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SUMMARY 

SUMMARY 
 

 The present study seeks to monitor and predict surface roughness in a high 

speed end milling process. Five specific objectives are sought in this study: 

 

1. Establish a technological platform in which process monitoring is 

possible at high frequency sampling. 

2. Analyze and predict the forced vibrations (Acc[x]) produced by the 

spindle speed and cutting conditions. 

3. Determine the effect that the controllable parameters (spindle 

speed, depth of cut, feed per tooth and feed rate) together with 

forced vibrations have on the final Surface roughness (Ra). 

4. Analyze and predict the machine vibrations (Acc[x]) produced by 

the spindle speed and its proper feed rate (Vf). 

5. Create efficient surface roughness predictors for (7075-T6, 6061-

T6 Aluminum and 1045 Steel) different materials in high speed end 

milling operations, using statistical analysis tools. 

6. Compare theorical and estimated surface roughness models. 

  

Accelerometers and CNC variables are tested to experimentally acquire 

data of the machining process in order to develop a model in which the surface 

roughness of parts is predicted. Process parameters and dynamic vibrations are 

used to develop the model using regression statistical tools. While experimenting, 

tool diameter, parts material, and depth of cut are remained constant. Once the 

model is obtained, final experimentation is made to corroborate its reliability. 

Finally, a concluding study is made to determine the individual effect of each 

parameter with the surface roughness. 
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Chapter 1: Introduction 

Chapter 1: Introduction 
 

 The present study is made with the objective of continuing with an extended 

research in the topic of surface quality and the machining parameters involved in it. 

In order to narrow the topic of the present these, it will be focused in the surface 

quality of parts machined in a High Speed end-Milling (HSM) process. To achieve 

such objectives, a software based data acquisition platform is developed to 

measure variables through different sensing methods, allowing future research. A 

methodology, next explained, is followed to end with a resulting model which will 

help to predict a value for surface roughness in an end milling process. Similarly it 

will be understand the impact of each parameter analyzed in the final output quality 

characteristics. 

  

1.1 Antecedents 
 
 Several attempts have been made to model the surface roughness of parts 

in machining processes. Dislike a turning process, an end-milling process has 

greater complexity. Models obtained by researchers have included a great number 

of parameters concluding that all of them have an effect on the final surface texture 

of the part. It is important to mention that almost none of these research works 

include vibrations as an independent factor related with the quality of parts and 

most of them have worked with low spindle speeds which are not a characteristic 

of an HSM process. Even though vibrations has an specific influence depending on 

several factors such as machine rigidity, tool wear, setup parameters, etc. a first 

attempt to include vibrations into an equation to predict surface roughness will be 

made. 

1.2 Objectives 
 
 The present study has the objective to determine a relationship between 

machining parameters and vibrations, jointly with their corresponding effect on the 
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surface quality of the parts machined, in a high speed end milling process. Four 

main objectives are sought in this study: 

 

1. Establish a technological platform capable of monitoring a high speed 

machining at high frequency sampling. 

2. Determine the effect that the controllable parameters, spindle speed, 

depth of cut, feed per tooth and feed rate, have on the final Surface 

roughness (Ra) in aluminum and steel alloys machining. 

3. Analyze and predict the machine vibrations (Acc[x]) based in machining 

parameters. 

4. Create efficient surface roughness predictors for 3 different materials 

using statistical analysis tools. 

5. Compare theorical versus measured Ra. 

1.3 Methodology 
  

 Obtaining the objectives proposed involves  numerous steps and tools of 

several fields of study: electronics, computer systems, statistics and mechanics. 

Software such as LabView from National Instruments, is essential for the 

acquisition and visualization of the data obtained and the interaction with its 

sensors. The next methodology, in Figure 1, is simple which requires no more 

explanation, each step is accompanied with the tools used and in the gray column 

the results obtained from the completion of each step is displayed. 
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Figure 1. Methodology followed during the development of the present study. Blue boxes shows the 
steps made, gray boxes the result of each step and at the right the tools employed in each step. 
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Chapter 2: High Speed Machining 
 

2.1 Introduction to High Speed Machining 
 

 The High Speed Machining (HSM) technology was born in the last decades 

focused on increasing productivity in manufacturing industries. Due to the high 

spindle and feed rate velocities, less time is required to manufacture parts, and so, 

less production costs. Because it’s a relatively new technology, lots of studies have 

been and are being made around the topic, most of them centralized in the surface 

quality of parts. Drivers and motor technological advances have made possible to 

achieve speeds up to 30000 rpms and high feed rates, mostly in the aeronautic 

and aerospace industries. But the increment of such parameters has highlighted a 

tremendous problem in machining centers: their capability to control and monitor 

the process.    

 Compared to conventional milling process, where relatively low velocities 

are used, controls and sensors of HSM machines have not been enough to support 

high velocity sensing and control. Thus, researchers’ efforts to develop successful 

monitoring systems for further control have been made. Even though these 

objectives are reached, one more step must be accomplished: to ensure that a 

high surface quality of parts can be obtained. With low surface quality, the time 

saved in a HSM process will be consumed in further processes to give parts the 

surface quality needed. According to the bibliography which can be found at the 

end of this these, Table 1 was constructed to show all variables that have been 

found to affect surface quality of parts.  In further chapters, the development of a 

fast and accurate multisensor platform will be explained. This platform was 

developed in order to analyze some of these variables that influence the surface 

quality of parts in these HSM processes. 
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Tool Variables Setup Variables Workpiece Variables 

Tool Geometry 
Tool Nose Radius 
Tool Diameter 
Number of teeth 
Tool Wear 
Tool Vibration 
Tool Material 
Machine-Tool Rigidity 

Spindle Speed 
Feed Rate 

Depth of Cut 
Approach Angle 

Stepover 

Workpiece Material 
Workpiece Hardness 
Workpiece Geometry 

 

Table 1.  Parameters and variables that influence the surface quality of machined parts in an end 
milling process. 

2.2 Why High Speed Milling? 
 

It is very important for the metalworking industry to reduce costs in 

manufacturing, for such reason the development of high speed machines has been 

inspired. It is important also to recognize that high speed machining technology is 

relatively new, thus there is not enough knowledge on the most suitable shop 

procedures for these processes. These and other reasons are found to justify the 

research on such topic. 

 HSM implies high spindle speed, feed rates, or both. It could not be 

standardized a certain speed to be consider a high speed milling process, due to 

the condition and complexity of the process and the materials used, but it is known 

that HSM helps to improve productivity compared to a conventional milling method. 

The problem surges in which parameter settings to choose to achieve great quality 

parts if such process nature is not well know. 

 The development of material technology is driving the research on faster 

machining methods. New harder and resistant materials, mostly from automotive 

and aeronautic industries, cannot be machined with conventional processes.  

 The objective of this study is to get knowledge of few aspects of the nature 

of high speed milling focused on parts quality. Some more years must pass in 

order to get full knowledge and be capable of controlling a huge amount of 

parameters involved in a process to achieve specific purposes. Actually, without a 

complete knowledge in the topic, it can be ensure that high speed milling 

processes have the following advantages over conventional milling: 
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- With the ability of increasing speed over six times, HSM will reduce 

production times and consequently production costs. 

- Generating low cutting forces with HSM than with conventional milling, it is 

now possible to produce thinner-walled parts than normal. 

- A single HSM has the potential to replace 2 or 3 conventional mills. 

 

The development of such machinery is driving other areas involved in this 

industry to develop new technologies to satisfy the users of HSM. These evolutions 

involve: 

- Complex and more resistant tools. 

- Higher speed spindles. 

- More complex control systems. 

- Development on sensorial systems. 

- Development on safety systems. 

- New and more precise CNC systems. 

- More rigid and resistant machine structures. 

- Complex clamping methods. 

- Research and development of new coolant methods. 

 

For all these reasons and the need of knowledge in this area, this these focus 

its research in High Speed Milling. 

2.3 Literature Review 
 
 One of the greatest challenges in machining is to achieve the maximum rate 

of cutting material, minimizing at the same time the tool wear, maintaining the 

surface and dimensional quality in all parts [Correa, 2004]. Nowadays, researchers 

have focused their work in determining which parameters affect these machining 

aspects. In this study we will center our attention in surface quality. Surface 

roughness is the most representative parameter to represent the part surface 

texture. Currently the most common term to define surface roughness is Ra, Figure 

2, other terms such as Rmax, Ry, Rq, etc. are less used. Ra is defined as the 

average value or surface roughness through a distance [Amaral and Chong, 2002]. 
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Figure 2. Surface Roughness parameter Ra representation over a specific length [Lou, Mike. et al, 1998]. 

 

Researchers have modeled the machining process in order to obtain an 

equation which help to predict the superficial roughness in parts [Boothroyd and 

Knight, 1989]. 

 

r
f

Ra n

32

2

=  
(Equation 1) 

 

Equation 1 shows the ideal surface roughness in turning, where Ra is the 

average value of surface roughness through a distance, fn is the feed per 

revolution and r the tool radius. In addition to the geometric parameters in equation 

1, researches have found that the surface roughness is affected by a great number 

of parameters and aspects in more or less magnitude. Models, such as the one of 

Lou, had include parameters like spindle speed, feed rate and depth of cut to 

determine Ra [Lou et al, 1999]. In other investigation Mandara left the depth of cut 

constant and varied the tool size getting the same results as Lou, which are, all 

parameter evaluated have an effect on surface roughness [Mandara et al, 1999]. 

 Table 2 shows some relevant studies made by researchers related to the 

prediction of surface roughness. 
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Article name Authors Article Objective Observations Conclusions 
Optimization of 
feedrate in a face 
milling operation 
using a surface 
roughness model 
(October 1999) 

Dae Kyun Baek 
Tae Jo Ko 
Hee Sool Kim 
(South Korea) 

Create a surface 
roughness 
prediction based on 
geometric calculus 
of the axial and 
radial insert 
runouts. 
Process: face 
milling  

Velocities used: 
Feed Rate 127 
mm/min 
Spindle Speed 370 
rpm 
Maximum 
Velocities: 
Vc = 116 m/min 

A surface roughness 
predictor was 
created with 
prediction errors of 
3 µm average. 
Measured surface 
roughness are about 
13 and 20 µm. 

Simulation of 
surface roughness 
and profile in high-
speed end milling 
(2001) 

Ki Yong Lee 
Myeong Chang 
Kang 
Yung Ho Jeong 
Deuk Woo Lee 
Jeong Suk Kim 
(South Korea) 

Present a method 
for simulating the 
machined surface 
using the 
acceleration signal 
instead of using 
cutting forces. A 
geometric end 
milling model was 
used for modeling 
the end milling 
offset and tilt 
angle. 
Process: Profiling 

Velocities used: 
Feed per tooth: 
0.05 mm/t 
Spindle Speed 
10000-15000  
Max Velocities: 
Vc = 471 m/min 

The frequency 
analysis is used to 
obtain the dominant 
frequencies which 
are included in the 
model to obtain the 
surface roughness 
predictions. Errors 
vary in maximum 
0.50 µm. 

Surface roughness 
model for en 
milling: a semi-free 
cutting carbon 
casehardening steel 
(EN32) in dry 
condition 
(October 2000) 

A. Mansour  
H. Abdalla 
F. Meche 
(Egypt, UK) 

Develop a 
mathematical 
model that utilizing 
the response 
surface roughness 
methodology and 
method of 
experiments to 
predict the surface 
roughness. 
Process: face 
milling 

The milling 
process was in dry 
conditions. Models 
and design of 
experiments too 
complex. 
Max Velocities: 
Vc = 38 m/min 

Confidence intervals 
for Ra prediction 
were created.  

Experimental study 
of surface 
roughness in slot 
end milling 
AL2014-T6 
(May 2003) 

Ming-Yung 
Wang 
Hung-Yen 
Chang 
(Taiwan) 

Analyze the 
influence of cutting 
condition and tool 
geometry on 
surface roughness 
when slot end 
milling AL2014-
T6. 
Process: slot end 
milling 

Parameters 
considered were 
cutting speed, feed, 
depth of cut, 
concavity and axial 
relief angles of the 
end cutting edge of 
the end mill.  
Max Velocities: 
Vc = 80 m/min 

Using response 
surface models two 
theoretical models 
were created for dry 
machining and with 
coolant. 

An adaptive-
network based 
fuzzy inference 
system for 
prediction of 
workpiece surface 
roughness in end 
milling 
(October 2001) 

Ship-Peng Lo Predict the 
workpiece surface 
roughness after the 
end milling process 
with an adaptive 
network based 
fuzzy inference 
system. 
Process: N/A 

Three milling 
parameters were 
analyzed, spindle 
speed, feed rate 
and depth of cut. 
Max Velocities: 
Vc = 89 m/min 

The predicted 
surface roughness 
values derived from 
ANFIS achieved 
very satisfactory 
accuracy. 

This these  Process: Grooving Vc = 830 m/min 
maximum. 

For steel and 
aluminum alloys 

Table 2. Relevant articles reviewed in the literature research phase. 
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2.4 Proposed Modeling Approach 
 
 Several techniques can be used to obtain a final model for surface 

roughness. In this study regression methods will be used because of their 

simplicity, effectiveness and the allowance of using high exponential orders. As 

explained in the introduction of this work vibration and surface roughness will be 

our final predicted dependant values. Our dependant variables will be feed rate, 

spindle speed and depth of cut. Further study could be considered using different 

techniques to obtain the model in order to compare efficiency and processing time. 

Average surface roughness (Ra) will be kept as the unique term analyzed to get 

uniformity in the results of the experimentation phase. Next figure shows the 

proposed modeling approach for this study. 

 

Ra

Vibration Feed Rate &
Feed per Tooth

Spindle Speed
Depth of Cut

Ra

Vibration Feed Rate &
Feed per Tooth

Spindle Speed
Depth of Cut

 

Figure 3. Proposed modeling approach scheme. 

 

 In this modeling approach two equation are obtained: one to predict 

vibrations and a second to predict surface roughness. Figure 3 shows the variables 

that help predict each parameter. 
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Chapter 3: Machining Monitoring System 
 

3.1 Introduction 
 
 The present chapter is intended to give an overview of how a machine 

monitoring system (MMS) is composed. For better understanding, the whole MMS 

is divided into instrumentation levels. These levels can be seen in Table 3, where it 

is shown which type of instrumentation belongs to each level. Starting from the end 

milling machine, up to the computer, where the results are displayed and analyze, 

every possible instrument that was intended to use in the system is briefly 

explained. It is not the purpose of this these to deeply explained their operating 

mechanism but at least to know which function they have in the whole system. In 

order to acquire deeper information on the instrumentation, the bibliography shown 

at the end of this study should be consulted. 

 
Level Instrumentation 

Level 1 All type of sensors: accelerometers, acoustic emission, proximity, proper 

machine system, etc. 

Level 2 Signal conditioners: amplifiers, filters, etc. 

Level 3 Signal digitalizing/acquisition: Data Acquisition Cards, specific data 

acquisition devices, etc. 

Level 4 Computer and software for signal displaying and processing. 

Table 3.  Instrumentation levels classification. 

 

3.2 Instrumentation 
 

 According to the levels of instrumentation showed, Figure 4 explains the 

instrumentation setup that will be used for variable information acquisition of the 

end milling process.  It is important to mention that the instrumentation showed 

was selected due to their properties related to the variables of interest. It is open to 

the researcher the instrumentation they want to used, but normally it is limited by 

the cost of the system. At the end of this chapter, a brief resume of several 
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instrumentation systems used by researchers will be shown. Next, each integrant 

of the system will briefly be explained. Technical information, data sheets and 

manufacturers can be found on appendix A. 
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Figure 4. Instrumentation setup for data acquisition. 

 

3.3 Sensors 
 

Sensors constitute the first level of a monitoring system. Simply, they 

function as human senses in order to produce electrical signals depending on what 

is happening in the environment. They can greatly improve the functionality of a 

system, but in the same way it increases its complexity. In-Process Sensors (IPS) 

are able to obtain signals under the harsh environment of a milling process, for 

example.  IP sensors are used to generate control signals to improve both the 

control and productivity of manufacturing systems [Dornfeld, 2003]. Numerous type 

of IPS have been developed to make monitoring systems more reliable. 

