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NOISIAI

This study aims to investigate the critical factors influencing the weight and quality of football
bladders during the manufacturing process, with a focus on optimizing production at Anwar
Khwaja Industries (Pvt) Limited, Sialkot. This research employs the Definitive Screening
Design (DSD) to identify and quantify the impact of key wvariables, including material
composition and process parameters, on the final product’s performance. Among the factors
analyzed, Calcium Carbonate (CaCO3) emerged as the most significant factor, demonstrating
a strong effect on the response variable. Additionally, interactions between Sulphur—CaCO3,
Zinc Oxide—BHT, and CaCO3-BHT were found to be critical in determining football quality,
durability, and cost—efficiency. Statistical analysis, including regression modeling and
ANOVA, underscores these relationships but also reveals model limitations. This study also
addresses model accuracy concerns, reporting an R—R-squared value of 52.2%, while the low
adjusted R2 (19.4%) and predicative R2 (0.0%) indicate limited generalizability. To address
multicollinearity concerns, the factor reduction technique was applied, improving the reliability
of experimental findings. The study emphasizes the role of advanced statistical techniques in
optimizing manufacturing processes to maintain Pakistan’s global leadership in football
production.
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Introduction:

This chapter provides a comprehensive overview of football manufacturing, tracing
its evolution from basic, rigid designs to the high—quality, technologically advanced footballs
used today. Football’s global popularity is unparalleled, making it one of the most accessible
sports worldwide. Despite regional naming variations, the essence of the game, kicking a ball
to score, has remained unchanged for centuries.

Although football as a sport span back over 3,000 years, its production in Pakistan
began in the late 19™ and eatly 20" centuries during British colonial times. A British soldier in
Sialkot brought a punctured football to a local cobbler for repairs. The cobbler not only
mended it but also created a replica, resulting in consistent football production. This event
marked the beginning of football manufacturing in Sialkot [1][2][3].

For over 30 years, Pakistan has been the leading exporter, particularly through Sialkot,
a globally recognized hub for FIFA-certified footballs and high—quality sports goods. While
some firms in the region manage their brands and supply top global companies, outdated
technology has made Pakistan vulnerable to competition, especially from FEast Asia
(particularly China) [4]. One significant barrier to technological adoption in Pakistan’s football
industry is labor resistance, driven by fears of wage reductions. As a result, China has
strengthened its position, securing major supply contracts and surpassing Pakistan in market
influence [5][6].

Labor standards and process innovations are central concerns in football
manufacturing. China’s large workforce and technological advancements have attracted global
firms, mirroring trends in industries like electronics manufacturing. Sialkot, Pakistan, remains
a major production hub, housing approximately 1,000 football manufacturing units and
employing over 60,000 people. It supplies more than 70% of the world’s footballs, exporting
over 37 million footballs for the 2018 FIFA World Cup. The intricate manufacturing process,
from sourcing raw materials to stitching panels. It demonstrates the craftsmanship behind
every football.

The continuous advancement of football manufacturing is driven by the pursuit of
innovative materials and improved production techniques. Manufacturers explore cutting—
edge technologies to enhance durability, performance, and sustainability. This includes
integrating advanced manufacturing processes and rigorous quality control measures to meet
evolving industry standards. Every football undergoes precise testing to ensure compliance
with FIFA’s stringent criteria before reaching the market.

Several studies have examined factors influencing football weight, bladder
composition, and material properties, highlighting their impact on performance and
sustainability. Recent advancements in football design focus on materials, smart technology,
and aerodynamics. Smart football embedded with sensors provides real-time performance
data, while advanced materials like graphene enhance durability and flight stability [7][8].
Aerodynamic studies using CFD simulations optimize panel designs to improve flight
characteristics [9][10].

The weight of a football plays a crucial role in player performance and safety. Studies
highlight the importance of maintaining standardized weights to ensure consistency and
reduce injury risks. Emerging technologies, such as 3D printing [11], enable the creation of
customized football designs tailored to specific needs. Additionally, energy—harvesting
innovations are paving the way for sustainable, smart footballs [8]. These advancements are
transforming modern football manufacturing, and driving improvements in performance,
safety, and accessibility. Quality assurance extends beyond materials and production methods
to include rigorous testing for strength, durability, rebound properties, and water
resistance[12][13]. These tests simulate real-game conditions, ensuring consistent
performance. Compliance with FIFA’s quality standards is essential for certification, serving
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as a benchmark of excellence in the global sports industry.

