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Abstract

This paper describes a full-scale, three-dimensional coupled smoothed particle hydrodynamics (SPH) and finite element model for modulated tool
path (MTP) turning. The chip breaking mechanism due to modulated motion of the tool is demonstrated by the developed machining model. In
contrast, the simulation of conventional turning with the same machining conditions predicts long continuous chips. The cutting force predicted
by the simulation is validated with a mechanistic force model based on the instantaneous chip thickness. This work expands the capabilities of
machining simulations to predict complex machining phenomena such as MTP turning through a full-scale realistic simulation. The encouraging
simulation results show the potential to study more complex phenomena, such as evaluating the parameters of tool path modulation, simulating
ultrasonic machining, and studying machining stability.
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1. Introduction

During continuous turning operations, the continuous en-
gagement of the cutting tool with the workpiece results in long,
continuous chips. These chips can affect the surface finish of
the workpiece, cause tool damage and even cause an injury to
the operator. Modulated tool path (MTP) turning is an effective
solution to this issue. The chips are broken into smaller pieces
by modulating the motion of the tool. A comparison of the
chips formed by the conventional turning and MTP turning is
shown in Fig. 1. In contrast to the continuous chips formed
during the conventional turning, MTP turning generates broken
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chips. Experimental studies of MTP machining have been done
for turning [1–3] and threading [4]. Copenhaver et al. [5] con-
ducted MTP turning of tubes and compared the experimental
cutting forces with analytical model results. These experimen-
tal and analytical models have been used to analyze and predict
machining output [6–8]. Computational studies of machining
operations have been conducted by many researchers using
the Finite Element Method (FEM) [9–12]. However, there are
associated challenges in modelling machining using FEM, such
as high deformation, material separation and contact during
machining. Due to several advantages over the grid-based
approaches, smoothed particle hydrodynamics (SPH) method
has garnered attention of researchers. High strains occurring in
machining and chip-workpiece separation are easily modelled
due to the meshless nature of the method. However, majority of
the existing works are in two-dimension orthogonal machining
models [13, 14] or simplified three-dimensions models [15–
20]. A full-scale three-dimensional model of turning operation2213-8463© 2024 The Authors. Published by ELSEVIER Ltd.
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(a) By conventional turning (b) By MTP turning

Figure 1: Comparison of chips formed by conventional and MTP turning [22].

using coupled SPH-FEM approach has been presented in [21].

In this work, a coupled SPH and FEM is used to simu-
late the conventional and MTP turning. Chips and cutting
forces predicted by these simulations are compared. Also, the
results are validated using the results of a mechanistic force
model based on the instantaneous chip thickness. In addition to
highlighting the advantages of MTP

2. Modulated Tool Path (MTP) turning

In MTP turning, an oscillatory motion is superimposed upon
the constant feed motion provided to the tool. This motion
causes the tool to come out of contact with the workpiece and
hence breaking the chip. Chip breakage depends upon two pa-
rameters: oscillation amplitude relative to the global feed per

Figure 2: Tool displacement in MTP turning.

revolution, RAF and tool oscillation frequency relative to the
spindle speed, OPR. Mathematically, these parameters are de-
fined as

RAF =
A
fr

(1)

and

OPR =
60 f
ω
. (2)

(a) First revolution

A
B

(b) Second revolution

(c) Third revolution

C
D

(d) Fourth revolution

Figure 3: Chip formation and breakage mechanism during MTP turning.
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Here, A and f are respectively the amplitude and frequency (in
Hz) of oscillation of the tool, fr is the global feed per revolution
given to the tool and ω is the spindle speed (in rpm).

An example of displacement of the tool in MTP turning is
shown in Fig. 2. In this case, RAF = 0.8 and OPR = 0.5. Thus,
in one cycle of the oscillation of the tool, the workpiece com-
pletes two revolutions. The black dashed line shows the dis-
placement of the tool for conventional turning.

