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Alternative Trajectories for the Optimization of Trochoidal Milling in Hardened Steel
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This study investigates the machining performance of trochoidal toolpaths in hardened AISI 4340 
steel. Three toolpaths—conventional, horizontal semi-ellipse, and vertical semi-ellipse—were analyzed 
in terms of machining time and machining forces under dry and flood coolant conditions. Computer 
Numerical Control (CNC) programs were optimized using circular interpolation and repetition 
commands to minimize number of command blocks and maintain effective feed rates. Results showed 
the vertical semi-ellipse trajectory reduced machining time by 18.9% compared to the conventional 
path, while the horizontal semi-ellipse presented stable machining forces across both dry and wet 
conditions but had the longest machining time. The use of coolant significantly decreased machining 
forces in the conventional and vertical semi-ellipse trajectories, enhancing performance. The semi-
ellipse paths demonstrated smoother tool transitions and optimized material removal, offering superior 
force stability. These findings underscore the importance of selecting toolpath geometry and cooling 
strategies to balance efficiency and stability in industrial machining applications.

Keywords: Trochoidal Milling, Machining Performance, Toolpath Optimization, CNC 
Programming.

1. Introduction
Trochoidal milling has emerged as a revolutionary 

strategy in the machining of hardened steels, such as AISI 
4340 quenched and tempered steel with a hardness of 
40 HRC. These materials are widely used in high-demand 
industries, including aerospace, naval, petrochemical, and 
mold and die manufacturing. This process is particularly 
relevant in addressing the challenges posed by the low 
machinability of these materials, which exhibit high 
mechanical and thermal resistance, leading to increased 
tool wear1-3.

Trochoidal milling involves the cutting tool following 
a circular or spiral path while progressively advancing 
along the workpiece. This strategy enables the use of a low 
radial depth of cut (ae), combined with a reduced contact 
angle between the tool and the workpiece. Recent studies 
indicate that this results in lower mechanical and thermal 
stresses on the cutting tool, contributing to its durability and 
efficiency4,5. Furthermore, the optimization of trochoidal 
milling parameters has shown significant improvements 
in tool life and material removal rates6,7. Studies on hard 
milling of steels, such as the work by Gaitonde et al.8 on 
AISI D2 steel, demonstrate that careful selection of cutting 
parameters can enhance machining performance, which is 
pertinent to trochoidal milling applications.

One of the main advantages of trochoidal milling is 
the ability to utilize a high axial depth of cut (ap), taking 
full advantage of the cutting edge length. This combination 

enables high material removal rates, which are crucial 
in operations such as machining deep slots and cavities. 
Unlike conventional contour milling techniques, where 
the tool is subjected to high concentrated forces in a small 
contact area, trochoidal milling distributes machining 
forces uniformly, extending tool life and ensuring greater 
process stability9,10. In addition, current literature highlights 
that high-speed milling techniques, including trochoidal 
strategies, are gaining prominence due to their potential 
to improve productivity and process reliability in the 
machining of metal alloys11.

Moreover, the smooth transitions in the tool path reduce 
vibrations and minimize the risk of premature failures, 
especially in critical operations with hardened materials. 
This results in high-quality surfaces, reduced rework, and 
overall process efficiency12. Additionally, research highlights 
the potential for integrating advanced simulation tools to 
predict the thermal and mechanical behavior of the tool 
during trochoidal milling, enabling further optimization of 
the process13-15.

The use of cutting fluids plays a critical role in machining 
processes, particularly in mitigating heat generation, reducing 
tool wear, and improving surface finish. Cutting fluids enhance 
the lubrication and cooling effects, significantly impacting 
the overall performance of milling strategies, including 
trochoidal milling. The application of cutting fluid under 
optimized conditions can prolong tool life and improve 
machining efficiency in high-performance operations16,17. 
These findings highlight the importance of evaluating the 
influence of cutting fluids to better understand their effects *e-mail: kleber.gbalves@ufpe.br
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on the process and to maximize the benefits of trochoidal 
milling.

Given these promising characteristics, this study aims to 
develop and compare three different trochoidal trajectories 
— conventional, semi-ellipse horizontal, and semi-ellipse 
vertical — in terms of machining time and machining forces 
performance, both under dry cutting conditions and with 
abundant cutting fluid application, in the milling of AISI 
4340 quenched and tempered steel.