Despite Pakistan’s prominence in global football production, especially through firms
such as Anwar Khawaja Industries (Pvt.) Ltd., the lack of systematic process optimization and
over-reliance on traditional manufacturing methods result in variability in product quality,
particularly the weight of football bladders. This inconsistency not only compromises product
performance but also reduces manufacturing efficiency and increases production costs. The
absence of robust experimental approaches to identify and control critical process parameters
has created a significant gap in quality assurance and process optimization.

This study aims to identify and optimize critical factors influencing the weight and
quality of football bladders in the manufacturing process at Anwar Khawaja Industries, Sialkot,
with a focus on enhancing product performance, consistency, and cost-efficiency through a
structured experimental approach. A key factor in determining the quality of a football bladder
is the material selection, as the bladder is typically made from latex, butyl, and synthetic rubber
[14], with a different composition that influences the weight and quality of the football
bladder. The quality of these materials plays a crucial role in the bladder’s durability, air
retention, and overall performance. High-quality materials ensure that the bladder maintains
proper inflation, provides consistent bounce, and can withstand the stresses of regular use,
ultimately contributing to improved product quality and performance.

Objective & Novelty of this Study:
Objective:
This study was designed with the following specific aims:

. To identify the key process and material factors that influence the weight and quality
of latex-based football bladder at Anwar Khawaja Industries, Sialkot.
. To quantify the main and interaction effects of selected factors (Sulphur, Zinc Oxide,

ZDEC, Latex content, Calcium Carbonate, BHT, and Carbon Black) on bladder weight using
a DSD.

. To determine optimal factor settings that enhance product performance (weight
consistency and material properties) while potentially reducing material cost.

In particular, we sought to determine how each factor and their combinations affect
bladder weight and to use these insights to recommend practical adjustments in the production
process.

Novelty:

This work is novel in several respects. First, it is, to our knowledge, the first application
of a definitive screening design in the context of industrial sport football manufacturing in
Pakistan. DSD is a relatively recent type of design of experiments that can estimate linear,
quadratic, and some two-factor interactions with very few runs. Its use in this sector is
unprecedented. Secondly, by modeling both individual factors and their pairwise interactions,
our study provides new insights into how ingredients like Calcium Carbonate (CACOs)
interact with vulcanizing agents (e.g. Sulphur) and additives (e.g. BHT antioxidant), which has
not been reported before in football or similar polymer manufacturing contexts, Third, the
process optimization focus (linking statistical findings to practical recommendations) sets this
study apart: we not only identify significant factors but also directly translate them into
actionable process improvements. Finally, the combination of DSD methodology, factor
reduction to address multicollinearity, and a focus on manufacturing efficiency contributes
new knowledge to both the design of experiments literature and the rubber manufacturing
industry.

Comparison of Experimental Designs:

Experimental design using Definitive Screening Design (DSD) processes has

developed extensively to boost industrial and scientific procedures by discovering key factors
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that influence the response variable. Developed by Bradley Jones and Chris J. Nachtsheim in
the early 2010s. This design offers generous corrections over conventional screening designs,
as it can assess the main effects, two—factor relations, and quadratic effects with a lowered
number of experimental runs [15][16].

For readers unfamiliar with the definitive Screening Designs (DSD), it is helpful to
contrast them with more traditional experimental designs. A full factorial design at two levels
evaluates all possible combinations of factor settings, which provides comprehensive
information on both main effects and interactions. However, the number of required runs
increases exponentially with the number of factors—specifically, 2* for kK’ factors. For
instance, a full two-level factorial design with 7 factors would require 2" = 128 runs, which is
often impractical in an industrial setting. In contrast, a DSD requires only 2m + 3 runs for m
(odd) factors—ijust 17 runs for 7 factors—making it far more efficient for screening purposes.

A Box—Behnken Design (BBD) and Central Composite Design (CCD) are both types
of response surface methodology (RSM) used primarily for optimization rather than initial
screenings. BBD is more efficient than CCD in terms of a few runs and avoids extreme factor
settings, which can be beneficial for sensitive systems. While BBD can estimate full quadratic
models with reasonable efficiency, it still typically requires significantly more runs than a
DSD—for example, more than 57 runs for 7 factors with a single center point.
Methodology:

This research followed a systematic methodology to ensure a structured and reliable
approach, as illustrated in Figure 1. The methodology comprised the following steps:

Figure 1. Research Methodology Flowchart
Defining the Research Problem:

The research focused on optimizing the production process of latex-based football
bladders within a specific weight range (395 to 450 grams). The aim was to identify key factors
influencing product weight and enhance process efficiency using experimental design and
statistical analysis.

