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Abstract: With the spread of the Industry 4.0 concept, implementing Artificial Intelligence approaches
on the shop floor that allow companies to increase their competitiveness in the market is starting
to be prioritized. Due to the complexity of the processes used in the industry, the inclusion of a
real-time Quality Prediction methodology avoids a considerable number of costs to companies. This
paper exposes the whole process of introducing Artificial Intelligence in plastic injection molding
processes in a company in Portugal. All the implementations and methodologies used are presented,
from data collection to real-time classification, such as Data Augmentation and Human-in-the-Loop
labeling, among others. This approach also allows predicting and alerting with regard to process
quality loss. This leads to a reduction in the production of non-compliant parts, which increases
productivity and reduces costs and environmental footprint. In order to understand the applicability
of this system, it was tested in different injection molding processes (traditional and stretch and blow)
and with different materials and products. The results of this document show that, with the approach
developed and presented, it was possible to achieve an increase in Overall Equipment Effectiveness
(OEE) of up to 12%, a reduction in the process downtime of up to 9% and a significant reduction in
the number of non-conforming parts produced. This improvement in key performance indicators
proves the potential of this solution.

Keywords: Artificial Intelligence; predictive quality; injection molding; Data Augmentation; Human-
in-the-Loop labeling; OEE

1. Introduction

Nowadays, with the increase in competitiveness, it is necessary to provide high-
quality standards to customers to distinguish a company in the market, which means
the lowest possible number of errors in production processes. This approach allows
companies to become more productive by decreasing production costs and company
downtime, among other things. Artificial Intelligence is becoming increasingly widespread
because its use to increase the efficiency of existing systems has demonstrated significant
improvements [1,2].

The global plastics market was valued at $579.7 billion in 2020, $590 billion in 2021
and is expected to expand at a compound annual growth rate of 3.7% from 2022 to 2030 [3].
To obtain an injected part with high quality it is necessary to use the best machine and
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process parameters [4,5], which are not always easy to define and most of the time are
obtained through trial and error method by injection technicians based on their field
experience [6].

Injection Molding (IM) is one of the most commonly used processes to produce large-
volume polymeric parts. The main focus of this process is to produce repeatable parts
with a similar appearance. This manufacturing process is dynamic due to the constant
variations of its parameters. The possibility of producing defective parts exists in every
process and this occurrence generates unpredictable costs. In plastic injection molding,
the most recurrent defects are: unfilled, burr, burn marks, short shot, warpage and flow
line [7,8]. To prevent this potential negative event, it is advantageous to use a method
capable of monitoring and predicting the production of defective parts through variations
in process features. A robust and reliable classification system capable of alerting most
defective parts produced is the ideal method for dealing with production defects. To do this,
it is mandatory to use real-time process data and if the machines do not have factory enable
protocols, for example, Euromap 77 through OPC-UA, it is necessary to adapt them [9,10].

In the literature, there are several approaches to defect classification. The automatic
classification of parts will change how the plastic industry works because it will move from
reactive to preventive action. In the past, it was expected that a problem would occur for
it to be identified and corrected, which implied the production of non-conforming parts
that only serve as material and production time-wasting. Then, the machine was stopped
and the problem was solved. With this new approach, the goal is to detect the problem
even before it occurs so that the process can be intervened in before non-conforming parts
are produced [11,12]. The approach used in the past caused problems and losses not only in
terms of production of conforming parts, but also in terms of logistics, quality and human
resources allocations. On the other hand, adopting preventive action leads to reduction in
environmental footprint in this type of industry because only a percentage of the material
can be changed and reused, but much of the remaining is still not recyclable. Thus, reducing
the nonconforming parts produced is a step toward greater sustainability.

Our proposal to solve this problem is to design an automatic procedure to rapidly
identify defective parts based on machine parameters and let the technical teams know
if the injection process is experiencing a loss of quality over time. As mentioned, there
is much work done in this area, but the focus of the work presented in this paper is
to create an intelligent system that goes from data collecting to real-time classification.
In order to make this system as generic as possible, a European platform with AI tools to
take production processes towards zero defects was used. This platform is Zero-Defect
Manufacturing Platform (ZDMP) (https://cordis.europa.eu/project/id/825631 accessed
on 23 May 2022). The ZDMP allows the integration of these AI concepts on the shop floor.
The platform was developed under the Horizon 2020 research and innovation platform of
the European Union and was developed by several institutions and companies. The work
presented in this article was developed under the subproject "RAIZED - Approach for
smooth integration of advanced Zero-Defect Manufacturing" developed by two Portuguese
companies Muvu Technologies and Vipex.

The entire process, from dataset harmonization to the machine learning algorithm
responsible for predicting the quality, was developed through this ZDMP platform, inte-
grating other external machine learning tools. As the ZDMP platform does not allow data
collection, it was necessary to use a data collection platform (RAILES) developed by one
of the consortium companies, Muvu Technologies. The RAILES platform is an intelligent
manufacturing system to monitor manufacturing systems in real-time. Through RAILES it
is possible to extract the process data from a plastic injection molding machine.

In the process data collected, three different datasets were obtained in a real scenario at
Vipex, a plastic injection molding company in Portugal with multiple production processes.
Two traditional injection processes and a stretch and blow injection process were chosen to
understand if there are correlations in the variables to be monitored. Two of the machines
communicate through the OPC-UA protocol (Negri Bossi ST Cambio 400 and Nissei ASB
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12M) and one in OPC-DA communication (Tederic DH850) requires the introduction of a
wrapper for data conversion from OPC-DA to OPC-UA. This conversion was carried out to
ensure that all collection is carried out the same way, thus making a standardization.

To understand the effectiveness of the implemented project, key performance indi-
cators (KPIs) were applied. KPIs represent a form of measure designed to evaluate the
performance of a new strategy implemented. In general, after introducing the system de-
veloped and presented in this article, an improvement in the OEE of the different processes
was obtained, as well as a reduction in downtime. The magnitude of these improvements
varies depending on the state of maturity that the process already has on the factory floor
in terms of rejection rate.

2. Related Work

This section presents the platform and the different Quality Prediction methods in the
literature related to this work.