Accelerometers, acoustic emission sensors, microphones and dynamometric 

bases are some IPS used to measure parameters affecting the surface finishing of 

parts.  
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3.3.1 Accelerometers 
 
 Accelerometers are piezoelectric sensors which are commonly used to 

measure vibrations and accelerations in most monitoring systems with industrial 

applications such as predictive maintenance, aerospace, automotive, medical, 

process control, etc. These sensors come in many types depending on the 

operation principle. Generally most accelerometers have a crystal which generates 

a signal when it is compressed by a force or ‘g’ force. The signal delivered by these 

sensors is commonly treated as m/s2. Further integration of data could give us 

measures as velocities or distances [Transductores y medidores electrónicos, 

1977]. Data could be worked either in time or frequency domain. This signal could 

then be amplified and measure by an acquisition system which will then process it 

to convert it to the units of interest. Most accelerometers are housed in order to be 

used under harsh environment circumstances.  

 Before choosing an accelerometer it is important to know in which order of 

frequencies we are sensing. The signal emitted by these sensors is very accurate 

up to the resonance frequency, where the error increases dramatically [Brüel & 

Kjaer, 1998]. For our experimentation phase, six accelerometers are used to 

measure vibrations in the machining process. Three are located in the upper part 

of the machine closed to the spindle, other three are placed in the working table. 

Only the three located in the spindle will be used to build the model. In further 

chapters, the signal generated by each sensors is analyze in order to determine 

what influence does the location of the sensor had in the measured signal. Figure 6 

shows the location in the spindle of the three accelerometers.   
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Figure 5.  Typical axial accelerometer [Endevco Homepage] 

  

 

3.3.2 Acoustic Emission Sensors 
 

Acoustic emission sensors have the same principle as the accelerometers; 

the only difference is that they do not use a seismic mass. Instead they use a 

ceramic disk or cylinder with a thickness of a few mm. Acoustic emission sensors 

are not widely known in engineering. They can be used as vibration sensors with 

very low amplitude and of very high frequency (in orders of 10 KHz to over 1 MHz). 

Depending on the type of sensor and its application, the sensitivity of an AE sensor 

can be given in V/um when the sensor is used to measure surface displacement 

motion, or in V/(mm/s) when the sensor is intended to measure surface velocity. 

AE sensors are now starting to be used in numerous processes with 

monitoring purposes such as: 

- Metal cutting 

- Metal forming such as stamping and deep drawing 

- Extruding plastic melts, specially filled melts 

- Indicating the stress level in bolts 

- Monitoring of welding processes 

- Machinery condition monitoring and incipient failure detection 

- Monitoring of aircraft structures. 

Actually AE sensors are being used in research for tool break detection and 

wear in metal cutting processes. Researchers have tended to frequently use 
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accelerometers instead AE sensors due to their frequency range development, 

their simplicity to reduce noise, calibration methods and available bibliographic 

information. 

 AE sensors have the greatest sensitivity to the critical process conditions in 

precision machining, with the lowest noise level. Other sensors such as force and 

vibration sensors suffer from inaccuracies due to their low sensitivity in the 

extremely high frequency range, where most of the micro cutting activities are 

sensed [Dornfeld, 2003]. If the signal of interest is vibrations purely related to the 

cutting process, not to mechanical effects, AE sensors must be a good option. 

 

Figure 6. Sensor types and location in the machining center. 

 

 Two acoustic emission sensors are used to sense vibrations in the high 

speed milling process for this study. Further analysis is made in order to determine 

the differences found on the experiment results, due to the used of different type of 

sensors (AE and Accelerometers).  

 

 

Figure 7. A Kistler 8152B Acoustic Emission Sensor [Kistler Homepage] 
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3.3.3 Microphones 
 
 In the effort of searching different ways of measuring vibration on machining 

process, microphones were tested. As conventional microphones, industrial 

microphones emit signals due to vibrations caused by sound waves. These sound 

waves are emitted directly from the machining process. Their sensibility is directly 

related with the area of the sensor diaphragm. This factor is very important at the 

time of selecting the correct microphone [Transductores y medidores electrónicos, 

1977]. Normally, the signal emitted by these sensors is measured in dB. The 

principal disadvantages detected on microphones are their low sensitivity and their 

reaction to environmental noise. It resulted very difficult to suppress noise signal 

caused by environmental noises of machining floors. Because their closed 

placement to the tool and workpiece, and their difficulty in the signal processing, 

these sensors were excluded from the machine instrumentation for the 

experimentation of the present study.  

 

 

Figure 8.  Microphone function principle [How stuff works homepage]. 

 

3.3.4 Multicomponent Force Sensors 
 

Force sensors are also widely used in manufacturing process monitoring. A 

common force sensor has the same anatomy as a piezoelectric sensor. It has a 

piezoelectric material which reacts emitting an electrical signal due to a 

compression or expansion force. In most sensors the signal emitted in a 

 15



Chapter 3: Machining Monitoring System 

compression force is positive. Multicomponent force sensors are devices with 

several built in common force sensors or dynamometers. These sensors are 

placed in order to detect two, three or more axes of measurement. These are 

mainly built with quartz and for high temperature or high sensitive applications. 3-

component force sensors have a pair of quartz elements cut for longitudinal 

piezoelectric effect for measuring the compression force (the z component Fz) and 

a pair of quartz elements cut for the shear effect each for measuring the shear 

components (the x component Fx and the y component Fy) of the acting force 

[Gautschi, G, 2003]. The output of these devices is normally connected to a charge 

amplifier. The sensors could be connected in parallel so the output of the 

multicomponent sensor would be the sum of forces, or they could be measured 

separately. 

 Due to the need of a high number of amplifiers and the cost of the 

equipment, forces will not be measured in this work. The possibility of measuring 

forces in a high speed milling process will lead to interesting findings and should be 

included later in a machining model. Actually these sensors are being used to 

develop control systems, controlling parameters such as spindle speed and feed 

rate for specific purposes, like tool wear and surface roughness. 

  

 

Figure 9. Kistler multicomponent force sensor, includes dynamometers in three axis [Kistler 
Homepage]. 
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3.4 Data Acquisition Cards 
 

 After signal amplifiers, Data Acquisition Cards (DACs) constitute the third 

level of instrumentation. DACs are electronics cards dedicated to signal acquiring 

and processing. Equally as sensors, several characteristics must be taken into 

account in order to select and appropriate DAC for a monitoring system. These 

characteristics include: 

- Sampling Rate 

- Input Tension 

- Number of Analog Channels 

- Number of Digital Channels 

- Internal RAM Memory 

 

Sampling rate prevails as the most important factor involved in selecting a 

DAC. This parameter is defined as the velocity at which the acquisition card will 

obtain data, this is, the maximum number of samples per second that will be 

obtained from the system. It is important to know that the number of data per 

sampling can also be configured. As computers with RAM Memory, this important 

factor heavily influences the cost of the DAC. A good sampling rate is considered 

to be around 100 kHz, depending on the measuring needs. 

Input tension is the maximum voltage the DAC will deliver or admit from 

external components. Expressed in volts, normally DACs input voltage can be, +/- 

5V, +/-10V or +/-12V. The input tension is directly related with the sensor for signal 

acquisition and with the type of channel, digital or analog, which are explained 

later. 

The number of analog and digital channels depends on the number of 

sensors and their output voltage. For example, accelerometers and acoustic 

emission sensors deliver a continuous voltage between 4 and -4 V. Due to the fact 

that digital channels function with TTLs, they can either emit or accept 5V or 0V 

signals. Then accelerometers and AE sensors must be used with an input analog 

channel. Sensors such as proximity, where 5 or 0V are produced with or without 

detection respectively, use digital channels. 
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Some advanced DACs are available with internal memory. The advantage 

of these cards is that they acquire and can process part of the signal obtained. This 

will avoid the computer processor to become slower during the signal acquisition. 

Their main disadvantage is the high cost. 

For data obtaining and processing, three DACs are used in the 

experimentation related to this study. Daq2000 and Daq2005 from Iotech are 

responsible of the accelerometers signal and a CompuScope 1602 from Gage 

Applied will acquire the signal from the AE sensors. 

  

 

Figure 10.  Gage CompuScope 1602 acquisition card. Their analog inputs were used to acquire 
information from AE sensors at 2.4 Mhz maximum [Gage-applied Homepage]. 

 

3.5 Amplifiers 
 
 Amplifiers are used in electronic systems to increment devices output 

signals making possible for computers to be detected and analyzed. Most of 

sensorial instrumentation detects and emits signals in order of millivolts. These 

signals must be amplified so variations in detection can be clearly identified. 

Amplifiers can be divided into two categories: operational amplifiers and charge 

amplifiers.  

Operational amplifiers principle consists mainly in amplifying directly the 

voltage received by the sensor [Chicala, 2004]. These amplifiers are mainly use in 

applications were signals will be treated in millivolts. Requiring signals in other 
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units, such as velocity or acceleration units requires further software conversion, 

incrementing processing time. Depending on the amplifying factor its how sensitive 

the detection to sensor variations will be. Amplification factor must be adjusted 

taking into consideration the voltage ranges of the acquisition cards. Using 

amplifications which outputs voltages higher that DACs capacities may result into 

hardware damage. 

Charge amplifiers have the same purpose than operational amplifiers, but 

their output its proportional to the charge received by the sensor [Chicala, 2004]. 

The voltage delivered by these type of amplifiers is proportional, in a scale, to the 

signal detected by the sensors. For such reason sensitivity and scale information 

must be configured to the amplifier. This information must be obtained from the 

sensor properties. 

The accelerometers used for our study use a charge amplifier for each 

sensor. The amplifier used is a Kistler 5011 as shown in Figure 11. The 

configuration and connection scheme can be consulted in Appendix B. 

 

 

Figure 11.  5011 Kistler Charge Amplifier use with each accelerometer. [Kistler Homepage] 

  

3.6 Data Acquisition Software 
 

 Most of sensorial systems used for data acquisition in machining does not 

provide a display unit itself, for such reason it is needed to develop a PC 

Multisensorial platform which make possible the analyzing and saving of the 

acquired data. There is many software specialized in manipulating and controlling 

information acquired from sensorial units, some of these software are Mathlab, 
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DaqView, LabView, etc. All of them have weak and strong points which are 

described next. 

- Mathlab.- Excellent software for control of processes and communication with 

acquisition cards. Easy programming makes this software an excellent choice. One 

of its weak points is that is not suitable for displaying information graphically. 

 

- DaqView.- Software provided with acquisition cards. It is used mostly as a test 

software due to its simplicity and cost. It does not provide great programming 

capabilities, for such reason its application is limited. 

 

- LabView.- For much the best visualization and easy programming software. It 

provides a complete library of preprogrammed functions which can be easily used. 

Its programming is completely graphical, but it can be programmed by some 

languages such as C, C++, etc. Its step by step function is a powerful tool which 

helps correcting and understanding complex programs. 

 

 LabView version 7.1 is the tool used to create the software which helped to 

obtain data and save it into disk so it can be analyzed. It also shows real time 

information graphically. This software, produced by National Instruments, counts 

with pre-realized VIs (named given to the graphical blocks) which makes the 

communication simple with the Daqs (2000 and 2005) and the Compuscope 1602. 

This is a very important aspect to consider before choosing the right software, and 

even more important, the acquisitions cards that are going to be used. Appendix C 

shows both VIs mentioned and their input and output signals. 

Figure 12 shows a snapshot of the software developed, which has the next 

capabilities: 

 

- Simultaneous and coordinated acquisition of data from three different 

acquisition cards, the Daqboard 2000, the Daqboard 2005 and the 

Compuscope 1602. 

- The software was named Multiple Sensor Acquisition Platform due to the 

ability of getting numerous signals from different sources and sensors, such 

as accelerometers, acoustic emission sensors and CNC variables. 
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- An HMI which shows, in real time, the acquisition of different data. 

- Ability to change acquisition configurations in its HMI. 

- Simultaneous to data from acquisition cards, it acquires and shows 

information from the process. This is done through the MPI installed in the 

milling machine. For more information on the MPI consult appendix D. 

- Finally it has the capability of saving all information showed in a .txt file in 

order to be analyzed after the process is finished. 

 

 

Figure 12.  MAP, acquisition platform developed to gather sensorial information of the machining 
process and vibrations. 

 

3.7 State of the Art 
 
 Insufficient documentation about developed monitoring systems exist. In the 

information that could be gathered a trend is followed by researchers. Similar 

sensors and developing platforms are used. Labview and Mathlab predominate as 
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the programming languages mostly used. Accelerometer and acoustic emission 

sensors are also widely used.  

 While more sensors are used in the monitoring system more difficult 

becomes the process and its location. Some researchers such as Lou and Chen 

uses proximity sensors to capture process parameter information like spindle 

speed. Using open architecture controls such as the 840D of Siemens provides the 

possibility of avoiding this kind of sensors that sometimes obstruct machine 

movements.  

 Compared to this monitoring system there are some differences in the way 

of acquiring information. Most researchers found in literature use a system as the 

one showed in Figure 13. 

 

 

Figure 13.  Lou and Chen experimental setup [Lou and Chen, 1999]. 

 

 This system uses a proximity sensor in order to measure with an 

accelerometer the vibrations during one tool revolution. This way, they measured 

Vpr Vibration per revolution. In our case, the vibrations are measured all the way 

through the groove. 
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3.8 Conclusions 
 
 The monitoring system developed has several advantages over typical 

systems used by researchers. Some of these advantages are: 

- Avoids using sensors to gather machining parameter information, such as 

spindle speed, depth of cut and feed rate. 

- Capture simultaneously information from several acquisition cards. 

- All information is gathered once, this means data obtained at a certain time 

corresponds to the instant of acquisition of all other cards. 

- Cards and channel can be shut down if they are not going to be used. This 

reduces processing time. 

- Information is saved in a txt file which helps in further data analysis.  
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Chapter 4: Design of Experiments 
 

4.1 Introduction 
 

A phase of high importance in the present work is the design of experiments 

and testing. In this chapter all conditions selected for experimentation will be 

supported. In the next section, the methodology followed during the whole research 

will be graphically shown.  

 

4.2 Methodology 
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Figure 14. Design of experiments and testing methodology. Divided in two phases, the before 
process and the after process. 
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4.3 Material Selection  
 
 In the beginning of this these was commented that the present work is 

focused on High Speed Machining Processes. Some of the industries in which high 

speed processes are applied are aeronautics and automotive. For such reason the 

selection of materials was based on this assumption.  

 All the materials used are actually employed in parts produced by these 

industries. They were carefully selected in order to permit a comparison and a 

representative conclusion of the present work. Three materials were used in the 

experimentation phase, 7075-T6 Aluminum, 6061-T6 Aluminum and 1045 Steel. 

The following table shows some important characteristics of these materials that 

lead to its selection. 

 
 7075-T6 Aluminum 6061-T6 Aluminum 1045 Steel 

Composition Si: 0.40 

Fe: 0.50 

Cu: 1.2-2.0 

Mn: 0.30 

Mg: 2.1-2.9 

Zn: 5.1-6.1 

Ti: Zr0.20 

Cr: 0.18-0.28 

Si: 0.721 

Fe Cu: 0.408 

Mn: 0.109 

Mg: 0.937 

Zn: 0.176 

Ti: 0.051 

Pb: 0.002 

Cr: 0.072 

C: 0.43-0.50 

Mn: 0.60-0.90 

P max: 0.040 

S max: 0.050 

Si max: 0.20-0.35 

Brinell Hardness 145 88 220 

Table 4. Composition of the materials used in the experimentation. 

 
It was intended to use different materials which covered a wide range of 

hardness, in this case, Brinell Hardness from 88 to 220 will show its effect in 

surface quality and sensorial acquisition. Appendix E shows details of the material 

properties.  

 

4.4 Tool Selection 
 
 Basing the experimentation phase on variations on material and as 

consequence on its hardness, made difficult to remain constant the rest of 
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machining parameters such as machining tool, range of spindle velocities, depth of 

cut, feed rates, etc. Even though it looked impossible, most of these parameters 

depended directly from the tool selected for each material, then, careful tool 

selection helped to remain in equal condition as possible all the experiments. A 

unique tool manufacturer was selected for all materials to avoid differences in the 

results due to the final tool treating.  

 The relation of the material with its tool is as follow:  

 

- 7075-T6 Aluminum  Tool Model: 30.6215 

- 6061-T6 Aluminum  Tool Model: 30.6215  

- 1045 Steel    Tool Model: 30.6472 

 

Table 5 shows the model of each Karnasch tool used for the three materials 

tested, as its characteristics according to the manufacturer catalog. 

 

 
Tool Model Tool Specifications Recommended Process Parameters  

30.6215 Diameter = 12 mm 

Radius = 1.5 mm 

Tooth number = 2 

Cutting Velocities m/min = 300-1000 

Feed per tooth mm = 0.08 – 0.18  

RPM Range = 8000 - 26000 

30.6472 

 

Diameter = 10 mm 

Radius = 1.5 mm 

Tooth number = 2 

Cutting Velocities m/min = 300 – 400 

Feed per tooth mm = 0.065 

RPM Range = 12000 - 16000 

Table 5. Tool characteristics and recommended process parameters. 

