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Figure 4.8 Linear Regression of Root Mean Square of A9's of Resultant Cutting 
Forces (lbs) 
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Cases shown in Figure 4.8(g) and (h) are difficult to compare directly to other graphs 

since they have changes in two different conditions (increased rpm) and feed rate as 

compared to other graphs. 

4.6.2 Detail Coefficients 

The importance of maintaining details in the wavelet transform is to capture any 

discontinuities in frequency that occurs in the time domain. Discontinuities may occur in the 

event of a cutting edge being chipped or broken for example. The details will show these 

phenomena, while the approximations will still reflect tool wear. Other process faults such as 

run out and flute deviation can further complicate the signal and the entire set of wavelet 

coefficients will be necessary to handle the multiple process faults, tool wear and the 

possibility of tool chipping or breakage to establish a reliable process monitoring system [1]. 

The RMS values of the detail coefficients at level 1 are displayed in Figure 4.9. The 

X-axis shows cut numbers at each machining condition and the Y-axis shows the RMS value 

of the detail coefficient. Each sub - figure has two graphs for forward and backward 

machining. One obvious trend to notice is that detail coefficients are getting higher with 

increased feed rate or DOC. A higher detail value means higher oscillation of an original 

signal. In Figures 4.9(a), (b) and (d) there is a gradual increase in the value of the detail 

coefficient. This is suggestive of larger cutting force oscillation as a result of tool wear. 

These trends are not so noticeable in Figures 4.9(c) and (e). 
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Figure 4.9 RMS of D1 for Each Machining Set (lbs) 
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4.7 Tool Wear 

Figure 4.8 shows that repeated machining with the same tool leads to increase in the 

cutting force as a result of tool wear. The wavelet approximations of resultant forces show an 

increase in the mean force of ramp cuts as shown in Figure 4.7. A sample SEM picture of one 

side flute of worn tool is shown in Figure 4.10. The amount of tool wear may be estimated 

using linear regression as well as metrology of the machined slot. Both of these are 

considered below. 

2 Û K V  

Figure 4.10 Sample SEM Photograph of a Single Flute of a Worn 4 Fluted End Mill 

4.7.1 Tool Wear Estimation with Linear Regression 

1.0 minus residual variance is referred to as R-square or the coefficient of 

determination. The R-square value is an indicator of how well the model fits the data (e.g., an 

R-square close to 1.0 indicates that we have accounted for almost all of the variability with 

the variables specified in the model). Table 4.3 shows all R-squares of the linear regression 

in Figure 4.8. All values are close to 1.0 except for cases (g) and (i) where linear regression is 

not appropriate. 
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As can be seen from Table 4.4, each linear equation fits well to the measured value 

of RMS. Only machining parameter sets 1, 2, and 3 have been tested since sets 4 and 5 are 

considered somewhat severe conditions. Maximum difference between measured and linear 

equation of RMS is 5.38 %. 2 cut numbers for both forward and backward cuts for each 

machining parameter sets were selected randomly and tested. 

Table 4.3. R-Squares of Linear Regressions in Figure 4.8 

Cutting Conditions Sub Figures R-square 

1.27 mm, 25.4 cm/min, 

1000 rpm, and 432 cuts 

(a) 0.993 1.27 mm, 25.4 cm/min, 

1000 rpm, and 432 cuts (b) 0.991 

1.27 mm, 50.8 cm/min, 

1000 rpm, and 432 cuts 

(c) 0.964 1.27 mm, 50.8 cm/min, 

1000 rpm, and 432 cuts (d) 0.985 

2.54 mm, 25.4 cm/min, 

1000 rpm, and 216 cuts 

(e) 0.969 2.54 mm, 25.4 cm/min, 

1000 rpm, and 216 cuts (f) 0.985 

2.54 mm, 50.8 cm/min, 

2000 rpm, and 216 cuts 

(g) 0.578 2.54 mm, 50.8 cm/min, 

2000 rpm, and 216 cuts (h) 0.900 

3.81 mm, 25.4 cm/min, 

1000 rpm, and 144 cuts 

(i) 0.407 3.81 mm, 25.4 cm/min, 

1000 rpm, and 144 cuts G) 0.983 
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Table 4.4 Comparison of Measured RMS of Resultant Force at A9 and Linear 
Regression Models 