2. Experimental
The machining tests were carefully designed to evaluate 

and compare the performance of three different trochoidal 
trajectories—conventional, semi-ellipse horizontal, and 
semi-ellipse vertical—in terms of machining time and 
machining forces. These tests were conducted under two 
distinct cutting conditions: dry machining and abundant 
cutting fluid application, using a 10:1 water-to-oil mixture 
of a water-miscible cutting oil (Blasocut BC 40 NF, Blaser). 
The objective was to identify the optimal trajectory and 
conditions for machining AISI 4340 quenched and tempered 
steel, a material known for its high mechanical and thermal 
resistance.

2.1. Test specimen preparation
The test specimens were machined from AISI 4340 steel, 

which was quenched and tempered to a hardness of 40 ± 
2 HRC, a typical value for hardened steels used in high-
performance applications. The dimensions of each specimen 
were 165 mm in length, 40 mm in width, and 15 mm in 
height. These dimensions were chosen to simulate practical 
machining scenarios while ensuring compatibility with the 
trochoidal trajectories and dynamometer setup.

2.2. Experimental setup
The machining tests were conducted on a ROMI 

D600 CNC machining center equipped with a dynamometer 
for force measurement. A solid carbide end mill (EC-
H7 10-20C10CFR.5M72) from Iscar Tool was utilized, 
featuring seven cutting edges, a diameter of 10 mm, and a 
37° helix angle. The tool also includes a corner radius of 
0.5 mm and a differential pitch design to minimize vibrations 
during machining. These characteristics were carefully chosen 
to enhance performance in trochoidal milling applications, 
ensuring optimal material removal rates and prolonged tool 
life. The tool was mounted on a high-precision hydraulic tool 
holder (CoroChuck 930) to ensure stability and minimize radial 
runout during the experiments. This high-precision holder, 
designed with a cylindrical clamping mechanism, provided 
exceptional grip force and vibration dampening. The cutting 
parameters were set and standardized as detailed below:

•	 Cutting speed: 200 m/min, calculated to suit the 
material properties and tool geometry.

•	 Feed per tooth: 0.03 mm, ensuring smooth 
engagement of the tool with the material while 
minimizing tool wear.

•	 Spindle speed: 6400 rpm, derived from the cutting 
speed and tool diameter.

•	 Radial depth of cut (ae): 0.21 mm, chosen to optimize 
the trochoidal milling strategy.

•	 Axial depth of cut (ap): 10 mm, taking full advantage 
of the tool’s cutting edge length.

These parameters were selected based on preliminary 
studies and established guidelines for machining hardened 
steels. Machining tests were carried out using different feed 
rate values, during which cutting forces were also measured in 
order to calculate the specific cutting pressure of the material. 
This allowed for the determination of a prudent feed rate, 
compatible with the maximum measurement range of the 
dynamometer used in the experiments. The cutting speed 
values were defined empirically, based on tool manufacturers’ 
recommendations for trochoidal milling applications.

For the determination of machining time, the reference 
point was defined as the moment when the tool engages 
with the workpiece during the second trochoid of the 
trajectory. This approach was chosen to eliminate potential 
inconsistencies associated with the initial stages of tool 
approach and positioning.

The total number of trochoids was individually adjusted 
for each trajectory. This adjustment was designed to ensure 
that all trajectories fully covered the specified 40 mm channel 
length, with the addition of one extra trochoid as a safety 
measure. This additional trochoid was incorporated to 
guarantee complete machining of the channel, compensating 
for potential variations in the tool’s final displacement and 
ensuring a more uniform surface finish.

2.3. Trochoidal milling procedure
The trochoidal milling trials were performed on a straight 

channel with dimensions of 20 mm in width, 40 mm in length, 
and 10 mm in depth. Each trajectory (conventional, semi-
ellipse horizontal, and semi-ellipse vertical) was programmed 
using G-code generated from CAM software and simulated 
in Siemens SinuTrain for Sinumerik Operate 840D SL. 
A single-pass operation was conducted for each toolpath 
trajectory to ensure a consistent comparison framework. 
Both dry machining and abundant cutting fluid application 
(10:1 mixture of water and synthetic oil) were tested for all 
three trajectories.

2.4. Force measurement and calibration
The machining forces were measured using a 

multicomponent dynamometer (type 9257BA), charge 
amplifier (type 5233A1), connecting cable, and DAQ system 
from Kistler, which was calibrated prior to the experiments 
to ensure accuracy. To verify the consistency of the results, 
the force measurement experiments were replicated under 
identical conditions. This allowed for cross-validation of 
the data and enhanced the reliability of the measurements.

