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Executive Summar y

DAMRC has been using MetalMax software from MLI© since 2011 to assist the Danish subtractive 
manufacturing industry in process optimization. The package of MetalMax software includes Harmonizer, 
which is a specific software application designed to detect chatter by recording and analysing the sound 
emitted during machining. However, utilizing Harmonizer for process optimization has historically been 
neglected in favour of the TXF software. The objective of this project is to assess the capabilities of 
Harmonizer so that the MetalMax equipment and software can be used to its full potential, with the 
ultimate goal of being able to use Harmonizer in conjunction with TXF software during tap tests in industry. 
Additionally, it is expected that one of the results of this project will be increased competency in noise 
ŀƴŀƭȅǎƛǎ ƛƴ ƎŜƴŜǊŀƭΣ ǿƘƛŎƘ ǿƻǳƭŘ ŜȄǇŀƴŘ 5!aw/Ωǎ ōǳǎƛƴŜǎǎ ƻŦŦŜǊƛƴƎǎ ǘƻ 5ŀƴƛǎƘ ƛƴŘǳǎǘǊȅΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ 
activities of this project consist of assessing Harmonizer with in-house cutting tests, evaluating the potential 
of alternative noise analysis solutions, and disseminating insights gained from the project to internal and 
external stakeholders. The desired outcome of the project is the development of standard test procedures 
and reporting format for Harmonizer, as well as improved documentation of the features of the software 
and its associated workflow.  
 
To this end, standard test procedures and report templates were developed from the existing 
documentation for the software, and these were used in a series of experimental cutting tests in which 
Harmonizer was tested for milling and turning processes for steel and aluminium workpieces. The 
alternative analysis method of recording machining sound with a mobile phone and importing the resulting 
sound file into Harmonizer was also tested (no other viable noise analysis solutions were found). In all 
cases, the test process consisted of: (1) inputting process data and calibrating the software, (2) recording 
and analysing the sound of machining at a constant spindle speed and gradually increasing depth of cut 
until chatter occurs, (3) identifying a new spindle speed from the noise analysis of chatter, and (4) iterating 
through the noise analysis and speed selection steps until Harmonizer converges on optimal cutting 
parameters. The results obtained from Harmonizer were then compared with the optimal cutting 
parameters predicted by stability lobe diagrams generated by TXF software. 
 
The performance of the speed selection tool in Harmonizer was exceptional, consistently identifying 
optimal spindle speeds that were within 5% of those identified by TXF. This accuracy in speed selection was 
achieved in both the milling and the turning cutting tests. The difference between the stable depth of cut 
predicted by TXF and observed with Harmonizer was more substantial which can be attributed to several 
reasons, such as expected uncertainty in the material properties of the workpiece and spindle speed, the 
fact that there is a diminishing rate of return associated with performing additional Harmonizer tests to 
precisely define the critical depth of cut between stable and unstable machining, and the observation that 
slight differences from small expected depths of cut can result in outsized errors.  
 
Nevertheless, the results of the cutting tests demonstrate that Harmonizer is an excellent tool for selecting 
optimal spindle speeds and has additional applications in determining workpiece material properties 
experimentally and validating theoretical stability lobe diagrams. Harmonizer has also proved effective at 
detecting vibrations due to structural resonance, which may otherwise be undetected if stability lobe 
diagrams are interpreted without advanced knowledge of the TXF software. However, the best results are 
obtained from the Harmonizer software when used in conjunction with TXF when testing milling processes. 
It is not recommended to use Harmonizer for turning processes, due to challenges using the software for 
turning encountered during testing. This recommendation may change as additional experience and 
knowledge is accumulated after the project. 
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1. Introduction  

DAMRC has been using MetalMax software from MLI© since 2011 to assist the Danish subtractive manufacturing 
industry in process optimization. The package of MetalMax software includes Harmonizer, which is a specific 
software application designed to detect chatter by recording and analysing the sound emitted during machining. 
DAMRC has previous experience using Harmonizer but neglected it in favour of the TXF software, resulting in under-
developed competency using Harmonizer. 
 
