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Abstract. Tool wear and tool breakage cause product damage in terms of low surface quality and undesired
geometrical and dimensional tolerances, followed by a dramatic increase in the production cost. In this study,
an Artificial Intelligence (AI) model has been developed to predict the critical machining conditions concerning
surface roughness and tool breakage in the slot milling of titanium alloy. The signals recorded from the main
spindle and different axes through the Siemens SINUMERIK EDGE Box integrated into a CNC machine tool
were converted into images using Gramian Angular Field (GAF). Further, the converted images were used for
training Convolutional Neural Network (CNN). The combination of GAF and trained CNN model indicates
good performance in predicting critical machining conditions, particularly in the case of an imbalanced dataset.
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1 Introduction

The cutting tool breakage or severe tool wear causes low product quality and damage to machine components.
Therefore, the tool must be changed before these unwanted events. However, the tool cost increases with earlier
tool changes. To avoid quality failure by changing the cutting tool at an appropriate time interval, the tool and
process condition should be monitored using different sensors integrated into the machine tool [1]. In recent
years, extensive research works have been conducted to monitor the cutting tool condition during the process
for optimizing tool lifespan [2], early detection of tool wear, and prevention of tool breakage [3]. Direct
monitoring of the cutting tool, which measures the tool geometry using vision or optical apparatus, requires
expensive equipment and cannot be applied in real-time due to the presence of coolant and the contact between
the tool and material [4]. Therefore, the focus of research activities was mainly on indirect approaches of tool
and machining condition monitoring, which benefit from the fact that a variation in cutting tool condition
changes certain variables such as cutting forces, vibration, and surface finish. In these methods, the current or
power signals from the machine elements (like spindle or axis motors) [5,6] or signals from the sensors
integrated into the machine tool (like piezosensor, accelerometer, strain gauge, thermocouple or acoustic
emission sensor) [7 9] are analyzed to recognize the possible correlations with the cutting tool and machining
condition.
The tool and process condition monitoring methods, generally need to extract the features of measured signal
to use them for the model training. In this regard, the application of the utilized algorithm in the extraction of
features varies from signal to signal, and the feature extraction requires a well-experienced person. Moreover,
some information on the signal through the feature extraction would be lost. To solve this issue, imaging the
signals using different approaches like Gramian Angular Field rather than feature extraction can be helpful. As
an example, Arellano et al. [10] applied GAF for tool wear classification. The recorded cutting force signals
were encoded to several images that have been used for training Convolutional Neural Network (CNN)
classification model. A percentage of accuracy over 80% was reported for different groups corresponding to
different states of tool wear (break-in, steady-state, and failure).
A need for analyzing the signal for process monitoring is growing with a new generation of machine tools
capable of recording different types of data. The Siemens SINUMERIK EDGE (SE) Box that can be integrated
into the machine tool record the signals from different axes and main spindles and fuse all measured data into
a JSON file. The signals for recording are selected in the MindSphere Capture4Analysis application, which is
connected with SINUMERIK EDGE Box. The current study aims to predict the machining condition using
different types of signals recorded by the SINUMERIK EDGE Box integrated into the five axes CNC machine
tool (Haas-Multigrind® CA). The experimental tests were conducted in milling a titanium alloy (Ti6Al4V) as
a difficult-to-cut material. Severe tool wear and even tool breakage due to Built-Up Edge (BUE), particularly
at high-speed machining of the titanium alloy, followed by low workpiece surface quality, was detected. After













to predict the critical process conditions in terms of tool breakage and low surface quality in the slot milling of
Ti6Al4V even in the presence of an imbalanced dataset. The improvement of the model in the future can be
carried out using expanding the dataset, particularly for collecting more experimental data associated with the
critical machining condition.
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