Literature Review and Variable Selection:

A thorough literature review was conducted to assess current knowledge and practices
in polymer blending, latex-based products, and experimental optimization. This review
facilitated the selection of seven critical variables deemed influential in the quality and weight
of football bladders, including Sulphur, Zinc Oxide, ZDEC, Latex, Calcium Carbonate, BHT,
and Carbon Black.

Experimental Design:
We employed a 17-run DSD for 7 factors, allowing estimation of each factor’s linear

Special Issue | ICTIS 2025 Page | 28




OPEN (5 ) ACCESS

International Journal of Innovations in Science & Technology

effect, one quadratic term per factor, and selected two-factor interactions. This design
structure ensures main effects are orthogonal and not aliased with two-factor interactions.
Compared to a fractional factorial, the DSD provides “definitive” screening by also capturing
potential curvature. However, it uses only a single center point and a relatively small number
of runs, so its power to detect subtle quadratic curvature is limited.
Data Collection:

Primary data were collected on-site at the production line in Anwar Khwaja Industries
Ltd., Sialkot. Each experimental batch (300 kg) was produced by precisely adjusting the mixing
concentrations of the seven factors (Table I). To ensure measurement consistency across
batches, all weighing and monitoring equipment were regularly calibrated and standardized.
For instance, the precision balance used to measure the final bladder weight was calibrated
before each batch following industry best practices. Standard operating procedures and a
single trained operator were used to conduct each batch and record data, minimizing human
variability. In addition, all process conditions (mixing time, temperature, curing pressure) were
kept consistent according to the facility’s standard protocols. In this way, we maintained
accurate, repeatable measurements across runs, ensuring that observed effects could be
attributed to factor settings rather than measurement error.

Table 1. Percentage of Factors for Manufacturing Football Bladder

S.No. Factor Percentage
1 Sulfur 1-3
2 Zinc—Oxide 2-8
3 ZDEC (Accelerator) 0.5-1
4 Latex 70 =95
5 Calcium Carbonate (CaCO3) 10 — 30
6 BHT 0.2-0.5
7 Carbon Black 1-10
Statistical Analysis:

Before analysis, data preprocessing was conducted to ensure data quality and suitability
for modeling. A manual inspection was performed to verify consistency in measurement units
and eliminate any transcription errors from factory logs. As a result, the dataset was found to
be complete, with no missing entties.

To facilitate effective comparison across variables with different scales, all continuous
input variables were normalized using min-max scaling, transforming their values to a standard
range of (0, 1). This step was critical in ensuring that no single variable disproportionately
influenced the regression model due to magnitude differences.

Subsequently, the factors were encoded using orthogonal polynomial contrasts, BY the
requirements of the DSD methodology. This encoding strategy preserves the ability to
estimate the main effects, quadratic terms, and two-factor interactions while maintaining
orthogonality and interpretability within the model structure.

A DSD was employed to assess the effect of seven experimental factors on the
response variable (bladder weight). The design allows the estimation of:

1. Main effects for each factor
2. Quadratic effects for detecting curvature.
3. Limited two-factor interactions
Table 2 provides a summary of the experimental design structure used in this study.
Table 2. Design Summary
Factors: 7 | Replicates: | 1
Base runs: |17 | Total runs: | 17
Base blocks: | 1 | Total blocks: | 1
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The design involved seven independent variables (factors), each with two levels (low
and high). Each experimental condition was tested once, resulting in a total of 17 runs to
evaluate the main effects and possible interactions of all factors. The design included only one
base block, indicating that all the runs were conducted in a single block without any external
variations.

The response variable (RV) — representing the bladder weight — was modeled using
second-order regression with interactions. The resulting regression model is expressed as
follows:

RV = 5268 — 72.0(Sulphur) + 46.7(Zinc Oxide) + 1(ZDEC) — 23.52(CaC03) —
4.26(Latex) — 4550(BHT) — 3.6(Carbon Black) — 0.015(Sulphur?) + --- --- +
2.6(BHT * Carbon Black) (1)

This model includes all main effects, quadratic terms, and two-factor interactions that
were statistically significant or practically relevant to the optimization of the bladder weight.
Results and Discussion:

This chapter depicts the consequences gained from the experimental analysis done
using the Definitive Screening Design (DSD) method. The study wants to discover the critical
factors affecting the response variable (RV) in the manufacturing procedure at Anwar Khwaja
Industries (Pvt.) Limited, Sialkot. The conclusions are conferred about their statistical
significance and practical consequences.