2.1. Quality Prediction

There are many process parameters that affect the quality of injection molded parts
and they are linked to both the qualities of the plastic material and the process parame-
ters [13]. Tripathi et al. [14] explains that the temperature, the maximum pressure and the
cushion are variables that need to be considered while identifying the variables to be moni-
tored. The variables with the most significant influence on the injection process, according
to Saleh et al. [15], include melt temperature, plastification time, maximum pressure, mold
wall temperature and injection time. According to Jung [11], machine learning approaches
frequently choose the temperature, injection time and cycle time as important factors.
Bernardete [8] states that cycle time, plastification time, injection time, barrel temperature
before the nozzle and cushion must be monitored.

Based on the insights of the above-mentioned authors, some of the authors of this
paper have done an extensive study on feature selection and which variables to monitor
in each of the processes which can be found here [16]. In order to carry out this study on
feature selection, methods were used that had already been taken into account in several
works focused on plastic injection in the literature. Algorithms from the three main families
of feature selection methods were compared: filter (Info Gain [17,18] and Chi-Squared [19]),
wrapper (Forward Feature Selection [20]) and embedded (Random Forest Importance [21]).
Additionally, a hybrid approach was also evaluated that takes into account not only the
supervised contribution but also an unsupervised method in an effort to evaluate each
feature without the influence of the target label. For this, Principal Component Analysis
has been added in the unsupervised condition [22]. The summary results of this work can
be seen further in this document.

The use of injection molding process parameters to classify the quality of parts is
found in the literature on different approaches [5,8,23,24]. The work presented in this
paper compares different methods and processes and their respective performances in
real injection molding processes. There are other works that combine parameters with
other techniques, such as computer vision images, in addition to only using parameters
alone [25]. This indicates that other methodologies of various kinds might have been taken
into account to support the presented study. Recent research has begun to incorporate the
use of ensemble methods [26], which combine many machine learning approaches, as well
as the use of deep learning techniques like auto-encoders to increase the effectiveness of
classification/regression [11,27].

A model based on the Support Vector Machine (SVM) regression technique is built
using data [28] and Schreiber [29] demonstrated the effectiveness of an injection molding
process model based on Artificial Neural Networks. Numerous techniques, including
expert systems and systems based on mathematical models, have been developed for
online diagnosis and fault detection, as noted in [30]. Both require that the system be
well known, which is not always the case in this type of operation, particularly when it
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comes to starting a new product in production [31,32]. Artificial Neural Networks (ANNs)
and Support Vector Machine (SVM) require little or no prior knowledge [33,34] of the
system. These were some of the motivating factors for us to test these classifiers, but there
are still additional research projects in this field that make use of these machine learning
methods [8,30]. Regarding the accuracy values obtained, although at first glance they seem
quite positive, there are studies that obtain identical values (over 90%) [5,30].

2.2. Zero-Defect Manufacturing (ZDM)

The development of new technologies and techniques that exceed the capabilities of
traditional methods and technologies has had a significant impact on the industrial field
of quality control and assurance, which is essential to all production processes [35,36].
Due to the increasing complexity of production processes, the number of intrinsic connec-
tions between the individual processes is continuously rising. In addition, the increasing
product customization leads to a significant increase in process variance. Instead of a
pure assessment based on process data and final product inspection, existing information
about intermediate products and the individual assembly can also be considered [37,38].
With the effective use of the data available today and with the increasing availability of
production and user-specific information on each manufactured product, the focus is once
again shifting to the product. This requires the traceability of the individual product
data from production to the customer so that the data points can be meaningfully linked
and analyzed.

Because of the costs associated with defective goods, ZDM has become a natural target
for manufacturers seeking to minimize or eliminate all manufacturing-related problems.
ZDM is a holistic approach that combines several tools, including product life cycle assess-
ment, diagnostic and prognostic techniques, production control improvements, quality
control and inspection techniques, to achieve sustainable manufacturing. These tools en-
able process adjustments through rapid forward and/or feedback control. The problem
of lack of standardization in ZDM is already being addressed in multiple initiatives. Al-
though vocabulary is not the only requirement for effective communication, as the context
has an impact on meaning, each domain needs its vocabulary and the lack of a stan-
dard vocabulary for ZDM was identified in the scope of ZDMP. Under a CEN-CENELEC
Workshop Agreement (CWA) to standardize ZDM vocabulary [39], a significant effort has
been made to help current and future researchers in the field conduct their research with
standardized terminology.

ZDM emphasizes defect prevention and prediction [39]. Predictive quality is the
optimization of product and process-related quality through data-driven predictions as
a basis for decision-making and action [40]. The target variables are interdependent, so
high process quality is a necessity but not a sufficient condition for high product quality.
Therefore, the value of predictive quality is not in the data itself but in the insights, as they
directly inform the decision. The change in focus from reactive to predictive signs is the
beginning of a new era in quality improvement, which is currently taking place. This shift
should not be seen as a replacement but rather as a complement to existing methods [39].

2.3. ZDMP Platform

The ZDMP platform focuses on monitoring pre, during and post-production quality
problems. The main goal of ZDMP is to provide an extendable platform to allow factories
with a high level of interoperability, to reach the concept of Zero-Defect Manufacturing. In
the particular context of this work, ZDMP allows the connection of shop floor systems to the
benefits of Artificial Intelligence algorithms. These benefits include the prediction of part
quality and process quality. It is possible due to the tools provided by the platform, which
allow data acquisition, data pre-processing, design of machine learning classifiers adapted
to the gathered data, deployment of the functional models in run-time and subsequently
the model’s output access on third-party applications.
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ZDMP has 45 modules and the developers can choose the most useful components for
their projects. In this case, four components would be necessary, namely:

• Data Harmonization Designer (Design the Data Pipelines);
• Data Harmonization Run-time (Run the Data Pipelines in Real-Time);
• AI Analytics Run-Time (Run the Quality Classifiers in Real-Time);
• Service and Message Bus (Communication between Different Modules and RAILES).

This group of components working together receives raw data from the sensors,
transforms the data into a format that can be used for training and prediction, trains the
predictive model and uses it to make predictions in real-time.