Cut no. Measured Lin. Eq. Diff. in % 

DOC: 1.27 mm 

Feed: 25.4 cm/min 

Speed: 1,000 rpm 

Total 432 cuts 

Forward 63 27.4868 28.094 2.21 DOC: 1.27 mm 

Feed: 25.4 cm/min 

Speed: 1,000 rpm 

Total 432 cuts 

Forward 

235 47.5376 46.67 -1.83 

DOC: 1.27 mm 

Feed: 25.4 cm/min 

Speed: 1,000 rpm 

Total 432 cuts 

Backward 100 33.2808 33.65 1.11 

DOC: 1.27 mm 

Feed: 25.4 cm/min 

Speed: 1,000 rpm 

Total 432 cuts 

Backward 

280 50.0618 50.03 -0.06 

DOC: 1.27 mm 

Feed: 50.8 cm/min 

Speed: l,000rpm 

Total 432 cuts 

Forward 119 54.4915 54.068 -0.78 DOC: 1.27 mm 

Feed: 50.8 cm/min 

Speed: l,000rpm 

Total 432 cuts 

Forward 

379 87.9340 85.788 -2.44 

DOC: 1.27 mm 

Feed: 50.8 cm/min 

Speed: l,000rpm 

Total 432 cuts 

Backward 208 58.0055 57.576 -0.75 

DOC: 1.27 mm 

Feed: 50.8 cm/min 

Speed: l,000rpm 

Total 432 cuts 

Backward 

416 75.7522 75.672 -0.11 

DOC: 2.54 mm 

Feed: 25.4 cm/min 

Speed: l,000rpm 

Total 216 cuts 

Forward 31 54.6216 57.151 4.63 DOC: 2.54 mm 

Feed: 25.4 cm/min 

Speed: l,000rpm 

Total 216 cuts 

Forward 

115 81.5575 78.235 -4.07 

DOC: 2.54 mm 

Feed: 25.4 cm/min 

Speed: l,000rpm 

Total 216 cuts 

Backward 140 91.6803 86.75 -5.38 

DOC: 2.54 mm 

Feed: 25.4 cm/min 

Speed: l,000rpm 

Total 216 cuts 

Backward 

190 100.2500 97.6 -2.64 

4.7.2 Metrology 

The Coordinate Measuring Machine (CMM) has also been used to estimate the tool 

wear. For each machining set, first the slot width at the top part of the first workpiece is 

measured (very first machining), and then slot width at the bottom of the cut for each work-

piece in consecutive order is measured next. These slot sizes are compared relatively to the 

initial size of the first measurement (at the top of the first workpiece). Results are shown in 

Table 4.5. 
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For each machining parameter set the slot width is reduced from the first cut to the 

last cut. This is indicative of tool wear. It can be noticed that as the machining conditions get 

more severe with higher feed rate or DOC, the amount of tool wear is getting bigger (slot size 

is become smaller). Machining parameter set 5 is the most severe machining condition 

(highest tool wear). The measured slot width can therefore also serve as an indicator of tool 

wear and can be used as a strategy for tool changing. 

Table 4.5 Measurements of Relative Slot Thickness (mm) Using a CMM 

Cutting Conditions Locations Relative Slot Thickness 

1.27 mm, 25.4 cm/min, 

1000 rpm, and 432 cuts 

Bottom at 3 rd wkpc -0.0457 1.27 mm, 25.4 cm/min, 

1000 rpm, and 432 cuts Final size -0.0483 

1.27 mm, 50.8 cm/min, 

1000 rpm, and 432 cuts 

Bottom at 3rd wkpc -0.0559 1.27 mm, 50.8 cm/min, 

1000 rpm, and 432 cuts Final size -0.0940 

2.54 mm, 25.4 cm/min, 

1000 rpm, and 216 cuts 

Bottom at 3 rd wkpc -0.1397 2.54 mm, 25.4 cm/min, 

1000 rpm, and 216 cuts Final size -0.2388 

2.54 mm, 50.8 cm/min, 

2000 rpm, and 216 cuts 

Bottom at 3rd wkpc -0.1575 2.54 mm, 50.8 cm/min, 

2000 rpm, and 216 cuts Final size -0.2718 

3.81 mm, 25.4 cm/min, 

1000 rpm, and 144 cuts 

Bottom at 3 rd wkpc -0.1829 3.81 mm, 25.4 cm/min, 

1000 rpm, and 144 cuts Final size -0.2921 

4.8 Conclusions and Future Work 

Experimental cutting force data in ramp cuts in end milling were generated and 

analyzed for tool wear effects. The ramp cuts are unique in that they have a changing depth 
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of cut. The wavelet transform was used to generate a multilevel decomposition of the 

cutting force signal. Cutting force trends have been observed progressively as new tools are 

being worn with different cutting parameters. The RMS value of the approximation 

coefficients of the resultant cutting force signal was used to model and estimate tool wear. 

For smaller depth of cut a linear regression fit of the RMS value of the approximation 

coefficients was obtained. Under these conditions tool wear was estimated within an error of 

6%. Metrology was also used to estimate the tool wear. The slot thickness is continuously 

reduced as the tool is worn and can serve as another indicator for tool wear estimation. 

The estimation of tool wear can be used to plan optimal tool replacement. The 

modeling of tool wear into existing cutting force models presents an interesting future 

research direction. The next phase of the work will involve mechanistic modeling of cutting 

force including the effect of tool wear. This will result in an effective model-based tool 

monitoring system for end milling, and be useful in the industry. The new mechanistic model 

of cutting force may be used in simulations and in planning optimal tool replacement. 
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CHAPTER 5. COMPARISON OF STRAIGHT AND RAMP CUTS IN 
END MILLING 

A paper to be submitted to the Journal Publication 

Yonghoon Choi and Ranga Narayanaswami 

ABSTRACT 

Traditionally, a series of straight slot cuts are used to machine a deep slot. Ramp cuts 

in which the depth of cut is continuously changing offers another possibility. In this paper, 

cutting force signals, table motor currents and tool wear in straight and ramp cuts in end 

milling are experimentally observed and compared. Trends in X, Y, Z cutting force for 

straight and ramp cuts are explained. Cutting force trends are also analyzed for tool wear. In 

addition, SEM pictures are presented to show differences in tool wear for these two types of 

cuts. 