Model Summary and Statistical Analysis:

The fitted regression model had R* = 52.2%, adjusted R*> = 19.4, and a predictive R
of 0.0%. The very low predictive R* indicates that while the model fits the experimental data,
its ability to predict new observations is limited. However, this should be interpreted in
context: definitive screening designs are primarily intended for identifying significant factors
and interactions, not for building highly predictive models. The DSD runs were far fewer than
a full-factorial or a full quadratic design would require, so the model’s power is inherently low.
In fact, with only one center point, the DSD has reduced sensitivity to detect modest quadratic
curvature. Thus, the low adjusted and predictive R* values mainly reflect the limited scale of
the experiment rather than flaws in the analysis.

The Analysis of Variance (ANOVA) results are evaluated and listed in Table III, the
overall model was marginally meaningful with a p-value of 0.0640, demonstrating that the
selected factors and interactions impact the response variable but not strongly. The linear
terms had a p-value of 0.161, implying that the individual factors alone might not be sufficient
in explaining the response variability.

Significant Factors:

Among the main effects, Calcium Carbonate (CaCO3) was found to be statistically
significant (p=0.029), suggesting a strong impact on the response variable. Other linear factors
such as Sulphur, Zinc Oxide, BHT, Latex, and Carbon Black did not show significant effects
individually.
Several interaction effects were found to be statistically significant at the 5% level:
Sulphur * Calcium Carbonate (CaCO3) (p=0.023)
Zinc Oxide * BHT (p=0.018)
Calcium Carbonate (CaCOg3) * BHT (p=0.020)
Zinc Oxide * ZDEC (Accelerator) (p=0.050)
These interactions suggest that the effect of one factor on the response variable is
dependent on the presence of another factor, emphasizing the importance of considering
combined factor influences.
Interpretation of Regression Coefficients:

The regression equation in uncoded units provides an estimate of the response variable

i o e
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based on factor levels. The coefficient values indicate the direction and magnitude of each
factor's influence.

The high coefficient of BHT (—4550) suggests that its presence has a substantial
negative impact on RV when considered alone. However, its interaction with Calcium
Carbonate (CaCO3) and Sulphur yielded significant positive contributions.

Residual Analysis and Model Adequacy:

The diagnostic analysis revealed five unusual observations (Obs 17, 22, 52, 59, and 67)
with large residuals. These data points may represent experimental variability or unidentified
factors affecting the response. The presence of high variance inflation factors (VIFs),
particularly for Sulphur (34.07), Zinc Oxide (17.54), and BHT (15.38), indicates potential
multicollinearity, which could affect the stability of the regression coefficients.

Discussion & Recommendation:

The findings indicate that Calcium Carbonate (CaCOg) plays a critical role in the
process, both as an individual factor and in interaction with Sulphur and BHT. The high
multicollinearity among certain factors suggests that some variables might be redundant or
highly correlated, necessitating further refinement in factor selection.

The following recommendations can be implemented for the desired results.

1) Increase CaCOj3 content: If the goal is to increase bladder stiffness (weight) while
lowering costs, raising CaCOjs levels (closer to the higher end of the studied range) is advised.
This aligns with glove manufacturing experience that optimal CaCOj; concentration of
approximately 30% yields the best mechanical strength [17][18].

2) Optimize BHT and ZnO Interaction: The interaction between BHT and ZnO
indicates they should be jointly optimized. Higher BHT alone had a negative effect, its
combination with CaCOs or ZnO showed a positive effect on weight. Thus, we recommend
using BHT near 0.5% and ZnO at a mid-range level (~5%) to enhance flexibility and air
retention without compromising cure strength. This aligns with literature showing that
appropriate use of fillers and antioxidants can improve tensile properties [19].

3) Increase Sulphur (up to 3.5%) and maintain BHT (0.3%) if durability is the objective.
4) Increase BHT (0.5%) and maintain Sulphur (2.5%) if flexibility and air retention are
the objective.

Additionally, the non—non-significant predictive R* value (0.00%) suggests that the
current model may not be fully generalizable for predicting future outcomes. Further
experiments or the addition of surplus method variables might be necessary to enhance the
accuracy of the model.