Due to the breadth and diversity of the ZDMP modules, in the literature there are
several studies that use the ZDMP platform in many different areas, namely, job-shop
scheduling [41] and multi-tenant data management [42], among other projects associated
with Industry 4.0 and digitalization.

3. Materials and Methods

This section presents the developments carried out during the work. Initially, a generic
architecture to achieve Zero-Defect Manufacturing through Quality Prediction is presented.
This architecture aims not only to deliver these functionalities to the proposed case study
but to be generic in order to be replicable and scalable. After the description of the generic
architecture, the necessary steps are presented to develop the prediction models that will
give the system the ability to predict possible problems related to the quality of the products
before they actually happen. This section also describes how these models are then used at
runtime; specifically, how they are used to predict defects during production.

3.1. System Architecture

Quality issues in plastic injection molding are problems that can be found in many
different factories and products. Whether in the production of final products or plastic parts
used to produce other products, it is important to present solutions that can be scalable and
replicable. In this way, an architecture that combines MES RAILES and some components
from the ZDMP platform is designed and proposed. RAILES Platform is a Smart MES
able to monitor real-time manufacturing systems. RAILES fits the list of next-generation
software developed for the industry to help manufacturers make better decisions based on
real information gathered from the shop floor. The proposed architecture aims to integrate
RAILES and ZDMP Ecosystem, to expand the functionalities of the existing ecosystem
through integrating new functionalities, which is the case of the ZDMP platform. Figure 1
shows the proposed high-level architecture and which are the main components to be used
in both platforms. This architecture guarantees the integrity of the system and its scalability
to be approached in different scenarios.

As can be observed, the system consists of three large groups. The shop floor where
machines operate and where changes and improvements are needed. The RAILES ecosys-
tem is responsible for data extraction and all production management through the MES.
Furthermore, the ZDMP ecosystem will be integrated to extend what is offered by RAILES.
All raw data generated by the machines and the process are sent to the RAILES IoT Edge.
For a device to send this raw data, it must have an integrated RAILES IoT Connector,
an adaptor or the capacity to send the data in a protocol known as the RAILES IoT Edge.
When the RAILES IoT Edge receives the data, it makes a preliminary analysis so that these
data can later be used. This layer is composed of a device or network of devices responsible
for giving context to the data, completing the collected data and so forth. When the data are
pre-processed, they are sent to the cloud, where the RAILES cloud environment will store
these data in a PostgreSQL database and make it available for the most advanced features
of MES RAILES. At this level, the system is already capable of planning and controlling
production, monitoring the system and managing maintenance tasks. Within the ZDMP
ecosystem, two large groups constitute the two different phases of platform execution.
In the initial phase, during the development and setup of the platform, the design versions
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of the two used components will be used. The Data Harmonization component will be used
during the design phase to create the pipelines that will allow data extraction. Regarding
the AI-Analytics component, it will be used to develop the classification models, which will
be able to generate some preliminary and more generic forecasts for the injection molding
process. During the runtime phase, that is, during production, the Data Harmonization
component will be responsible for receiving the data made available by the RAILES ecosys-
tem. The AI-Analytics component will use these data to generate predictions based on the
models created in the design phase. The predictions generated by the ZDMP ecosystem
(AI-Analytics) are then sent and made available to the RAILES ecosystem. Hence, these
predictions can be used to reduce problems related to quality through alerts, changes to
production planning and changes to the maintenance schedule, among other things.

Figure 1. Generic system architecture.

3.2. Data

This subsection presents the procedures related to the treatment of the data used in
the study presented in this article.

3.2.1. Data Collection

In the context of this research, data collection is the process of obtaining information
from different sources, capturing patterns of past events and storing them in the proper
format for future use. This collection and storage are done with the objective of using this
data to build predictive models using machine learning algorithms.

Data are basically unorganized statistical facts collected for specific purposes. Due to
the unorganized nature of the collected data, it is necessary to make some adjustments and
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transform them so that they become more organized and more accessible for the algorithms
to process.

There are numerous methods of communication and data collection from machines,
but in order to collect data in a standardized way, and as mentioned, a communication
protocol known and used within Industry 4.0 to collect data from an injection molding
machine, the EUROMAP 77, was used. This protocol is an OPC UA interface for plastic
and rubber machines to exchange data between injection molding machines and the manu-
facturing execution system (MES). The newer machines use this factory-enabled protocol
and those that do not have it have other protocols, such as OPC-DA. One of the machines
used in this study was OPC-DA and it was necessary to use a wrapper to convert the data
availability format from OPC-DA to OPC-UA.

This study includes three different injection molding machine models: Negri Bossi
400 (OPC UA), Nissei ASB 12M (OPC UA) and Tederic DH 850 (OPC DA). Negri Bossi and
Tederic work with traditional injection molding and Nissei ASB works with stretch and
blow injection molding. This diversification allowed us to simulate as many scenarios as
possible during the project implementation.

Having access to data alone does not add value, it is necessary to have a platform to
store the data with the respective information necessary to identify them and have a way to
communicate these data to different platforms. The machine learning algorithms that will
be used for the training and obtaining of the predictive models are supervised algorithms,
which means they require labeled datasets. With this type of algorithm, to obtain a good
predictive model, it is necessary to know the correct outputs in the historical data that need
to be predicted or classified. To do this, RAILES was used.

In order to have a good amount of historical data where the output was known,
measurements were made during some time, forcing failures in the production process so
that the historical data would have periods where everything was good and have some
periods where failures would occur, while this output would be registered, this way labeling
the datasets. For this labeling, RAILES provided a useful tool because when a failure in
production occurred, the digital platform allowed the factory workers to introduce the type
of failure and at which cycle it occurred, as can be observed in Figure 2.

Figure 2. RAILES part classification by defect module.

3.2.2. Pre-Processing

Data pre-processing is the process responsible for transforming unorganized data into
an organized and reliable dataset ready for analysis. The pre-processing process should
commonly be applied to datasets before raw data are used in the machine learning context.
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It is a fundamental step otherwise, an unorganized data matrix will make the performed
analysis untrustworthy.

