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ABSTRACT: Smart factories increasingly rely on real-time data to optimize manufacturing, yet machining operations, particularly
in aerospace stack drilling, still face challenges such as low productivity and accelerated tool wear. While advanced CNC machines
already capture rich process data, its full potential for real-time decision-making remains underexplored. This work introduces a
novel approach that leverages machine learning (ML) to identify material layers and optimize cutting conditions during drilling
(helical milling) of aluminum—titanium stacks. Unlike prior methods that require additional sensors or complex instrumentation,
our approach uniquely utilizes only spindle power signals from the CNC machine. Data maps consisting of cutting coefficients are
used to train ML models to reliably predict material transitions across multiple layers under a range of cutting conditions. The
results demonstrate appropriate material identification in comparison to experiments, enabling significant improvements in the hole-
making of aerospace stacks. This study contributes a scalable, sensor-free, and non-intrusive framework for smart machining,
establishing a practical pathway for process optimization in aerospace manufacturing without disrupting existing shop-floor setups.

Keywords: Drilling; CNC data; Titanium alloys; Material identification; Machine learning

© 2025 The authors. This is an open access article under the Creative Commons Attribution 4.0 International
BY License (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

The aerospace industry is continuously evolving due to the increasing demand for commercial aircraft that suffer
fuel-efficiency pressure and reduce the environmental impact. In addition, aircraft manufacturers need to cover delivery
delays partially attributed to the COVID-19 pandemic and the bottlenecks faced in the production lines [1]. The wing
assemblies and some of the fuselage structures are made of stack layers of aluminum alloy, titanium alloy and CFRP
(Carbon Fiber Reinforced Polymer), and it requires drilling operations of the assembled stacks for riveting/bolt nut
assembly purposes [2]. The practice of stacking different layers of materials, especially in wing assemblies, engine
pylons and the main fuselage is advantageous as it offers a blend of mechanical properties from different stacked
materials [3]. For example, the engine pylon is made of aluminium, titanium, and composites, which are assembled
together by a bolt/nut and require a drilling operation [4]. The single shot drilling process results in a set of problems,
including poor hole quality, rework and reduced tool life, mainly due to the different machinability of materials in the
sandwich [5]. As the hole making operation is one of the last crucial operations during aircraft assemblies, deviations
will lead to loss of time and money spent in the previous stages of the production process.

Portillo et al. [6] monitored power signals from the machine spindle during axial drilling of aluminum, cast iron
and steel stacks. They determine material transition by defining threshold values to detect material changes during
cutting. Neugebauer et al. [7] used Acoustic Emission (AE) sensors and thrust forces during stack drilling of CFRP and
aluminum alloy. A gradient monitoring algorithm was developed to identify the true position of the tool in a stack. The
noise of the AE signals was one of the significant challenges observed for tool position identification, as also claimed
by Renganathan et al. [8] that detected tool transition between the layers using AE crest factor and thresholds. Pardo et
al. [9] discussed decision making strategies to identify the tool position in an Aluminium-CFRP stack during drilling
by monitoring thrust force in a CNC machine through a dynamometer and motor current in a portable drilling unit.
Their objective was to consider tool wear and its effects on the thresholds for detection of tool position. Gerber et al.
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[10] proposes and compares three material detection methods for multi-material stack drilling, specifically addressing
challenges posed by tool wear and signal distortions. The study contributes to the development of a digital twin for
multi-material stack drilling with Automatic Drilling Unit, aiming to guarantee drilled hole quality and integrate this
technology with human operators.

Several researchers implement machine learning (ML) models to optimise the machining process, and numerous
works have demonstrated the applicability [11]. Most common topics include predicting tool life (tool wear monitoring),
surface quality, cutting forces and energy consumption [12—14]. For example, Dominguez et al. [15] demonstrated the
reliability of tool wear prediction in real time using ML models during drilling of CFRP/Titanium/Aluminium stacks
for aerospace manufacturing application. They concluded that the gradient boosting regressor model was most accurate
in comparison to other models. Also in drilling, K&ttner et al. [16] predicted cutting forces by training ML models with motor
current data from drilling units used in assembly lines. In this case, they use the data already available on the machine to train
and the ML model, eliminating the need for expensive additional equipment.