The objective of this project is to increase this competency so that the MetalMax equipment and software can be 
used to its full potential, with the ultimate goal of being able to use Harmonizer in conjunction with TXF software 
during tap tests in industry. Additionally, it is expected that one of the results of this project will be increased 
ŎƻƳǇŜǘŜƴŎȅ ƛƴ ƴƻƛǎŜ ŀƴŀƭȅǎƛǎ ƛƴ ƎŜƴŜǊŀƭΣ ǿƘƛŎƘ ǿƻǳƭŘ ŜȄǇŀƴŘ 5!aw/Ωǎ ōǳǎƛƴŜǎǎ ƻŦŦŜǊƛƴƎǎ ǘƻ 5ŀƴƛǎƘ ƛƴŘǳǎǘǊȅΦ  
 
To this end, the activities of the project will be divided into three phases: (1) in-house testing of Harmonizer 
software, including testing during cutting tests, and acquiring experience and competency using Harmonizer; (2) 
assessment of additional tools and technologies DAMRC can acquire for general noise analysis, with an emphasis on 
άƭƛǘŜέ ǎƻƭǳǘƛƻƴǎΤ όоύ ŘƛǎǎŜƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ƛƴǎƛƎƘǘǎ ƎŀƛƴŜŘ ŘǳǊƛƴƎ ǘƘŜ ǇǊƻƧŜŎǘ ŀƴŘ ǘƘŜ ŜǎǘŀōƭƛǎƘƳŜƴǘ ƻŦ ǎǘŀƴŘŀǊŘƛȊŜŘ 
testing and reporting procedures for client facing operations.  
 
This report details the activities of the project and its results. It is organized as follows: first, the process associated 
with operating Harmonizer is explained and the relevant background theory underpinning the software is given in 
section 2.0; next, the success criteria, limitations, and pre-analysis of the project is provided alongside the results of 
technology scouting activities done in connection with this project are given in sections 3.0 ς 7.0; then, the 
procedures for conducting cutting tests is detailed along with a discussion of the design of the experiments in section 
8.0; subsequently, the experimental results are presented along with an analysis of the resulting data in sections 9.0 
and 10.0; finally comments about dissemination activities concluding remarks and recommendations are given in 
sections 11.0 and 12.0. 

2. Pre-analysis  

2.1 Pre-Analysis from Project Application  

Initial assessment of former in-house tests with Harmonizer at DAMRC and the current state of the software indicate 
that it should be possible to eventually utilizes the equipment in industry. Issues encountered with the software so 
far have been limited to minor bugs in the graphical user interface that do not affect functionality. It is possible that 
some bugs in the software may affect the visual representation of data that would be used in test reports. More 
tests of this and other issues are required. The above observations are limited to the 64-bit version of harmonizer 
and a similar assessment of the 32-bit version has not been completed. However, it is almost a certainty that former 
tests (conducted in industry) were done with the 32-bit version and any issues with that version of the software are 
expected to be negligible.  A full list of issues and limitations encountered with the software can be found in 
appendix A. 
 
A review of existing technology yielded no options that would provide a similar noise analysis solution in a desktop 
όt/ύ ŜƴǾƛǊƻƴƳŜƴǘ ǘƘŀǘ ŀƭǎƻ ŀŘƘŜǊŜŘ ǘƻ ǘƘŜ ǊŜǉǳƛǊŜƳŜƴǘ ƻŦ ōŜƛƴƎ ŀ άƭƛǘŜέ ƻŦŦŜǊƛƴƎ ǘƘŀǘ ǿƻǳƭŘ ƴƻǘ ƛƳǇƻǎŜ ŀ ǎƛƎƴƛŦƛŎŀƴǘ 
financial cost to DAMRC. The Harmonizer software does, however, support the option of importing prerecorded 
sound waves and can then provide the same level of noise analysis and chatter detection. There is therefore the 
Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ ƻŦŦŜǊƛƴƎ ŀ άƭƛǘŜ ǎŜǊǾƛŎŜέ ǘƻ ŎƻƳǇŀƴƛŜǎ ōȅ ǿŀȅ ƻŦ ƘŀǾƛƴƎ ƳŀŎƘƛƴƛƴƎ ǎƻǳƴŘ ǊŜŎƻǊŘŜŘ ǿƛǘƘ ŀ ƳƻōƛƭŜ ŀǇǇΣ 
without the need to bring the Harmonizer and MetalMax equipment on site, and then performing noise analysis in-
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house. The procedures, experimental results, and discussion of the resulting data ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘŜǎǘǎ ƻŦ ǘƘƛǎ άƭƛǘŜέ 
analysis option are given in sections 8.4, 9.5, and 10.5, respectively. 

