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ABSTRACT 

The insert groove geometry is an important part of turning tool design. In this article, a systematic 
design approach is presented for the chip breaker design in turning. The chip breaking ability of various 
groove geometry of a turning insert is investigated. The ratio of chip thickness to chip curl radius is tak-
en as the index of chip breaking performance. Taguchi method is applied to analyze the contribution to 
chip breaking performance of each geometric parameter.  Response surface methodology is then used 
to construct a predictive model evaluating the effect of turning conditions and groove geometry on chip 
breaking performance.  The result of this study shows that the feed rate significantly affects chip 
breaking performance, and that insert with larger land angle, higher back wall and smaller groove is 
more effective in chip breaking.  Among the parameters of the insert groove, the width of the groove 
has the greatest contribution to chip breaking than the others.  The simulation results and predictions 
are validated by turning experiments. 
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1.  INTRODUCTION 

A properly designed chip breaking groove geometry is 
essential for turning operations.  Poor chip breaking 
capability in turning can cause adverse effects on the part 
quality and user safety and compromises the productivity 
of turning processes.  The machining processes are 
characterized by complicated elasto-visco-plasticity be-
haviors of the work and tool materials, which are highly 
dependent on the cutting speed and material properties.  
An optimal chip breaker design for a certain work mate-
rial under certain cutting conditions is often not applica-
ble for a different type of material or under a different 
cutting speed or feed rate.  The iterative process of tool 
design, manufacturing and validation experiments in 
designing a new, optimal insert for a specific material 
under given cutting conditions is often time consuming 
and costly.  It is the purpose of this paper to present a 
systematic, effective approach by combining the Ta-
guchi method and response surface methodology (RSM) 
to yield an optimal chip breaker design.  SS316 is 
commonly considered to be the type of material with 
poor chip breaking property and is chosen as the target 
material for this work. 

Nakayama [1] proposed a chip breaking criterion by 
using the ratio of chip thickness to the chip curl radius.  

Some researchers established database of different ge-
ometry parameters of insert groove for insert groove 
design [2].  The concept of equivalent parameters was 
applied to study the geometric relationship between the 
chip and the tool [3].  The same concept was used by 
other researchers to predict chip formation of turning 
tools [4].  Neural network was used to evaluate the 
performance of chip breaker [5].  The simulation soft-
ware, AdvantEdge, was applied to analyze the low-feed 
processes in turning AISI 4140 with different types of 
insert groove, and the study indicated that simulation 
results serve well as a reference for insert groove design 
[6].  The chip breaking performance of an asymmetric 
groove type in turning medium carbon steel was pre-
sented in [7].  Experiments were conducted within 
common ranges of six geometric parameters.  From 
these experimental results, multiple linear regressions 
were used to find the minimum feed and minimum 
depth of cut for chip breaking performance. 

Both Taguchi method and RSM are frequently ap-
plied as tools for design of experiment in many different 
fields especially in engineering.  Taguchi method and 
its associated analysis of variance (ANOVA) method are 
efficient tools in qualitatively analyzing and identifying 
the contribution to performance index of each influenc-
ing factor.  In comparison, the response surface meth-
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odology can be used to construct a quantitative response 
surface as functions of the major influencing factors so 
that the effects of factors can be quantitatively investi-
gated and an optimal combination of factors can be ob-
tained for desired performance measures.  Taguchi 
method has been applied to analyze the effects of cutting 
conditions on surface roughness in face milling [8] and 
turning [9-11].  They were also used in the design of 
other types of tool such as the optimization of micro 
drill geometry [12].  A combination of RSM and Ta-
guchi methods have been used by many researchers to 
investigate the effects of various turning parameters on 
the surface roughness as presented by Ranganath et al. 
in [13].  However, the use of RSM or the combination 
of Taguchi method and RSM for chip breaker design has 
not been reported. 

