Sykes, S.M., 1996. An introduction to
human factors in medical devices. US Department of
Health and Human Services, Public Health Service, Food
and Drug Administration, Center for Devices and
Radiological Health, 55.

[44] KMM Group, Ltd. (2025). 7 MedTech quality control
pitfalls and how to avoid them.

[45] Kumar, A, 2024, COMMERCIALIZATION
CHALLENGES IN THE MEDICAL TECHNOLOGY
SECTOR.

[46] Eissa, M.E., Mahmoud, A.M. and Nouby, A.S., 2016.
Statistical process control in the evaluation of
microbiological surface cleanliness quality and spotting
the defects in clean area of pharmaceutical manufacturing
facility. Haya: The Saudi Journal of Life Sciences. 2016;
1(1):1,17.

[47] Montesinos, L., Checa Rifa, P., Rifa Fabregat, M.,
Maldonado-Romo, J., Capacci, S., Maccaro, A. and
Piaggio, D., 2024. Sustainability across the medical
device lifecycle: a scoping review. Sustainability, 16(4),
p.1433.

[48] SixSigma.us. (2024). Process variation in Lean Six
Sigma. Everything to know. Available:
https://www.6sigma.us/process-improvement/process-
variation-lean-six-sigma/

[49] Korkusuz, D., 2011. Process capability analysis for non-
normal processes with lower specification limits.

[50] Stamatis, D.H., 2002. Six sigma and beyond: Statistical
process control (Vol. 4). CRC Press.

[51] Relyea, D.B., 2011. The practical application of the
process capability study: Evolving from product control
to process control. CRC Press.

137



	1 Introduction
	2 Materials and Methods
	2.1 Data Acquisition and Manufacturing Process Context
	2.2 Statistical Analysis
	2.3 Process Capability Analysis
	2.4 Control Chart Analysis

	3 Results and Discussion
	3.1 Sixpack Analysis for pH
	3.2 Sixpack Analysis for MP Assay
	3.3 Sixpack Analysis for PP Assay
	3.4 Cause and Effect Analysis

	4 Conclusion
	Acknowledgements
	Author Contributions
	Conflict of Interest Statement
	Funding Information
	Generative AI Statement
	Data Availability
	References