2.2 Theory of Operations  

Harmonizer is a noise analysis software that is part of the MLI MetalMax family of software products. Harmonizer is 
capable of detecting chatter in machining from the analysis of recorded or pre-recorded machining noise and, if 
chatter is detected, will iteratively suggest optimal spindle speeds using the cutting parameters and constraints that 
are provided as input. Harmonizer can therefore be used to validate the stability lobe diagrams generated by TXF tap 
test software, to provide a more objective assessment of process stability, and as a stand-alone speed selection tool. 
Harmonizer can also be used as a general frequency spectrum analyser, capable of identifying the dominant 
frequencies in an audio recording.  
Harmonizer works by taking advantage of the fact that the noise emitted during machining is much greater if chatter 
ƛǎ ǇǊŜǎŜƴǘΦ !ŦǘŜǊ ǇǊŜǇŀǊƛƴƎ ǘƘŜ ŜǉǳƛǇƳŜƴǘ ŦƻǊ ǳǎŜ ŀƴŘ ŜƴǘŜǊƛƴƎ ǇǊƻŎŜǎǎ ǇŀǊŀƳŜǘŜǊǎΣ ǘƘŜ ǳǎŜǊ Ŏŀƴ ŎŀƭƛōǊŀǘŜ ŀ άǎǘŀōƭŜ 
ƴƻƛǎŜ ǘƘǊŜǎƘƻƭŘέ ōȅ ǊŜŎƻǊŘƛƴƎ ŀƳōƛŜƴǘ ǎƻǳƴŘ ŀƴŘ ǘƘŜ ƴƻƛǎŜ ŜƳƛǘǘŜŘ ŘǳǊƛƴƎ ǎǘŀōƭŜ ƳŀŎƘƛƴƛƴƎΦ {ǘŀōƭŜ ƳŀŎƘƛƴƛƴƎ Ŏŀƴ 
always be achieved by using a small enough depth of cut (DOC), and is even easier to obtain if Harmonizer is used in 
conjunction with TXF so that the spindle speeds associated with stability lobes can be identified. For all future cutting 
tests, Harmonizer will use this threshold to detect chatter while simultaneously detecting any fluctuations in spindle 
speed in real-time and calculating the resulting changes in tooth-passing frequency. Harmonizer will apply any signal 
processing settings (such as background filters, windowing functions, etc.) to the sound recording.  
  
For each recording, Harmonizer will analyse the sound to determine whether or not chatter is present. If chatter is 
detected, Harmonizer will use a proprietary algorithm to suggest a new spindle speed, if available. In all cases, stable 
and unstable, a history of test results is kept for use in the speed selection algorithm, which is iterative and 

convergent. The configuration of the Harmonizer equipment is demonstrated in Figure 1 and the workflow used 

with Harmonizer is presented in Figure 2. 

 

 

Figure 1: (Left) Schematic diagram of Harmonizer hardware setup. (Right) Note it is also possible to plug 
the microphone directly into the PC microphone jack. 
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Figure 2: Process diagram for using Harmonizer. 

The operation of Harmonizer can be divided into the following stages:  

1. Setup and calibration of Harmonizer software 

2. Recording the machining sound 

3. Signal Processing 

4. Chatter detection and optimal speed selection 

These steps are described in the following subsections.  