Currently, there are several ways to pre-process data, through commercial modules
or libraries specifically developed for data pre-processing using programming languages.
In the case of this paper, feature values come isolated and data are time series, which
are values that are recorded over time. As mentioned, these values are collected through
OPC-UA and recorded whenever there is a value variation, as the different parameters do
not vary in the same way causing a different number of records per variable per cycle.

In order to create a classifier to predict the quality of the part, it is necessary to
understand what the maximum values of the different features involved were in order
to create a certain part. The pre-processing stage is responsible for transforming these
time series of data into single values. According to the feature in consideration, it records
the highest or lowest value. The criteria for registering the value per feature is based on
the worst case scenario of each parameter. For example, in the case of features directly
associated with pressure and temperature, the values registered are the local maximum
values per run count. The worst case scenario for each of these variables occurs when the
time series value registers higher values.

In contrast, in the case of cushion (volume-related), the value to be registered is the
minimum. This feature represents the quantity of material deposited in the mold. The larger
this quota, the smaller the amount of material injected into the mold. The minimum values
for volume are “worst case scenario” since they represent a part lacking material. This
entire Data Harmonization process was carried out using the tool made available by the
ZDMP project, Data Harmonization modules (DH).

The DH component allows the user to design a manufacturing map that, when exe-
cuted, transforms a specific syntax from one format to another. This map is a java archive
file wrapped in a docker container that executes as a transformation engine. This ap-
plication provides a graphical interface where data pipelines can be built in the form of
drag-and-drop building blocks. These blocks are connected to each other, having a general
structure containing an input block, a data transformation block and an output block.
The input block receives the raw data and passes them on to the transformation block,
which performs the necessary transformations on the data so that they are in the correct
format for the predictive model to receive and sends them to the output block, where
they are forwarded to the model. After creating the model, it is necessary to make it work
in real-time and DH allows this to happen. In Tables 1 and 2, it is possible to observe
the pre- and post-transformation data where the maximum value of reading in the time
series format is highlighted (yellow color) and appears in the post-treatment as one of the
parameters for the creation of a certain part.

Table 1. Raw Data Extracted from the Machine with OPC-UA (Maximum Injection Pressure).

Date Value RunCount

10:19:24 88 156,760
10:19:24 89 156,760
10:19:24 94 156,760
10:19:24 89 156,760
10:19:24 92 156,760
10:19:24 94 156,760
10:19:24 95 156,760
10:19:24 94 156,760
10:19:24 98 156,760
10:19:24 97 156,760
10:19:24 94 156,760
10:19:24 98 156,760
10:19:24 101 156,760
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Table 2. Data with corresponding minimum or maximum values per feature.

RunCount Plastification Time [s] Maximum Injection Pressure [Bar] Cushion [mm] M2 [s]
156,760 10.28 101 21.14 1.13
156,762 10.09 111 21.34 1.13
156,764 10.13 116 21.22 1.13
156,766 9.45 121 21.64 1.13
156,768 9.46 121 21.39 1.14
156,770 9.18 120 21.25 1.15
156,772 9.31 121 21.27 1.15
156,774 8.82 121 21.38 1.14
156,776 8.85 121 21.01 1.15
156,778 8.32 121 21.04 1.16
156,780 8.42 121 21.27 1.14

In the case of this research, and as mentioned, a data streaming pipeline was imple-
mented, as it needs to receive and transform data in real-time. Therefore, the pipeline is
running all the time in the API, always ready to receive data at any moment, transforming
them and sending them to the respective receiver.

Although only the maximum values per feature are used for the classifier, the time
series data are stored in a way that shows, in case of problems/malfunctions, the variation
of features over time in order to help the different technicians troubleshoot. For example,
if the pressure cycle of the maximum is not correct, observing its variation can help in
troubleshooting maintenance problems. This allows us to have an overall view of the
process and finer monitoring of the process.

3.2.3. Labeling

As mentioned before and in order to create supervised classifiers, it is necessary to
assign a label to each of the vectors that contain the process parameters. So Xs are our
process parameters and Ys are our labels. Given a basic Artificial Neural Network for the
conceptual analysis, it is possible to observe what is mentioned in Figure 3.

Figure 3. Artificial Neural Network with a demonstration of process parameters and outputs.

The idea of characterizing a manufacturing process according to its own limits allows
us to say whether the part derived from the process is a conforming (OK) or a non-
conforming part (NOK). The criterion for defining an OK or NOK part is the specifications
created for its manufacture (OK part) or a part outside the control parameters (NOK). These
parameters can vary from product characteristics, which are called defects.
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Following the quality criteria, a process characterization approach was performed,
where each part was evaluated with a discrete interval [0,1], where ‘0’ means NOK (Y1)
part and ‘1’ means OK part (Y2).

This characterization was handled by a quality operator with knowledge of the process
and the parts involved. Using RAILES software, it was possible to label each part during
the ordinary course of the process.

There are several ways to carry out labeling [43], being automated, such as Automated
Labeling through Semi-Supervised Learning (SSL), Propagation and Transfer Learning.
However, in this case, since the process is known and has well defined boundaries regard-
ing the quality of the parts through the analysis of the quality technicians and production
engineers, this labeling was carried out manually and internally, that is, internal label-
ing. This approach was used because the creation of only three different processes was
considered and it was logistically possible to do so. It will be interesting in the future to
explore more automated labeling tools, which, if effective, will reduce the setup time of the
different classifiers.

With this approach, known as Human-in-the-Loop (HITL), both human and machine
intelligence is leveraged to create machine learning models. In a Human-in-the-Loop setup,
people are involved in a virtuous circle of improvement where human judgment is used
to train, tune and test a particular data model. In Figure 4, it is possible to observe the
Human-in-the-Loop process used during the provocation error tests in order to create the
training datasets. After the parts are produced, a quality inspection is performed and the
classification of each of the parts is entered into RAILES (Figure 2). The quality of the parts
(label) is attached to the dataset along with the process parameters (features), only then is it
possible to create a dataset with labels for a supervised learning utility.

Figure 4. Human-in-the-Loop flow to create the training dataset.

This was done because the data labeling process is incomplete without quality as-
surance. The labels on the data should represent a baseline degree of accuracy and with
human intervention, with skilled technicians, the quality and ground truth of the data set
is thus assured.