In this article, a systematic approach combining the 
Taguchi method and RSM is presented to find the opti-
mal chip breaker design in turning SS316 under a cer-
tain feed rate and cutting velocity.  The finite element 
analysis software, AdvantEdge, is applied to simulate 
the turning process with different designs of insert.  
This approach disposes of the typical iterative cycle of 
design, fabrication and validation in a new insert devel-
opment, and can be conveniently adapted for other type 
of work materials or under different cutting conditions.  
In the following, Taguchi method is first applied to ana-
lyze and validate the contribution to chip breaking per-

formance of main geometric parameters.  RSM is then 
adopted to construct a predictive model prescribing the 
effect of turning conditions and groove geometry on 
chip breaking performance.  The proposed design using 
this model is finally validated by experiments. 

2  PARAMETRIC ANALYSIS BY TAGUCHI 
METHOD 

In the Taguchi method, the control factors as the in-
puts to the system and the performance index have to be 
specified.  The ratio of chip thickness to chip curl ra-
dius (tc/Rc) is taken as the index of chip breaking per-
formance and also as the quality characteristic of Ta-
guchi analysis.  Based on the existing design of the 
insert groove for the SS316, three main geometry pa-
rameters are chosen as the control factors in this study 
as shown in Fig. 2.  Table 1 shows three common lev-
els for the three parameters.  An L9 orthogonal array is 
used to analyze the effect of the three parameters on 
chip breaking performance.  The values of tc and Rc are 
found from the machining simulation.  To simplify the 
simulation, a true turning process is approximated by the 
2D orthogonal simulation as shown in Fig. 1.  
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Fig. 1  The simplified orthogonal turning parameters adapted in simulation. 
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Fig. 2  Main geometry of turning insert groove. 

 
For the intended turning operation for SS316, the cut-

ting conditions in the simulations are set at Vc = 150 
m/min, ap = 2 mm and f = 0.2 mm/rev.  The design of 
experiments and measured tc/Rc values are listed in Ta-

ble 2.  Since the higher quality characteristic value, 
tc/Rc, the better the chip breaking performance is, a high 
S/N ratio (η) is the design target of the analysis.  The 
S/N ratios were calculated by using Eq. (1) and given in  
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Table 1 Three levels of the groove geometry parame-
ters. 

 α (deg) W (mm) H (mm) 
Level 1 12 1.2 0 
Level 2 15 1.5 0.05 
Level 3 18 1.8 0.1 

 
 

Table 2  The results of the simulations and S/N ratios. 

EXP Α (deg) W (mm) H (mm) tc/Rc η 

1 12 1.2 0 0.376 -8.474

2 12 1.5 0.05 0.296 -10.574

3 12 1.8 0.1 0.268 -11.409

4 15 1.2 0.05 0.571 -4.853

5 15 1.5 0.1 0.392 -8.117

6 15 1.8 0 0.248 -12.104

7 18 1.2 0.1 0.737 -2.64 

8 18 1.5 0 0.385 -8.29 

9 18 1.8 0.05 0.334 -9.511
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Table 3 is the response table for tc/Rc with respect to 

different levels of control factors as depicted in Fig. 3.  
Figure 3 indicates that insert with a larger land angle, 
higher back wall and narrower groove is more effective 
in chip breaking.  Table 4 lists the contribution (ρ) of 
each factor to the quality characteristics.  The groove 
width is shown to have greater contribution than the 
other factors. 
 

Table 3  S/N response table for tc/Rc index. 

 α W H 

Level 1 -10.153 -5.323 -9.623 

Level 2 -8.358 -8.994 -8.313 

Level 3 -6.814 -11.008 -7.389 

3.  ESTABLISHMENT OF THE FITNESS ODEL 

The Taguchi analysis in section 2 identifies in an ef-
ficient way the main geometric parameters, but only 
provides a qualitative comparison of their contributions 
to the chip breaking performance.  In order to find the 
optimal parametric values for the chip breaker, RSM is 
applied to establish a quantitative fitness model so that 
the best chip breaking index within the whole parametric  
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Fig. 3  The mean of S/N ratios versus factor levels. 

 

Table 4 ANOVA table of the groove geometry pa-
rameters. 