2.2.1 Setup and Calibration of Harmonizer Software  

The main screen of Harmonizer is shown in Figure 3. Setting up the software for use is similar to the setup process 
for other MetalMax software, which involves filling out process data in the Project Setup and other windows. These 
can be accessed from the drop-down menu and the menu tabs as shown in the figure. The most critical information 
to provide is given in the Cutting Parameters, Recording Preferences, Signal Properties, and Vibration Detection 
windows. The cutting parameters window is where information is provided about the tool geometry and cutting 
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parameters used in calculating stable cutting speeds, while recording preferences provide settings specifying the 
type of data acquisition hardware that is being used and allows for the configuration of recording volume and data 
logging settings. This is important since suboptimal recording levels can result in recordings being saturated or too 
quiet, affecting measurement quality. Signal properties allows for signal processing settings to be adjusted (see 
below), while vibration detection ǇǊƻǾƛŘŜǎ ŀŘŘƛǘƛƻƴŀƭ ǎŜǘǘƛƴƎǎ ŦƻǊ IŀǊƳƻƴƛȊŜǊΩǎ ŎƘŀǘǘŜǊ ŘŜǘŜŎǘƛƻƴ ŀƭƎƻǊƛǘƘƳΦ CƻǊ ƳƻǊŜ 
information on these and other settings, consult the Harmonizer software user manual [1]. 
 

 
Figure 3: The main screen of the Harmonizer software, with its constituent parts, is shown. 

Once the software settings are configured as desired, the next step is to record noise from stable cutting to calibrate 
the software for future cutting tests. Since this first calibrating cut must be stable, it is recommended that a 
conservative DOC be used. This calibration process establishes a threshold of sound magnitude for stable cutting 

(horizontal red line in Figure 4) so that chatter is detected if this threshold is exceeded. This stable threshold is a 
function of frequency so that different threshold magnitudes (so-ŎŀƭƭŜŘ άǊƛŘƎŜ ƭƛƴŜǎέύ Ŏŀƴ ōŜ ŀǇǇƭƛŜŘ ŀǘ ŘƛŦŦŜǊŜƴǘ 
frequency bands. Best practices for recording sound are given in the next subsection.  
 

 
Figure 4:  ǘƘǊŜǎƘƻƭŘ ƻŦ ǎǘŀōƭŜ ƳŀŎƘƛƴƛƴƎ ƛǎ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ǘƘŜ ƘƻǊƛȊƻƴǘŀƭ ǊŜŘ ƭƛƴŜ όάǊƛŘƎŜ ƭƛƴŜέύΦ ! ŘƻƳƛƴŀƴǘ 

chatter frequency is highlighted. 
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2.2.2 Recording the Machining Sound  

Both the 32- and 64-bit version of Harmonizer use a cardioid condenser microphone. This means that the volume of 
the recorded sound is a function of the direction relative to the microphone from which the sound is emitted. This 

function has a specific profile as shown in Figure 5. As shown in the figure, the strongest response occurs at a 
direction of zero degrees, corresponding to the direction in front of the microphone. This has the advantage of 
attenuating ambient noise from other sources, assuming that the sound of interest is emitted from a point source. 
This is a safe assumption for sound generated during machining.  
 
Sound volume also decays exponentially with distance. Therefore, the best quality sound recordings are obtained 
when the microphone is oriented towards the source of sound to be analysed (the machining process of interest) 
and placed as close as possible to the source (it is not necessary to place the microphone inside the workspace of the 
tool, but just outside the doors of the CNC machine is usually sufficient, for example). In this way, due to the quasi-
unidirectional characteristics of the microphone, the quality of the recorded machining sound is maximized while the 
influence of undesirable ambient noise is mitigated.  

 

 

Figure 5: ϦtƻƭŀǊ ǇŀǘǘŜǊƴϦ ƻŦ ǘƘŜ ƳƛŎǊƻǇƘƻƴŜ ǳǎŜŘ ǿƛǘƘ 5!aw/Ωǎ сп-bit tap test equipment. [2] 

The quality of the recorded machining sound also depends on the frequency response function (FRF) of the 
microphone. Just as tool-tool holder-machine systems and other mechanical structures have an FRF, so too do 
electrical devices. Analogous to their mechanical counterparts, the output of electrical devices depends on how their 
FRFs affect its input.  
 