Note: The RPM range was obtained according to equation 2. 

 

πdx
VcxS 1000

=  (Equation 2) 

 

where: 

S = Spindle Velocity 

Vc = Cutting Velocity 

d = Tool Diameter 
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 As the table shows, the diameter of the tool had to be changed for its use in 

steel, in order to maintain the radius of the tool constant. The radius of the tool is 

known to have a greater effect in the surface roughness than the diameter, this 

way the changes on surface quality from one material to another will not be greatly 

affected by the tool characteristics. More information from the tools used may be 

found in appendix F. 

 

4.5 Machining Parameter Selection 
 
 A key issue to ensure representative results in the experimentation phase is 

machining parameter selection. Ranges from every parameter must be selected to 

avoid getting out of the limits permitted by the tool, the machine and the material. 

The stability lobes were an important tool that helped to choose the correct 

machining parameters, avoiding the influence of the machine static vibrations in 

the result. The stability lobes are explained in the next section.  

 Three machining parameters had to be defined for the experimentation 

phase: spindle speed (S), feed rate (Vf) and depth of cut (ap). Each of these 

parameter is greatly influenced by the tool used and the material machined. In the 

case of the spindle speed, it was consulted the tool catalog in order to cover all the 

range of possible velocities. As expected, the tool used for aluminum (30.6215) 

covers a wider range of speeds, than the one used in steel (30.6472). Table 6 and 

Table 7 show the ranges used for each parameter mentioned, in both materials. 

 
Material:7075-T6  and 6061-T6 Aluminum Range 

Spindle Speed 8000 – 22000 rpm 

Feed Rate Calculated with: Vf = fz x S x Z 

Depth of Cut 1.5, 2.5 and 3.5 mm 

Note: fz (feed per tooth) was obtained from the catalog, using both limits of 0.08 mm/tooth and 0.18 

mm/tooth. Z (number of teeth) of the tool is 2. 

Table 6. Ranges in the parameters used for machining in aluminum. 
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Material:1045 Steel Range 

Spindle Speed 11000 – 16000 rpm 

Feed Rate Calculated with: Vf = fz x S x Z 

Depth of Cut 0.2, 0.4, 0.6 and 0.8 mm 

Note: fz (feed per tooth) was obtained from the catalog, using  0.065 mm/tooth. Z (number of teeth) of 

the tool is 2. 

Table 7. Ranges in the parameters used for machining in 1045 Steel. 

 
 For aluminum the increments of the spindle speed in each sample is 1000 

rpm, for steel each sample was machined with an increment of 500 rpm. Grooves 

in the material were made to get each sample of the experimentation. Parameters 

remained constant in each groove. Table 8 and Table 9 shows the feed rates used 

for all cases. 

 
For fz = 0.08 mm/tooth (Aluminum) For fz = 0.18 mm/tooth (Aluminum) 

RPM Vf (mm/min) RPM Vf (mm/min) 

8000 1280 8000 2880 

9000 1440 9000 3240 

10000 1600 10000 3600 

11000 1760 11000 3960 

12000 1920 12000 4320 

13000 2080 13000 4680 

14000 2240 14000 5040 

15000 2400 15000 5400 

16000 2560 16000 5760 

17000 2720 17000 6120 

18000 2880 18000 6480 

19000 3040 19000 6840 

20000 3200 20000 7200 

21000 3360 21000 7560 

22000 3520 

 

22000 7920 

Table 8. Feed Rate values used for aluminum and the 30.6215 tool 

 
For fz = 0.065 mm/tooth (Steel) 

RPM Vf (mm/min) 

11000 1430 

12000 1560 
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13000 1690 

14000 1820 

15000 1950 

16000 2080 

Table 9. Feed Rate values used for steel and the 30.6472 tool. 

 

 The stability lobe test was used for the depth of cut selection. Generally this 

method helps avoiding entering chatter zones during machining by selecting a 

depth of cut that produces stable machining conditions. Appendix G explains more 

detailed the effect of this test in the machining parameter selection. 

 

4.6 Surface Roughness Measure 
 

 After the machining of parts follows the measuring of surface roughness. 

The specific machining process selected for experimentation is grooving. As Figure 

15 shows, several 100 x 180 x 25 mm blocks were used for testing. In these blocks 

grooves were made keeping constant the machining parameters in each one. Each 

groove corresponds to a specific spindle speed, depth of cut and feed rate. 

  

 

 

Figure 15. Photo of the grooving process used for experimentation. 

 

 The width of the groove depends on the diameter of the tool, 12 mm in 

aluminum and 8 mm in steel. A 2 mm width wall was kept between each groove, to 
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eliminate vibrations due to a thin wall. The numeric control program for machining 

was made parametric to make changes simple, it can be seen in Appendix H. 

 After machining a stylus profilometer was used to measure the surface 

roughness in the plane of the groove. Because of the anatomy of the profilometer, 

measurements had to be done 40 mm after the groove ends, in the sense of 

machining. Figure 16 shows the way the measurement was taken. A 5 mm surface 

was measured, obtaining the average of all data taken (Ra) 

 

 

Figure 16. Measurement method description. 
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Chapter 5: Data Analysis 
 

5.1 Introduction 
 

This chapter shows the overall approach used for data analysis. Detailed 

tables and procedures are included in appendix I. 

 

5.2 Experimental Results 
  

 The software application developed provided the capability of saving all data 

acquired for further analysis. The processing of the information was time 

consuming due to the size of the files. Two files are saved: a) the information of 

acoustic emission sensors and information from the MPI and b) the data from the 

accelerometers. Two files are obtained from each block machined. Then each file 

has information from a specific depth of cut and all the grooves made on the block. 

After acquiring both files they are joined in one table using a spreadsheet. The 

software is made considering that it has to save the same number of data in both 

files. Once all data joined in a table an average value of all parameters in each 

groove was obtained. Table 10 shows an example of a fragment of the table 

constructed with all data obtained. 

 
Index AE 1 AE 2 S Vf ap ax ay az … … 

22 206.04 26.55 8000 2880 1.5 214.018 194.362 26.4078 … … 

23 209.34 22.57 7999 2880 1.5 269.490 240.929 26.5423 … … 

24 205.18 23.40 7999 2880 1.5 302.068 277.816 26.6098 … … 

… … … … … … … … … … … 

Table 10. Example of a table made from all data acquired from one block. 

 

 After getting the average of each groove made, from each sensor a table of 

averages was prepared. An example of such table is shown in Table 11. This table 

includes the surface roughness measured from the blocks. These tables were then 
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used to graph the results and compare vibrations with the surface roughness 

obtained. 

 

 

S ax ay az Ra 
8000 335.40 288.14 267.45 1.36 
9000 430.12 330.35 262.16 1.61 

10000 505.17 400.82 263.34 2.02 
11000 436.41 377.22 260.00 1.90 
12000 617.45 422.56 266.32 2.00 
13000 568.87 405.77 256.90 2.17 
14000 478.10 367.65 249.75 1.54 
15000 421.96 409.78 270.28 1.80 
16000 543.67 435.34 253.99 1.91 
17000 458.52 362.03 253.18 1.61 
18000 385.15 355.45 245.69 1.57 
19000 363.78 340.83 254.69 2.32 
20000 364.62 324.54 270.60 2.34 
21000 444.24 379.19 277.13 2.39 
22000 342.35 367.29 272.51 2.36 

Table 11. Final table of averages. 

 
 As it may be seen in the previous table is obtained only one final value of 

vibration of each sensor and of Ra, corresponding to a spindle speed, which was 

maintained constant through the length of the groove. 

  

5.3 Model Type Selection 
 

Selecting the type of model that best fit the data is not an easy task. Several 

statistical analysis must be done in order to reach the best model possible. Next 

methodology, Figure 17 shows the suggested steps that may be followed to reach 

such model. 
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Figure 17. Statistical analysis methodology used to reach the best model to predict surface 
roughness. 

 

Hypothesis analysis, Q-Q Plots refers to a hypothesis analysis to know if 

there is statistical evidence that the data from each population follows a certain 

distribution. In our case, it is important that the data follows a normal distribution 

because the steps that come next infer that data comes from this distribution. Next, 

the correlation analysis helps to determine if the factor that are intended to be part 
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of the model have a linear correlation with surface roughness, if not it is important 

to consider that the factor must be of a higher order to be influent or important in 

the prediction.  

Finally, several multiple regression models are obtained an evaluated with its 

prediction capability and only the important parameters are the ones that remain in 

the model, making it more simple. 
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Chapter 6: Surface Roughness Models 
 

6.1 Introduction 
 
 Final results are presented in this chapter. Surface roughness prediction 

models with their corresponding coefficients are shown. As explained in the last 

chapter two models are obtained for each material. The first parameters and their 

interactions will form a model which predicts the resultant 3 axis vibrations. Then, a 

second model will include the force parameters and the predicted vibration to 

predict the final surface roughness. For more information about the application of 

the regression analysis to the data, and the results of such analysis (ANOVA 

tables) appendix I should be consulted.  

 

6.2 Regression Data Analysis 
 
 There are several factors resulting from the regression data analysis that are 

important at the time of deciding which model is more precise. The most important 

factor is the R Square parameter. This parameter offers a percentage of efficiency 

at which the model is capable of correctly predicting the surface roughness. The 

coefficients of the ANOVA table, which indicate the value that must be assigned to 

the β values of the model. It could have a negative sign, which means that has an 

inverse influence. In the same table there is a column assigned as P-Value, which 

is a statistical parameter that indicates the significance of the factors in the whole 

model. This parameter determines which parameter should be deleted from the 

model, due to its low contribution in the prediction. 

 An example of a regression analysis result is shown in Figure 18. The value 

of P-Value is given to show the correlation between all the parameters with the 

response. A value near cero means that the correlation is high, if it is greater than 

0.05 the factor is considered with no significance. The column at the left of the 

table shows all the parameters being included in the model.  
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SUMMARY OUTPUT

Regression Statistics
Multiple R 0.943509799
R Square 0.89021074
Adjusted R Square 0.880523453
Standard Error 0.234159999
Observations 75

ANOVA
df SS MS F Significance F

Regression 6 30.23202941 5.038671568 91.89473623 1.20343E-30
Residual 68 3.728501552 0.054830905
Total 74 33.96053096

Coefficients Standard Error t Stat P-value Lower 95%
Intercept 0.187538603 0.28136299 0.666536148 0.507323702 -0.37391217
DC -0.156689326 0.047486059 -3.299691072 0.00154316 -0.251446226
S -6.46305E-05 8.13461E-06 -7.945131448 2.75653E-11 -8.08629E-05
FR 0.000319417 2.6361E-05 12.11703065 1.19812E-18 0.000266815
AccX 0.000302411 0.000599014 0.504848591 0.615297416 -0.000892901
AccY 0.001331186 0.001124105 1.184218659 0.24044938 -0.000911929
AccZ 0.019964249 0.004732634 4.218421916 7.44866E-05 0.010520429  

Figure 18. Example of a regression calculus results. 

 

6.3 Model Results 
 
 As mentioned in earlier chapters, three materials were used for testing, 

7075-T6, 6061-T6 Aluminum and 1045 Steel. As seen in the introduction of this 

chapter, models will be presented for each material. All results (tables, graphs and 

models) are shown in appendix I. 
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6.4 7075-T6 Aluminum Model 
 

 90 experiments were conducted in 7075-T6 aluminum. After several multiple 

regression analysis the next final model to predict the resultant acceleration was 

obtained. The resultant acceleration signal used in all materials is given as the 

square root of the sum of squares of the signals of the X, Y and Z accelerometer. 

Due to the nature of the process, the most relevant signals were obtained from the 

Y and Z axis. The X axis signal was less significant, because the grooving was 

made perpendicular to this axis. 

 

)*1086818.5()*0589473.2()*448764.0(44.1556Re 32 SESESsAcc −+−−++−=  

 
 The model is able to predict the resultant acceleration of machined parts 

with a 50% of effectiveness (Adjusted R-Square in the ANOVA table). It is evident 

that the spindle speed plays an important role in this prediction.  

 Figure 19, Figure 20 and Figure 21 show how the predicted resultant 

acceleration follows the real one at each depth of cut.  
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Figure 19. Resultant acceleration model response for 7075-T6 aluminum and ap = 1.5 mm. 

 

 37



Chapter 6: Surface Roughness Models 

AccRes Prediction

0

200

400

600

800

1000

8000 10000 12000 14000 16000 18000 20000 22000

Spindle Speed (rpm)

Ac
cR

es
 (m

g)

fz = 0.08 mm fz = 0.18 mm Predicted AccRes

ap = 2.5 mm
Al 7075-T6

 

Figure 20. Resultant acceleration model response for 7075-T6 aluminum and ap = 2.5 mm. 

 

AccRes Prediction

0

200

400

600

800

1000

8000 10000 12000 14000 16000 18000 20000 22000

Spindle Speed (rpm)

A
cc

R
es

 (m
g)

fz = 0.08 mm fz = 0.18 mm Predicted AccRes

ap = 3.5 mm
Al 7075-T6

 

Figure 21. Resultant acceleration model response for 7075-T6 aluminum and ap = 3.5 mm. 

 

 Two other models were obtained to predict the final surface roughness of 

the parts machined in 7075-T6 aluminum. One corresponds to a feed per tooth of 

0.08 mm/t and the other one to 0.18 mm/t. The reason to separate such models is 

that there is a big difference between the measured surface roughness of both 

values of fz. Such difference can be seen in Figure 22. 
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0.000

0.500

1.000

1.500

2.000

2.500

8000 10000 12000 14000 16000 18000 20000 22000

Spindle Speed (rev/min)

Su
rf

ac
e 

R
ou

gh
ne

ss
 (u

m
)

fz=0.08 & ap=1.5 mm
fz=0.08 & ap=2.5 mm
fz=0.08 & ap=3.5 mm
fz=0.18 & ap=1.5 mm
fz=0.18 & ap=2.5 mm
fz=0.18 & ap=3.5 mm

fz: feed per tooth (mm)
ap: axial depth of cut (mm)

 

Figure 22. Feed per tooth influence on the measured surface roughness. 

 

 The model for fz = 0.08 resulted with very low precision, then it will not be 

shown in this chapter, and the model for fz = 0.18 mm/t has the following form. 

 

)Re**0700655.8(
)Re*00525252.0()*0005969.0(03638.2

sAccVfE
sAccVfRa

−−
++−=

 

 

 Both summary outputs are shown in appendix I. For the first model we have 

an efficiency of 6%. With this data we assume that the model is not capable of 

making any good surface roughness prediction. In Figure 22 we can see that the 

values of Ra with fz of 0.08 mm/t does not change considerably with different 

values of spindle speed. This may be one of the reasons why the efficiency of the 

model resulted very low.  

 In the other case the model for fz = 0.18 mm/t resulted with an efficiency in 

prediction of 38%, much higher than the first model. Even though it is a very low 

value, the next figures show both models prediction capabilities comparing the 

measured against the predicted value. 
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Measured vs Predicted Ra
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Figure 23. Measured vs Predicted Ra for 7075-T6 aluminum at an ap of 1.5 mm and 0.08 mm/t of 
feed per tooth. 
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Figure 24. Measured vs Predicted Ra for 7075-T6 aluminum at an ap of 2.5 mm and 0.08 mm/t of 
feed per tooth. 

 

 40



Chapter 6: Surface Roughness Models 

Measured vs Predicted Ra
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Figure 25. Measured vs Predicted Ra for 7075-T6 aluminum at an ap of 3.5 mm and 0.08 mm/t of 
feed per tooth. 
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Figure 26. Measured vs Predicted Ra for 7075-T6 aluminum at an ap of 1.5 mm and 0.18 mm/t of 
feed per tooth. 
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Measured vs Predicted Ra
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Figure 27. Measured vs Predicted Ra for 7075-T6 aluminum at an ap of 2.5 mm and 0.18 mm/t of 
feed per tooth. 
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Figure 28. Measured vs Predicted Ra for  7075-T6 aluminum at an ap of 3.5 mm and 0.18 mm/t of 
feed per tooth. 
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6.5 6061-T6 Aluminum Model 
 

A total of 90 tests were conducted in 6061-T6 aluminum (15 levels of spindle 

speed, 3 levels of depth of cut and 2 levels of feed per tooth). This aluminum 

is softer than the 7075-T6. After several multiple regression analysis the 

next final model was obtained to predict the resultant acceleration. 