To ensure the accuracy of force signal acquisition, the 
sampling frequency was determined based on the Nyquist-
Shannon Theorem18, which establishes that the sampling 
frequency must be at least twice the excitation frequency of the 
system. Considering the tool’s rotational speed of 6400 rpm, 
equivalent to an excitation frequency of 106.67 Hz, and the 
presence of seven cutting edges, the total excitation frequency 
was calculated as 746.67 Hz. To refine the calculation, the 
angular spacing between the cutting edges of the tool was 
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considered. Since the tool has seven equally spaced edges 
around its circumference, the angular interval between two 
consecutive edges is approximately 51.43°. To capture 
adequate data points along this angular interval, the objective 
was to acquire four data points per edge engagement. This 
was achieved by calculating the acquisition frequency as the 
product of the tool’s excitation frequency (746.67 Hz) and 
the ratio of the full angular rotation (360°) to the angular 
interval per data point. The angular interval per data point 
was determined by dividing the spacing between cutting 
edges (51.43°) by four. Based on this calculation, the required 
acquisition frequency was approximately 20 kHz.

3. Results and Discussion

3.1. Comparison of trochoidal toolpaths
The three trochoidal toolpaths studied were developed 

based on strategies that balance efficiency, smooth motion, 
and reduced machining time. The creation of these toolpaths 

considered principles presented in scientific literature and 
sought to optimize Computer Numerical Control (CNC) 
program execution by reducing the number of blocks 
and using circular interpolation to avoid decreases in the 
actual feed rate during machining. The CNC’s ability to 
efficiently process instructions is crucial to prevent delays 
in feed rate, which can extend machining time19. Strategies 
such as using the WHILE command and appropriate 
interpolations were applied to mitigate these limitations, 
as illustrated in Figure 1.

3.1.1. Conventional trajectory
The conventional trochoidal trajectory, considered the 

simplest form of trochoidal milling, was designed based on 
overlapping circular movements (Figure 2). This approach 
seeks to balance programming simplicity and cutting efficiency. 
Despite its simplicity, the conventional trajectory faces 
challenges related to the large number of command blocks 
required, which can impact CNC performance on complex 
surfaces. Strategies such as using program area repetition 

Figure 1. Comparison of trochoidal toolpath CNC codes.
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were incorporated to reduce the number of blocks, optimizing 
processing time and program execution.

3.1.2. Horizontal semi-ellipse trajectory
The horizontal semi-ellipse trajectory was based on the studies 

by Trindade20 and Uhlmann et al.21, which reported advantages 
in using elliptical toolpaths to reduce the tool’s travel distance 
and machining time without significantly increasing machining 
forces. In this version, lateral tool movements predominate 
(Figure 2), with a smooth entry based on a 0.5 mm radius arc, 
similar to the solution used in modified semicircular toolpaths. 
The trajectory combines five arcs and a straight line (Figure 1), 
enabling smoother movements in the area in contact with the 
material being machined. This results in long and continuous 
cuts, with a lower frequency of abrupt accelerations, contributing 
to a uniform distribution of machining forces.

3.1.3. Vertical semi-ellipse trajectory
The vertical semi-ellipse trajectory was also inspired by 

the works20,21 but was designed to maximize efficiency in 
channels with curved edges. The adopted strategy included 
the addition of three arcs (two with a 4 mm radius at the ends 
and one with an 8 mm radius at the center), allowing the 
toolpath within the cut to take an elliptical shape (Figure 1 and 
Figure  2). A smooth tool entry, with a 0.5 mm arc, was 
incorporated to reduce impacts during motion transitions, 
preventing premature wear. This trajectory proved to be the 
most efficient in terms of reducing machining time, while 
maintaining smooth motion and stable machining forces.

3.2. Machining time analysis
The comparative analysis of the trochoidal toolpaths 

highlighted significant differences in machining time among 
the tested strategies, as illustrated in Table 1. The vertical 
semi-ellipse trajectory proved to be the most efficient, 
with an 18.9% reduction in machining time (113 seconds) 
compared to the conventional trajectory, which recorded 
a time of 164 seconds. On the other hand, the horizontal 
semi-ellipse trajectory had the longest machining time, at 
196 seconds, representing a 19.5% increase compared to 
the conventional trajectory. Additionally, the horizontal 

semi-ellipse trajectory had the lowest number of trochoids 
(98), while the vertical semi-ellipse showed 109 trochoids, 
and the conventional trajectory presented 103 trochoids.

The segmentation of the trochoidal path is a critical 
factor influencing the stability of machining forces during the 
machining process. A greater number of trochoids, as observed 
in the vertical semi-ellipse trajectory, tends to distribute cutting 
effort more evenly along the toolpath, providing smoother and 
more stable applied forces. This behavior results from shorter 
and more frequent tool movements, which help reduce abrupt 
variations in machining forces, as well as improve heat dissipation 
and vibration control. On the other hand, toolpaths with fewer 
trochoids, such as the horizontal semi-ellipse trajectory, may 
result in longer or less frequent movements, which can lead 
to more pronounced force oscillations, especially in transition 
regions. This may cause instabilities, such as localized force 
spikes or uneven tool wear.