Although this approach meets the desired requirements and the classifiers perform
well, it was only possible to classify a part after it was created, but one of our intentions was
to predict a deviation of the process quality and detect a possible failure early on. That is,
to make a predictive quality, this would help not only to reduce the environmental footprint
(there are parts that cannot be reused) but also increase the efficiency and performance of
the different processes.

To do this and since the boundaries between the OK (‘1’) and NOK (‘0’) parts and the
places where process errors were provoked in the creation of the different dataset scenarios
are well known, two more labels were assigned, Deviation I (‘1’) and Deviation II (‘2’), thus
turning the OK into (‘3’), in order to predict a loss of quality in the process and to alert
the operators so that they might intervene in the process before it produces non-OK parts.
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This approach proved to be very relevant because it was possible to detect a problem in
the process, on average, about seven cycles before the production of a non-conforming
part occurred. This was very relevant for the process because there was a transition from a
reactive approach to a predictive approach.

The Deviation I process deviation allows the classifier model to detect a minimal
change in the process behavior. At Deviation II, the values substantially diverge from
the normal trend line and at this level there exists the possibility of slight point defects.
However, these occasional defects may not mean an NOK part, as they may be “expected”
under the product evaluation criteria, such as slight warping, mini black spots or micro
lines. When an NOK part is predicted (‘0’), at this level, it is easy to identify defects such as
warpage, brittleness, gloss, part oversize or undersize and orange skin, among other things.

These alerts are made to the users through the RAILES system whenever there are five
or more level I deviations within a configurable time, whenever there are three or more
level II deviations or an NOK part. This approach allows for mitigating outliers or sporadic
runs without generating alerts that may cause unnecessary spam.

3.2.4. Data Augmentation

Data Augmentation (DA) is a technique that can be used to artificially expand the
size of a training set by creating modified data from the existing one. It is a good practice
to use DA if the intention is to prevent overfitting, if the initial dataset is too small to
train on or if the intent is to squeeze better performance out of a model. However, this
technique not only expands the training set’s size but is also suitable for enhancing the
model’s performance [44].

One of the problems in applying machine learning algorithms in industries with well
known and stable processes, such as injection molding processes and low scrap rates is
the difficulty in balancing the number of conforming and non-conforming parts in the
training dataset. These problems in the literature are defined as imbalanced classification
problems [45].

The challenge of working with imbalanced datasets is that there are few examples of
the minority class for a model to learn the decision boundary effectively. One approach to
addressing imbalanced datasets is to oversample the minority class through Data Augmen-
tation, in this case, the NOK parts. The simplest approach involves duplicating examples
in the minority class, although these examples do not add new information to the model.
Instead, new examples can be synthesized from the existing examples. This Data Augmen-
tation type for the minority class is referred to as the Synthetic Minority Oversampling
Technique (SMOTE) [46]. Instead of deleting or copying data, the current inputs were used
to generate unique input rows with a label based on what the original data imply.

The method in this work relies on knowing the cycle and the combination of param-
eters that originated OK and NOK parts because the training datasets were created with
error provocation tests in the processes followed by quality technicians grading each of
the parts.

The use of this method in this work relies on knowing the cycle and the combination of
parameters that originated OK and NOK parts because the training datasets were created
with error provocation tests in the processes followed by quality technicians grading each
of the parts.

For this paper, the Data Augmentation was implemented using python language
software. As can be observed in Figure 5, the original dataset is imported to the program in
CSV format. This dataset serves as the basis of information for synthetic data generation.
The algorithm counts the rows and columns of the dataset and registers the values of each
variable. Then, it multiplies the feature by a pseudo-random number with defined limits.
The boundaries are defined to apply slight variations to the magnitude of the original
process with a focus on maintaining the organic characteristics.



Processes 2023, 11, 62 12 of 24

Figure 5. Data Augmentation proceedings.

The user chooses the size of the synthetic dataset. This way, it was possible to introduce
some data into the system that worked as sub-variations of the original intervals. It keeps
the process trend lines unchanged and provides an analysis based on more values and
training data for the classifier. In this case it is possible, for example, to only augment NOK
values (minority class) and then add these to the original dataset with OK values.

After augmentation, the synthetic and the original datasets were used to train the
classifier and observe the performances and it is possible to perceive the difference in
performance with a significant increase in Table 3.

Table 3. Performance of the classifiers with and without Data Augmentation (Nissei ASB, NB400
e TD850).

Machine Dataset Performance

Original (937 cycles) 93.515%
Nissei ASB Augmented (7488 cycles) 96.163%

Augmented (18,721 cycles) 97.963%

Original (392 cycles) 86.164%
Negri Bossi 400 Augmented (3136 cycles) 89.454%

Augmented (7828 cycles) 91.063%

Original (243 cycles) 85.114%
Tederic 850 Augmented (1944 cycles) 88.412%

Augmented (4852 cycles) 90.864%

It is possible to observe a performance improvement in all cases where DA was applied.
It should be emphasized that this procedure should always be followed to guarantee the
balance between the performance gain and not allowing the system to be overfitted.

3.2.5. Feature Selection

The complexity of the injection molding process lies in the high number of parameters
that intervene throughout the process. From the large set of process parameters, the critical
issue is to find the relevant ones that should be used to classify the produced parts correctly.
Previously to the work reported in this article, some of the authors of this paper carried



Processes 2023, 11, 62 13 of 24

out an extensive study on feature selection and which variables to monitor in each of the
processes, which can be found here [16].

In this work, the researchers compared algorithms from the three main families of
feature selection methods: filter, wrapper and embedded. Additionally, a hybrid approach
was also evaluated that takes into account not only the supervised contribution but also
an unsupervised method in an effort to evaluate each feature without the influence of the
target label.

Experimental data came from the same injection processes used in this work and were
derived from the three different injection processes working on three machines of different
brands and with different materials (PP, ABS and Tritan). In order to relate the process
variables with the quality of the parts, typical problems were induced, such as resistor
failure, water turning off and mold carburetor failure, among others.