 

)*107859.7(
)*057889.3()*582462.0()*(*131152.279161.2186Re

3

23

SE
SESSapEsAcc

−+

−−+−−−=
 

 

 The model resulted able to predict 69% of the real acceleration. In this 

model it is more notorious the influence of the spindle speed jointly with the depth 

of cut.  An example of how this model works is shown in Figure 30. 

 

AccRes Prediction

0

200

400

600

800

1000

8000 10000 12000 14000 16000 18000 20000 22000

Spindle Speed (rpm)

A
cc

Re
s 

(m
g)

fz = 0.08 mm fz = 0.18 mm Predicted AccRes

ap = 1.5 mm
Al 6061-T6

 

Figure 29. Resultant Acceleration prediction model response for 6061-T6 aluminum at an ap of 1.5 
mm. 

 

 43



Chapter 6: Surface Roughness Models 

AccRes Prediction

0

200

400

600

800

1000

8000 10000 12000 14000 16000 18000 20000 22000

Spindle Speed (rpm)

A
cc

Re
s 

(m
g)

fz = 0.08 mm fz = 0.18 mm Predicted AccRes

ap = 2.5 mm
Al 6061-T6

 

Figure 30. Resultant Acceleration prediction model response for 6061-T6 aluminum at an ap of 2.5 
mm. 
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Figure 31. Resultant Acceleration prediction model response for 6061-T6 aluminum at an ap of 3.5 
mm. 

  

Two other models were obtained for this aluminum also. As in the 7075-T6 

aluminum, the model for fz = 0.08 mm/t resulted very ineffective. Next equation 

corresponds to the model of fz = 0.18 mm/t. 

 

)Re**0785312.6(
)Re*003675913.0()*00049374.0(982117576.0

sAccVfE
sAccVfRa

−−
++−=

 

 

 The model for fz = 0.08 mm/t works with an efficiency of 3 %, very low 

compared to the 46% of the higher feed per tooth model. Similar to the other 
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aluminum the differences between the Ra of both fz are huge. This can be seen in 

Figure 32. 
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Figure 32. Feed per tooth influence on the measured surface roughness. 

 

 An example of how each model works comparing the real versus the 

predicted Ra is shown next.  
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Figure 33. Measured vs Predicted Ra for 6061-T6 aluminum at an ap of 1.5 mm and 0.08 mm/t of 
feed per tooth. 
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Measured vs Predicted Ra
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Figure 34. Measured vs Predicted Ra for 6061-T6 aluminum at an ap of 2.5 mm and 0.08 mm/t of 
feed per tooth. 
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Figure 35. Measured vs Predicted Ra for 6061-T6 aluminum at an ap of 3.5 mm and 0.08 mm/t of 
feed per tooth. 
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Measured vs Predicted Ra
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Figure 36. Measured vs Predicted Ra for 6061-T6 aluminum at an ap of 1.5 mm and 0.18 mm/t of 
feed per tooth. 
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Figure 37. Measured vs Predicted Ra for 6061-T6 aluminum at an ap of 2.5 mm and 0.18 mm/t of 
feed per tooth. 
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Measured vs Predicted Ra
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Figure 38. Measured vs Predicted Ra for 6061-T6 aluminum at an ap of 3.5 mm and 0.18 mm/t of 
feed per tooth. 
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6.6 1045 Steel Model 
 

1045 Steel is a different case than aluminum. The tool used for this material 

had to be varied due to its hardness properties. It resulted impossible to continue 

with the same machining parameters. For this material it was used a fixed feed per 

tooth. This tool restriction permitted only 44 samples for testing levels and factors. 

The variation of spindle speed was made in increments of 500 rpm staring at 

11000 up to 16000 rpm with depths pf cut of 0.2, 0.4, 0.6 and 0.8 mm. With 

regression analysis became difficult to get acceptable P-Values and as 

consequence, models with a very low effectiveness were obtained. The model to 

predict acceleration is shown below. 

 

)*0827.1()*000515.0()*921679.6(13.30048Re 32 SESSsAcc −+−+−=  

 

 The model resulted with a low effectiveness of 52 %. Because only one fz 

was used. The behavior of this model is seen in Figure 39. 
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Figure 39. Resultant Acceleration prediction model response for 1045 Steel. 

 

The influence of the spindle speed  can be seen in the next graph, Figure 

40, where the depth of cut does not follows any predictable behavior related to the 

surface roughness. 
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Figure 40. Axial depth influence in the measured surface roughness. 

 

 It can be seen that the effect of both axial depth of cut and spindle speed is 

inversely proportional to the resultant surface roughness value. This aspect 

influences directly in the capability of the model to predict Ra. 

 

)*001204779.0(847416667.2 VfRa −=  

 

This is a linear equation which may be useless to predict the surface 

roughness in steel. Its inaccuracy can be seen in the next figures.  
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Measured vs Predicted Ra
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Figure 41. Measured vs Predicted Ra for 1045 Steel at an ap of 0.2 mm and 0.065 mm/t of feed per 
tooth.  
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Figure 42. Measured vs Predicted Ra for 1045 steel at an ap of 0.8 mm and 0.065 mm/t of feed per 
tooth. 
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6.7 Theorical vs Real Surface Roughness 
 

Different researchers have develop models to obtain theorical surface 

roughness values. Most of these models were developed through geometrical 

analysis and does not consider any process dynamics. In this section, two of 

these models will be compared with the results of surface roughness obtained 

in this study. 

In his book, Boothroyd and Knight state that the final surface roughness 

obtained during a practical machining operation may be considered as the sum 

of two independent effects: 

1. The ideal surface roughness, which is a result of the geometry of the tool 

and the feed or feed speed. 

2. The natural surface roughness, which is a result of the irregularities in 

the cutting operation. 

 

Taking into consideration that tools with round corner were used during 

experimentation, Boothroyd and Knight suggest that the following expression 

gives a very close value of the ideal surface roughness. 

 

εr
fRa

20321.0
=  

Where f  is the feed and rε  the corner radius. This expression does not consider 

the factors that commonly contribute to the natural surface roughness value. 

Some of these factors are: 

1. The occurrence of chatter or vibrations of the machine tool. 

2. Inaccuracies in machine tool movements such as the movement of the 

saddle on a lathe. 

3. Irregularities in the feed mechanism. 

4. Defects in the structure of the work material. 

5. Discontinuous chip formation when machining brittle materials. 

6. Tearing of the work material when ductile metals are cut at low cutting 

speeds. 
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7. Surface damage caused by such factors as chip flow [Boothroyd and 

Knight, 2006]. 

 

In the other hand there is also commonly an expression given to calculate 

the theorical surface roughness from the tool manufacturer. In this study, all 

tools used were Karnasch models. This way, we have the following 

expression given from the tool manufacturer. 

 

42

22
11 r

th
bddR −

−=  

Where d1 is the cutter diameter and br is the feed per tooth. It is important to 

notice that this expression gives de ideal Rmax which is bigger than Ra. 

 Once both expression are shown, next graphs show the measured 

(natural + ideal) surface roughness compared with both ideal models just 

explained. 
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Figure 43. Measured vs ideal surface roughness comparison in 7075-T6 aluminum for fz = 0.08 
mm/t. 
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Figure 44. Measured vs ideal surface roughness comparison in 7075-T6 aluminum for fz = 0.18 
mm/t. 
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Figure 45. Measured vs ideal surface roughness comparison in 6061-T6 aluminum for fz = 0.08 
mm/t. 
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Figure 46. Measured vs ideal surface roughness comparison in 6061-T6 aluminum for fz = 0.18 
mm/t.  
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Figure 47. Measured vs ideal surface roughness comparison in 1045 steel for fz = 0.065 mm/t. 

 

Figure 43 through Figure 47 show the theorical versus the measured 

surface roughness. As we can see in the graphs, the model provided by 

Karnasch is a little bit higher than the one from Boothroyd, but both are useful 

as references to know the process contribution to the surface roughness value. 
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This means that the difference between the measured value and the theorical 

value is the result of all inaccuracies that are produced during the cutting 

process. This conclusion can be sustained observing the next graph in which it 

was measured only the signal without cutting and the spindle working ate 

different velocities. As it was expected, the level of the signal is smaller than the 

ones shown before. 
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Figure 48. Acceleration of the three axis without cutting. 
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Chapter 7: Discussion 
 

7.1 Contributions 
 

At the end of this study we can conclude that relevant results were obtain 

that provide a precise and important view of the high speed milling process 

behavior. This these is not only useful to understand the milling process, but also 

to show an adequate methodology for future research in this topic. 

From the acquisition system it was seen that different sensors were tested 

to be selected in the present study. Accelerometers and acoustic emission sensors 

were used in different positions giving interesting results. Acoustic emission 

sensors are widely used because of their high frequency range of operation, 

otherwise accelerometers are limited in this field. Acoustic emission sensors have 

a big disadvantage, more instrumentation or software processing is needed 

through the use of filters, due to their great affection by environmental noise. The 

use of AE sensors in machining plants may be impossible without filtering process 

to obtain just the process part of the signal. In the other hand, accelerometers are 

less sensitive and operate in lower frequencies, but resulted adequate for this 

study and helped obtain significant results. About the location of the sensors, in 

this study worked much better with the accelerometers located in the spindle head. 

Due to their low sensitivity, working with the accelerometers in the working table, 

resulted to be far from the process, and signals were not significant. The use of 

axial accelerometers give great advantages over a triaxial accelerometer because 

individual accelerometers can be adjusted in different positions along the z axis in 

order to obtain a better signal of the cutting process. The use of magnetic heads 

integrated to the case of the sensor may be good when experimenting with steel, 

because it can be placed directly in the material. This turns difficult when working 

with aluminums.  

LabView resulted in an easy programming tool, which provide the 

researcher with many options and very little time spent. The use of data acquisition 

cards that have their own drivers for LabView versions made the acquisition 

system easy to use and to configure. When using several acquisition cards with 
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different speeds it is important to configure all cards in order to obtain always the 

same amount of data. Sometimes averaging may be use in order no to make the 

system slow and loose significant amount of data. 

 As shown in the results chapter several models were obtain to predict 

vibrations and surface roughness for each material. Some of them were not useful 

with very low prediction capability. For any aluminum the model with fz of 0.08 

mm/t resulted  not capable of giving a certain prediction. Several causes can be 

mentioned as the reason of such inefficiency, at first, the variability of the surface 

roughness throughout the different spindle speed is high, but still maintains a 

similar level. The model may give an idea of the level at may the real surface 

roughness result, but is not efficient following such variability. At second, the forces 

involved in the machining may be very not significant due to the low feed rate and 

the high spindle speed used. Such conditions may be the reason of maintaining 

almost the same level of Ra.  For these reasons the models were not shown in 

chapter 6, but the information is available in Appendix I.  

 It is important to pay attention to the statistical analysis made before the 

regression analysis. Several statistic tools were used to validate all the analysis 

needed to obtain the models. The models obtained are shown in Table 12 with 

their corresponding parameters. 

 
Material Model Fz 

(mm/t) 

Adj. R  

Square 

Significant 

Parameters 

AL7075-

T6 

)*1086818.5(
)*0589473.2(

)*448764.0(44.1556Re

3

2

SE
SE

SsAcc

−+

−−

+−=

 

--------- 50% -S- 

-S2- 

-S3- 

AL7075-

T6 

)Re**0700655.8(
)Re*00525252.0(

)*0005969.0(03638.2

sAccVfE
sAcc

VfRa

−−
+

+−=
 

0.18 38% -Vf- 

-AccRes- 

-Vf*AccRes- 

AL6061-

T6 

)*107859.7(
)*057889.3(

)*582462.0()*(*13
1152.279161.2186Re

3

2

3

SE
SE

SSap
EsAcc

−+

−−

+−

−−=

 

--------- 70% -(ap*S)3- 

-S- 

-S2- 

-S3- 
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AL6061-

T6 

)Re**0785312.6(
)Re*003675913.0(

)*00049374.0(982117576.0

sAccVfE
sAcc

VfRa

−−
+

+−=
 

0.18 47% -Vf- 

-AccRes- 

-Vf*AccRes- 

1045 

Steel )*0827.1()*000515.0(
)*921679.6(13.30048Re

32 SES
SsAcc

−+−

+−=
 

--------- 52% -S- 

-S2- 

-S3- 

1045 

Steel 
)*001204779.0(847416667.2 VfRa −=  0.065 27% -Vf- 

Table 12. Models obtained with multiple regression analysis, and their corresponding parameters. 

 

 Observing the “Remaining Parameters” column at the right of the table, we 

can see that most of the parameters that constructs the model are the same 

depending on the predicted variable. In the case of the prediction of the resultant 

acceleration we can observe that the predominant factors are the spindle speed at 

first, second and third order. In the case of 6061-T6 aluminum the interaction 

between the spindle speed and the depth of cut resulted significant. It is important 

to mention that this interaction and others were also tested in the other models, but 

resulted insignificant to the prediction. The factor of depth of cut does not appear in 

most of the models, it resulted insignificant to any prediction. This can be seen in 

some graphs shown were the vibration level does not change with different depths 

of cut, it mostly remain at the same levels. In the other hand, the spindle speed 

resulted extremely important to the vibration prediction. This importance can also 

be seen in the statistical analysis made in the appendix I, were correlation analysis 

were made obtaining the spindle speed a medium-high factor and in the summary 

outputs of the regression analysis were the p-value of the factors where the spindle 

speed appear were very low. The issue of the not significant influence of the depth 

of cut in the results should be discussed carefully. As seen in literature, at higher 

depths of cut the process experiences higher cutting forces; then higher vibration 

levels are expected, but this did not appear in the results obtained. Any identified 

pattern is seen in the vibration graphs at different depths of cut. This phenomenon 

is the principal cause that most of the depths of cut parameters were eliminated 

from the models in the regression analysis. Without an specific answer to this 

behavior we can infer that: 
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- The depths of cut used in the experimentation are very low, that it has no 

influence in the surface roughness and the resultant acceleration levels. In 

the case of the aluminum the higher depth of cut used was 3.5 mm, being 

12 the highest value permitted by the tool. In the case of steel the higher 

value was 0.8 mm being 10 mm the highest value possible. 

- Literature establishes that higher forces are involved at higher depths of cut, 

such literature refers to conventional milling velocities, no information is 

found in High Speed Milling processes about the forces involved in the 

machining. It is possible to think that in HSM the affection of the depth of cut 

is almost null to the parameters of surface roughness and vibrations. Further 

studies are recommended to support these supposals.  

 

 One last contribution, and by the focus of this study, the most important, is 

the differentiation of the natural and ideal surface roughness level. In the previous 

chapter the theorical surface roughness was calculated and compared to the real 

surface roughness. The theorical Ra does not take into consideration any 

inaccuracies that may occur in the process, such as vibrations [Boothroyd and 

Knight, 2006]. With this comparison in Figure 49 we can see that the measured 

surface roughness is 3 or 4 times higher than the theorical model, this justifies the 

focus on the vibrations in the machining process measured in this study. Once 

analyzed this comparison we should think in selecting appropriate machining 

parameters to obtain a certain theorical surface roughness, taking into account that 

the inaccuracies of the process will grow up this value up to four times. The 

comparison  was also useful to understand the spindle mechanical properties, 

which have a better development at certain values of spindle speed. For example 

analyzing the graphs of both aluminums at the values of 18000 and 19000 rpm we 

can observe that the Ra values are very low and near to the theorical ones. Then 

we can think of using such spindle speeds to obtain the lowest surface roughness 

possible. 
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Figure 49. Comparison between theorical and real surface roughness. 

 

7.2 Future Research
 

Further research must be done in obtaining these models taking into 

consideration different parameters involved in the process of end milling 

machining. Factors like different tools, different materials, tool wear, forces 

involved in the process, different process than grooving, etc, may be introduced in 

such models.  

Different types of sensors may be tested in order to determine which are the 

most suitable ones from all the range of sensors to measure vibrations. Different 

locations of accelerometers must be tried to develop more effective monitoring 

systems. 

 As seen in figure 48 the dynamical behavior of the spindle may influence in 

the final surface roughness. As future work, studies can be made to determine 

optimal velocities to get the surfaces roughness expected. In this figure the 

vibration detected is due only to the mechanical and dynamical properties of the 

spindle. Subtracting this signal to the one measured in cutting conditions will give 

only the part of acceleration belonging to the process. 
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ITESM Instituto Automática Industrial 

DACs 
- CompuScope 1602 

- MPI 

DACs 
-CompuScope 1602 

-MPI 

-DaqBoard 2000 and 2005 

Amplifiers and Conditioners: Amplifiers and Conditioners: 
-3 Kistler 5011 Amplifiers 

Software: 
-LabView 7.1 

Software: 
-LabView 7.1 

Sensors: 
-3 IMI Accelerometers 

Sensors: 
-3 Kistler Accelerometers 

-1 Triaxial accelerometers 

-1 Multicomponent force platform 

-2 AE Sensors 

Table 13. Instrumentation comparison between the ITESM and the IAI in Spain. 