In MTP turning, chips break due to the oscillatory motion
provided to the tool. The thickness of the chip formed in each
revolution is shown in Fig. 3. This figure is obtained from Fig.
2 by fitting the tool displacement curves for each revolution in
one time period of the revolution of the workpiece. In the first
revolution, the area shaded by blue in Fig. 3a is machined in
the form of the first chip. This chip continues in the second
revolution till point A in Fig 3b. No machining occurs when the
tool moves from point A to point B in the second revolution (red
line), as that portion of the workpiece is already machined. The
second chip starts from point B onwards and continues to grow
in the third revolution, as shown by green shaded in Fig. 3c. The
second chip breaks in the fourth revolution of the workpiece at
point C (shown in Fig. 3d). In this way, small chips are obtained
during MTP turning.

3. Computational model

A full-scale three-dimensional machining model is devel-
oped in this work using Ansys LS-DYNA® software using a
coupled SPH-FE method. The SPH method is described in de-
tail in the book by G. R. Liu and M. B. Liu [23]. In a prior
work by Ojal et al.[21], the application of the SPH method to
machining simulations have been discussed. SPH particles are
used in the zone of cutting, where the workpiece interacts with
the tool. This is a zone of high deformation. The chip forms,
curls and comes in contact with itself and the surface of the
tool. The FE mesh is used away from this zone, where the de-
formation is low. SPH particles and FE mesh are coupled at the
interface. This coupling allows for the smooth transfer of the
physical properties, such as displacement and stress. The cou-
pling of SPH particles with FE mesh is accomplished by con-
straining the bottom layer of SPH particles with FE mesh by
using the node to surface constraining algorithm. CONTACT
TIED NODES TO SURFACE OFFSET keyword of LS-DYNA
is used in the model. Here, the SPH elements are considered
as slave part and the finite elements are considered as master
part. The state variables, such as acceleration, at the interface
is updated at each time step. Nodal forces and nodal mass of
each slave node is distributed to the master nodes at the segment
containing the contact point. Then the acceleration of the mas-
ter surface is calculated. The acceleration of each slave node is
then interpolated from the master segment containing its con-
tact points (refer LS-DYNA theory manual)[24].

Renormalized SPH formulation is used in the computational
model. This is because because it helps to form more realistic
(curved) chip as compared to the straight chips formed by us-
ing the default formulation (Espinosa et al. [25]). Based on the

Figure 4: Computational model of MTP turning.

study by Schwer [26], the values of ”CONTROL BULK VIS-
COSITY” are used in the model. The value of Q1, the Quadratic
viscosity coefficient, is taken as 1.5 and Q2, the Linear viscos-
ity coefficient, is taken as 1. For the contact between SPH and
solid elements, ”CONTACT AUTOMATIC NODES TO SUR-
FACE” with soft constraint penalty formulation is used. The
tool is considered as master and SPH nodes are considered as
slave. This formulation is recommended where the materials
coming in contact have dissimilar densities and performed well
during the simulation.

The coupled SPH-FE approach combines the benefits of
both these methods. The challenges associated with using the
FE method such as mesh distortions and material separation
modelling are easily handled by the SPH method. Unlike el-
ement deletion of FE mesh in FEM to model high deforma-
tion and material separation, SPH particles move with respect
to each other without any topological restrictions. This allows
for the “natural” chip–workpiece separation during machin-
ing simulations. Moreover, pre-defining the separation zone at
chip-workpiece separation zone in FE model for MTP turn-
ing is challenging because of the nature of tool motion. At the
same time, the high computational times associated with SPH
method are reduced with the use of FE mesh in the low defor-
mation zones. Thus, coupling of SPH and FE methods results
in high-fidelity and numerically efficient models. In the follow-
ing, the geometry, boundary conditions and material properties
used in the models are presented.