For effective optimization of the drilling process, the system should identify the material in real time using sensor
data and subsequently adjust the cutting parameters to the requirements of each layer [17]. The majority of existing
research focused on axial drilling in aerospace stacks, particularly those composed of composites and metallic alloys.
The article published by Haoua et al. [18] showed a methodology that used an electrical Automatic Drilling Unit (¢ADU)
that could adapt the parameters while drilling multi-material (CFRP-Aluminum) stacks. Thrust force, torque, spindle
current, servomotor current and workpiece vibrations were monitored for feature extraction. A random forest ML model
was trained to develop a material recognition method. Zhang et al. [19] proposed a deep learning-based approach to
accurately identify the crucial process incidence in drilling aluminium-CFRP stacks. Thrust force and torque signals are
monitored, and the signal’s feasibility boundary for deep learning models is established for industry application,
especially where real-time and low latency are valued.

A smaller number of studies explore helical milling on aerospace stacks [20—22] and utilize external sensors to
monitor data to optimize the hole making operation. This strategy of hole making has offered significant advantages in
terms of hole quality compared to axial drilling in stacked applications, mostly due to better chip breakage and
evacuation [23].

Our work aims to address this gap by showcasing material prediction using trained machine learning models during
helical milling of aluminum and titanium stacks on a CNC machine utilizing internal sensors. ML models can be further
useful for creating digital twins or the application of Al for intelligent machining [24,25]. This study extends our earlier
work on a material identification methodology, which utilized CNC machine spindle power to develop material data
maps [26]. In this regard, the data maps of cutting coefficients developed from helical milling experiments were used
as training data sets for different machine learning models. The trained ML models were used to predict material layers
in trimetallic stacks made of aluminium and titanium alloys. The results show accurate predictions irrespective of cutting
conditions, stack sequences, and the number of layers compared to the experiments. This model can have significant
interest for easy implementation on the shop floor, which aides to adapt smart machining during stack drilling of
aerospace materials without any additional expensive investment or change of setup.

2. Helical Milling Process and Cutting Power

The helical milling, also called orbital drilling, as presented in Figure 1, is a milling operation where an end mill
follows a helical trajectory to produce a hole or enlarge an existing hole to the machined diameter D.
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Figure 1. Helical milling parameters.
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The offset distance between tool center C and hole center O is the tool trajectory radius, designated as Ry, and the
helical path is a composition of the circular and vertical movement, so the cutting generates chips by the peripheral and
bottom cutting edges. The cutting velocity V,, (m/min) of the peripheral edge defines the spindle speed N (in rpm, or
d@,/dt in rad/s) as a function of the tool diameter D; in the relation: N = (1000V,,)/(nD)).

2.1. Machining Parameters

As the milling tool follows a helical trajectory, the feed per tooth in the tool path (f.) is a combination of the feed per
tooth on the circular trajectory in the XY plane (f;,) and the axial feed per tooth f; in the vertical direction (Equation (1)).

fo=Fey tfa (1)
The ramp angle a (Equation (2)) is a useful parameter to describe the inclination of the helical path [27]:
a= arctanf—a )
xy

To identify the number of spirals, the pitch P (mm/rev) of the helical path is calculated as a function of f,,, f; and
Ry (or described using the tool diameter D; and the machined diameter D):

p— fa2T Ry _ fat(D — Dy) 3)
fxy f xy
The orbital speed N, (in rpm or d6;/dt in rad/s) describes the secondary revolution velocity around the hole center

O, and it is calculated as a function of the feed velocity (Vy=f. Z, N, where Z, is the number of flutes in the tool) and
the pitch P:

_JfaZn N

N, orb — p (4)

2.2. Power Model for Material Identification

The total power Py consumed during helical milling in a CNC machine is majorly because of the cutting force
P by the end mill, tool feed motion Ppr.q in helical trajectory (combination of the servo motors in three axis) and also
to overcome the inertia of the spindle drive system itself P, as expressed in Equation (5).

Peotar = Pspindle + Pfeed = (Pigie + Peur) + Pfeed %)

The spindle power consumption during helical milling is schematically described in the Figure 2.

