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NOﬂliﬂearPréﬁle; In industrial manufacturing processes, particularly in the rubber industry, product
Rheometer diagram; quality is often influenced by multiple correlated and nonlinear process variables,
Orthogonal polynomial; making separate analysis insufficient and potentially leading to the loss of valuable

Statistical quality control;

‘ process information. Among the available quality assessment tools, the rheometer
Rubber industry.

torque—time curve provides continuous information on the curing behavior of rubber
compounds and can be effectively analyzed as a functional profile. In this study, an
orthogonal polynomial profile approach was employed to model and analyze the entire
rheometer curve, overcoming the limitations of conventional methods that rely only on
a few characteristic curing points. By transforming the conventional polynomial
regression model into an orthogonal form, the proposed approach reduces
multicollinearity among regression coefficients and enables independent and more
stable monitoring of process parameters. A case study was conducted using data
collected from an automotive rubber strip manufacturing process. The monitoring
results showed that, in the scorch region, two out of four samples remained within the
control limits, whereas the remaining two samples were identified as out-of-control.
Likewise, in the cure completion region, only one sample was within the control limits,
while three samples exceeded the control boundaries. These findings demonstrate that
the proposed profile-based approach is more sensitive to process variations than
conventional characteristic-point methods and provides a more comprehensive
representation of the curing behavior. Therefore, the proposed methodology can serve
as an effective tool for curing process monitoring, rheometer performance evaluation,
and quality control decision-making in rubber manufacturing industries.

Extended Abstract

1. Introduction

through rheometer measurements. For decades, the oscillating disk rheometer has served as one of the fastest and most
accessible tools for assessing the viscoelastic properties of rubber compounds during vulcanization [1]. Although more
advanced instruments such as the moving die theometer, developed in accordance with standards such as ASTM D2084, offer
higher accuracy by improving heat transfer and eliminating disk-slippage effects [1, 2], analysis of the torque-time curve still
forms the basis of quality control in the rubber industry. The rheometer output records torque variations of a rubber compound

r I Yhe quality of rubber products is strongly influenced by the curing behavior of the compound, most commonly evaluated
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as a function of time at a fixed temperature. In conventional practice, decisions regarding curing quality, one of the most critical
parameters affecting the mechanical, hardness, and functional properties of rubber, are based solely on a few discrete index
points such as the scorch time, minimum and maximum torque, and the optimum cure time [1, 3]. Relying exclusively on these
isolated points causes loss of important behavioral information in the rising and falling phases of the cure curve, including
hidden variables such as the microkinetic cure rate, reversion phenomena caused by degradation of sulfidic networks, and
complex flow behavior from shear-heating effects during injection molding [4, 5]. Research has further shown that fillers and
additives, such as carbon black or organically modified montmorillonite, considerably alter the shape and dynamics of the
entire theograph, an effect not captured by monitoring two isolated index points alone [3, 6]. Because product quality is
inherently multivariate, multivariate statistical process control techniques, such as Hotelling control charts, have been
developed to monitor correlated quality characteristics jointly [2, 8]. Profile monitoring has gained increasing importance for
processes whose quality characteristic is expressed as a continuous functional curve rather than a single scalar value [7]. As
shown by Woodall et al. [7], profile-based methods can be applied in both calibration and online monitoring; simple linear
models suffice for some applications, while higher-order structural models are required in more complex scenarios. With
modern sensing and big-data technologies, recorded process data have become increasingly massive, nonlinear, and correlated,
motivating dynamic polynomial profile-monitoring methods that account for within-profile correlation [8]. In Phase II
environments, nonparametric approaches such as the functional EWMA chart treat the entire curve as a single functional object,
enabling detection of small and gradual shifts [9]. Studies using Gaussian processes have shown anomalies can be detected
pointwise without waiting for the complete curve [10], while change-point detection methods help identify the timing and root
cause of out-of-control conditions [11]. Given the nonlinear, complex nature of the rheometer curve and its dependence on
thermodynamic, extrusion, and kinetic factors [4, 5, 12], mathematical modeling of the entire torque-time curve, without
discarding information between key cure points, is essential. This paper proposes orthogonal polynomial profiles to model and
statistically monitor the complete theometer curve as a continuous structured profile, aiming to improve detection accuracy
and reduce waste relative to conventional point-based control.