These findings indicate that the vertical semi-ellipse 
trajectory combines smooth transitions, a higher number of 
trochoids, and greater machining force stability, optimizing 
material removal. Conversely, the horizontal semi-ellipse 
trajectory, despite its simpler motion, proved to be less 
efficient in terms of machining time and more susceptible 
to variations in machining forces due to its geometry, which 
increases tool displacement. The conventional trajectory, with 
an intermediate number of trochoids, provides acceptable 
performance but lacks the significant benefits observed in 
the vertical semi-ellipse trajectory.

3.3. Graphical analysis of machining forces
Figure  3 presents a graphical analysis of the cutting 

forces, illustrating the impact of dry and coolant-enhanced 

Figure 2. Trochoidal trajectories.

Table 1. Comparison of machining time for trochoidal toolpaths

Trochoidal Toolpath Machining 
Time

Number of 
Trochoids

Conventional (C) 164 s 103
Vertical Semi-Ellipse (SV) 113 s (-18.9%) 109

Horizontal Semi-Ellipse (SH) 196 s (+19.5%) 98
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conditions on the three distinct trochoidal toolpath types. 
In the conventional trajectory, the use of coolant significantly 
reduced machining forces, indicating that the coolant helps 
to alleviate the cutting forces during machining. Similarly, 
in the vertical semi-ellipse trajectory, the use of coolant also 
resulted in lower cutting forces in all directions, reinforcing 
its efficiency under refrigerated conditions. On the other 
hand, in the horizontal semi-ellipse trajectory, there were 
no significant variations in cutting forces between dry and 
coolant conditions, suggesting that its geometry promotes 
a more uniform force distribution regardless of the cooling 
method.

This uniform force distribution in the horizontal semi-
ellipse trajectory (Figure 4), even with the lowest number of 
trochoids, occurs due to its specific geometry. The horizontal 
movement prioritizes longer and more continuous lateral 
displacements, reducing the frequency of abrupt accelerations 
and decelerations of the tool, resulting in a more consistent 
application of machining forces. Additionally, the lower 
number of trochoids implies fewer transitions into and out 
of the material, minimizing the force peaks that may occur in 
toolpaths with more trochoids. The tool-material interaction 
is longer but less intense, smoothing the applied forces and 
ensuring constant contact between the tool and the material.

Finally, the horizontal semi-ellipse trajectory showed 
lower sensitivity to the use of coolant, indicating that its 
geometry inherently facilitates a uniform distribution of 
forces without requiring additional thermal dissipation or 
lubrication. This finding suggests that, despite the horizontal 
semi-ellipse’s longer machining time, its geometry aids in 
machining force stabilization by mitigating force spikes 
and fostering a balanced machining process (Figure  4). 

Figure 3. Influence of cooling type on machining force.

Figure 4. Machining force profile.

These findings emphasize the importance of considering the 
interaction between toolpath geometry and cutting conditions 
when selecting machining strategies.
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4. Conclusion
This study demonstrated that trochoidal toolpath geometry 

plays a decisive role in the performance of machining 
deep channels in quenched and tempered AISI 4340 steel. 
The comparative analysis of three trajectories—conventional, 
horizontal semi-ellipse, and vertical semi-ellipse—revealed 
that the vertical semi-ellipse trajectory was the most efficient 
in terms of machining time, showing an 18.9% reduction 
compared to the conventional trajectory, while also maintaining 
force stability, particularly under abundant coolant conditions.

Although the horizontal semi-ellipse trajectory showed 
the least sensitivity to coolant usage, suggesting an inherently 
uniform force distribution due to its geometry, it resulted in 
the longest machining time, highlighting a trade-off between 
force stability and productivity. The conventional trajectory, 
while easier to program, exhibited intermediate performance 
and relied more heavily on cutting fluid to effectively reduce 
machining forces.

These findings confirm that toolpath selection directly 
influences the thermo-mechanical loads on the tool and the 
overall process efficiency. The vertical semi-ellipse trajectory 
is especially suitable for applications where time optimization 
and tool life are priorities, whereas the horizontal semi-ellipse 
trajectory may be beneficial in situations requiring more 
consistent cutting forces and lower tool wear, despite its 
longer cycle time. Thus, the choice of trochoidal trajectory 
should be guided by the specific priorities of the machining 
process, such as productivity and force stability, with careful 
consideration of CNC programming strategies and the 
application of appropriate cooling conditions for each path.
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