Pcb

Figure 2. Spindle power consumption during helical milling.

P4 can be obtained by monitoring the spindle power value during non cutting positions at a specific spindle speed.
This power consumption is due to friction in spindle bearings required to keep the rotation overcoming the mass of the
rotating system [28]. The power consumed during cutting P, is described as the sum of all the tangential forces (cutting



Intelligent and Sustainable Manufacturing 2025, 2, 10026 4 of 11

forces F;) along the cutting edges in contact with the material multiplied by the cutting velocity. The servomotors
consume the power to move the table or the tool to describe the tool trajectory and remove the material continuously.
The feed power, calculated using the feed velocity 7y and the force on the feed direction Fy of each cutting edge.

Equation (6) describes power (Pr.s) because of tool feed motion in XY (Pg,) and Z (Py,) direction simultaneously,
the power drawn by the feed drive motors during helical milling operation.

Pfeed = Pfxy + Pfa (6)

P, can be attributed to the consumption of the table feed in radial direction Vs (mm/min), and corresponding
cutting force components are shown in Figure 3, calculated by:
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Figure 3. Force components in a single flute (bottom and peripheral edges).

Similarly, Pg can be attributed to axial table feed V', and axial force component Fs:

Z
Pfa:%'Fab'Vfa 3

During experiments, the cutting power P, can be obtained from the monitored spindle power Pypinar, considering
idle power Piq., which is specific for a particular CNC machine under consideration.

Peyr = Pspindle — Pigie )

P, can be further expressed as P., and P,,, indicating power consumption due to cutting action at the bottom and
peripheral edge of the end mill respectively during helical milling (Figure 2). The corresponding equation is as follows:

Zn
Pow= )" 1Pp) + Peo()] (10)

Depending upon the tool helix angle, the number of peripheral flutes simultaneously in contact with the part is
different. It can be determined considering the peripheral immersion angle between ¢ = 0 to 180° for helical milling. It
is important to note that the bottom edges of all the flutes are always in contact with the workpiece during helical milling.
The function g(6,) has a binary valor that describes if the j peripheral edge is in contact (1), or not (0) with the part, in
or out of the immersion angle zone. The cutting power P in helical milling can be expressed by:

z 1
Paw = 51902, (R Vop 47 Fuy Vo) (n
where ¥, is the cutting velocity of the peripheral edge (constant along the cylindrical envelop) and V., here considered
as the average cutting velocity on the bottom edge. In fact, the cutting velocity at each point of the bottom edge is
different, as it is dependent on distance from the tool center, so it is a simplification needed for the modeling.

Tangential force at tool periphery (F,) and tangential force at bottom edge (F») can be further expressed as a
function of specific force coefficients (K;, and K) and uncut chip load (%, and b, refered to the periphery and at the
bottom edges are /4, and bp) as follows:
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z 1
Peyt = Zjﬂ%{g(ez)j ’ [hp(ez) ’ bp(gz)]j ’ Ktp ) ch + Zy - [hy - bp] - Kepy - Vep} (12)
The detailed chip geometry modeling and description can be accessed from our previous work [26].
2.3. Data Maps for Smart Machining

Data maps consisting of cutting coefficients aid in identifying material layers during helical milling of aluminum
and titanium alloys [29]. Several such data maps were developed for aluminium and titanium alloys independently, and

also for bimetallic stacks under different cutting conditions by monitoring spindle power from the CNC machine. The
schematic of the approach is shown in the Figure 4.
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Figure 4. Data maps for material identification.

In this regard, data points were labeled using Density Based Spatial Clustering Algorithm (DBSCAN)
corresponding to aluminum and titanium material layers at different cutting conditions. The labeled data sets were used
to train different machine learning models for predicting material layers based on cutting coefficients at different cutting
conditions. Several prediction models like K Nearest Neighbour (KNN), Linear Regression, NB (Naive Bayes), SVC
(Support Vector Classifier) and CLF (Classifier) were trained by labled data set, and accuracy scores were compared.
The predicted results were compared with the actual experiments to validate the prediction results with actual material

layers and thickness. The schematic of this approach is shown in Figure 5. The results of the trained ML models are
described in the subsequent results section of this article.
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Figure 5. Material prediction in trimetallic stacks.
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3. Experiments
3.1. Experimental Setup