3.1. Geometry and Mesh

The computational model is shown in Fig. 4. The tool is
meshed by a FE mesh and the workpiece is discretized using
a coupled SPH-FE mesh. SPH particles are used in the zone
of cutting, where the workpiece interacts with the tool. The FE
mesh is used away from this zone, where the deformations are
less. The SPH and FE mesh are coupled at the interface for the
smooth transfer of physical properties. For the workpiece, SPH
particles have a uniform spacing of 0.167 mm in all directions.
The element size of solid element near the interface is 0.33 mm.
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Figure 5: Geometry of the tool used.

Figure 6: Geometry of the workpiece (all dimensions above are in mm).

To reduce the computation time, biased mesh along the feed di-
rection with fine mesh at SPH-FE interface is used for the solid
mesh. The maximum length of solid element in the model is
1.14 mm. In total, the workpiece consists of 78960 SPH parti-
cles and 6750 solid elements. The tool has a fine mesh with a
total of 15200 solid elements. The geometry of the tool and the
workpiece are shown in Fig. 5 and Fig. 6 respectively. All length
dimensions are in mm. The machining conditions are provided
in Table 1.

3.2. Material properties

The material of the tool is tungsten carbide and that of the
workpiece is AISI 1026 steel. The physical properties of the
tool and the workpiece are shown in Table 2. The tool is mod-
eled as a rigid body. For modeling the workpiece and its frac-
ture in the form of chips, the Johnson-Cook material model with
the Johnson-Cook damage model are used. The parameters of
the material model of the workpiece are shown in Table 3. The
Johnson-Cook material model requires an Equation of State to
be defined. *EOS LINEAR POLYNOMIAL is used with the
parameter C1 set to the bulk modulus and all the other terms set
to zero.

3.3. Boundary conditions

All nodes of the tool are fully constrained in Y and Z direc-
tions. A feed motion with the MTP parameters shown in Table
1 is given to the tool in X direction. All nodes of the back face
of the workpiece are constrained for translation in the axial di-

Table 1: Machining conditions used for the MTP simulation.

Parameter Value

Material of tool Tungsten carbide
Material of workpiece 1026 steel
Cutting speed 225 m/min
Global feed rate, fr 0.4 mm/rev
RAF 0.8
OPR 0.5

Table 2: Physical properties of workpiece and tool [27, 28].

Property Workpiece Tool

Density, ρ (kg/m3) 7858 11900
Young’s modulus, E (GPa) 205 534
Poisson’s ratio, µ 0.29 0.22
Specific heat, Cp (J/kg K-1) 486 -
Tmelt, (K) 1773 -
Troom, (K) 300 300

Table 3: Johnson-Cook parameters of workpiece (AISI 1026 steel) [29–31].

Parameter A (MPa) B (MPa) n C m
Value 286.1 500.1 0.2282 0.022 0.917

Parameter D1 D2 D3 D4 D5

Value 0.403 1.107 -1.899 0.00961 0.3

Figure 7: Boundary conditions used in MTP turning model.

rection and a rotary motion about the axis of the workpiece is
provided to them. The boundary conditions are shown in Fig. 7.

3.4. Simulation time

The total simulation time for the MTP model is 157.5 hours.
Two nodes of Dual 24-Core Intel Xeon Gold 6248R CPU @
3.00GHz (48 cores per node) are used. Undoubtedly, the SPH
method entails greater computational expense compared to tra-
ditional FEM. Nevertheless, in certain machining applications
such as MTP machining, employing FEM poses significant



630 Nishant Ojal / Manufacturing Letters 41 (2024) 626–632

(a) MTP chips (b) Conventional turning chips

Figure 8: Chips formed by the MTP turning vs conventional turning simulation.

challenges in terms of implementation and accuracy. This is pri-
marily due to the necessity of pre-defining zone and element
deletion within FEM simulations. Creating a sinusoidal pre-
defined zone with finite elements is challenging and requires
a very fine mesh. Moreover, the process of element deletion
can compromise the precision of the surface profile that the
tool will encounter during subsequent rotations. To address this
challenge of high computational cost, employing a combined
SPH-FE model proves beneficial. Prior research [32] has illus-
trated the efficiency gained in computational time by utilizing
the coupled SPH-FE model compared to solely employing the
SPH model. As computational capabilities continue to advance,
the prospect of modeling with the SPH/coupled SPH-FE model
becomes increasingly promising.”