5.1 Introduction 

Machining a deep slot requires a series of cuts. Traditionally straight cuts are used for 

this purpose. An alternative is ramp cut milling. In this paper, we compare these two methods 

experimentally with respect to cutting force and tool wear. Dynamometry and current signals 

are processed for force measurement and analysis. SEM pictures are used for observing tool 

wear. 
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The ramp cuts are unique in that they have (i) variation in the depth of cut and (ii) 

the cutting force trends also depend on the feed direction. Cutting force trends in the X, Y, Z 

directions in ramp cuts were explained previously by the authors in [1]. 

For deep slotting, the key difference between ramp and straight cuts lies in contact 

area between the tool and work-piece. The depth of cut in a ramp cut is continuously 

changing. Consequently, tool contact in ramp cuts is twice that for straight cuts while 

removing the same amount of volume. 

Several signals have been considered for monitoring the milling process and include 

cutting force, torque, vibration, acoustic emission, and spindle motor current. In this paper 

we are concerned with monitoring the cutting force and table motor current in ramp and 

straight cuts in end milling. The selection of an appropriate signal processing algorithm is 

important. Traditional signal processing approaches such as segmental averages and Fourier 

Transform generally assume that the sensor signals are stationary. However, the sensor 

signals in tool wear monitoring are usually non-stationary. Thus, the approaches that deal 

with non-stationary signals are more appropriate for process monitoring. 

The wavelet transform is a convenient tool for processing time varying signals. The 

wavelet transform is better suited than the Fourier transform for monitoring the cutting force 

as it provides time-frequency localization of the signal. The Fourier transform has a problem 

in that it transforms the signal from a time domain to a frequency domain assuming that the 

signals are stationary or infinite in nature. Namely, it has a difficulty in describing transient 

components, and does not convey any information pertaining to translation of the signal from 

the time domain to the frequency domain. Accordingly, we use the wavelet transform to 

analyze the force signal. 
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The rest of the paper is organized as follows. First a brief background on process 

monitoring and tool wear is provided. The experimental setup used for ramp and straight cut 

machining and the measurement of cutting force and current signals is described next. 

Experimental results from force signals, current signals, and tool wear observation with SEM 

and microscope pictures are shown next. Conclusions are presented finally. 

5.2 Background 

The monitoring of tool failure and wear has been a subject of active research. 

Segmental averages and the Fourier transform have been used extensively for signal 

processing. However, the wavelet transform is increasingly being used for process 

monitoring. The wavelet transform has two advantages over segmental averaging [7]: first, 

they represent the system more accurately if the waveform is optimized by considering the 

characteristics of the signal. Second, wavelet parameters can be used for many other 

purposes such as identification of tool breakage, run out, and flute deviation. 

Li [5] used the wavelet transform to detect tool breakage in small diameter drills 

using the cutting force signal. Lee and Tarng [4] used spindle motor current to monitor tool 

failure in end milling. They used the wavelet transform to perform a multilevel signal 

decomposition to extract the tool failure feature and found the four-level wavelet 

decomposition to be adequate. 

Gong, Obikawa and Shirakashi [3] estimated tool wear in turning operations with 

wavelet transform based on the cutting force. Li et al. [6] measured feed motor current to 

estimate the feed cutting force and monitor tool wear in turning. By comparing successive 

feed cutting force estimates, the onset of the accelerated tool wear was determined. Wang, 
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Mehrabi and Kannatey-Asibu [8] used a vibration signal and the wavelet transform to 

monitor tool wear in turning. They found the vibration signals from sharp and worn tools 

showed clear differences. El-Wardany and Elbestawi [2] investigated a stochastic model, for 

ceramic tools used in the finish turning of case hardened steel materials. 

It is clear that the literature supports the use of wavelets for signal processing. The 

cutting force and current signals have also been successfully utilized for tool wear 

monitoring. The literature however has not addressed the monitoring of ramp cuts other 

than the work by the authors [1]. 

5.3 Experimental Setup 

The experimental setup consists of a dynamometer mounted on the table of a three-

axis Fadal CNC machining center and current sensors to measure the table motor current. 

The work-piece is fixtured in the vise, which is bolted on top of the dynamometer. The 

DAQ card has 16 channels and (-10V-10V) range to display. The amplifier has 3 channels 

to send the data to the DAQ card for each X, Y, and Z force signals. The sampling rate is set 

at 500/sec and the tool is assumed to be rotating in a clockwise direction. 

Table 5.1 Experimental Conditions 

Work-piece AISI1018 steel 
1" X2"X3" 

Tool High Speed Steel (0.5in diameter flat end mill with 4 flutes) 
30° Helix Angle and 10° Radial Rake Angle 

Depth of Cut 0 to 0.1 inch for ramp cut 
0.05 inch for straight cut 

Feed Rate 10 in/min 
Spindle Speed o

 
0
 1 n
 

5
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Machining was carried out with a high-speed steel end mill on an AISI1018 steel 

work-piece (see Table 5.1). The geometric difference between straight and ramp cuts is 

shown in Figure 5.1. The work-piece and cut configuration is shown in Figure 5.2. 

Forward Forward 

Backward Backward 

(a) Ramp cut (b) Straight Cut 

Figure 5.1 Geometric Difference in Ramp and Straight Cut 

Forward Backward 

2nd row 

First ro\y. 