Table 3. Analysis of Variance

Source DF| AdjSS | Adj MS |F—Value| P—Value
Model 35| 1113.03| 31.801 1.59 0.064
Linear 7 | 221.58 | 31.655 1.58 0.161
Sulfur 1 | 48.44 | 48.440 242 0.126
Zinc Oxide 1 | 3549 | 35.485 1.78 0.189
ZDEC (Accelerator) 1 0.27 0.270 0.01 0.908
Calcium carbonate (CaCO:s) 1 | 100.50 | 100.500 | 5.03 0.029
Latex 1| 29.09 | 29.086 1.46 0.233
BHT 1 | 41.48 | 41.479 2.08 0.156
Carbon Black 1 0.14 0.142 0.01 0.933
Square 7 | 246.11 | 35.158 1.76 0.116
Sulphur * Sulphur 1 0.11 0.111 0.01 0.941
Zinc Oxide * Zinc Oxide 1 | 44.08 | 44.079 2.21 0.144
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Source DF| AdjSS | Adj MS |F—Value| P—Value
ZDEC (Accelerator) * ZDEC
(Accelerator)

Calcium carbonate (CaCO3) *

Calcium carbonate (CaCO:s)

1| 2237 | 22.370 1.12 0.295

1 | 51.19 | 51.190 2.56 0.116

Latex * Latex 1 24.80 | 24.804 1.24 0.270
BHT * BHT 1 32.13 32.133 1.61 0.210
Carbon Black * Carbon Black 1 50.45 50.452 2.53 0.118
2—Way Interactions 21| 724.58 | 34.504 1.73 0.057
Sulfur * Zinc Oxide 1 17.18 17.185 0.86 0.358
Sulfur * ZDEC (Accelerator) 1 0.00 0.004 0.00 0.988
Sulphur * Calcium carbonate

(CapCO3) 1 | 110.47 | 110470 | 5.53 0.023
Sulphur * Latex 12.35 12.352 0.62 0.435
Sulphur * BHT 33.98 33.975 1.70 0.198

Sulfur * Carbon Black
Zinc Oxide * ZDEC (Accelerator)
Zinc Oxide * Calcium carbonate

0.06 0.058 0.00 0.957
80.77 | 80.768 4.04 0.050

1 0.04 0.045 0.00 0.963

_ | = = =

(CaCO:s)

Zinc Oxide * Latex 1 1.94 1.941 0.10 0.757
Zinc Oxide * BHT 1 | 119.53 | 119.535 | 5.98 0.018
Zinc Oxide * Carbon Black 1| 11.61 | 11.610 0.58 0.449
ZDEC (Accelerator) * Calcium

carbonate (CaCO) 1 0.11 0.110 0.01 0.941
ZDEC (Accelerator) * Latex 1 0.48 0.479 0.02 0.878
ZDEC (Accelerator) * BHT 1 0.32 0.324 0.02 0.899

*
Egic (Accelerator) * Carbon| | ye75 | 4g751 | 244 | 0.124

Calcium carbonate (CaCOs) * Latex| 1 5.34 5.344 0.27 0.607

Calcium carbonate (CaCO3) * BHT' | 1 | 116.18 | 116.181 5.82 0.020
' *

Calcium carbonate (CaCOs) 1 0.04 0.042 0.00 0.964

Carbon Black

Latex * BHT 1 13.00 12.997 0.65 0.424
Latex * Carbon Black 1 2248 | 22.480 1.13 0.294
BHT * Carbon Black 1 0.78 0.779 0.04 0.844
Error 51 [ 1018.90 | 19.978

Total 86 | 2131.93

The findings are consistent with those of industrial research on the mixing of rubber
and polymers where the performance of the material is greatly affected by component
interactions. BHT and calcium carbonate interact to improve the material qualities of the
football bladder, as shown in Figure. 2, by the significance of BF and DF interactions.

Additionally, previous investigations revealed the GG's (Carbon Black) influence on
material durability and elasticity which supports the existence of the GG as a significant
component [20][21].

In the production of football, these concepts support the claim that increasing the
proportion of these elements may improve material performance, durability, and impact
resistance. Additional research might increase the percentage of these principal factors to more
effectively achieve the desired response variable.
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Figure 2. Pareto Chart of Standardized Effects

Figure. 3 shows the residual plots, which give vital information about the suitability of
the current model. The Normal Probability Plot (top—left) addresses that residuals closely
follow the straight-line pattern, which shows that the errors are normally distributed. This
normality assumption is essential for verifying the strength of statistical conclusions drawn
from the current model.

