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This paper describes a time-domain simulation for predicting surface finish in modulated tool path (MTP)
turning, which uses sinusoidal axis motions in the feed direction to produce discontinuous chips for duc-
tile workpiece materials. The simulation includes: the low frequency and low amplitude tool oscillation
in the feed direction; the time-varying chip thickness, cutting force, and tool displacement; and the plas-
tic side flow effect used to calibrate the effective tool nose radius. Comparisons between predicted and
measured surface profiles are presented for turning a 6061-T6 aluminum cylinder as a function of the
MTP oscillation frequency and amplitude with discontinuous chip formation.

� 2021 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved.
1. Introduction

The formation of continuous stringy chips is problematic for
many single-point cutting operations such as turning and boring.
The long continuous chips can wrap around the tool or workpiece,
damage the surface, and require manual intervention for removal.
A variety of strategies for ensuring broken chips have been pro-
posed including high pressure coolant and chip breaking geome-
tries. These strategies have had mixed success and there has
been substantial prior research activity focused on chip formation
mechanisms and chip breakability, including two CIRP keynote
papers [1,2]. Zhang and Peklenik [3] discussed chip control in
difficult-to-machine materials. Jawahir [4] used high-speed video
to examine the mechanisms of chip flow, chip curl, and chip break-
ing. Fang and Jawahir [5] modeled the chip formation and chip/-
work interaction to predict when chips would break. In [6],
Andreasen and De Chiffre described the experimental elaboration
of chip breaking diagrams for predicting machining parameters
that cause chip breaking. Sata et al. [7] and Childs et al. [8]
described the computation of surface finish in turning operations.

More recently, a new modulated tool path (MTP) strategy has
been described (see [9,10], for example) that uses modulation of
the tool motion in the direction of the feed motion to interrupt
the cut, causing the chips to break. Because the axes of the CNC
machine tool are used to cause the motion that breaks the chips,
no special equipment is required and the NC program for most
single-point cutting operations can be modified to ensure chip
breaking. Smith [11] discussed the dynamic ability of machine tool
axes to execute the MTP strategy. In [12], Smith used the geometry
of the cutting edge and the kinematics of the tool motion to esti-
mate the surfaces produced using MTP, for a variety of workpiece
geometries, showing that many possible parameter settings pro-
duce both broken chips and smooth surfaces. In [13,14], Copen-
haver and Schmitz included the cutting dynamics and analyzed
the stability of MTP turning.

In this work, we describe a simulation program for predicting
the surface characteristics in MTP turning, including not only the
geometry of the cutting edge and kinematics of the motion, but
also the cutting forces, tool vibration, and the chip plastic side flow
effect [15] to predict the surface produced. These predictions are
compared to surface finish measurements with good agreement.

2. Modeling

The primary steps of the MTP surface prediction algorithm are:
1) define the nominal tool motion using the MTP parameters; 2)
calculate the instantaneous chip thickness; 3) calculate the cutting
force components using the chip thickness, chip width (depth of
cut), and mechanistic cutting force model; 4) compute the tool dis-
placement by numerical integration of the differential equations of
motion; 5) sample the tool displacement at a fixed circumferential
location for multiple workpiece revolutions; and 6) superimpose
the tool nose radius, which is calibrated by the plastic side flow
effect, at these locations to predict the surface finish. The MTP feed
motion, zf, is described by:
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Fig. 2. Chip thickness calculation. The non-zero chip thickness during revolution 2
is identified by the filled areas.
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where fr is the feed per revolution, RAF (Ratio of Amplitude to Feed)
is the ratio of the MTP motion amplitude to fr, O is the spindle speed
(rpm), and OPR (Oscillations Per Revolution) is the number of sinu-
soidal MTP oscillations per workpiece revolution [12]. An example
feed motion is displayed in Fig. 1, where the feed per revolution
is 0.1 mm, the spindle speed is 200 rpm, and the RAF and OPR values
are 0.8 and 0.5. The constant feed result is identified by the dashed
line, while the solid line shows the MTP motion. The variable tool
motion is parsed by revolution using the vertical dotted lines; three
revolutions are shown.