Figure 5.2 Schematic Diagram of Machining 

As shown in Figure 5.2, at first the tool moves in the forward direction, and then it 

moves in the backward direction to its original position (X and Y) after recording data for the 
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first cut. Repeated cuts are made until the bottom of the work-piece is reached, then the tool 

moves to the 2nd row. The +X direction is the forward feed direction. The +Z direction points 

downward. 18 cuts in each row are made for a total of 36 cuts in one work-piece. Six work-

pieces are used to generate all cutting data on each ramp and straight cut. Consequently, the 

tool cuts 216 times to remove specified volumes in each case. 

To compare ramp and straight cuts in another way, current sensors are used to 

measure table motor currents and the signals gained through multi-meters. 

X axis 

Y axis 

Z axis 

Spindle 

DC motor 

DC motor 

DC motor 

Power 

AC motor 

Transducers 

AC/DC 
converter 

Control Panel/ 
Controller 

Amplifier 

Figure 5.3 Schematic Control Diagram of CNC Machining Center 

As shown in Figure 5.3, transducers are used to measure current signals for table 

motors. X axis motor signal is crucial to be measured because X is feeding direction. Z axis 

motor signal needs to be measured for ramp cuts as the depth of cut changes continuously 

while it might not be needed for straight cut since the depth of cut does not change. Y axis 

motor was not measured because it does not move during machining. In this set of 
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experiments, both ramp and straight cuts were performed alternately and repeatedly. As 

shown in Figure 5.4 the tool cuts a set of ramp cuts followed by a set of straight cuts. 

Figure 5.4 Alternate Ramp and Straight Cut 

5.4 Cutting Force Signals 

The tool contact area, the changing depth of cut and the unit pressing load because of 

downward motion of the tool are the key factors in explaining cutting force trends in ramp 

cuts [1]. Cutting force trends in straight cuts are easy to understand. Constant forces are 

recorded as there is no variation in depth of cut while the tool is engaged in machining. 

Figure 5.5 shows the cutting force trends in ramp and straight cuts for forward direction 

machining. For each cut, X, Y, and Z force signals and the corresponding wavelet 

transformed signal at approximation 9 (A9) are shown. The cutting force trends in backward 

machining are similar to forward machining. 

The Root Mean Square (RMS) value of the A9 coefficients within each cut is 

calculated as 
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RAdS = 1 zT-rt' 
n 

x = values of A9s 

n = number of data 

(a) X forward ramp cut 

Blilr 

(b)Y forward ramp cut 

(c) Z forward ramp cut 

(d) X forward straight cut 

Elimmimhir 

(e) Y forward straight cut 

(f) Z forward straight cut 

Figure 5.5 X, Y, and Z Force Trends in Ramp and Straight Cuts 
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Xramp -e-Xst 

Cut Num 

(a) X forward comparison 

Cut Num. 

(b) Y forward comparison 

-Zramp —*— Zst 

150 

100 

50 

Cut Num. 107 215 

(c) Z forward comparison 

(d) Resultant forward comparison 
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Xramp 

Cut Num 

(e) X backward comparison 

Cut Num 

(f) Y backward comparison 

150 

100 

50 

0 

Cut Num. 

• Zramp -*~Zst 

108 216 

(g) Z backward comparison 

150 

100 

50 

0 
Cut Num. 

• Resl_ramp Resl_st 

108 216 

(h) Resultant backward comparison 

Figure 5.6 RMS Comparison Between Ramp and Straight Cuts 
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Figure 5.6 shows RMS comparison between ramp and straight cut for each X, Y, Z, 

and resultant force, where the resultant force is calculated as 

Resultant Force = -JX2 + Y2 + Z2 

216 ramp and straight cuts were machined (6 work-pieces and 36 cuts on each work-

piece). Odd cut numbers correspond to forward cuts and even cut numbers are for backward 

cuts. X axis represents cut number (first, middle and last are marked) and Y axis represents 

force magnitude in lbs. 

As machining goes on in all cases except Z forward, RMS values of straight cuts 

show higher force values. In case of Z forward, ramp cut results in higher force because the 

tool presses down on the work-piece as machining goes on. The resultant force for forward 

cuts is however still lower than for straight cuts. The trends observed in this comparison 

suggest that the ramp cut requires less force than straight cuts. 

Table 5.2 shows percentage differences of RMS at the last cut between ramp and 

straight cuts. Negative sign for Z forward indicates that the RMS value of ramp cut is higher 

than straight cut. Resultant force shows that the straight cut results in higher RMS values 

than the ramp cut by about 30 % for both forward and backward cases. 

To further investigate in detail, the middle value at A9 in each cut, where the depth 

of cut for ramp and straight cuts are the same is compared. Mid point comparison is shown 

in Figure 5.7. X axis represents cut number and y axis represents force in lbs. 
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Straight Ramp 

150 

100 

Cut Num. 107 215 

(a) X forward comparison 

Ramp Straight 

(b) Y forward comparison 

-•—Ramp h»-Straight 

(c) Z forward comparison 
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150 

100 
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Cut Num. 215 107 

(d) Resultant forward comparison 
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Ramp Straight Cut Num. 
0 i— 

216 
-50 

-100 

-150 

(e) X backward comparison 

£ 
150 

100 

50 

0 

Cut Num. 