 
 Table 13 shows the instrumentation own by each research institute, the 

ITESM and the Industrial Automation Institute (IAI) in Spain. Further research and 

cooperation will be done due to the similarities in instrumentation.  
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Appendix A: Instrumentation 
 
 This appendix includes all relevant technical and configuration data of all the 

instrumentation used and mentioned in this these. This appendix will be divided to 

order datasheets by type of instrumentation. This division is presented as follow: 

 

Appendix A.1: Data Acquisition Cards 

- DaqBoard 2000 Series 

- DBK 17 

- Compuscope 1602 

 

Appendix A.2: Sensors 

- 8152B Kistler Acoustic Sensor 

- 4370 Brüel & Kjaer Accelerometer 

- 4371 Brüel & Kjaer Acceletometer 

 

Appendix A.3: Amplifiers 

- 5011 Kistler Amplifier 
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Appendix A.1: Data Acquisition Cards 
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Appendix A.2:  Sensors 
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Appendix A.3: Amplifiers 
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Appendix B: Amplifiers configuration 
 
 One Kistler 5011 amplifier was used for each accelerometer signal. The 

accelerometers were installed in the spindle head. The configuration of these 

amplifiers is simple and will be explained next. 

 The microprocessor inside the charge amplifier 5011 converts the electrical 

charge yielded by the piezoelectric transducers into a proportional voltage signal. 

The configuration of such amplifiers contains several data that must be introduced. 

 

Measuring range 
 

 This means the electrical charge which, corresponding to the menu settings 

of the [Transducer Sensitivity T] and of the [Scale S], gives a voltage of 10 V at the 

output. According to the transducer sensitivity, the measuring range in mechanical 

units used in practice can be inferred. 

 The front panel of the amplifier does not show the measuring range but the 

Scale in Mechanical Units/V for a given Transducer Sensitivity [pC/Mechanical 

Unit].  

 

Transducer sensitivity 
 

 [T Transducer Sensitivity (pC/Mechanical Unit)] 

 

 This is the coefficient for the conversion of mechanical units into electrical 

charge. The numerical value is given in the calibration sheet delivered with the 

transducer. 

 

Low Pass filter 
 

 A low-pass filter with Butterworth characteristic switchable in 8 stages is 

connected following the DAC stage. The filter setting allows to adjust the upper 

cutoff frequency of the measuring system to the specific application. 
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Time constant 
 
 The time constant τ, with which the stationary measuring signal drops, is 

given by the product of the selected range capacitor Cg and the selected time 

constant resistor Rg paralleling it: 

 

τ = Rg • Cg 

  

 The longest time constants in the different ranges are given when in the 

setting [Long] the resistor Rg is determined by the insulation resistance of the 

particular range capacitor. 

 
 Next figure shows the frontal panel of such amplifiers: 

 

Figure 50. Charge amplifier front panel of a Kistler 5211. 

 
 The configuration used for the three axes is described in Table 14: 
Axis X Y Z 

Transducer Sensitivity 1.00 E2 1.00 E2 1.00 E3 

Scale 1.00 E0 1.00 E0 1.00 E0 

Low Pass Filter Off Off Off 

Time Constant Short Short Short 

Table 14. Amplifiers configuration. 
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 The transducer sensitivity corresponds to the sensitivity that appears in the 

data sheet of the sensor. The scale means that 1 V will be measured with each G 

detected. Low pass filters were set off and an automatic short time constant was 

configured. 
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Appendix C: Multisensor Acquisition Platform 
 

 A Multisensor Acquisition Platform was developed to obtain signals and data 

from different sensors, such as accelerometers, acoustic emission and CNC 

variables. The base software used was LabView from National Instruments, which 

has a completely graphical programming language. In this appendix, it will be 

explained with detail the acquisition software used during the experimentation 

phase. 

 LabView version 7.1 is the latest of National Instruments, this software 

permits the manipulation of acquisition cards easily, allowing to use the VIs already 

made and purchased together with the acquisition cards. This VIs permits the user 

to configure everything related with the acquisition of data and the way they are 

displayed graphically. These VIs will be next explained in order to understand 

when the complete program diagram is shown. As it was explained before three 

main acquisition cards will be used: a CompuScope 1602, and two Daqboards 

(2000 and 2005). The CompuScope will be acquiring signal from two acoustic 

emission sensors, and the Daqboards will be used to get data from the 

accelerometers installed in the milling machine. A fourth card, developed by 

Siemens will permit to get information, not from sensors, but from the process 

itself, such as actual feed rate, actual spindle speed, axis position, etc. this card is 

named MPI. 

 Due to its graphical manner of programming, LabView uses colors to 

distinguish between different type of terminal data, float, integer, array, etc. Next 

figure contains the description of each of this type of data with its corresponding 

color. 
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Figure 51. Terminal data types of LabView. Graphic obtained from National Instruments 
documentation [LabView Help]. 

 
 
 To describe the VIs used to interact with the acquisition cards the next 

figures are used. Each of them has all its possible connections and its proper type 

of data. After each figure a brief explanation of the purpose of each connection. 

 

VI Name: CScope 

Acquisition card: CompuScope 1602 
 

 

Figure 52. CScope subVi connection scheme. 
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- Trigger Timeout. This input admits a quantity of time to be wait before the 

beginning of acquisition. 

- Board Number. A board number must be defined when using several boards 

in the same CPU.  
- Compuscope Mode. Indicates the mode in which the compuscope card will 

function, as differential or absolute. 

- Capture Configuration. Capture mode configuration. 
- Input Configuration. Input of configuration. 
- Trigger Configuration. Trigger activation. 
- Transfer Request. Input to activate transfer of data. 
- Transferred. Indicator of the amount of date transferred. 
- PPS. Indicates the points per second acquired. 
- Volts. Indicates the value acquire in volts. 
- Status. Indicates the status of the acquisition. 

- Capture Mode. Indicator of capture mode. 
- Input Mode. Indicator of input mode. 
- Trigger Mode. Indicator of trigger mode. 
- Data A. Channel A output. 
- Data B. Channel B output. 

 

VI Name: DAQ Basic 
Acquisition card: DaqBoard 2000 and 2005 
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Figure 53. DAQBasic subVi connection scheme. 

 

 

 

- DBK Configuration. In this section the selection of which channels to acquire 

is made. Four possible channels can be selected. 
- Scaling Array In. Input of the signal coming from other card, such as a 

DBK17. 
- Scan Configuration. Scan configuration input. 
- Scan Frequency (Hz). Input that controls the frequency at which the card is 

acquiring information. 
- Total Scans to Acquire 0 = Infinite Acquisition. A finite number of scans 

can be set in this input. If 0 then the acquisition is infinite. 
- Scan Count to Process per VI Iteration. Indicates how the counter should 

be held compared with the iterations of the loop. 
- Pacing Control. Input for pacing control. 
- Device Name. Indicates the name of the board, such as it is in the control 

panel. Useful when using several boards in one CPU. 
- Error In. Error input, passage when there is a block before. 
- Iteration. Indicates the current number of iteration of the acquisition.  
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- Calibration File Name. When a calibration file name exists it can be 

introduced via this input. 
- Stop Button. Control to stop the acquisition. 
- Loop Control. Input for loop control. 
- Scaled Output. Output of information. 
- Device Handle Out. Indicates the name of the device in use. 
- Actual Rate (Hz). Indicates the actual rate in hertz. 
- Scans Buffered. Indicates the number of scans buffered in the card memory. 
- Scans Read. Indicates the number of scans read. 
- Acquisition On. Indicates the status of the acquisition. 
- Error Out. Output of the error signal. 

 

 

 

 

 

VI Name: DBK 17 Conf 
Acquisition card: DaqBoard 2000 and 2005 
 

 

Figure 54. DBK17 subVi connection scheme. 

 

 

- DBK17 Settings. In this section the selection of which channels to acquire is 

made. Four possible channels can be selected. 
- Scan Settings In. Configuration of scan settings. 
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- Scaling Array. Input of the array coming from the card. 
- DBK Configuration. Configuration parameters, selection of channels. 
- Error Cluster In. Input of error signal. 
- Base Unit Voltage. Functioning voltage range selection. 
- Scan Settings Out. Indicator of current scan settings. 
- Scaling Array Out. Data output. 
- DBK Configuration Out. Indicator of current configuration. 
- Error Cluster Out. Output of error signal. 
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Appendix D: MPI 
 

The Siemens MPI (Multi point interface) card functions the same way as an 

acquisition card. The difference is that is specially for siemens products 

applications. In the case of the machining center, it works with a open architecture 

controller. This type of control is designed to facilitate the inclusion and exclusion 

of signals related to the machine and the process. 

This way, using this card we are able to read real time many variables 

available from the machine and the milling process. Variables used in this these 

such as, spindle speed, feed rate and depth of cut were obtained simultaneously 

with this device, which was configured and manage through LabView. The velocity 

of acquisition goes from 9.6 Kbits/s to 12 Mbits/s. Each variable uses words of 32 

bits. So reading only one variable we may be able to sample at a velocity of 

375KHz.  

  

 

Figure 55. CP5512 MPI photo. 
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Appendix E: Materials specifications 
 

In this section is presented some properties related to the three materials 

used for testing: 7075-T6 aluminum, 6061-T6 and 1045 Steel. The information was 

obtained from the supplier. 

 

7075-T6 aluminum 
 

Composition: 

Si: 0.40 Fe: 0.50 Cu: 1.2-2.0 Mn: 0.30 Mg: 2.1-2.9 

Zn: 5.1-6.1 Ti: Zr0.20 Cr: 0.18-0.28 Other: 0.15 

 

Breakage Charge (N/mm2): 280 

Mechanical Elastic limit (N/mm2): 150 

Enlargement (%): 10 

Elastic Module (N/mm2): 72000 

Specific Weight (Kg/dm3): 2.80 

Brinell Hardness HB: 145 

 

6061-T6 aluminum 
 
Composition: 

Si: 0.721 Fe: 0.408 Cu: 0.1-0.4 Mn: 0.109 Mg: 0.937 

Zn: 0.176 Ti: 0.051 Pb: 0.002 Cr: 0.072 

 

Breakage Charge (N/mm2): 310 

Mechanical Elastic limit (N/mm2): 270 

Enlargement (%): 13 

Elastic Module (N/mm2): 69500 

Specific Weight (Kg/dm3): 2.70 

Brinell Hardness HB: 95 
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1045 Steel (SAE) 

 
Composition: 

C: 0.43-0.50 Mn: 0.60-0.90  P max: 0.040 S max: 0.050 Si max: 0.20-0.35 

 

Traction Resistance (Kg/mm2): 60 

Mechanical Elastic limit (Kg/mm2): 38 

Enlargement (%): 16 

Reduction Area (%): 40 

Brinell Hardness HB: 220 
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Appendix F: End mill tools 
 
 Next images show the Karnasch catalog information used in the selection of 

parameters. For aluminum the tool 30.6215 was used and the 30.6472 for steel. 

 

 

Figure 56. 30.6215 tool datasheet [Karnasch tool catalog]. 
 
 For the 30.6215 the tool used is a 2 teeth and 12 mm diameter end mill. As 

seen in the picture, the radius is of 1.5 mm. This tool is specially designed for high 

speed milling, the dimensions can be seen in the image above. Next image helped 

choosing the correct feed rates, this due to the limitations that it has in the feed per 

tooth of 0.08 to 0.18 mm/tooth. The maximum depth of cut is defined as ap=<1xd, 

which means that it can be introduced 12 mm of depth. In this case the depth of cut 

is independent of the material hardness.  
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Figure 57. 30.6215 tool datasheet [Karnasch tool catalog]. 
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Figure 58. 30.6472 tool datasheet [Karnasch tool catalog]. 
  
 Figure 58 shows the tool characteristics of the 30.6472 used for steel 

machining. It is important to notice that in order to keep the same nose radius 

which is an important factor affecting surface roughness, it was necessary to 

choose an 8 mm diameter tool. Keeping a 12 mm diameter tool means to lower the 

radius to at least 1.0 mm, which could affect the measurements. The dimensional 

properties can be seen in the picture above. Below, the table to consider the limits 

of feed rates is shown. Differently from aluminum, this tool must consider the 

hardness of steel. For our case, the 1045 Steel used for experimentation has a 

Brinnel hardness of 220 which is equal to 730 N/mm2. This way, the second 

section data of the table was used, this section has the machining parameter 

optimum for steels below 1600 N/mm2 of Hardness. This table shows that fz must 

be 0.065 mm/tooth and the range of spindle speed must be 11000 and 15000 rpm.  
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Figure 59. 30.6472 tool datasheet [Karnasch tool catalog]. 
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Appendix G: Stability Lobes 
 

 An important factor that influenced the Parameter Selection with which the 

machining experiments were done, it’s the Stability Lobes Test. During a 

machining process different types of vibrations affect the quality of parts. These 

vibrations could be classified in machine vibrations and process vibrations. 

Machine vibrations are greatly influenced by its mechanical structure, for such 

situation, it is pretty difficult to establish the influence of the machine vibrations 

because each machine is different from other. For the purpose of this work, it was 

sought to find the influence of process vibrations in the surface quality of parts. 

 During the experimentation phase it is important to be sure that the 

variations in vibrations were originated by the process dynamic. But it is not 

enough to keep making changes in parameters because every process has its 

limits, most limits are establish by the type of tool that it is used. Not respecting 

these limits will affect vibration measuring considerably, and results and 

experimentation will get out of control, giving non representative results in surface 

finish such as the chatter phenomena. The Stability Lobes Test helped keeping 

some of these process parameters inside their limits. 

 One of these parameters is the depth of cut. The resulting graphs of spindle 

speed versus depth of cut gives an idea of which values to use to avoid entering 

into chatter zones.  

 Figure 60 shows the resultant graph from the stability lobe analysis made to 

the aluminum tool 30.6215, the one used for all aluminum samples. Over the 

graph, the points displayed shows samples machined to test the graph reliability. 

The red dots show the first appearance of chatter phenomenon. It can be seen that 

incrementing spindle speed helps to avoid the appearance of chatter, contrary to 

what is done in practice. 
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21500 rpm
Dc = 8.4 mm
12500 rpm
Dc = 4.0 mm
15750 rpm
Dc = 3.2 mm

21500 rpm
ap = 8.4 mm
12500 rpm
ap = 4.0 mm
15750 rpm
ap = 3.2 mm

21500 rpm
Dc = 8.4 mm
12500 rpm
Dc = 4.0 mm
15750 rpm
Dc = 3.2 mm

21500 rpm
ap = 8.4 mm
12500 rpm
ap = 4.0 mm
15750 rpm
ap = 3.2 mm

 

Figure 60. 30.6215 stability lobes test results. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 109



Appendix H: Numeric control program 

Appendix H: Numeric control program 
 
%_N_LUIS_MPF 
;$PATH=/_N_MPF_DIR 
N100 def real largo=180 
N200 def real ancho=100 
N300 def real Ppz=1.5 
N400 def real Ppzincremental=0 
N500 def real EspesorP=2 
N600 def real RPM=19000 
N700 def real RPMin=1000 
N800 def real Ndientes=2 
N900 def int radio=6 
N1000 def real avance=100 
N1100 def real desplazamiento 
N1200 g0 G54 G90 X=-radio y =radio z10 
N1300 desplazamiento=(radio*2)+EspesorP 
N1400 ancho=ancho+(desplazamiento*2)+(radio*2) 
N1500 g0 x= ic(desplazamiento) y =ic (desplazamiento) 
N1600 Pasada: 
N1700 avance=0.18*Ndientes*rpm 
N1800  f=avance s=RPM m3 t1 d1 
N1900 g0 g90 z0 
N2000 g1 g90 z=-Ppz 
N2100 Ppz=Ppz+Ppzincremental 
N2200 g1 g90 y=ic (-ancho) 
N2300 g0 g90 z10 
N2400 g0 g90 x= ic (desplazamiento)y = ic (ancho) 
N2500 largo=largo-desplazamiento 
N2600 RPM=RPM+RPMin 
N2700 if rpm>22000 gotof fin 
N2800 if largo>=0 gotoB pasada 
N2900 fin: 
N3000 g0 g90 z150 m5 
N3100 m30 
 

 

 

 

 

 

 

 110



Appendix I: Regression Analysis 

Appendix I: Regression Analysis 
 

In this appendix is shown the statistical analysis of the data acquired during 

the experimentation phase. The results were obtained by following the 

methodology shown in Chapter 5. Two models for each material used are 

presented. All the analysis was made with statistical software such as Excel and 

Minitab. 