The FRF of the microphone used with the 64-bit tap test equipment is presented Figure 6. As shown in the figure, 
the FRF of the microphone is characterized by a relatively flat response over a large frequency bandwidth, so that 
sound over a large frequency range can be measured with minimal distortion, and the dominant frequencies of a 
signal and their harmonics can be determined. If recording is done with an alternative microphone with a less ideal 
FRF, there may be adverse effects on the signal quality. In this case, the signal should be preprocessed with an 
ƛƴǾŜǊǎŜ ŦƛƭǘŜǊ ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ǘƘŜ ƳƛŎǊƻǇƘƻƴŜΩǎ ŦǊŜǉǳŜƴŎȅ ǊŜǎǇƻƴǎŜ ŦǳƴŎǘƛƻƴΦ  
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Figure 6: Frequency response of the microphone used with the 64-bit tap test equipment [2] 

2.2.3 Signal Processing 

Signal processing refers to operations that are done on the measurement signal from within the Harmonizer 
software to facilitate the analysis process. This is done automatically by Harmonizer according to the settings used in 

the Signal Properties and Vibration Detection setup windows, shown Figure 7Figure 8, respectively.  These options 
are briefly outlined below (for brevity, details about Recording and Data Logging settings are omitted).  
 

 

Figure 7: Signal Properties window in Harmonizer 2017. 
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Figure 8: Vibration Detection window in Harmonizer 2017. 

The option to choose between Normal Signal Analysis and Power Signal Analysis determines how the measured 

Řŀǘŀ ƛǎ ǊŜǇǊŜǎŜƴǘŜŘ ƛƴ ǘƘŜ ά{ƻǳƴŘ aŀƎƴƛǘǳŘŜ Ǿǎ CǊŜǉǳŜƴŎȅέ ƎǊŀǇƘ ƛƴ Figure 3. In Normal Signal Analysis, the Fast 
Fourier Transform (FFT) of the recorded sound signal is displayed as the Sound Magnitude; in Power Signal Analysis, 
it is the power of the signal (the square of the FFT magnitude) that is displayed.  
 
Analysis Length ǊŜŦŜǊǎ ǘƻ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ŀƴŀƭȅǎƛǎ ǿƛƴŘƻǿ όǘƘŜ ōƭǳŜ ǿƛƴŘƻǿύ ƛƴ ǘƘŜ ά{ƻǳƴŘ ²ŀǾŜ Ǿǎ ¢ƛƳŜέ ƎǊŀǇƘ 

inFigure 3Φ ¢ƘŜ ŀǾŀƛƭŀōƭŜ ƻǇǘƛƻƴǎ ƛƴ ǘƘŜ нлмт ǾŜǊǎƛƻƴ ƻŦ IŀǊƳƻƴƛȊŜǊ ŀǊŜ άǎƘƻǊǘέΣ άƳŜŘƛǳƳέΣ ŀƴŘ άƭƻƴƎέΦ LƴŎǊŜŀǎƛƴƎ 
the analysis length improves the frequency resolution in the FFT plot in the top graph, ranging from 2.69 Hz with a 
short analysis window to 0.17 Hz for a long analysis window when default settings are used for Chatter Frequency 
Range. Comparing these to similar settings in other versions of Harmonizer, the window lengths correspond to a 
window size of 16,000 and 256,000 samples.   
 
The FFT is a computationally efficient algorithm to calculate the discrete Fourier transform (DFT) of a discrete time 
signal ὼ. The discrete transform is used since the machining sound, a continuous time-domain signal, is digitized 
when it is recorded and stored in (finite) computer memory by the Harmonizer software. The Fourier transform 
given in equation 1 is rewritten in the discrete time domain as shown in equation 2, which is the discrete Fourier 
transform. The continuous and discrete Fourier transforms are given in [3] as   
 

ὢ‫  ὼὸὩ Ὠὸ ρ  

ὢ  ὼὩ Ƞ    Ὧ πȟρȟȣȟὔ ρ ς 

where, N and ὲ refer to the number of samples and the ὲth sample, respectively, of the discrete series ὼ, and Ὧ is 
the frequency bin of the transformed signal ὢȢ From the definition of equation 2, it is readily observed that both the 
original and transformed signals, ὼ and ὢ , are sequences of length N. If the transformed signal is defined for some 
interval in the frequency domain (i.e. ὪȟὪ , which should not be confused with the frequency bin number Ὧ; note 
that the domain of the frequency spectrum in Harmonizer software is fixed by the Chatter Frequency Range setting 
in the Vibration Detection tab) and the number of samples N in ὼ is increased, then the frequency resolution of ὢ  
must necessarily be increased if ὢ  is to be defined for the same frequency interval while upholding the property 
that ίὭᾀὩὢ ίὭᾀὩὼ Ȣ  
 