Ramp -e-Straight 

108 216 

(f) Y backward comparison 

5 
140 

90 

40 

-10 

Cut Num. 

•Ramp —«-Straight 

108 216 

(g) Z backward comparison 

Ramp Straight 

(h) Resultant backward comparison 

Figure 5.7 Mid Point Value Comparison Between Ramp and Straight Cuts 
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Table 5.2 Percentage Difference of RMS at the Last Cut 
Between Ramp and Straight Cuts 

Forward X Y Z Resultant Force 
% difference 86 97 00

 

29 

Backward X Y z Resultant Force 
% difference 55 5 3 30 

Table 5.3 Percentage Difference of Cutting Force at the Middle of the Last Cut 
Between Ramp and Straight Cuts 

Forward X Y Z Resultant Force 
% difference 72 62 -81 18 
Backward X Y Z Resultant Force 

% difference 40 -3 -12 20 

As seen from Figure 5.7, cutting force in ramp cut is lower than straight cut at the 

mid point of each cut except only for Z forward. Again Z forward can be explained in the 

same way as RMS comparison. The tool in forward ramp cut presses does and results in a 

higher value of force magnitude. Table 5.3 indicates the percentage differences and is more 

or less consistent with results in Table 5.2. 

5.5 Feed Current Signals 

Current sensor signal is used to compare ramp and straight cuts in another way. The 

current sensor is used to measure current signals from X and Z table motors. Voltage values 

measured during machining is almost constant at 30 volts. To ensure experimental setup 

consistency alternate ramp and straight cut are made repeatedly. 
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Figure 5.8 Comparison of Ramp and Straight Cut Current Sensor Signals 
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In each cut, data was measured at 5 locations. Since the length of workpiece is 3 

inches, measured locations were decided at 0.25, 0.75, 1.5, 2.25, and 2.75 inches at the 

center of the tool. In Figure 8 ramp and straight cut signals are plotted for X and Z current 

signals. 

Table 5.4 Percentage Difference of Area of X Current Signals 
Between Ramp and Straight Cuts 

Fwd ramp Fwd st. Bwd ramp Bwd st. 
Area 3.18 3.56 2.4 3.34 

% diff. 10.7% 28% 

In Figure 5.8, it is noticed that the ramp cuts show lower values of current for the X 

motor at the middle of the cut for both forward and backward cuts. In case of Z forward, 

ramp cut shows a higher value of current since the tool presses down on the work-piece. In 

addition, an almost constant trend is noticed because the bottom teeth of the end mill 

removes only unit amount of chips. Straight Z forward, straight Z backward, and ramp Z 

backward signals show almost zero values during machining since the tool remains at the 

same height. Table 5.4 shows area calculations for X current signals to compare ramp and 

straight cuts for forward as well as backward cuts. The area is less by about 10 % and 28 % 

for ramp cuts compared to straight cuts. Consequently, the power consumption for straight 

cuts is expected to be higher than ramp cuts since power is multiplication of voltage and 

current. 
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5.6 Tool Wear 

Pictures are taken in an SEM to see the teeth from top view and with a microscope to 

view the side teeth. The worn tool after 216 cuts is compared with a brand new tool for both 

ramp and straight cuts. Figure 5.9 shows tool edges from top view with SEM and Figure 

5.10 shows side teeth with microscope. 

It is evident from Figure 5.1 and also observed from Figure 5.9 that the contact area 

between the tool and work-piece for ramp cut is twice longer than the straight cut for 

removing the same amount of volume. Therefore, there is more stress concentration in 

straight cuts than in ramp cuts and this leads to increased tool wear in straight cuts. Worn 

area for the ramp cut is 1.94 mm2 and 3.32 mm2 for the straight cut. 

Figure 5.10 shows side view of the teeth of the cutting tools. It indicates clearly that 

the tool for the straight cut is worn more than the one for ramp cut. 
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(a) Brand new tool 

(b) Ramp cut tool 

(c) Straight cut tool 

Figure 5.9 SEM Pictures of the Tools 
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(a) Brand new tool 

(b) Ramp cut tool 

(c) Straight cut tool 

Figure 5.10 Side Views of the Teeth with Microscope 
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5.7 Conclusion 

Experimental cutting force data in ramp and straight cuts in end milling measured 

with dynamometer and current sensors were compared for the trends in the X, Y and Z 

signals. The wavelet transform was used to generate an accurate and compact representation 

with multilevel signal decomposition of cutting forces. It was observed that ramp cuts needed 

less cutting forces and power consumption than straight cuts. Ramp cut shows less RMS 

values than straight cut except for the forward Z force attributed to geometric reasons. 

However, X and Y forces are lower and consequently the resultant force is lower for ramp 

cuts. In the mid point comparison, ramp cut also shows less or about same values of forces 

compared to the straight cut. Comparing table motor currents also shows that ramp cuts use 

less cutting force than straight cuts. Picture analysis with SEM and microscope also shows 

clearly that the tool for straight cut has worn more than the one for ramp cut. 

5.8 Acknowledgement 

This research is supported by the National Science Foundation under grant No. DMI 

9970083. Any opinions, findings, and conclusions or recommendations expressed in this 

material are those of the authors and do not necessarily reflect the views of the National 

Science Foundation. The authors gratefully acknowledge help from Jim Dautremont in 

Mechanical Engineering and Kevin Brownfield in Industrial and Manufacturing Systems 

Engineering for assistance with the experiments. 