 

7075-T6 aluminum 
 

 Before making any statistical analysis we must be sure that the data 

obtained comes from a normal distribution. To know this a Q-Q Plot is used. 

Considering that every groove corresponds to a different population, only a few 

populations are observed considering that all the rest will behave the same way. 

For this case the populations of 8000, 9000, 10000, and 11000 rpm are considered 

at a depth of cut of 2.5 mm.  

 
S ap AccX AccY AccZ Accres k x Prob Percentil

8000 2.5 274.9639 294.9977 61.73744 407.9709 1 407.9709 0.0625 411.3163
8000 2.5 327.717 336.534 62.97292 473.94 2 473.94 0.1875 428.7384
8000 2.5 305.425 312.3153 67.70732 442.0515 3 442.0515 0.3125 439.466
8000 2.5 357.6453 315.8831 72.02195 482.5758 4 482.5758 0.4375 448.3919
8000 2.5 302.6569 301.3028 74.75993 433.5593 5 433.5593 0.5625 456.8642
8000 2.5 306.5148 325.4015 79.65374 454.0729 6 454.0729 0.6875 465.7901
8000 2.5 322.7692 291.3466 72.67231 440.8447 7 440.8447 0.8125 476.5177
8000 2.5 345.3597 333.6159 75.04767 486.0093 8 486.0093 0.9375 493.9398

Media 452.6281 EstDev 26.92862
S ap AccX AccY AccZ Accres k x Prob Percentil

9000 2.5 419.6972 382.0999 90.46776 574.7438 1 574.7438 0.071429 545.0723
9000 2.5 395.0355 388.8202 90.86229 561.6851 2 561.6851 0.214286 555.1676
9000 2.5 379.8686 397.9725 94.08898 558.1532 3 558.1532 0.357143 561.5451
9000 2.5 366.6721 396.656 129.355 555.4432 4 555.4432 0.5 567.032
9000 2.5 443.2393 343.1709 118.6923 572.988 5 572.988 0.642857 572.5189
9000 2.5 431.3663 392.1161 117.8958 594.7531 6 594.7531 0.785714 578.8964
9000 2.5 402.4514 359.2772 114.2731 551.4576 7 551.4576 0.928571 588.9917

Media 567.032 EstDev 14.98716
S ap AccX AccY AccZ Accres k x Prob Percentil

10000 2.5 459.6312 434.3472 69.19349 636.1651 1 636.1651 0.071429 621.5177
10000 2.5 498.9308 423.5333 85.78532 660.0542 2 660.0542 0.214286 633.9025
10000 2.5 520.5565 423.4266 81.15994 675.9113 3 675.9113 0.357143 641.7263
10000 2.5 522.0495 387.3838 76.19123 654.528 4 654.528 0.5 648.4576
10000 2.5 477.3919 408.9936 70.92659 632.621 5 632.621 0.642857 655.1888
10000 2.5 528.9029 379.9702 84.10112 656.6495 6 656.6495 0.785714 663.0127
10000 2.5 491.5361 375.2152 77.94806 623.2737 7 623.2737 0.928571 675.3974

Media 648.4576 EstDev 18.38604  

Table 15.  Data of populations observed to obtain the Q-Q Plot. 
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Figure 61. Q-Q Plot graph for 7075-T6 aluminum that shows statistical evidence of a normal 
distribution of the data. 

 

 As it can be seen in the Q-Q Plot in Figure 61, the data is almost adjusted to 

the 45º line marked in red. This means that there is enough statistical evidence that 

the data follows a normal distribution. To build this plot, the tables shown are 

needed to be developed; where the k value is an index given to each data, the x 

column is the data being analyzed, in this case the resultant acceleration value. 

The probability column is a value calculated with equation 3: 

 

n
kob 5.0Pr −

=  (Equation 3) 

 

Where n is the number of samples. In the other hand the percentile is calculated 

with the inverse distribution function of that probability. 

 Once we are sure that it follows a normal distribution the next step is the 

correlation analysis. The correlation analysis is performed to identify those 

parameters which have a strong linear correlation.  
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Figure 62.  Matrix Plot with the correlation of all factors for 7075-T6 aluminum. The distribution of 
points suggests if there is linear correlation between factors. 

 

 In the Matrix plot shown in Figure 62, most of the interactions seem not to 

follow a linear correlation, except AccX with AccY.  To visualize the previous graph 

in numbers, the next matrix shows the correlation factor and the p-value. The p-

value has an inversely proportional function than the correlation factor. As smaller 

the p-value a higher correlation may be seen. 
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          ap      fz       S      Vf    AccX    AccY    AccZ 
fz    -0.000 
       1.000 
 
S      0.000  -0.000 
       1.000   1.000 
 
Vf    -0.000   0.780   0.584 
       1.000   0.000   0.000 
 
AccX  -0.082  -0.003  -0.360  -0.212 
       0.441   0.979   0.000   0.045 
 
AccY  -0.056   0.043  -0.132  -0.026   0.732 
       0.603   0.688   0.217   0.808   0.000 
 
AccZ  -0.210   0.074   0.184   0.143  -0.133   0.150 
       0.047   0.487   0.082   0.179   0.211   0.157 
 
Ra    -0.008   0.917   0.155   0.839   0.021   0.083   0.089 
       0.938   0.000   0.145   0.000   0.845   0.437   0.406 
 
 
Cell Contents: Pearson correlation 
               P-Value  

Table 16. Correlation matrix between factor for 7075-T6 aluminum. 
 

 

 

After the correlation analysis it can be seen in its results, that the models to 

be developed must contain factors and interactions with higher orders. There is not 

such an statistical tool which permits to know at what approximate order is the 

interaction behaving. For such reason the regression analysis must be done 

several times, testing different factors and interactions at different exponential 

orders. The importance of these factors and interactions is reflected in the p-value, 

which appears in the summary output of a regression analysis. The p-value is the 

probability of the coefficient to be cero. In this case, al regression analysis was 

done with a confidence level of 95%, with this level all factors and interactions with 

a p-value below 0.05 must remain in the final equation, and those above 0.05 must 

be eliminated from the equation without considerably affecting the efficiency of the 

model. 

Three regression models were obtained from the Table 17 which shows all 

the date acquired for 7075-T6 aluminum. The first model uses all the variables 

which are related to geometrical aspects, such as depth of cut and spindle speed. 

With this variables a model capable of predicting the resultant acceleration was 

developed. The resultant acceleration is calculated with the square root of the sum 
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of squares of AccX, AccY and AccZ. The results of these regression analysis can 

be seen in Table 17.  

The third and fourth models are related with the prediction of the surface 

roughness. In this model, only the factors and interactions related with forces were 

used. These parameters are the resultant acceleration, the feed per tooth and the 

feed rate.  The third model is obtained with the data corresponding to a constant 

feed per tooth of 0.08 mm/t. And the fourth model correspond to a feed per tooth of 

0.18 mm/t. This separation of models is due to a very different level in the surface 

roughness obtained in both feed per tooth values. This difference can be seen in 

appendix J, where all graphs of vibrations are presented. 

 



 I: Regression Analysis 

AccZ Ra
26.74513 1.363333
26.21568 1.606667
26.33364 2.02
26.00003 1.896667
26.6319 2.003333
25.6898 2.17

24.97529 1.543333
27.02763 1.8
25.39893 1.906667
25.31828 1.61
24.56918 1.573333
25.46904 2.316667
27.06016 2.34
27.71312 2.386667
27.25068 2.363333
18.67082 0.65

19.1352 1.836667
18.69581 1.5
19.07393 1.326667
18.87713 1.653333
19.90369 1.78
18.64304 1.363333
19.84495 1.363333
20.88364 1.34
19.65901 1.57
19.99495 0.706667
25.0187 2.086667

25.37283 2.006667
26.85214 2.03
24.95084 2.003333
15.54738 1.226667
17.36347 1.55
18.08879 1.636667
14.35087 1.556667
13.12936 1.69
15.85583 1.89
11.17496 1.596667
14.60531 1.75
13.79333 1.993333
11.83514 2.183333
11.89892 2.036667
13.09495 2.013333
15.61592 2.153333
16.67517 2.1
14.88996 2.026667  
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ap S fz Vf AccX AccY AccZ Ra ap S fz Vf AccX AccY
1.5 8000 0.08 1280 322.9836 264.6408 7.21106 0.333333 1.5 8000 0.18 2880 335.3953 288.1363
1.5 9000 0.08 1440 458.1532 289.0002 8.051256 0.46 1.5 9000 0.18 3240 430.1181 330.3544
1.5 10000 0.08 1600 518.9045 383.0225 8.868199 0.513333 1.5 10000 0.18 3600 505.1689 400.8165
1.5 11000 0.08 1760 454.8676 359.0664 8.61278 0.496667 1.5 11000 0.18 3960 436.4135 377.2245
1.5 12000 0.08 1920 575.1447 375.8943 9.265032 0.49 1.5 12000 0.18 4320 617.4536 422.556
1.5 13000 0.08 2080 573.4816 366.86 9.548791 0.476667 1.5 13000 0.18 4680 568.867 405.768
1.5 14000 0.08 2240 499.3571 362.4721 7.731466 0.3 1.5 14000 0.18 5040 478.101 367.6481
1.5 15000 0.08 2400 512.6368 333.4595 11.02932 0.363333 1.5 15000 0.18 5400 421.9626 409.7809
1.5 16000 0.08 2560 563.6839 395.2877 12.06425 0.433333 1.5 16000 0.18 5760 543.6734 435.3446
1.5 17000 0.08 2720 442.1657 322.6457 8.359547 0.45 1.5 17000 0.18 6120 458.518 362.026
1.5 18000 0.08 2880 381.4991 337.4934 7.963874 0.28 1.5 18000 0.18 6480 385.1456 355.4486
1.5 19000 0.08 3040 344.764 300.3602 9.561539 0.44 1.5 19000 0.18 6840 363.7758 340.8323
1.5 20000 0.08 3200 335.5193 260.6044 10.5407 0.48 1.5 20000 0.18 7200 364.616 324.537
1.5 21000 0.08 3360 351.2223 292.9833 13.7412 0.46 1.5 21000 0.18 7560 444.2373 379.1908
1.5 22000 0.08 3520 326.8642 319.35 9.012942 0.46 1.5 22000 0.18 7920 342.3534 367.2903
2.5 8000 0.08 1280 324.3972 317.0876 7.353242 0.373333 2.5 8000 0.18 2880 319.1328 297.8251
2.5 9000 0.08 1440 409.9985 368.8411 10.44175 0.556667 2.5 9000 0.18 3240 407.5967 340.1717
2.5 10000 0.08 1600 496.0289 404.6883 7.94334 0.553333 2.5 10000 0.18 3600 497.5247 379.0797
2.5 11000 0.08 1760 419.9038 387.9358 8.939624 0.566667 2.5 11000 0.18 3960 424.6749 369.2741
2.5 12000 0.08 1920 565.8299 396.0475 8.925196 0.536667 2.5 12000 0.18 4320 574.4059 402.3842
2.5 13000 0.08 2080 552.8311 416.5961 10.18788 0.59 2.5 13000 0.18 4680 558.236 408.4145
2.5 14000 0.08 2240 436.6798 364.1634 7.082542 0.48 2.5 14000 0.18 5040 414.9527 350.9904
2.5 15000 0.08 2400 445.4502 420.9124 12.19452 0.523333 2.5 15000 0.18 5400 428.4512 353.3633
2.5 16000 0.08 2560 521.1131 456.4221 12.71514 0.44 2.5 16000 0.18 5760 477.1421 429.0175
2.5 17000 0.08 2720 448.3955 375.7706 8.570837 0.503333 2.5 17000 0.18 6120 409.0293 352.0681
2.5 18000 0.08 2880 464.3979 393.5576 9.139698 0.573333 2.5 18000 0.18 6480 371.6223 369.7736
2.5 19000 0.08 3040 430.9332 392.2561 10.30524 0.586667 2.5 19000 0.18 6840 396.2677 405.9067
2.5 20000 0.08 3200 394.7084 334.2005 15.02718 0.583333 2.5 20000 0.18 7200 383.678 329.6733
2.5 21000 0.08 3360 432.2923 354.1016 18.62155 0.49 2.5 21000 0.18 7560 415.1653 376.9077
2.5 22000 0.08 3520 374.6668 364.7483 13.31421 0.57 2.5 22000 0.18 7920 359.7353 360.2925
3.5 8000 0.08 1280 322.7061 312.5776 20.07648 0.483333 3.5 8000 0.18 2880 357.4156 285.9607
3.5 9000 0.08 1440 426.0039 362.8304 24.71182 0.613333 3.5 9000 0.18 3240 461.1834 344.2188
3.5 10000 0.08 1600 517.9505 388.5594 20.51378 0.43 3.5 10000 0.18 3600 428.4174 353.1667
3.5 11000 0.08 1760 433.2508 370.2688 18.53527 0.42 3.5 11000 0.18 3960 480.251 368.5724
3.5 12000 0.08 1920 574.6946 400.8702 17.41858 0.43 3.5 12000 0.18 4320 578.1194 398.5637
3.5 13000 0.08 2080 537.258 386.3606 22.00518 0.553333 3.5 13000 0.18 4680 574.1353 378.4443
3.5 14000 0.08 2240 435.7082 348.7415 16.29785 0.45 3.5 14000 0.18 5040 496.6699 371.6943
3.5 15000 0.08 2400 417.6299 386.3435 22.19054 0.676667 3.5 15000 0.18 5400 425.1352 330.9027
3.5 16000 0.08 2560 507.6872 403.2848 18.87615 0.46 3.5 16000 0.18 5760 514.4378 396.6893
3.5 17000 0.08 2720 395.2219 325.9574 19.90866 0.453333 3.5 17000 0.18 6120 471.3322 320.7718
3.5 18000 0.08 2880 386.9477 335.0373 21.13413 0.71 3.5 18000 0.18 6480 382.0322 307.4482
3.5 19000 0.08 3040 348.4013 297.2878 23.36727 0.456667 3.5 19000 0.18 6840 348.245 290.6954
3.5 20000 0.08 3200 317.3128 296.5488 39.95786 0.46 3.5 20000 0.18 7200 354.5638 301.8654
3.5 21000 0.08 3360 381.1077 331.3357 39.18652 0.47 3.5 21000 0.18 7560 363.4788 303.9339
3.5 22000 0.08 3520 327.8863 346.9028 38.77339 0.44 3.5 22000 0.18 7920 319.7032 316.7823

Table 17. Data used for regression analysis for 7075-T6 aluminum. 
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 95% Upper 95%
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28E-05 -2.02717E-05
85E-10 7.78951E-10  

minum. 

117
Appendix I: R

SUMMARY OUTPUT

Regression Statistics
Multiple R 0.728922418
R Square 0.531327892
Adjusted R Square 0.509272734
Standard Error 56.65208718
Observations 90

ANOVA
df SS MS F Significa

Regression 4 309274.6052 77318.6513 24.09086757 2.423
Residual 85 272804.0135 3209.458982
Total 89 582078.6187

Coefficients Standard Error t Stat P-value Lower
Intercept -1556.444671 288.2991352 -5.398714324 5.98514E-07 -2129.
(ap*S)^3 -0.000581598 0.000468535 -1.241310213 0.217905895 -0.001
S 0.450218919 0.062960055 7.150866005 2.80053E-10 0.325
S^2 -2.89473E-05 4.36338E-06 -6.634138909 2.87653E-09 -3.762
S^3 5.86818E-10 9.66333E-11 6.072632341 3.41463E-08 3.946

Table 18. Regression summary output for the resultant acceleration prediction in 7075-T6 alu
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ce F
8E-14

5% Upper 95%
3712 -981.5256292
3262 0.574296587

6E-05 -2.02459E-05
5E-10 7.79522E-10  

 aluminum. 
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SUMMARY OUTPUT

Regression Statistics
Multiple R 0.723071202
R Square 0.522831963
Adjusted R Square 0.506186567
Standard Error 56.82994949
Observations 90

ANOVA
df SS MS F Significan

Regression 3 304329.307 101443.1023 31.41000331 8.306
Residual 86 277749.3117 3229.643159
Total 89 582078.6187

Coefficients Standard Error t Stat P-value Lower 9
Intercept -1556.444671 289.204266 -5.381817814 6.28712E-07 -2131.36
S 0.448764925 0.063146791 7.106694116 3.26082E-10 0.32323
S^2 -2.89473E-05 4.37708E-06 -6.613375856 3.03415E-09 -3.7648
S^3 5.86818E-10 9.69367E-11 6.05362665 3.59838E-08 3.9411

Table 19. Second regression summary output for the resultant acceleration prediction in 7075-T6
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 The first regression analysis shown for this material helps to understand 

how to select only the factors that have a considerable weight in the equation. In 

the very last part of the table, at the left we have the factors that are being studied. 