In the mentioned study, the researchers found that there are variables that are transver-
sal to the three processes even though they are different materials and parts working with
different machines. These variables are Maximum Injection Pressure, Nozzle Temperature,
Spindle Temperatures (Zone 1, Zone 2 and Zone 4), Zone 3 in the Nissei ASB case because it
only has three resistors on the spindle, Cushion and Ambience Temperature. Additionally
and specific to the blowing machine, the temperature variables of the pots and M2 must
also be taken into account. There are still other variables that have been shown to be
relevant from time to time and that can be taken into account in the representation of an
injection process.

The number of features on average is reduced by 73%, representing not only gains in
terms of performance but also in terms of writing flow to the cloud and computing time,
among other things.

Regarding the introduction of meteorological variables in the monitoring of the process,
it is clear that the ambient temperature has a significant impact on the processes [16].

3.3. Predictive Methods

In this subchapter, the methodologies associated with predictive methods will be presented.

3.3.1. Train and Test Data

As explained earlier through the different methodologies, once there was access to the
data, datasets were created for training and testing the different classifiers. Regarding the
classifiers created, in all of them that will be mentioned further, 20% of the data were used
for testing and 80% of the data for training.

Based on the feature selection study results, the features were selected and taking into
account the labels mentioned in Section 3.2.3, the following are the features and labels for
each dataset.

Nissei ASB

In the case of this process, the size of the dataset used to train the classifier is 18,721 in-
jection cycles, already augmented and the features, as well as the outputs, can be seen in
Table 4.

Negri Bossi

The size of the dataset used to train the classifier of this machine is 7828 injection
cycles, already augmented and the features, as well as the outputs, can be seen in Table 5.

Tederic

In Tederic machines, the size of the dataset used to train the classifier is 4852 injection
cycles, already augmented and the features, as well as the outputs, can be seen in Table 6.
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Table 4. Features and Labels of the Nissei ASB dataset.

Maximum Injection Pressure
Nozzle Temperature

Spindle Zone 1 Temperature
Spindle Zone 2 Temperature
Spindle Zone 3 Temperature

Cushion
Features Ambience Temperature

M2
Pot Temperature 8
Pot Temperature 4
Plastification Time

Hot Resistance Block

NOK
Labels Deviation I

Deviation II
OK

Table 5. Features and Labels of the Negri Bossi dataset.

Maximum Injection Pressure
Nozzle Temperature

Spindle Zone 1 Temperature
Spindle Zone 2 Temperature

Features Spindle Zone 3 Temperature
Cushion

Ambience Temperature
Injection Velocity

NOK
Outputs Deviation I

Deviation II
OK

Table 6. Features and Labels of the Tederic dataset.

Maximum Injection Pressure
Nozzle Temperature

Spindle Zone 1 Temperature
Spindle Zone 2 Temperature
Spindle Zone 3 Temperature

Features Cushion
Ambience Temperature
Computation Pressure

Injection Velocity
Closing Force

NOK
Outputs Deviation I

Deviation II
OK

Regarding the sharing of the datasets, because they are industrial processes, it will not
be possible to share them due to confidentiality.
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3.3.2. Classifiers

Regarding real-time predictive quality and part classification, as mentioned in the
related work, many works have been carried out in this area and can be found in the
literature.

Concerning the existing processes in Vipex, previous studies were carried out by the
authors of this article related to the machine learning algorithms that obtained the best
classification performance [47].

The result of this work was that among several classifiers, the combination that
obtained the best performance was the use of the Voting-Based Ensemble Method. This
method considers both the contribution of an Artificial Neural Network (ANN) with a
Support Vector Machine (SVM). This conclusion served as the basis of the work and proved
to be true by obtaining the highest classification compared to other methods.

The classifiers were implemented in Python language through the scikit-learn library.
In the ANN case, several tests were carried out with different numbers of neurons in the
hidden layers and with different numbers of hidden layers. Several solvers were also tested
(lbgfs, sgd and adam) and several activation functions (logistic, relu and tanh) and the
architecture for which the best performance was obtained was the use of a hidden layer
with 5000 neurons (Nissei ASB), 2000 neurons (Tederic) and 1000 neurons (Negri Bossi),
respectively, and all with the logistic activation function and lbfgs solver.

In the case of SVM, the grid search was drawn using the GridSearchCV from the
scikit-learn library to define the most suitable parameters. The parameters that resulted
from the grid search were: Nissei ASB (Cost Function Value = 10,000 and Gamma = 0.001),
Negri Bossi (Cost Function Value = 100,000 and Gamma = 0.01) and Tederic (Cost Function
Value = 10,000 and Gamma = 0.01), all with linear kernel.

Tables 7–9 show the classifier performances obtained for the three processes. It should
be taken into account that the values correspond to the average value of 10 ANN trains.

Table 7. Nissei ASB classification performance.

Precision Recall F1-Score

NOK 1 0.928 0.979
DI 1 1 1
DII 0.887 1 0.948
OK 0.969 1 1

Accuracy 0.989
Macro Average 0.979 1 0.990

Weighted Average 0.990 0.990 0.990

Table 8. Negri Bossi classification performance.

Precision Recall F1-Score

NOK 0.900 1 0.951
DI 0.788 0.604 0.685
DII 0.726 0.777 0.747
OK 0.992 0.982 0.992

Accuracy 0.921
Macro Average 0.849 0.839 0.839

Weighted Average 0.921 0.921 0.921
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Table 9. Tederic classification performance.

Precision Recall F1-Score

NOK 0.908 0.990 0.949
DI 0.776 0.612 0.674
DII 0.725 0.766 0.755
OK 0.980 0.980 0.990

Accuracy 0.919
Macro Average 0.837 0.847 0.837

Weighted Average 0.919 0.919 0.919

3.3.3. Run-Time Deployment

Since the main objective of this project is the prediction of failures in the manufactur-
ing processes using machine learning, a component capable of integrating this into the
architecture is of vital importance. After the classifiers for the different processes were
created, they were exported in pickle (.pkl) format. A PKL file is a file created by pickle,
a Python module that enables objects to be serialized to files on disk and deserialized back
into the program at run-time. It contains a byte stream that represents the objects.