94 

5.9 References 

[1] Choi, Y. and Narayanaswami, R. (2002), "Experimental Observations of Cutting Force 

and Tool Wear Effects in Ramp Cuts in End milling", Transactions ofNAMRI/SME, Vol. 30, 

pp. 191-198. 

[2] El - Wardany, T. I. and Elbestawi, M. A. (1997), "Prediction of Tool Failure Rate in 

Turning Hardened Steels", International Journal of Advanced Manufacturing Technology, 

Vol. 13, pp. 1-16. 

[3] Gong, W., Obikawa, T., and Shirakashi, T. (1997), "Monitoring of Tool Wear States in 

Turning Based on Wavelet Analysis", JSME International Journal, Vol. 40, No. 3, pp. 447-

453. 

[4] Lee, B. Y. and Tamg, Y. S. (1999), "Application of the Discrete Wavelet Transform to 

the Monitoring of Tool Failure in End Milling Using the Spindle Motor Current", 

International Journal of Advanced Manufacturing Technology, Vol. 15, pp. 238-243. 

[5] Li, X. (1998), "Real-time Detection of the Breakage of Small Diameter Drills with 

Wavelet Transform", International Journal of Advanced Manufacturing Technology, Vol. 

14, pp. 539-543. 

[6] Li, X., Djordjevich, A., and Venuvinod, P.K. (2000), "Current Sensor Based Feed Cutting 

Force Intelligent Estimation and Tool Wear Condition Monitoring", IEEE Transactions of 

Industrial Electronics, Vol. 47, No. 3, pp. 697-701. 



95 

[7] Tansel, I., Rodriguez, O., Trujillo, M., Paz, E., and Li, W. (1998), "Micro-end-milling -

I. Wear and Breakage", International Journal of Machine Tools and Manufacture, Vol. 38, 

pp. 1419-1436. 

[8] Wang, L., Mehrabi, M. G., and Kannatey-Asibu, E., Jr. (2001), "Tool Wear Monitoring 

in Machining Processes Through Wavelet Analysis", Transactions ofNAMRI/SME, Vol. 29, 

pp. 399-406. 



96 

CHAPTER 6. TOOL WEAR ESTIMATION AND MONITORING 
SPINDLE MOTOR CURRENT 

6.1 Tool Wear Estimation 

In order to investigate tool wear estimation for both ramp and straight cut, the same 

cutting condition is chosen as shown in Chapter 5 (spindle speed: 1,000 rpm, feed rate: 10 

inch/min, and depth of cut: 0 to 0.1 inch for ramp cut and 0.05 inch for straight cut). 3 tools 

are used for each ramp and straight cut. At first, brand new tools machined 2 workpieces (72 

cuts for each case), second another set of new tools machined 4 workpieces (144 cuts for 

each case), and finally the last set of new tools machined 6 workpieces (216 cuts for each 

case). 

Repeatability of data in the range of cut number 1 to 72 and 1 to 144 has been 

checked and shown in Figure 6.1 and 6.2. Figure 6.1 and 6.2 show RMS values of wavelet 

approximation coefficients at approximation level 9 (A9) as cut number increases for each 

ramp and straight cut. Figure 6.1(c) and 6.2(c) show the machining of 6 workpieces (216 

cuts, 36 cuts/workpiece). The data have been analyzed with linear regression that shows 

about 0.97 ~ 0.99 R-squares. 

Figure 6.3 and 6.4 show top views of the tool using the SEM and side views using a 

microscope for each ramp and straight cuts as machining progresses. It is noticed that the 

tools are getting worn progressively. The contact area between the tool and work-piece for 

the ramp cut is twice as long as the contact area between the tool and workpiece for the 

straight cut when removing the same amount of materials. Therefore, there is more stress 

concentration in straight cuts than in ramp cuts and this leads to increased tool wear in 

straight cuts. 
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Figure 6.1 Repeatability of Cutting Forces in Ramp Cut with Various Cut Numbers 
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Figure 6.2 Repeatability of Cutting Forces in Straight Cut with Various Cut Numbers 
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(a) Brand new tool 

(b) Tool after machining 2 workpieces (72 cuts) 

(c) Tool after machining 4 workpieces (144 cuts) 

(d) Tool after machining 6 workpieces (216 cuts) 

Figure 6.3 Top and Side Views of the Progressive Ramp Cut Tools with SEM and 
Microscope 
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(a) Brand new tool 

(b) Tool after machining 2 workpieces (72 cuts) 

(c) Tool after machining 4 workpieces (144 cuts) 

(d) Tool after machining 6 workpieces (216 cuts) 

Figure 6.4 Top and Side Views of the Progressive Straight Cut Tools with SEM and 
Microscope 
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Figure 6.5 Tool Wear Estimation with Tool Worn Area and RMS Values of 
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Tool wear has been measured from the top view using Image Tool software. Worn 

area versus cut number is plotted in Figure 6.5(a) for each ramp and straight cut. Linear 

regression is used to fit those data and shows 0.96 R-squares on each. Figure 6.5(b) is about 

RMS values as cut number increases. Those are the same data as used in Figure 6.1(c) and 

6.2(c). Scatter graphs are plotted in Figure 6.5(c) for each ramp and straight cut with those 

data used in Figure 6.5(a) and (b) and those R-squares are 0.98 and 0.92 respectively. 