The instantaneous chip thickness calculation is shown in Fig. 2.
By superimposing the three revolutions from Fig. 1 (the time for
one revolution is 0.3 s), the time-dependent chip thickness, h, for
revolution 2 (filled area) is determined from the vertical distance
(tool motion) between revolutions 1 and 2. Note that the chip
thickness is zero for all time that the revolution 2 motion appears
below revolution 1, i.e., no tool-workpiece contact occurs. The chip
thickness for revolution 3 is the vertical distance between revolu-
tion 3 and 2; because revolution 3 always appears above revolution
2, the chip thickness is always greater than zero.

The chip thickness, h, for a rigid tool (and workpiece) is com-
puted by:

h ¼ zf ;n �max zf ;n�1; zf ;n�2; � � �
� � ð2Þ

where n is the current revolution. The chip thickness is, of course,
modified by displacement of the flexible tool. The tool displace-
ment, zt, in the feed direction is incorporated using Eq. (3), where
zt is considered positive out of the cut as shown in Fig. 3.

h ¼ zf ;n � zt;n
� ��max zf ;n�1 � zt;n�1

� �
; zf ;n�2 � zt;n�2
� �

; � � �� � ð3Þ
Given the chip thickness from Eq. (3) and the chip width, b, the

cutting force components in the tangential (t), normal (n), and
radial (r) directions (Fig. 3) are calculated using:

Ft ¼ ktbh ð4Þ

Fn ¼ knbh ð5Þ

Fr ¼ krbh ð6Þ
Fig. 1. Example MTP feed motion.

Fig. 3. Schematic of the MTP surface finish model with: MTP feed motion, zf, and
tool displacement, zt; force components in the tangential, Ft, and normal, Fn, and
radial, Fr, directions; directions for the modal parameters, u1, u2, and u3; and the
chip width, b, and spindle speed, X.

75
where the cutting force coefficients, kt/n/r, are determined by mea-
suring the force using a cutting force dynamometer under constant
feed conditions. Semi-implicit Euler integration is then applied to
calculate the acceleration, velocity, and displacement, u, in the three
modal directions using the appropriate force component and modal
parameters. See Eq. (7) for the u1 direction, which corresponds to
the tangential force direction; the equations are similar for the
other two directions, but the force component and modal parame-
ters change. The modal mass, m, viscous damping coefficient, c, and
stiffness, k, values are obtained by performing impact tests using an
instrumented hammer and low mass accelerometer and modal
fitting to extract the parameters from the measured frequency
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response functions. Multiple vibration modes in each direction are
accommodated by summing the individual modal contributions
after numerical integration.

€u1 ¼ Ft � cu1 _u1 � ku1u1

mu1

_u1 ¼ _u1 þ €u1dt

u1 ¼ u1 þ _u1dt

ð7Þ

To determine the surface finish considering the MTP feed and
dynamic displacements, a location around the cylindrical
machined surface circumference is first selected. This location rep-
resents the position where a line trace would be performed in the zf
direction to determine the local surface profile. Given this location,
the corresponding zf – zt value is recorded for each revolution; see
Fig. 4, where d is the distance in the circumferential direction and
four revolutions are shown.

Once the tool feed positions are extracted using Fig. 4, the tool
nose radius is then superimposed at those same locations to define
the machined surface. The radial displacement, u3, is used to offset
the nose radius in the vertical direction and, therefore, accommo-
date vibration in the direction normal to the machined surface.
Note that the instantaneous b value in Eqs. (4)–(6) is also updated
using u3. Fig. 5 displays the result, where r is the radial direction
that defines the machined surface normal. The minimum value is
selected at each location along the surface trace (z direction) in
the left panel to yield the final MTP surface finish in the right panel.
The tool nose radius in Fig. 5 is calibrated using the concept of plas-
tic side flow and data from constant feed turning tests, as described
in the following section.
2.1. Experimental validation

The experimental setup is displayed in Fig. 6, which includes a
Haas TL-1 CNC lathe, 6061-T6 aluminum workpiece, VMBT-331
(35 deg diamond) carbide insert clamped in a toolholder, and Key-
ence LK-H157 laser triangulation displacement sensor to measure
the feed motion.