4. Results

The results consist of chip profiles and cutting forces for
conventional turning and MTP turning. The simulations predict
long, continuous chips formed by the conventional turning and
small, broken chips for the MTP turning. The comparison of
chips is shown in Fig. 8. The simulated chip formation during
MTP turning is shown in Fig. 9. The chip formation initiates
as the tool comes into the contact with workpiece. Chip devel-
ops as the tool moves towards the workpiece. During the sec-
ond revolution of the workpiece, the tool moves away from the
workpiece due to the modulated feed motion given to the tool.
The first chip separates when the tool is not in contact with the
workpiece. Thereafter, the tool moves towards the workpiece
and the second chip forms, develops and separates.

The cutting forces predicted by the simulations for the con-
ventional and MTP turning are compared, shown in Fig. 10. For
the conventional turning, a constant cutting force is observed.
The cutting force for MTP turning shows a variation in the cut-
ting force. Variation of the uncut chip thickness occurring dur-
ing the MTP turning is the reason for this.

The cutting force predicted by the MTP turning simulation
is compared with a mechanistic force model, described in detail
in [5, 33]. In this model, the cutting force (F) is directly pro-
portional to the chip area, A. Specific force (Ks) is the propor-
tionality constant. The specific force depends on the variables
involved in the machining operations, such as the material of

(a) Chip formation
initiates

(b) Chip develops (c) Chip separates

(d) 2nd chip initiates (e) 2nd chip develops (f) 2nd chip separates

Figure 9: Chip formation during MTP turning.
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Figure 10: Cutting forces for MTP vs conventional turning simulation.

Figure 11: Instantaneous chip thickness during MTP turning.

the workpiece, tool geometry, etc. Mathematically, the cutting
force is given by,

F = KsA = Ksbh(t). (3)

Here, b is the chip width, and h(t) is the instantaneous chip
thickness. For MTP turning, this instantaneous chip thickness
is calculated by subtracting the current motion of the tool from
the workpiece surface formed by the previous revolution. For
the machining conditions used in the MTP turning simulation,
the instantaneous chip thickness is shown in Fig 11.

The data of Copenhaver et al. [5] is used for obtaining the
plot of cutting force from the analytical model. The plot of the
cutting force is obtained using the value of the specific force of
1733 N/mm2. The chip width is 1 mm. This plot is then com-
pared with the force predicted by the simulation, as shown in
Fig. 12. Good agreement between the simulated force and cal-
culated force from the analytical model is observed.

5. Conclusions & Future work

This work incorporates the modulated tool path (MTP) in
a full-scale 3D turning simulation using a coupled smoothed
particle hydrodynamics and finite element method. To the best
of authors knowledge, this would be the first computational
model developed to study MTP turning. The results of the MTP
model simulation are compared with that of the conventional

Figure 12: Comparison of simulated cutting force with the analytical model.

turning with the same machining parameters. Also, the cutting
force predicted by the simulation is validated with a mechanis-
tic force model based on the instantaneous chip thickness.

1. Different stages of chip breaking mechanism of MTP turn-
ing are simulated by the machining model. In contrast, the
simulation of the conventional turning with the same ma-
chining conditions predicts long continuous chips. These
results are in line with the experimental observations.

2. The cutting force predicted by the MTP turning model
fluctuates with time, whereas it is continuous for the con-
ventional turning.

3. The cutting force predicted by the MTP turning model is
validated with a mechanistic force model.

Future work can include developing upon the computational
model presented in this work to evaluate and improve param-
eters of modulated tool path turning. Other machining tech-
niques such as vibration-assisted turning and interrupted turn-
ing can be modeled. Currently, these techniques are being stud-
ied using the experiments. Computational modeling can pro-
vide an efficient approach to optimize the parameters of these
processes and improve the quality of the machined surface.
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