Consequently, cutting force data can be drawn from measured worn tool area. 

Worn area for the ramp cut is 1.94 mm2 and 3.32 mm2 for the straight cut. The reduced 

machined slot width between the beginning and last cut is 0.2388mm for ramp cut and 

0.1575 mm for straight cut with CMM. The reason is the probe of the CMM used in this 

measurement has about 4 mm diameter. Because of the probe nose at the edge of the bottom 

inside the slot, the slot thickness could not be measured exactly. However, Those slot 

thickness has been measured by vernier calipers and showed reduced slot width 0.35 mm for 

ramp cut and 0.63 mm for straight cut. Table 6.1 shows the tool worn area and slot width for 

ramp and straight cuts as machining progresses. 

Table 6.1 Tool Worn Area and Slot Width 

Measured new 

tool diameter 

12.67mm 

Ramp cut Straight cut Measured new 

tool diameter 

12.67mm 

Worn area 

{mm2 ) 

Slot width 

(mm) 

Worn area 

(mm 2 )  

Slot width 

(mm) 

At first - 12.75 - 12.85 

After machining 2 wkpcs 1.39 12.57 1.12 12.55 

After machining 4 wkpcs 1.57 12.45 1.82 12.45 

After machining 6 wkpcs 1.94 12.40 3.32 12.22 
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6.2 Monitoring Spindle Motor Current 

Spindle motor current has been measured to monitor ramp and straight cut in the 

different way. The spindle motor in a CNC machine is a 3- phase AC motor. In this type of 

motor 3-phase alternating currents are generated when a magnet rotates inside a generator 

with three coils positioned at 120 degrees from each other. There will be a rotating magnetic 

field, which causes an induced current in the rotor and creates a torque to rotate the rotor 

when the 3-phase AC motor runs. A power meter is used to measure spindle motor current as 

shown in Figure 6.6. 

Z axis 

X axis 

Y axis 

Spindle 

Power meter 

DC motor 

DC motor 

Power 

DC motor 

AC motor 

AC/DC 
converter 

Control Panel/ 
Controller 

Amplifier 

Figure 6.6 Schematic Control Diagram of CNC Machining Center 

Voltage values measured during machining are almost constant at 225 volts. To 

ensure experimental setup consistency alternate ramp and straight cut are made repeatedly as 

the case of feed motor currents in Chapter 5. In each cut, data was measured at 5 locations. 

Since the length of workpiece is 3 inches, measured locations were decided at 0.25, 0.75, 1.5, 



104 

2.25, and 2.75 inches at the center of the tool. In Figure 6.7 ramp and straight cut signals are 

plotted for spindle motor current signals on each forward and backward machining. 

Measured Location 

(a) Forward spindle motor currents in ramp and straight cuts 

Measured Location 

(b) Backward spindle motor currents in ramp and straight cuts 

Figure 6.7 Spindle Motor Currents in Ramp and Straight Cuts 

Table 6.2 Percentage Difference of Area of Spindle Motor Current Signals 
Between Ramp and Straight Cuts 

Fwd ramp Fwd st. Bwd ramp Bwd st. Comb, ramp Comb. st. 
Area 3.64 3.30 2.71 3.26 6.35 6.56 

% diff. 10.2% -20.1% -3.3% 
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In Figure 6.7, it is noticed that the ramp cuts show higher values of spindle motor 

current at the middle of the cut for forward cut and show lower values for backward cuts 

compared to straight cuts. This is because the tool presses down on the workpiece as 

machining goes on while the tool moves straight back for backward ramp cut. Spindle motor 

current signals for the straight cuts are almost the same and consistent for forward and 

backward cuts. Because the only difference is moving direction. Table 6.2 shows area 

calculations for spindle motor current signals to compare ramp and straight cuts for forward 

as well as backward cuts. The area for a forward ramp cut is more by about 10 % compared 

to a forward straight cut. The area for a backward ramp cut is less by about 20 % compared 

to backward straight cut. Combined forward and backward cuts show the ramp cut is less by 

about 3.3 %. Consequently, the power consumption for straight cuts is expected to be higher 

than ramp cuts since power is multiplication of voltage and current. 

6.3 Physical Insight 

In this research, one type of the tool and workpiece is used. It is recommended to use 

lower speed ranges for hard, tough, and abrasive materials and higher speed ranges for soft 

materials, better finishes, smaller diameter cutters. It is better to use higher feeds for heavy, 

roughing cuts, high tensile strength materials, abrasive materials, and lower feeds for light, 

and finishing cuts, deep slots, low tensile strength materials. EMSIM simulation shows how 

different materials affect on cutting forces and those are displayed in Table 6.3. 