As a first step, the cutting force coefficients were determined by
measuring the three force components during constant feed tests
at feed per revolution values ranging from 0.05 mm to 0.35 mm
in 0.05 mm increments. The depth of cut was 0.127 mm and the
Fig. 4. MTP tool feed position for four spindle revolutions. A single circumferential
location is identified by a circle for all four revolutions.
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spindle speed was 1056 rpm (244 m/min cutting speed). The
nonlinear coefficients are provided in Eqs. 8–10, where the units
are N/mm2 and the chip thickness is expressed in mm.

kt ¼ 131:1h�0:89 þ 702:1 ð8Þ

kn ¼ 39:1h�0:97 þ 111:8 ð9Þ

kr ¼ 124:1h�0:99 þ 564:4 ð10Þ
The plastic side flow effect calibration is shown in Fig. 7. A con-

stant feed test was conducted at a feed per revolution of 0.051 mm
with a 0.127 mm depth of cut and 1056 rpm spindle speed (244 m/
min cutting speed). The physical nose radius for the insert was
0.397 mm. The simulation from the previous section was executed
with zero RAF and OPR and the nose radius was modified until the
measured and predicted surface profiles agreed. This effective nose
radius, which presumably captures plastic side flow effects, was
0.234 mm and was used for all subsequent predictions. Note that
Fig. 7 includes the measured profile, predicted profile using the
physical nose radius, and the new profile using the effective radius
obtained from the single calibration test.

3. Results

Simulations and experiments were completed for: 1) OPR values
from 0.2 to 0.8 with a fixed RAF value of 0.8; and 2) RAF values from
0.5 to 1.1 with a fixed OPR value of 0.5. The depth of cut was
0.127 mm and the spindle speed was 1056 rpm for each test; all
MTP parameter combinations yielded discontinuous chips. Fig. 8
shows results for (top) OPR = 0.3 and (bottom) OPR = 0.5 with
RAF = 0.8 in each case. Good agreement is observed, even though
the surface profiles are quite different. Measurements were per-
formed using a Mitutoyo Contracer stylus profilometer. To summa-
rize the predicted and measured surface profiles, the average
roughness, Ra, was calculated for each test condition. Fig. 9 shows
the results for varying (top) OPR and (bottom) RAF. It is seen that
the Ra values are mirrored about an OPR value of 0.5 and decrease
for increasing RAF values up to 1.

An important contribution of this paper is the inclusion of the
side flow effect for nose radius calibration. The addition of side
flow has been previously reported to improve the accuracy of sur-
face finish predictions for turning [15]. The approach in [15] was to
modify the Ra equation by adding a new term. In reference [12],
the authors use only the cutting edge and kinematic MTP tool
motion to predict surface finish and the predictions do not gener-
ally agree with experiments. The study presented here is the first
to demonstrate an approach that is able to accurately predict sur-
face profiles and surface roughness for MTP turning operations
over a wide range of MTP parameters.

Future work will focus on the proposed side flow effect. Addi-
tional research is required to determine if the proper description
for the difference between the calibrated and actual nose radius
is, in fact, ‘‘plastic side flow”. Practically speaking, Figs. 8 and 9
demonstrate that accurate prediction of MTP surface profiles is
possible using a single calibrated nose radius. Follow-on testing
is warranted to compare best-fit nose radii for different feed per
revolution values, surface speeds, tool geometries, and work
materials.

4. Conclusions

This paper describes a time-domain simulation program for
predicting surface finish profiles in modulated tool path (MTP)
turning. The simulation includes: the MTP tool motion; the time-
varying chip thickness, cutting force components, and tool dis-



Fig. 5. (Left) Tool nose radius superimposed on the MTP tool position for four spindle revolutions. (Right) MTP surface finish prediction for four spindle revolutions.

Fig. 6. Turning setup.

Fig. 7. Plastic side flow effect nose radius calibration.
Fig. 8. Predicted and measured surface profiles for RAF = 0.8 with (top) OPR = 0.3
and (bottom) OPR = 0.5.
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placements; and surface profile prediction using an effective tool
nose radius, which incorporates the plastic side flow effect. Results
were presented which demonstrated good agreement between
77
predicted and measured surface profiles. Average roughness trends
were plotted as a function of MTP parameters describing the feed
direction oscillation frequency and amplitude. Prediction and
experiment show good agreement.



Fig. 9. Predicted and measured Ra as a function of (top) OPR and (bottom) RAF. The
error bars represent +/� one standard deviation from three measurements at
different circumferential locations.
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