Experiments were carried out on a CNC milling center DMU85-DMG mono block machine under wet conditions.
A carbide end mill from Fraisa with 4 flutes and 8 mm diameter was used to produce a hole of 11 mm by helical milling.
The stack is made of aluminum (2024A) and titanium (Ti6Al4V) alloy with a 6 mm thickness of each layer bearing
dimensions 35 mm % 100 mm. The material layers are fastened together by a bolt/nut assembly using a fixture as shown
in Figure 6. The stack sequences are represented as Al-»Ti—Al for aluminum, titanium and aluminum sequence and
Ti—Al—-Ti for titanium, aluminum and titanium sequence for trimetallic sequences. For spindle power acquisition, the
Sinucom NC trace software tool, which can monitor spindle power at a rate of 4 ms, is utilised.

Figure 6. Experimental setup for trimetallic stacks.

Along with spindle power, tool position data from CNC machine (X1,Y1,Z1) and spindle angular position SP is
also recorded. An external photoelectric sensor (WL150-P132 Sick®) is setup to identify cutting flute position [21].

3.2. Design of Experiments

The cutting conditions for the trimetallic stack experiments were chosen in continuation of our previous work on
bimetallic and singular stacks. Table 1 shows cutting conditions for trimetallic stacks for both the stack sequences
(Al->Ti—Al and Ti—Al—-Ti) under wet conditions. Figure 7 shows an overview of cutting conditions, specifically,
feed per tooth used for helical milling experiments on individual materials and also bimetallic stacks previously. It is
important to claim that the two sequences of tri-stacks are chosen to show that it is possible to predict for any number
of layers. In the actual configuration in the laboratory, which uses short plates, adding more layers could add additional
forces that are not representative of the industrial case, such as perpendicular torque or inter-layer shear.

The data maps generated from these experiments are used to train ML models to predict material layers in
trimetallic stacks. The results are compared with the actual experiments with the indicated cutting conditions in Table
1 and Figure 7.

Table 1. Cutting conditions for trimetallic stacks: Al-Ti—Al and Ti—Al—Ti (D = 11 mm and D,= 8 mm).

Test fa (mm/th) £, (mm/th) V. m/min N (rpm) Now (rpm) P (mm/rev) a (degree)
1 0.001 0.07 60 2387 71 0.13 0.82
2 0.003 0.04 60 2387 41 0.71 4.29

3 0.003 0.04 40 1592 27 0.71 4.29
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Figure 7. Summary of cutting conditions for helical milling experiments.

3.3. Experimental Results

The following subsections present the results of helical milling experiments on trimetallic stacks of aluminum and
titanium alloys. The cutting power and material prediction based on cutting coefficients by an ML model are presented
for different cutting conditions.

Figure 8a shows cutting power signals for the Al — Ti — Al sequence at the lowest tool pitch (0.13 mm/rev) and
ramp angle (0.82°). Figure 9a shows the cutting power signal for the highest tool pitch (0.71 mm/rev) and ramp angle
(4.29°). The evolution of the signal corresponding to the depth of aluminum and titanium layers is easily recognizable
as expected in the cutting power signals. The signal transition at 6 mm and 12 mm of hole depth corresponds to the
individual stack layer thickness. The cutting power signals for the Ti—Al—Ti stack sequence and the corresponding
material layer predictions are shown in Figures 10 and 11.

250

Power (W)
g
Kep (N/mm?)
. § 888 8 88
4
o
e

0.0 25 570 75 10.0 125 15.0 175 0.0 25 50 75 10.0 125 150 175
Length (mm) Length (mm)
(a) (b)

Figure 8. Al>Ti—Al using f,= 0.001 mm/th, 2= 0.07 mm/th. (a) Experimental spindle power; (b) Material prediction using
specific cutting and ML model [Aluminum in * and Titanium in +].
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Figure 9. Al>Ti—Al using f, = 0.003 mm/th, /2= 0.04 mm/th. (a) Experimental spindle power; (b) Material prediction using
specific cutting and ML model [Aluminum in * and Titanium in +].
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Figure 10. Ti—Al—Ti using f; = 0.001 mm/th, 2= 0.07 mm/th. (a) Experimental spindle power; (b) Material prediction using
specific cutting and ML model [Aluminum in ¢ and Titanium in +].
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Figure 11. Ti—Al—Ti using f;, = 0.003 mm/th, . = 0.04 mm/th. (a) Experimental spindle power; (b) Material prediction using
specific cutting and ML model [Aluminum in ¢ and Titanium in +].