It is clearly noticed that cutting forces were getting higher as the hardness of 

workpiece increases. If harder material need to be used, such as gray cast iron (150- 220 

BHN), it is better to use a harder tool like carbide. 
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Table 6.3 Effect of Material Types on the Cutting Forces (lb) with HSS Tool 

Types of wkpc Avg. X force Avg. Y force Avg. Z force Avg. R- force 

2024 aluminum -8.64 22.07 -6.67 24.69 

1018 steel -19.15 43.64 -5.14 48.22 

1048 steel -41.95 74.03 -8.11 87.55 

Xu and Geng (2002) used Ti Beta 21S which is generally known to be one of the 

most difficult materials to machine because of its high hardness, high strength at high 

temperature, affinity to react with the tool materials, and low thermal diffusivity. They 

suggested that Ti Beta 21 S, as a difficult-to-cut material, should be milled with a sharp-

edged tool at lower cutting parameters to avoid severe wear of the tool. Coolant should be 

used to conduct away the cutting heat. A proper tool material should be selected. 

According to Ozel and Altan (2000), chip and tool temperatures increase with 

increasing cutting speed. It is found that the temperatures on the tool rake face are much 

higher than the temperatures in the shear zone. Predicted maximum tool temperatures are 

located near to the tool tip but not on the tool tip. This proves that the chip-tool interface 

friction elevates the temperatures on the rake face as the chip continues to slide on this 

surface. The highest tool temperatures were predicted on the rake face at the primary (side) 

cutting edge of the flat end mill insert regardless of cutting conditions. This is due to the 

additional heat generated by the chip sliding mechanism on the rake face. Those temperatures 

play a major role in crater wear development at the primary cutting edge. 
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An important parameter influencing the machining temperature is the form stability 

of the tool wedge. As the tool wears out, the geometry of the cutting wedge changes, 

influencing the machining performance. As the tool wear progresses, frictional heating due to 

the sliding of the material over the cutting zone increases, resulting in the observed rise in the 

cutting temperature with flank wear (Sreejith et al. 1999). 

Cooling influences machining in various ways. At the contact between the chip and 

tool, cooling can reduce the chip temperature and, thus, affect directly the friction force 

between the chip and tool. Contact area for ramp cut is twice larger than for straight cut and 

because depth of cut is keep changing, it allows the tool to cool down faster than the tool for 

straight cut and generates less cutting force. 
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CHAPTER 7. CONCLUSIONS 

Conclusions of this research are based on the experimental observations and results 

that have been presented and discussed on three individual journal papers that are included in 

this dissertation as Chapters 3, 4, and 5 and additional Chapter 6. Each of three journal 

papers focuses on the experimental observations of cutting force and tool wear effects in 

ramp cut, tool wear monitoring in ramp cut, and comparison of ramp and straight cuts in end 

milling. 

Experimental cutting force data in ramp cuts in end milling were generated and 

analyzed for tool wear effects. The ramp cuts are unique in that they have a changing depth 

of cut. The wavelet transform was used to generate a multilevel decomposition of the cutting 

force signal and was very useful. The RMS value of the approximation coefficients of the 

wavelet transformed resultant cutting force signal was used to model and estimate tool wear. 

For smaller depth of cut a linear regression fit of the RMS value of the approximation 

coefficients was obtained. Under these conditions tool wear was estimated within an error of 

maximum 6%. Metrology was also used and useful to estimate the tool wear. The slot 

thickness is continuously reduced as the tool is worn and can serve as another indicator for 

tool wear estimation. 

Cutting force data in ramp and straight cuts is measured with a dynamometer and 

current sensors were compared for the trends in the X, Y and Z signals. It was observed that 

ramp cuts needed less cutting forces and power consumption than straight cut. Percentage 

difference of RMS values of the approximation coefficients between ramp and straight cuts is 

about 30% and cutting force difference at the middle is about 20%. Area comparison of X 
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feed current signals from the table motor between ramp and straight cuts shows that the 

forward ramp cut is less than the forward straight cut by about 10 % and 28 % for the 

backward cut. Combined forward and backward cut areas show that the ramp cut is less by 

about 3.3% than the straight cut with spindle motor current. 

The ramp cut shows less RMS values than the straight cut except for the forward Z 

force attributed to geometric reasons. However, X and Y forces are lower and consequently 

the resultant force is lower for ramp cuts. In the mid point comparison, ramp cuts also shows 

slightly smaller or about same values of forces compared to the straight cuts. Comparing 

table and spindle motor currents also shows that ramp cuts use less cutting force than straight 

cuts. Picture analysis with a SEM and microscope for tool wear estimation also shows clearly 

that the tool used for straight cuts has worn more than the tool used to make ramp cuts. The 

estimation of tool wear can be used to plan optimal tool replacement. 

Cooling influences machining in various ways. At the contact between the chip and 

tool, cooling can reduce the chip temperature and, thus, affect directly the friction force 

between the chip and tool. Contact area for ramp cut is twice larger than for straight cut and 

because depth of cut is keep changing, it allows the tool to cool down faster than the tool for 

straight cut and generates less cutting force. 

Generally, it is recommended to use lower speed ranges for hard, tough, and abrasive 

materials and higher speed ranges for soft materials, better finishes, smaller diameter cutters. 

It is better to use higher feeds for heavy, roughing cuts, high tensile strength materials, 

abrasive materials, and lower feeds for light, and finishing cuts, deep slots, low tensile 

strength materials to make efficient machining. 
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The research done in Chapter 3 had been published in the Transactions of 

NAMRI/SME, Vol. 30, the work in Chapter 4 had been accepted by International Journal of 

Advanced Manufacturing Technology, and Chapter 5 will be submitted to the Journal 

Publication. Based upon this research, process monitoring in micro machining is suggested as 

future work. 
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