 SS DoF Var ρ (%) 

α 16.752 2 8.376 22.464 

W 49.857 2 24.928 66.857 

H 7.563 2 3.782 10.142 

error 0.4 2 0.2 0.537 

total 74.572 8 --- 100 
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Fig. 4  Setup for force measurements. 

 
space can be found and the best parametric combination 
can be identified.  As the feed rate is the main factor 
affecting the chip thickness, it is taken as the fourth fac-
tor in constructing the fitness model.  The response 
surface methodology uses a 4-factor Box-Behnken de-
sign with 25 sets of parametric combinations.  From 
the results of these 25 simulations, three linear regres-
sion models are constructed: the first order model, the 
first order model with interaction, and the second order 
model.  The R2

adj and standard deviation of each model 
are found to be (0.955, 0.078), (0.960, 0.074) and (0.978, 
0.032), respectively.  The second order model has the 
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best R2
adj and minimum standard deviation, and is cho- sen as the fitness model with 
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    (2) 

This fitness model is verified using several sets of parameters.  The model predictions are presented in Table 5 to 
agree very well with simulation results. 

 

Table 5  Verification results of the fitness model. 

No. α W H f tc/Rc obtained by FEM simulation tc/Rc by Eq. 2 Err. (%)

1 15 1.66 0.1 0.2 0.381 0.388 1.84 

2 12 1.8 0.05 0.2 0.272 0.285 4.78 

3 18 1.2 0.1 0.2 0.716 0.72 2.37 

4 15 1.2 0 0.1 0.516 0.523 1.36 

5 12 1.8 0.05 0.15 0.244 0.254 4.1 

6 18 1.5 0.1 0.25 0.687 0.718 4.51 
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Fig. 5  The temperature measurement point. 

 
 

This model is then used to obtain the optimal groove 
geometry at a specific range of feed rate.  The desired 
range of feed rate for the model is set to be between 
0.15~0.25 mm/rev.  This is the most commonly adopt-
ed range in the machining industry for the intended in-
termediate turning operations of SS316.  The optimal groove 
geometry is determined at the feed rate of 0.2 mm/rev.  The 
variable f is substituted by 0.2 and a genetic algorithm is 
used to obtain the optimal values of α, W and H in mak-
ing tc/Rc a maximum value.  The optimal parameters 
are given in Table 6. 

 

Table 6 Optimal groove geometry for feed rate = 0.2 
mm/rev. 

α (deg) 17.922 

W (mm) 1.221 

H (mm) 0.1 

Fitness value (tc/Rc) 0.717 

4.  COMPARISON BETWEEN SIMULATION 
AND EXPERIMENTAL RESULTS 

As the evaluation of performance index, tc/Rc, in both 
the Taguchi method and RSM rely on the machining 
simulation, the simulation results need to be first vali-
dated.  In this section, the results of simulation and 
experiment are compared in three parts: cutting force, 
cutting temperature and chip morphology.  The work 
material is SS316 with yield and tensile strengths of 290 
and 580 MPa, respectively.  Each set of experiment 
were repeated for three times with the same cutting con-
ditions.  Experimental cutting forces are measured by a 
piezoelectric dynamometer, KISTLER Type-9254B in 
the cutting and feeding directions.  The setup for the 
force measurement is shown in Fig. 4 with results listed 
in Table 7.  Cutting temperatures are measured by a 
thermographic camera, NEC TVS-200EX.  Figure 5 
depicts the position where the thermal images were tak-
en.  Temperatures measured by simulation and ex- 
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Fig. 6  Chip morphologies from simulation and experiment. f = 0.2 mm, ap = 2.0 mm, Vc = 150 m/min. 

 

Table 7  Comparison of cutting forces between simulation and experiment. 

Cutting conditions f = 0.15 mm, ap = 2.0 mm, Vc = 150 m/min f = 0.2 mm, ap = 2.0 mm, Vc = 150 m/min 

 Sim. Exp. Err. Sim. Exp. Err. 

Cutting force, Ft (N) 650  20 720  20 9.72% 805  20 880  20 8.52% 

Feeding force, Fr (N) 330  20 350  20 5.71% 350  20 375  20 6.67% 

 
 

Table 8  Temperatures by simulation and experiments. 