The next column at the right of the factors we have the coefficients, which are the 

ones that must be placed in the equation and multiply the factor. Other important 

column is the p-value, factors with a p-value over 0.05 must be eliminated and the 

regression analysis must be done again. In this analysis the interaction (ap*S)3 

shows little or none influence. The factor is eliminated from the analysis and the 

second table shows the analysis with the remaining factors. Once having very low 

p-values we can construct our model with the coefficients shown. For the resultant 

acceleration prediction for 7075-T6 aluminum the model ends as follows: 

 

)*1086818.5()*0589473.2()*448764.0(44.1556Re 32 SESESsAcc −+−−++−=  

 

 Figure 63, Figure 64, and Figure 65 show the predicted resultant 

acceleration compared to the real resultant acceleration. Results are presented in 

a graph for each depth of cut, 1.5, 2.5 and 3.5 mm. 
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Figure 63. Resultant acceleration model response for 7075-T6 aluminum and ap = 1.5 mm. 
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Figure 65. Resultant acceleration model response for 7075-T6 aluminum and ap = 3.5 mm. 

 
Figure 64. Resultant acceleration model response for 7075-T6 aluminum and ap = 2.5 mm.  
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ce F
33803
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77801 0.674516905
27001 0.000438747
76082 0.002001773
6E-07 2.46192E-07  

-T6 aluminum. 
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SUMMARY OUTPUT

Regression Statistics
Multiple R 0.259322831
R Square 0.067248331
Adjusted R Square -0.001001791
Standard Error 0.086609725
Observations 45

ANOVA
df SS MS F Significan

Regression 3 0.022173418 0.007391139 0.985321764 0.4091
Residual 41 0.307551026 0.007501245
Total 44 0.329724444

Coefficients Standard Error t Stat P-value Lower 9
Intercept 0.002019552 0.332995156 0.006064809 0.995190426 -0.6704
Vf 0.000155873 0.000140068 1.112832722 0.272262545 -0.0001
AccRes 0.000812845 0.000588712 1.380718976 0.17484623 -0.0003
Vf*AccRes -2.63134E-07 2.52199E-07 -1.043358036 0.302895602 -7.724

Table 20. Regression summary output for the surface roughness prediction and fz = 0.08 mm/t in 7075
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 After developing the resultant acceleration equation is time to focus on the 

surface roughness. As well, a regression analysis is done and the resultant 

equation for fz=0.08 mm/t ends as follows: 

 

)Re**0763134.2(
)Re*000812845.0()*000155873.0(002019552.0

sAccVfE
sAccVfRa

−−
++=

 

 

 Figure 66, Figure 67, and Figure 68 correspond to the measured and 

predicted surface roughness for the model of fz = 0.08 mm/t. These measurements 

correspond to the scale in micrometers in the left, while the yellow line correspond 

to the percetange of error in the prediction, and its scale is shown in the right of the 

graph. Figure 69, Figure 70, and Figure 71 show the same information, but for fz = 

0.18 mm/t. 
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Figure 66. Measured vs Predicted Ra for 7075-T6 aluminum at an ap of 1.5 mm and 0.08 mm/t of 
feed per tooth. 
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Measured vs Predicted Ra
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Figure 67. Measured vs Predicted Ra for 7075-T6 aluminum at an ap of 2.5 mm and 0.08 mm/t of 
feed per tooth. 
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Figure 68. Measured vs Predicted Ra for 7075-T6 aluminum at an ap of 3.5 mm and 0.08 mm/t of 
feed per tooth. 
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e F
E-05

% Upper 95%
8027 0.428245754
8538 0.001055253
7205 0.009547833
E-06 1.44555E-08  

-T6 aluminum.
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SUMMARY OUTPUT

Regression Statistics
Multiple R 0.650066416
R Square 0.422586345
Adjusted R Square 0.380336565
Standard Error 0.305188952
Observations 45

ANOVA
df SS MS F Significanc

Regression 3 2.794794514 0.931598171 10.00209584 4.49575
Residual 41 3.818752153 0.093140296
Total 44 6.613546667

Coefficients Standard Error t Stat P-value Lower 95
Intercept -2.036381137 1.22038966 -1.668631916 0.102810613 -4.50100
Vf 0.000596896 0.000226961 2.629944923 0.011971778 0.00013
AccRes 0.005252519 0.002126876 2.469593029 0.017780354 0.00095
Vf*AccRes -8.00655E-07 4.03612E-07 -1.983725706 0.054009561 -1.61577

Table 21. Regression summary output for the surface roughness prediction and fz = 0.18 mm/t in 7075
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 A second equation is obtained for the surface roughness but with fz = 0.18 

mm/t. 

 

)Re**0700655.8(
)Re*00525252.0()*0005969.0(03638.2

sAccVfE
sAccVfRa

−−
++−=

 

 

 Figure 69, Figure 70, and Figure 71 show the results comparing the 

measured versus the predicted surface roughness for each depth of cut. 
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Figure 69. Measured vs Predicted Ra for 7075-T6 aluminum at an ap of 1.5 mm and 0.18 mm/t of 
feed per tooth. 
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Figure 70. Measured vs Predicted Ra for 7075-T6 aluminum at an ap of 2.5 mm and 0.18 mm/t of 
feed per tooth. 

 125



Appendix I: Regression Analysis 

 

Measured vs Predicted Ra

0
0.5

1
1.5

2
2.5

8000 10000 12000 14000 16000 18000 20000 22000

Spindle Speed (rpm)

Su
rf

ac
e 

R
ou

gh
ne

ss
 

(u
m

)

0%
20%
40%
60%
80%
100%

Measured Ra Predicted Ra % Error

ap = 3.5 mm
fz = 0.18 mm/t

Al 7075-T6
 

Figure 71. Measured vs Predicted Ra for 7075-T6 aluminum at an ap of 3.5 mm and 0.18 mm/t of 
feed per tooth. 
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6061-T6 aluminum 
 
 The same procedure is followed with this aluminum. No explanation will be 

done. For detailed information of the statistical procedures consult the 7075-T6 

aluminum information in this appendix. 

 
S ap AccX AccY AccZ Accres k x Prob Percentil

8000 2.5 258.8157 260.935 62.91734 372.8689 1 372.8689 0.0625 389.324
8000 2.5 319.2301 272.2529 69.49458 425.2752 2 425.2752 0.1875 411.0347
8000 2.5 323.2779 326.2623 71.14834 464.7771 3 464.7771 0.3125 424.403
8000 2.5 311.9814 285.8563 70.23247 428.9275 4 428.9275 0.4375 435.5261
8000 2.5 331.1539 270.5244 73.4547 433.8685 5 433.8685 0.5625 446.0839
8000 2.5 362.0915 305.3325 71.19581 478.9646 6 478.9646 0.6875 457.207
8000 2.5 349.2083 293.0526 70.00554 461.2234 7 461.2234 0.8125 470.5753
8000 2.5 329.3436 313.1185 74.71173 460.5347 8 460.5347 0.9375 492.286

Media 440.805 EstDev 33.55733
S ap AccX AccY AccZ Accres k x Prob Percentil

9000 2.5 402.2966 366.2117 85.98108 550.7689 1 550.7689 0.071429 529.7791
9000 2.5 448.9536 350.3477 82.11065 575.3651 2 575.3651 0.214286 542.3817
9000 2.5 433.4625 342.5742 80.69125 558.3528 3 558.3528 0.357143 550.3432
9000 2.5 408.8719 378.7464 118.4372 569.7828 4 569.7828 0.5 557.1929
9000 2.5 390.1299 351.5715 112.1254 537.0064 5 537.0064 0.642857 564.0426
9000 2.5 433.2593 369.1789 103.1617 578.4886 6 578.4886 0.785714 572.0041
9000 2.5 417.3862 310.5213 104.3394 530.5859 7 530.5859 0.928571 584.6067

Media 557.1929 EstDev 18.70952
S ap AccX AccY AccZ Accres k x Prob Percentil

10000 2.5 501.7544 422.5012 73.84702 660.0895 1 660.0895 0.071429 632.2715
10000 2.5 458.3288 433.4093 77.7612 635.5751 2 635.5751 0.214286 641.0555
10000 2.5 510.5406 385.8102 80.70903 644.9924 3 644.9924 0.357143 646.6046
10000 2.5 459.6382 433.0276 96.44726 638.8132 4 638.8132 0.5 651.3788
10000 2.5 505.435 437.1025 82.58678 673.308 5 673.308 0.642857 656.153
10000 2.5 492.4455 415.1787 98.61569 651.6142 6 651.6142 0.785714 661.7021
10000 2.5 505.8303 409.2686 77.45862 655.2594 7 655.2594 0.928571 670.4861

Media 651.3788 EstDev 13.04042  

Table 22. Data of populations observed to obtain the Q-Q Plot for 6061-T6 aluminum. 
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Figure 72. Q-Q Plot graph for 6061-T6 aluminum that shows statistical evidence of a normal 
distribution of the data. 
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Figure 73. Matrix Plot with the correlation of all factors for 6061-T6 aluminum. The distribution of 
points suggests if there is linear correlation between factors. 

 

 
 

 128



Appendix I: Regression Analysis 

 129

          ap       S      fz      Vf    AccX    AccY    AccZ 
S      0.000 
       1.000 
 
fz    -0.000  -0.000 
       1.000   1.000 
 
Vf    -0.000   0.584   0.780 
       1.000   0.000   0.000 
 
AccX  -0.034  -0.346  -0.020  -0.216 
       0.754   0.001   0.853   0.041 
 
AccY  -0.372  -0.058  -0.090  -0.118   0.712 
       0.000   0.585   0.400   0.270   0.000 
 
AccZ  -0.216   0.182  -0.274  -0.081   0.032   0.307 
       0.041   0.086   0.009   0.446   0.765   0.003 
 
Ra     0.058   0.157   0.942   0.861  -0.048  -0.091  -0.180 
       0.586   0.141   0.000   0.000   0.657   0.394   0.089 

 

 
Table 23. Correlation matrix between factor for 6061-T6 aluminum. 

 



 I: Regression Analysis 

AccY AccZ Ra
282.5497 6.105838 1.25
318.4737 7.468691 1.416667
388.9527 7.558589 1.58
381.6261 7.878338 1.44
418.1974 7.890043 1.556667
395.4136 9.080382 1.82
387.7674 7.007385 1.396667
369.5079 8.582052 1.476667
427.5891 11.35413 1.606667
342.7469 7.818845 1.406667
329.2441 6.853251 1.648667

336.06 8.760105 1.57
340.6235 11.82144 2.296667
381.3625 12.84493 2.343333
391.0037 9.538172 1.643333
292.9156 7.089358 1.356667
351.6994 9.90548 1.473333
420.0689 8.529546 1.596667
401.806 8.496725 1.576667

411.4076 8.980542 1.516667
454.4022 9.505999 1.87
381.8309 8.045687 1.41
430.9448 11.46793 1.563333
418.6529 12.54737 1.67
353.7735 8.38687 1.676667
343.4867 7.71909 1.856667
329.8406 10.29252 1.163333
372.9575 9.40697 2.123333
351.1626 13.63866 2.136667
341.4311 8.410161 2.136667
272.3962 5.334237 1.156667
332.5823 8.530943 1.43
415.4498 8.512598 1.68
351.3809 6.938859 1.68
398.1401 6.445733 1.756667
412.5036 9.728087 1.94
356.9837 5.393279 1.64
395.4554 12.12621 1.693333
399.3166 9.594002 1.746667
333.5887 5.985224 1.463333
311.4258 5.836751 1.733333
304.4322 7.759761 2.163333
289.5419 8.679347 2.213333
320.0954 11.66313 2.29
331.2296 8.082795 2.226667  

130
Appendix

ap S fz Vf AccX AccY AccZ Ra ap S fz Vf AccX
1.5 8000 0.08 1280 318.64852 304.41235 9.8028 0.476667 1.5 8000 0.18 2880 316.4615
1.5 9000 0.08 1440 416.49202 351.99282 11.424 0.49 1.5 9000 0.18 3240 437.0358
1.5 10000 0.08 1600 518.10841 433.64611 9.88536 0.476667 1.5 10000 0.18 3600 527.6415
1.5 11000 0.08 1760 415.74685 397.6997 11.0994 0.466667 1.5 11000 0.18 3960 451.5325
1.5 12000 0.08 1920 693.12631 454.15729 11.6013 0.43 1.5 12000 0.18 4320 610.2597
1.5 13000 0.08 2080 564.64161 441.56809 13.3452 0.416667 1.5 13000 0.18 4680 595.7637
1.5 14000 0.08 2240 469.27145 404.45124 10.7621 0.443333 1.5 14000 0.18 5040 501.3811
1.5 15000 0.08 2400 399.68716 397.17004 11.6804 0.466667 1.5 15000 0.18 5400 466.8674
1.5 16000 0.08 2560 539.49605 475.18544 17.1291 0.463333 1.5 16000 0.18 5760 573.0644
1.5 17000 0.08 2720 438.42038 392.17364 11.1203 0.41 1.5 17000 0.18 6120 447.3856
1.5 18000 0.08 2880 383.10437 379.87948 10.5069 0.44 1.5 18000 0.18 6480 414.5659
1.5 19000 0.08 3040 388.5098 382.40031 11.7597 0.45 1.5 19000 0.18 6840 362.7935
1.5 20000 0.08 3200 437.79003 398.29231 13.0806 0.476667 1.5 20000 0.18 7200 379.1574
1.5 21000 0.08 3360 451.80867 420.75797 17.0031 0.453333 1.5 21000 0.18 7560 409.4607
1.5 22000 0.08 3520 399.7454 423.80727 10.7461 0.48 1.5 22000 0.18 7920 347.7379
2.5 8000 0.08 1280 317.02775 292.39228 4.70223 0.446667 2.5 8000 0.18 2880 327.4259
2.5 9000 0.08 1440 426.93948 348.01298 9.5694 0.456667 2.5 9000 0.18 3240 420.4941
2.5 10000 0.08 1600 502.95631 404.60509 8.21307 0.47 2.5 10000 0.18 3600 488.3634
2.5 11000 0.08 1760 430.77512 395.28693 7.72278 0.436667 2.5 11000 0.18 3960 425.0888
2.5 12000 0.08 1920 657.53086 417.42709 7.74265 0.456667 2.5 12000 0.18 4320 596.199
2.5 13000 0.08 2080 567.52286 403.31129 9.66947 0.453333 2.5 13000 0.18 4680 575.3232
2.5 14000 0.08 2240 474.00363 380.01697 6.13082 0.463333 2.5 14000 0.18 5040 468.0963
2.5 15000 0.08 2400 455.92235 390.41047 10.1182 0.48 2.5 15000 0.18 5400 420.4917
2.5 16000 0.08 2560 509.2091 403.39719 12.9225 0.446667 2.5 16000 0.18 5760 510.3544
2.5 17000 0.08 2720 432.29437 325.98794 7.26729 0.486667 2.5 17000 0.18 6120 453.8805
2.5 18000 0.08 2880 378.58608 335.64906 5.79747 0.466667 2.5 18000 0.18 6480 366.501
2.5 19000 0.08 3040 344.54153 331.6443 8.45462 0.486667 2.5 19000 0.18 6840 337.4613
2.5 20000 0.08 3200 387.82054 389.09974 9.83529 0.47 2.5 20000 0.18 7200 395.8996
2.5 21000 0.08 3360 405.61587 373.81464 14.5566 0.47 2.5 21000 0.18 7560 417.2979
2.5 22000 0.08 3520 352.61988 385.62391 9.50327 0.476667 2.5 22000 0.18 7920 374.3463
3.5 8000 0.08 1280 361.66423 286.46301 20.4079 0.533333 3.5 8000 0.18 2880 331.1058
3.5 9000 0.08 1440 462.86708 328.17575 14.5794 0.473333 3.5 9000 0.18 3240 438.5575
3.5 10000 0.08 1600 541.70522 376.14869 10.5438 0.513333 3.5 10000 0.18 3600 545.6238
3.5 11000 0.08 1760 479.98107 366.11767 7.91521 0.47 3.5 11000 0.18 3960 452.8037
3.5 12000 0.08 1920 609.34772 407.18931 7.22489 0.493333 3.5 12000 0.18 4320 601.6395
3.5 13000 0.08 2080 608.3126 370.45702 8.53324 0.463333 3.5 13000 0.18 4680 580.9488
3.5 14000 0.08 2240 490.75556 349.62204 5.964 0.453333 3.5 14000 0.18 5040 488.6959
3.5 15000 0.08 2400 435.1562 348.69312 7.78457 0.456667 3.5 15000 0.18 5400 417.2932
3.5 16000 0.08 2560 553.55468 399.10632 10.5342 0.446667 3.5 16000 0.18 5760 551.7009
3.5 17000 0.08 2720 446.62106 324.32933 6.65859 0.436667 3.5 17000 0.18 6120 470.403
3.5 18000 0.08 2880 391.28546 300.29145 8.29641 0.666667 3.5 18000 0.18 6480 397.0091
3.5 19000 0.08 3040 363.94286 316.57283 8.62122 0.48 3.5 19000 0.18 6840 353.667
3.5 20000 0.08 3200 364.8925 305.51376 9.5927 0.463333 3.5 20000 0.18 7200 330.9703
3.5 21000 0.08 3360 363.8932 303.02259 12.7668 0.46 3.5 21000 0.18 7560 376.0845
3.5 22000 0.08 3520 304.49016 318.21847 8.28458 0.46 3.5 22000 0.18 7920 346.0151