The random scatter of points without any clear pattern in the Residuals vs. Fits plot
(top—right) shows that the residuals establish a constant variance and no regular bias. This
means that the experimental model suitably tells the deviation in the response variable without
having any major errors/issues. There are some outliers presents, which might indicate minor
variability due to experimental states or material randomness.

The normality assumption in the Histogram of Residuals (bottom—left) is shown by a
balanced distribution centered around zero. This regularity confirms that the experimental
model correctly predicts the response without meaningful variations.

The residuals change randomly over the experimental runs as shown in the Residuals
vs. Observation Order plot (bottom—right), with no apparent trend. This randomness means
that there are no time-dependent errors in the experiment.

These residual plots support the experimental model acquired using Definitive
Screening Design (DSD) and strengthen its robustness in forecasting the response variable in
football manufacturing. Further improvement of key factor relations, such as BF, DF, and
CG, could lead to higher material performance and improved manufacturing processes.

The correlation matrix in the sensitivity analysis represents the relationship between
the selected factors (Sulfur, Zinc Oxide, ZDEC, Calcium Carbonate, Latex, BHT, and Carbon
Black), and the resultant variable is evaluated and shown in Figure 4.

Table 4. Selected factors correlation with RV and its Effects

Factor Correlation with Resultant Variable Effect
Calcium Carbonate (CaCO3) Positive (Strong) Increasing the output
Latex Positive (Moderate) Increasing the output
BHT Positive (Weak to Moderate) Slightly increases the output
Sulfur () Positive (Weak) Slightly increases the output
. . . Slightly decreases the
Zinc Oxide (ZnO) Negative (Weak) & youtput

ZDEC (Accelerator)

Negative (Moderate)

Decreases the output

Carbon Black

Negative (Moderate)

Decreases the output
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Table 4 presents the correlation between the response variable and the input
parameters. High positive correlations indicate key factors affecting the resultant variable,
while weaker correlations indicate non—non-significant.

Residual Plots for RV

Mormal Probability Plot Versus Fits
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Figure 3. Residual Plots for RV
Each value in the matrix ranges from —1 to 1, where the closeness of values to 1
indicates a strong positive correlation, meaning that an increase in one variable tends to
increase the resultant variable while the closeness of values to —1 indicates a strong negative
correlation, indicating that an increase in one variable tends to decrease the resultant variable.
A value near 0 suggests little to no correlation.
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Figure 4. Correlation matrix of selected factors

By analyzing these relationships, it can determine the impact of factors on response
variables. This information is necessary for optimizing processes and making data-driven
decisions. This matrix helps in understanding dependencies, identifying key contributors, and
guiding future experimental designs. Sensitivity analysis using correlation helps in prioritizing
variables for further study.

Conclusion:

This study, conducted for Anwar Khwaja Industries (Pvt.) Limited, Sialkot, utilizes a
Definitive Screening Design to identify critical factors influencing football quality. Statistical
analysis reveals that Calcium Carbonate (CaCOg3) is the most significant factor, with a p-value
of 0.029, indicating a strong impact on the manufacturing process. An increase in CaCOs3
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content correlates with increased bladder stiffness. This observation is consistent with findings
from glove manufacturing, where an optimal CaCOj3 concentration of approximately 30% has
been shown to provide the best mechanical strength [17].

Additionally, significant interaction effects were observed, particularly among
Sulphur—CaCOg3, Zinc Oxide—-BHT, and CaCO3-BHT, demonstrating that combined variable
influences can outweigh individual effects. This underscores the complexity of the
manufacturing process.

The R—R-squared value (52.2%) suggests the model explains a moderate portion of
response variation, but the low adjusted R* (19.4%) and predictive R* (0.0%) indicate
limitations in generalizability, requiring further model refinement.

Multicollinearity was identified among Sulphur, Zinc Oxide, and BHT, complicating
parameter estimation and prediction. The Factor Analysis technique was applied to mitigate
these issues and enhance experimental reliability [22].

Residual analysis revealed potential undocumented factors, necessitating further
research to determine whether variations stem from external influences or measurement
errors. This study highlights the need for a more robust experimental design to account for
internal and external variability in football manufacturing.

This research lays a solid foundation for finding the key factors affecting the weight
and quality and highlights the potential models and processes that may improve the response
variable.

Recommendations for Future Work:

The current study has a profound impact on finding the key factors resulting in direct
effects on the response variable (quality). To enhance the application of the current findings,
the following recommendations may increase strength and applicability.

1. Incorporation of additional factors

2. Enhancing the levels of current factors
3. Larger and updated datasets
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