The AI Analytics Run-Time component from the ZDMP is capable of deploying and
executing an external classifier in real-time. This component is responsible for running
the models automatically. Users can upload models to the AI Analytics Run-Time API,
where they can be executed in real time, receiving the data that were treated in the Data
Harmonization component and predicting failures based on that information.

This is an advantage of using this component because it allows one not only to
use classifiers exported directly by the ZDMP components through AutoML but also to
integrate externally created modules and fine-tune them as needed, which leads to an
increase in the versatility of this tool.

4. Demonstration Scenario

To prove the proposed theme of this article, the ZDMP architecture was applied
combined with RAILES software. It allowed all instances, from data gathering to real-time
classification, to be completed.

The data gathering system is handled by RAILES, which, using ZDMP’s module
Message Bus, can send all the data to the Data Harmonization. Once on the ZDMP
platform, the data received were analyzed and structured into organized datasets. This
structure can be seen in Figure 6.

Once the classifiers are deployed, the output prediction is sent back by the Message
Bus module to the RAILES system. Via the RAILES system, it is possible to get in touch
with the probable output and, at the same time, monitor the process and receive warnings
when deviations are found.

For the part classification system through Artificial Intelligence, experimental tests
are essential. The experimental tests appear with a focus on creating organic datasets
about the process in question. To obtain reliable datasets, the injection and error generation
process was individually monitored by injection technicians with knowledge of the process,
changing the parameters of the various processes and causing the features to deviate. This
parameter change proved effective in producing defective parts and generating reliable
data to train each classifier.

In order to prove the effectiveness and applicability of the developed system, a test
was performed on the shop floor, provoking errors in the process to identify in advance the
deterioration of the process that leads to the production of non-conforming parts.
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Figure 6. Software architecture.

Next is documented an error provocation test that simulates a problem in the heating
resistance of the spindle nozzle by turning off its temperature. This type of defect is
expected to create failed parts (the lower the spindle temperature, the harder it is to inject
material into the mold) after a long time interval following a resistor failure. This is because
the other resistances in the spindle compensate for the temperature for some time. Thus,
the intent was to prove that the system detects the loss of quality of the process over time
(variations of the intrinsic variables) through automatic classifications and to alert users
before defective parts are produced. Thus, allowing to reduce the environmental footprint
and the number of non-conforming parts produced.

There are four types of output from the automatic classifiers, compliant part (OK),
process quality deviation level I (DI), process quality deviation level II (DII) and non-
compliant part (NOK). Figure 7 serves as an example where it shows the output of the
classifier in the RabbitMQ for two injection cycles, where it its possible to observe the cycle
and the predicted quality.

Figure 7. Messages received with the predictions.
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In order not to take up too much space in the document, Table 10 summarizes the
different predictions made since the error occurred (through provocation) until the system
predicts a nonconforming part. Alerts are generated when deviation events are followed in
order to mitigate any outlier that may occur. The variable runCount represents the number
of parts produced and increases every 2 in 2 because the mold has two cavities, that is,
for each injection cycle, the machine produces two parts.

Table 10. Predictions received during the execution of the demonstration scenario.

RunCount Predicted Quality

735,118 OK
735,120 OK
735,122 OK
735,124 OK
735,126 OK
735,128 DI
735,130 DI
735,132 DI
735,134 DI
735,136 DI
735,138 DI
735,140 DI
735,142 DI
735,144 DI
735,146 DI
735,148 DI
735,150 DII
735,152 DII
735,154 NOK

As it is possible to observe from the entries in the table, the proposed solution predicted
potential problems 13 entries before the problem happened. In this way, it is possible to
validate that the classifier can detect deviations and anomalies compared to the normal
execution of the machines and thus proves the approach reported in Section 3.2.3.

5. Results

This chapter presents the results obtained when the system was implemented on the
shop floor. The experimental tests were carried out on three different machines. In order
to get a better view of the impact of the machine learning classifier used in each process,
different indicators were calculated. These indicators were analyzed before and after the
introduction of the classifier in the process, this way allowing the comparison of both
scenarios and giving us the desired metrics for evaluation.

Tederic (TD850), Negri Bossi (NB400) and Nissei ASB are the machines that were
used for the experiments. Each of them works differently, having a different duration of
production cycles, the number of cavities and the number of products produced in the
same period. These differences influence the metrics of the indicators, in addition to having
a different impact coming from the introduction of the classifier.

The indicators used for analyzing the classifier’s performance were the OEE, the FPY
(First Pass Yield), the number of defective products and the downtime of the machines.
Other indicators were also considered, but their calculation was not possible under the
circumstances in which the experimental tests were carried out.

When the classifier is introduced, a few things must be taken into account. Of the total
production failures that occur, the classifier will not be able to work on all of them. There
are some failures that are inherent to the process, for example, stopping to clean the molds,
which results in some defective products that are unavoidable, with or without the classifier.
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Moreover, the accuracy of the classifiers is not 100%, which means that some failures will
simply not be successfully detected. Considering these setbacks, it is understandable that
the classifier cannot mitigate all the failures that can occur in production but still manages
to increase production efficiency.

5.1. Tederic—TD850

This machine has a production cycle that lasts for 77.1 s, has only one cavity and works
five days a week, totaling 5603 parts produced each week. Without any classifier, this
process had an OEE of 77.4%, a downtime of 15.1%, an FPY of 89.5% and a total of
588 defective products. Of all these 588 defective products, 120 are inherent to the process,
such as machine cleaning stops, which leaves us 468 failures to act on. As the accuracy
of the classifier is approximately 92%, about 37 of these 468 failures will not be predicted
correctly, leaving us with a total of 431 failures that can be prevented. It is possible to
observe the results of introducing the classifier in the process in Figure 8.
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Figure 8. Tederic machine indicators with and without the proposed classifier.

5.2. Negri Bossi—NB400

The production cycle of this machine is about 47.8 s, it has eight cavities, which means
that it will produce eight parts per cycle. Because of the superior number of cavities, this
machine produces many more products than the others. Given this information, along
with the fact that it works five days a week, it is estimated that this machine produces
about 72,301 products every week. About 10.5% of all products produced have defects,
which gives us a total of 7592 failures. Of these 7592, 720 are inherent to the process.
Having the classifier with approximately 92% accuracy, about 550 failures will not be
successfully predicted. With this, it is concluded that of all 7592 failures that may occur
during production, about 6322 can be successfully mitigated. It is possible to observe the
results of introducing the classifier in the process in Figure 9.