Table 24. Data used for regression analysis for 6061-T6 aluminum. 
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nce F
6E-22

5% Upper 95%
90223 -1680.592995
6E-13 -9.08329E-14
35537 0.692989108
9E-05 -3.02273E-05
9E-10 9.48275E-10  

minum.
Appen

 

SUMMARY OUTPUT

Regression Statistics
Multiple R 0.84281188
R Square 0.710331866
Adjusted R Square 0.696700424
Standard Error 50.02863258
Observations 90

ANOVA
df SS MS F Significa

Regression 4 521695.1108 130423.7777 52.10981246 4.2148
Residual 85 212743.4466 2502.864078
Total 89 734438.5574

Coefficients Standard Error t Stat P-value Lower 9
Intercept -2186.791609 254.5927648 -8.5893706 3.66107E-13 -2692.9
(ap*S)^3 -2.1152E-13 6.06994E-14 -3.484705219 0.00078152 -3.3220
S 0.582462322 0.055589484 10.47792276 5.63238E-17 0.4719
S^2 -3.78886E-05 3.85324E-06 -9.83292057 1.11623E-15 -4.5549
S^3 7.78587E-10 8.53446E-11 9.122856177 3.0451E-14 6.0889

Table 25. Regression summary output for the resultant acceleration prediction in 6061-T6 alu
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 The equation for the resultant acceleration is shown next: 
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Figure 74. Resultant acceleration model response for 6061-T6 aluminum and ap = 1.5 mm. 
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Figure 75. Resultant acceleration model response for 6061-T6 aluminum and ap = 2.5 mm. 
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Figure 76. Resultant acceleration model response for 6061-T6 aluminum and ap = 3.5 mm. 
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nce F
334575

 95% Upper 95%
652411 0.710220287
85E-05 0.000169789
409047 0.000578521
68E-07 1.30444E-07  

1-T6 aluminum.
 

SUMMARY OUTPUT

Regression Statistics
Multiple R 0.309340063
R Square 0.095691275
Adjusted R Square 0.029522344
Standard Error 0.037016846
Observations 45

ANOVA
df SS MS F Significa

Regression 3 0.005944815 0.001981605 1.446166247 0.24
Residual 41 0.056180124 0.001370247
Total 44 0.062124938

Coefficients Standard Error t Stat P-value Lower
Intercept 0.438936349 0.134329506 3.267609345 0.002197841 0.167
Vf 4.75301E-05 6.05378E-05 0.785130003 0.436890884 -7.472
Acc Res 8.47372E-05 0.000244503 0.346568686 0.730687805 -0.000
Vf*AccRes -9.66617E-08 1.12454E-07 -0.859565298 0.395026894 -3.237

Table 26. Regression summary output for the surface roughness prediction and fz = 0.08 mm/t in 606
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The next equation predicts the surface roughness for an fz = 0.08 mm/t. 
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Figure 77. Measured vs Predicted Ra for 6061-T6 aluminum at an ap of 1.5 mm and 0.08 mm/t of 
feed per tooth. 
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Figure 78. Measured vs Predicted Ra for 6061-T6 aluminum at an ap of 2.5 mm and 0.08 mm/t of 
feed per tooth. 
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Figure 79. Measured vs Predicted Ra for 6061-T6 aluminum at an ap of 3.5 mm and 0.08 mm/t of 
feed per tooth. 
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nce F
57E-06

95% Upper 95%
27725 0.818392574
25465 0.000862015
84218 0.007067609

05E-06 2.14287E-08  

5-T6 aluminum. 
 

SUMMARY OUTPUT

Regression Statistics
Multiple R 0.71056957
R Square 0.504909113
Adjusted R Square 0.468682951
Standard Error 0.226808437
Observations 45

ANOVA
df SS MS F Significa

Regression 3 2.150951151 0.716983717 13.93769253 2.081
Residual 41 2.10912476 0.051442067
Total 44 4.260075911

Coefficients Standard Error t Stat P-value Lower 
Intercept -0.982117576 0.891544264 -1.101591491 0.277064371 -2.7826
Vf 0.00049374 0.000182356 2.707566163 0.009838771 0.0001
Acc Res 0.003675913 0.001679439 2.188774683 0.034364174 0.0002
Vf*AccRes -6.85312E-07 3.49951E-07 -1.958307428 0.05702134 -1.392

Table 27. Regression summary output for the surface roughness prediction and fz = 0.18 mm/t in 707
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 Next equation helps predicts the surface roughness for an fz = 0.18 mm/t. 
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Figure 80. Measured vs Predicted Ra for 6061-T6 aluminum at an ap of 1.5 mm and 0.18 mm/t of 
feed per tooth. 
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Figure 81. Measured vs Predicted Ra for 6061-T6 aluminum at an ap of 2.5 mm and 0.18 mm/t of 
feed per tooth. 
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Measured vs Predicted Ra
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Figure 82. Measured vs Predicted Ra for 6061-T6 aluminum at an ap of 3.5 mm and 0.18 mm/t of 
feed per tooth. 
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1045 Steel 
 
The complete analysis was made to 1045 Steel. The experiments are made under 

different conditions than the aluminum materials. The difference is due to the 

hardness of the material and the properties of the cutter. This differences are 

explained in section 4.3 and 4.4. 

 
S ap AccX AccY AccZ Accres k x Prob Percentil

11000 0.4 499.1473 400.438 109.4801 649.2184 1 649.2184 0.0625 555.1962
11000 0.4 529.1786 354.231 118.3601 647.7026 2 647.7026 0.1875 576.9687
11000 0.4 429.2506 370.7244 117.9937 579.323 3 579.323 0.3125 590.3749
11000 0.4 441.9377 372.0557 119.5355 589.9348 4 589.9348 0.4375 601.5297
11000 0.4 472.1769 376.4562 116.0952 614.9377 5 614.9377 0.5625 612.1175
11000 0.4 468.4643 377.7859 121.3443 613.9262 6 613.9262 0.6875 623.2723
11000 0.4 470.9362 371.4411 111.61 610.0871 7 610.0871 0.8125 636.6785
11000 0.4 402.1037 359.8529 103.5555 549.459 8 549.459 0.9375 658.451

Media 606.8236 EstDev 33.65276
S ap AccX AccY AccZ Accres k x Prob Percentil

12000 0.4 533.5999 377.613 111.9497 663.2142 1 663.2142 0.071429 650.6907
12000 0.4 496.4066 414.7098 108.8305 655.9327 2 655.9327 0.214286 657.9155
12000 0.4 517.6338 410.4168 107.9665 669.3605 3 669.3605 0.357143 662.4797
12000 0.4 482.3459 437.2131 107.5201 659.8284 4 659.8284 0.5 666.4064
12000 0.4 522.0534 409.3122 113.0658 672.9488 5 672.9488 0.642857 670.3332
12000 0.4 529.7958 372.2021 113.4032 657.3267 6 657.3267 0.785714 674.8974
12000 0.4 555.3544 389.3507 104.4232 686.2337 7 686.2337 0.928571 682.1222

Media 666.4064 EstDev 10.72576
S ap AccX AccY AccZ Accres k x Prob Percentil

13000 0.4 534.5515 401.2536 117.7616 678.6881 1 678.6881 0.071429 690.858
13000 0.4 577.6395 433.3298 118.1472 731.7109 2 731.7109 0.214286 706.8166
13000 0.4 579.1809 433.2449 112.4169 731.9763 3 731.9763 0.357143 716.8981
13000 0.4 583.8585 407.1357 116.7093 721.2983 4 721.2983 0.5 725.5718
13000 0.4 589.9578 412.8908 123.4823 730.6004 5 730.6004 0.642857 734.2454
13000 0.4 626.0645 406.7041 130.6328 757.9115 6 757.9115 0.785714 744.3269
13000 0.4 579.8271 418.6748 129.5174 726.8169 7 726.8169 0.928571 760.2855

Media 725.5718 EstDev 23.69159  

Table 28. Data of populations observed to obtain the Q-Q Plot in 1045 Steel. 
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Q-Q Plot
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Figure 83. Q-Q Plot graph for 1045 Steel which shows statistical evidence of a normal distribution. 
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Figure 84. Matrix Plot with the correlation of all factors for 1045 Steel. The distribution of points 
suggests if there is linear correlation between factors. 
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          ap       S      Vf    AccX    AccY    AccZ 
S      0.000 
       1.000 
 
Vf    -0.000   1.000 
       1.000       * 
 
AccX   0.040  -0.220  -0.220 
       0.794   0.152   0.152 
 
AccY  -0.157  -0.183  -0.183   0.561 
       0.309   0.234   0.234   0.000 
 
AccZ  -0.137   0.521   0.521  -0.161   0.337 
       0.374   0.000   0.000   0.296   0.025 
 
Ra    -0.563  -0.536  -0.536   0.157   0.180  -0.213 
       0.000   0.000   0.000   0.307   0.243   0.165 
 
 
Cell Contents: Pearson correlation 
               P-Value  

Table 29. Correlation matrix between factor for 1045 Steel. 
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ap S fz Vf Acc X Acc Y Acc Z Ra
0.2 11000 0.065 1430 451.3914 405.3879 117.6868 1.346667
0.2 11500 0.065 1495 532.3773 434.4817 109.9922 1.156667
0.2 12000 0.065 1560 618.5632 447.0681 118.4932 1.233333
0.2 12500 0.065 1625 487.1068 397.7623 150.7929 0.9
0.2 13000 0.065 1690 564.5597 416.9468 126.7638 1.066667
0.2 13500 0.065 1755 578.5886 406.9511 109.6219 1.066667
0.2 14000 0.065 1820 480.6042 363.7981 107.1038 1.01
0.2 14500 0.065 1885 436.5966 380.2249 109.2574 1.163333
0.2 15000 0.065 1950 404.6057 348.932 102.7156 0.776667
0.2 15500 0.065 2015 500.2926 405.1455 162.2831 0.816667
0.2 16000 0.065 2080 543.113 421.4002 154.3643 0.89
0.4 11000 0.065 1430 451.1615 376.6488 114.5181 1.29
0.4 11500 0.065 1495 526.9422 403.985 108.904 1.096667
0.4 12000 0.065 1560 595.194 411.0838 121.5761 0.786667
0.4 12500 0.065 1625 491.0591 381.3817 144.1291 1.34
0.4 13000 0.065 1690 558.834 400.0651 127.8816 1.57
0.4 13500 0.065 1755 594.6975 393.4493 109.3664 1.8
0.4 14000 0.065 1820 508.835 368.9492 103.6506 0.61

 

 

 

 

0.4 14500 0.065 1885 436.322 362.0618 110.3299 0.473333
0.4 15000 0.065 1950 440.9878 361.7699 142.6886 0.37
0.4 15500 0.065 2015 479.9676 400.6728 161.7479 0.173333
0.4 16000 0.065 2080 539.8395 417.3564 145.403 0.15
0.6 11000 0.065 1430 464.3843 379.5693 104.1835 1.736667
0.6 11500 0.065 1495 545.4961 384.2536 107.8709 0.913333
0.6 12000 0.065 1560 548.2805 406.1144 110.5248 0.76
0.6 12500 0.065 1625 464.1348 403.4312 134.2162 1.12
0.6 13000 0.065 1690 573.0147 391.9451 121.5137 1.14
0.6 13500 0.065 1755 600.4946 375.3503 104.0016 0.766667
0.6 14000 0.065 1820 517.1188 351.3415 104.0632 0.283333
0.6 14500 0.065 1885 459.5997 363.2746 109.0543 0.27
0.6 15000 0.065 1950 413.7812 355.6686 138.9071 0.21
0.6 15500 0.065 2015 473.1705 401.2314 153.3425 0.186667
0.6 16000 0.065 2080 537.8593 400.9136 143.2024 0.18
0.8 11000 0.065 1430 480.1017 378.5188 105.0299 0.433333
0.8 11500 0.065 1495 538.7579 396.0705 100.0764 0.37
0.8 12000 0.065 1560 587.0377 421.7889 114.8956 0.296667
0.8 12500 0.065 1625 473.4865 411.2369 132.9026 0.47
0.8 13000 0.065 1690 555.698 400.6304 115.4843 0.31
0.8 13500 0.065 1755 600.3274 384.7027 104.1073 0.3
0.8 14000 0.065 1820 533.2502 370.685 102.6138 0.323333
0.8 14500 0.065 1885 454.4686 373.406 103.7836 0.293333
0.8 15000 0.065 1950 448.853 384.5925 134.3626 0.29
0.8 15500 0.065 2015 469.1492 394.6067 149.522 0.24
0.8 16000 0.065 2080 539.7237 419.0007 142.3159 0.273333  

Table 30. Data used for regression analysis for 1045 Steel. 
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F
07

Upper 95%
61 -20856.77144
64 8.992382706
41 -0.000360973
09 1.64826E-08  

el.
Appen

 

SUMMARY OUTPUT

Regression Statistics
Multiple R 0.747639
R Square 0.558964
Adjusted R Square 0.525887
Standard Error 37.04046
Observations 44

ANOVA
df SS MS F Significance 

Regression 3 69554.169 23184.723 16.89854 3.03454E-
Residual 40 54879.83 1371.9957
Total 43 124434

CoefficientsStandard Erro t Stat P-value Lower 95%
Intercept -30048.13 4547.7562 -6.6072428 6.63E-08 -39239.487
S 6.921679 1.0245553 6.7557889 4.11E-08 4.8509757
S^2 -0.000515 7.639E-05 -6.746661 4.23E-08 -0.0006697
S^3 1.27E-08 1.885E-09 6.7227207 4.57E-08 8.86291E-

Table 31. Regression summary output for resultant acceleration prediction in 1045 Ste
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Since the regression analysis showed that the factor depth of cut is 

insignificant to the prediction there is only one resultant acceleration prediction 

graph, shown below. The resultant acceleration prediction equation has the next 

form: 
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Figure 85. Resultant acceleration model response for 1045 Steel. 
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 F
508

Upper 95%
394 3.89085994
297 -0.00061426  
 

SUMMARY OUTPUT

Regression Statistics
Multiple R 0.536244422
R Square 0.28755808
Adjusted R Squ 0.270595177
Standard Error 0.398964472
Observations 44

ANOVA
df SS MS F Significance

Regression 1 2.698322449 2.698322 16.95217 0.000175
Residual 42 6.685251288 0.159173
Total 43 9.383573737

Coefficients Standard Error t Stat P-value Lower 95%
Intercept 2.847416667 0.517047097 5.507074 2.03E-06 1.803973
Vf -0.001204779 0.000292614 -4.117302 0.000176 -0.001795

Table 32. Regression summary output for surface roughness prediction in 1045 Steel
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 For this material only one feed per tooth was used, for such reason we 

only have one equation to predict surface roughness. 
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Measured vs Predicted Ra
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Figure 86. Measured vs Predicted Ra for 1045 Steel at an ap of 0.2 mm and 0.065 mm/t of feed 
per tooth. 
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Figure 87. Measured vs Predicted Ra for 1045 Steel at an ap of 0.4 mm and 0.065 mm/t of feed 
per tooth. 
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Figure 88. Measured vs Predicted Ra for 1045 Steel at an ap of 0.6 mm and 0.065 mm/t of feed 
per tooth. 
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Figure 89. Measured vs Predicted Ra for 1045 Steel at an ap of 0.8 mm and 0.065 mm/t of feed 
per tooth. 
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