Cutting speed, Vc (m/min) 120 150 

 Sim. Exp. Err. Sim. Exp. Err. 

Temperature (C) 365  15 323.7  10 -13.00% 380  15 333.3  10 -14.11% 

 
 
 
Table 9 Chip thicknesses and chip curl radiuses 

measured in simulation and experiment. 

Turning conditions: Vc = 150 m/min, f = 0.2 mm/rev, ap = 2 mm

 Sim. Exp. 

tc (mm) 0.369 0.36 

Rc (mm) 0.932 0.96 

 
 
periments are listed in Table 8.  The chip morphologies 
from simulation and experiment are also shown to be 
quite similar in Fig. 6; Table 9 presents the predicted 
and measured chip thickness and chip curl radius.  The 
simulation measurements agree quite well with the ex-
perimental results.  The deviations in the cutting force, 
chip thickness and cutting temperature could result from 
differences between the true material properties of the 
workpiece and the material constants used for the con-
stitutive equation in the simulation software.  The or-
thogonal cutting condition in the simulation is an ap-
proximation of the true turning conditions of more com-
plex tool/work contact and could also be a source of 
difference.  Based on the simulation and experimental 
results, the finite element software AdvantEdge can be 
justified for its use in the turning process simulations. 

5.  RESULTS OF VERIFICATION  
EXPERIMENTS FOR INSERT DESIGN 

Three uncoated turning inserts with different 
groove designs were fabricated and compared through 
experiments in this section to validate the fitness model.  
The geometry parameters of these three inserts are given 
in Table 10.  Insert 1 is the one available on the market, 
insert 2 is the optimal design in Table 6 obtained in the 
last section, and insert 3 is predicted as the one with the 
worse performance at chip breaking than the other two.  
The chip morphologies for the three inserts are dis-
played in Figs. 7, 8 and 9.  Figure 8 confirms that inert 
2 has the best performance for the intended ranges of 
cutting parameters with a feed rate of 0.15 to 0.25 mm.  
At feed rates of 1 and 1.5 mm, both insert 1 and 3 yield 
continuous chip for a smaller width of cut, but insert 2 
still delivers desired chip breaking performance.  The 
feed rate is demonstrated to significantly affect the chip 
breaking performance of an insert and a properly de-
signed groove width needs to match with the desired 
range of feed rate.  The experimental results further 
find that, although the insert with a smaller groove 
width is better at chip breaking at the intended range of 
feed rate, its cutting force is larger because the smaller 
groove width incurs a higher chip compression ratio. 
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Table 10  Geometric parameters of the three inserts. 

 α（deg） W (mm) H (mm) 
No. 1 15 1.66 0.1 
No. 2 18 1.2 0.1 
No. 3 12 1.8 0.1 
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Fig. 7 Chip morphologies of insert 1 with respect to 

feed and depth of cut. 
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Fig. 8 Chip morphology of insert 2 with respect to 

feed and depth of cut. 
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Fig. 9 Chip morphology of insert 3 with respect to 

feed and depth of cut. 

6.  CONCLUSIONS 

A systematic design approach has been presented 
for the chip breaker design in turning.  The chip radius 
to thickness ratio obtained from the finite element simu-
lation is used as the criterion of chip breaking perform-
ance for various groove geometry of the turning insert.  
Taguchi method is adopted to investigate the effect of 
various insert groove geometry on chip breaking per-
formance.  A fitness model by RSM to estimate the 
chip breaking performance is then established and is 
used to obtain the optimal groove geometry at a specific 
feed rate.  Experimental results show that the presented 
systematic approach and predictive model are effective 
in selecting appropriate groove parameters for chip 
breaking performance at the desired federate and cutting 
velocity.  Inserts with a larger land angle, higher back 
wall and smaller groove is more effective in chip break-
ing.  Among the main parameters of the insert groove 
geometry, the width of groove has the greatest contribu-
tion to chip breaking than the others.  At conditions of 
lower feed rate, a smaller groove width has better chip 
breaking performance. 
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