5.3. Nissei ASB

The duration of the production cycle of this machine is 19.2 s, it has two cavities,
working five days a week, totaling an estimated 45,000 parts produced each week. This
machine is very stable and efficient, with only about 1.6% of total products having defects,
leaving us with 720 defective products each week. Of these 720, 90 are inherent to the
process. The accuracy of the classifier is approximately 98.96%, which means that seven
failures will not be correctly predicted. With all unavoidable failures taken away, there
are about 623 that can be successfully prevented. It is possible to observe the results of
introducing the classifier in the process in Figure 10.
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Figure 9. Negri Bossi machine indicators with and without the proposed classifier.
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Figure 10. Nissei ASB machine indicators with and without the proposed classifier.

5.4. General Analysis

To summarize, introducing a machine learning classifier in this manufacturing process
had a positive impact. The Tederic and Negri Bossi machines had many more defective
products compared to the total parts produced, which resulted in a lower evaluation given
by the performance indicators. On the other hand, the Nissei ASB machine was more stable,
having fewer defective products compared to the total parts produced and having a good
evaluation right from the start.

It is possible to identify that the OEE can increase up to 12.25% more in the case of the
Negri Bossi machine and 10.97% in the case of Tederic. For these machines, the FPY, which
is the ratio of good products to total products, also had a remarkable increase. The number
of defective products and the downtime of the machines also had a significant decrease.
The decrease in downtime is due to the fact that by being able to anticipate problems in
the quality of the parts produced, it is possible to intervene in the production process even
before it generates non-conforming parts. For the Nissei ASB machine, the results were
not as positive. The introduction of the classifier did have a positive impact, but not as
much as it had on the other machines. The biggest impact seen was on the downtime of the
machine. Looking at the results from the indicators, before and after the introduction of the
classifier in the process, it is easy to conclude that the classifier has a greater impact on the
process when it is already a process with poor performance. When the process already has
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a good performance, the introduction of a machine learning classifier will not have as big
of an impact.

6. Conclusions and Future Work

Based on all the insights presented in this article, it is possible to identify the advan-
tages of using Artificial Intelligence on a shop floor and how to enhance injection molding
quality prediction.

Concerning the datasets, an essential step applied was the generation of synthetic
information from the original datasets. This use of Data Augmentation allowed to reduce
the number of practical tests and therefore reduce the amount of scrapping required for
initial dataset creation. In addition, with Data Augmentation, it is possible to register an
increase in performance across all classifiers. The performance values increased between
4% and 6% relative to the initial values.

To reduce the entropies in the datasets, a pre-processing method was employed. This
method allowed us to select the crucial features that most contribute to information about
the injection process. Using this approach, it is possible to reduce to 1/3 the number of
features used in the classifier and also contribute to an increase in the performance of
machine learning classifiers.

Another fundamental point in the contribution of this article lies in the capability
of monitoring deviations in the injection process besides predicting defective parts. This
monitoring capacity resulted from adding the HITL approach to the labeling process.

All the tools used in this project were clustered into a standard ecosystem. This was
achieved by using the RAILES platform and ZDMP. It allows the shop floor improvement
reliability monitoring and also allows for registering substantial enhancements in the KPIs.

The results show that with the approach developed and presented, it was possible to
achieve an increase in OEE of up to 12%, a reduction in the process downtime of up to 9%
and a significant reduction in the number of non-conforming parts produced.

Including this monitoring system to achieve a zero defect approach in the manufactur-
ing process proved to be a great advantage in fault identification and resolution. It becomes
much easier for the maintenance department to repair a mechanical fault with incongruent
machine parameters as guide points.

Overall, the smooth integration of the zero defects approach has proven to be a
beneficial factor for companies in this phase of Industry 4.0, contributing with a marked
impact on increasing the company’s efficiency and, consequently, its competitiveness in
the market.

6.1. Limitations

One of the limitations of using AI in production processes is the need for the classifiers
to be created individually for each machine at an early stage. Thus, even when dealing
with similar processes, in the case of injection molding, it is necessary to dedicate resources
to data collection with the addition of a new machine to the prediction project. One of
the ways to reduce this problem is the application of the Data Augmentation algorithm,
introducing synthetic data generation.

From the creation of the original datasets, the necessity emerges to stop the manufactur-
ing workflow to dedicate the station exclusively to data acquisition in the test environment.
As a result, this requirement results from the forced change of the process parameterization
to originate defective parts. This data-gathering process is fundamental for reliable dataset
creation and the implementation of labeling in the process outputs. It allows registering
the conforming and nonconforming outputs according to the quality criteria.

Moreover, this process would have to be repeated in case of a change in the manufac-
turing environment. For example, if another machine was placed beside the one that has
a predictive model, this could increase the temperature in the area and the model could
become rotten, decreasing its effectiveness.
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The predictive models do not have to be created individually for each machine only,
they must also be created individually for each product, as a new product may require
different process parameters, changing the importance of each feature.

Because it takes time to create a reasonable dataset and since it is required to stop
the manufacturing workflow in order to have a labeled dataset, it makes the process of
implementing a machine learning solution for predicting failures a slow process, which
can cause problems in terms of scalability.

6.2. Future Work

In the future, there are other indicators of performance that may be taken into account
to analyze the performance of the proposed system. Under the circumstances in which the
experimental tests were carried out, it was not possible to make an accurate calculation
of these indicators, in particular, the Mean Time to Repair (MTTR) and the Mean Time
Between Failures (MTBF), among others.

Even in the future, it will be essential to extrapolate this shop floor application to a
larger number of machines. This extrapolation will allow the re-validation of the applied
practical methodologies, from data gathering to quality prediction.

Methodologies should also be developed to reduce the startup time of the models in
order to reduce the first impact related to introducing a new process on the shop floor.

Another high-value feature for future work is the combination of part defect prediction
and part defect profiling. The creation of a database to register all the potential defects and
their main causes of appearance for different solutions to be proposed.
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