2. Modeling and Formulation

Profile monitoring is generally addressed in two phases. Phase I focuses on assessing process stability and estimating
baseline parameters from historical data, while Phase I targets online monitoring for rapid detection of parameter shifts in real
time [13].

When the response is a nonlinear function of an independent variable, polynomial regression is commonly used. A
drawback of the ordinary polynomial form is the strong correlation among powers of the independent variable, which
destabilizes coefficient estimation and inflates estimator variance. To overcome this, the model is transformed into an
orthogonal polynomial form, where the coefficients become statistically independent and can be monitored separately [14],
expressed for profile j as:

Yij = Bopo(x;) + By p1(x:) + B2 p2(x;) + -+ + B prc(x;) + &5 (D

Following Kazemzadeh et al. [14] and Montgomery's guideline that low-order polynomials should be preferred unless a
higher order is strictly necessary [16], the rheometer curve was modeled using second-order orthogonal polynomials. The
orthogonal basis functions satisfy a zero cross-product property over the design points, and the resulting least-squares
coefficient estimators are mutually independent and normally distributed. This independence allows separate Phase II
monitoring of each coefficient using univariate EWMA control charts, while an additional EWMA chart based on the mean
squared error monitors residual variance, following Crowder and Hamilton [8]. Control limits for each coefficient chart, with
smoothing constant 6 and width parameter Ki, were derived analytically from the variance of the orthogonal estimators as:

0 a?
=B+ —_—— ?
UCL, LCL=B*K; 20 YL, pP(r) ®

Since increasing the polynomial order increases the number of charts that must be jointly monitored [16], the curve was
divided into an initial curing region and a final curing-completion region, each modeled with a second-order orthogonal
polynomial.

3. Case Study and Results

The method was applied to real rheometric data from production of automotive rubber strips. To avoid high-order
polynomials, the curve was split at its inflection region into Region 1 (initial curing) and Region 2 (cure completion), shown
in Figure 1.
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Figure 1 Rheometer cure curve divided into the two orthogonal-polynomial regions analyzed in this study

Baseline, in-control regression models were established for both curve segments, describing torque as a quadratic function
of time, then transformed into orthogonal form. The resulting fitted orthogonal models were:

¥ = 4.338py(t) + 0.187 p;(t) + 0.0716 p,(t) Region 1 3)

¥ =22.252py(t) + 0.140 p1(t) — 0.007 p,(t) Region 2 @)

with control limits derived for the three coefficients (B0, B1, B2) of each region.

Four new samples were evaluated against these limits using EWMA charts for the coefficients and the MSE-based EWMA
for residual variance. For the initial curing region, two of the four samples fell outside the control limits, indicating deviation
in early-stage curing behavior. For the curing-completion region, only one of the four samples remained within all control
limits; the rest, including samples previously accepted by conventional criteria based on scorch time and optimum cure time,
were flagged as out of control.

4. Discussion

These results show that profile-based monitoring is considerably more sensitive than traditional point-based indices.
Samples judged acceptable by conventional index points were identified as deviating once the full curve shape was analyzed,
confirming that spot-check approaches can overlook meaningful process variation embedded in the torque-time trajectory.
Orthogonalization ensured that the estimated coefficients, and hence the monitored statistics, were mutually independent,
allowing level, slope, and curvature of the curve to be tracked without confounding from coefficient correlation. This finding
is consistent with prior profile-monitoring literature [7, 8, 14], extended here to rubber vulcanization, where the cure curve
carries rich information not reducible to a small set of scalar indices.

5. Conclusions

This study demonstrated the effectiveness of orthogonal polynomial profiles for modeling rheometer curves and monitoring
the rubber curing process. By utilizing the entire theometer profile instead of a few characteristic points, the proposed method
provided a more comprehensive evaluation of process behavior. The case study showed that two of four samples in the scorch
region and one of four samples in the cure completion region were within the control limits, indicating the capability of the
proposed approach to detect process variations. The results suggest that this methodology can improve quality monitoring and
support process control in the rubber industry. Future research should validate the proposed approach using larger datasets and
investigate its application in real-time process monitoring.
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