4. ML Model for Layer Prediction

Several prediction models like K Nearest Neighbor (KNN), Linear Regression, NB (Naive Bayes), SVC (Support
Vector Classifier) and CLF (Classifier) were trained by labeled data set obtained by a clustering algorithm. The model
score accuracy of these models varied between 95% to 98% and the SVC model performed better in comparison to all
the models for our data set. However, it is important to note that the training of ML models was limited to the available
data sets (5 different cutting conditions), and this article aimed to demonstrate material predictions by ML models based
on data maps consisting of cutting coefficients. The accuracy of the prediction models would significantly improve with
increased training by more data sets, including different cutting conditions and hole sizes. The training accuracy score
of different ML models and the datasets used for training are shown in Table 2.

Table 2. Model accuracy score for different machine learning models.

Cutting Condition SvcC LR Decision Tree (%) NB KNN
S fo (mm/th) (Y0) (Y0) (&) (%)
0.04, 0.001 100 80.487 100 100 100
0.055, 0.002 100 100 82.689 100 100

0.07, 0.003 100 100 100 100 81.47
0.04, 0.003 100 100 100 100 100
0.04, 0.001 94.456 100 95.19 100 100
0.055, 0.002 100 100 100 100 100
0.04, 0.003 97.98 93.75 100 89.28 100
0.04, 0.001 100 100 100 100 100

Based on the values of the cutting coefficient (tangential coefficient at bottom edge: K»), the prediction model could
predict the right metallic layer in trimetallic stacks irrespective of the cutting conditions. The material prediction map for
trimetallic stacks as predicted by the ML model based on tangential cutting coefficient calculated from cutting power is shown
in Figures 8—11 on the side of the experimental results to show the reader when the identification is achieved.
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The sequence Al—-Ti— Al stacks are represented in Figures 8b and 9b, while Figures 10b and 11b show predictions
for Ti—Al—Ti stack sequences.

The predicted material layers are mostly accurate and match closely with the material layer thickness (6 mm each
layer) of trimetallic stack experiments at different cutting conditions. Figure 8b shows titanium layer prediction at
approximately 0 to 1 mm of hole depth initially in the place of the actual aluminum layer. In a real application case of
smart machining, this does not lead to any catastrophic tool failure, as the recommended cutting conditions for titanium
are much lower compared to aluminum and would result in low-speed machining in the aluminum layer for the first 1
to 2 mm.

5. Conclusions

The main goal of this work was to demonstrate the application of data maps in training machine learning models
to predict the right material layers in aerospace stack drilling. In this regard, the developed data maps during helical
milling were labeled by the DBSCAN clustering algorithm, belonging to aluminum and titanium alloys. The labeled
data sets obtained at different cutting conditions formed the basis for training different ML models to predict material
layers during trimetallic stack helical milling. The SVC (Support Vector Classifier) model performed better with greater
accuracy (98%) in predicting the right material layer in the trimetallic stack at different cutting conditions and layer sequences.

The key contribution of this work lies in showing that reliable material layer detection can be achieved directly
from machine tool data without external sensors, enabling an easily deployable and cost-effective solution on the shop
floor. Beyond its immediate applicability, the developed model provides a scalable template for future stack drilling
processes involving aluminum and titanium alloys. It supports smart machining by allowing adaptive selection of
cutting conditions for each layer.

Furthermore, this study highlights critical directions for advancing the approach, including reducing sampling time
for data acquisition and enabling real-time feedback control, and expanding the data library with maps incorporating
varying tool geometries, hole diameters, and cutting parameters. Together, these contributions establish a foundation
for intelligent machining strategies in aerospace manufacturing.
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