Analysis Stepover controls the delay between the measurement and analysis of a given sample. For example, when 
a minimal step over length is used the last sample in the analysis window is the latest sample recorded by the 
microphone. As the analysis stepover increases, the number of samples that are recorded before the analysis 
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ǿƛƴŘƻǿ ǳǇŘŀǘŜǎ ƛƴŎǊŜŀǎŜǎΦ ¢Ƙƛǎ ƛǎ ƻōǎŜǊǾŜŘ ŀǎ ŀ ǇŜǊŎŜƛǾŜŘ άƭŀƎέ ōŜǘǿŜŜƴ ǘƘŜ ǊŜŎƻǊŘŜŘ ǎƻǳƴŘ ŀƴŘ ǘƘŜ ŀƴŀƭȅǎƛǎ 
ǿƛƴŘƻǿ ƛƴ ǘƘŜ ά{ƻǳƴŘ ²ŀǾŜ Ǿǎ ¢ƛƳŜέ ǇƭƻǘΦ  
 
The Signal Processing Window controls what windowing function is used when processing the signal. The available 
options (in Harmonizer 2017) are Rectangular, Hamming, Hann, Blackman, and Flat Top. The necessity of a suitable 
windowing function is given by the fact that the DFT implicitly assumes that the time domain signal ὼ is periodic, 

but problems arise if the signal encapsulated in the analysis window in Figure 3 does not meet this requirement. To 

see why, consider the example shown in Figure 9, which shows how the frequency spectrum produced by DFT is 
affected by whether the time-domain signal is periodic.  
 
In the figure, the wave form in (a) is perfectly periodic in the time interval T and has a single frequency component as 
indicated by its spectrum, whereas the wave form in (b) is not periodic and the expected frequency spectrum is 
ŘƛǎǘƻǊǘŜŘΦ ¢Ƙƛǎ ŘƛǎǘƻǊǘƛƻƴΣ ŎƻƳƳƻƴƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άƭŜŀƪŀƎŜέ ƻŎŎǳǊǎ ǿƘŜƴ ǘƘŜ ǘǊǳŜ ŦǊŜǉǳŜƴŎȅ ƻŦ ǘƘŜ ǿŀǾŜ ŦƻǊƳ 
άƭŜŀƪǎέ ƛƴǘƻ ŀŘƧŀŎŜƴǘ ŦǊŜǉǳŜƴŎƛŜǎ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ǘƘŜ ǘǊŀƴǎŦƻǊƳŜŘ ǎƛƎƴŀƭ ƛƴ όōύ ōŜƛƴƎ ƴƻƴ-periodic in interval T. Several 
techniques exist to address the problem of leakage. One method is to sufficiently increase the length of the 
measurement to ensure that the time domain signal in T is in fact periodic. In Harmonizer software, this can be done 
practically by increasing the recording length and/or increasing the size of the analysis window.  
 
However, this requires having a priori knowledge of the measurement (time) signal, increases the computational 
cost of the analysis as the analysis length increases, and still relies on the assumption that the signal is in fact 
periodic for some T. Although it is true that metal cutting processes are periodic at tooth passing frequency and this 
would be reflected in recorded machining sound, there is still the possibility of the sound recording being distorted 
by electrical or background noise or other disturbances. Indeed, the problem of leakage becomes acute for pseudo-
random signals where discontinuities exist, in which case increasing the analysis length alone does not solve the 
issue.  
 

 
Figure 9: (a) ideal, periodic signal and its resulting frequency spectrum; (b) a non-periodic signal and the 

resulting leakage in its frequency spectrum. [3] 
 

The use of a windowing function is a practical and widely used solution to the problem of leakage. The idea behind 
windowing functions is to combine the measurement signal with a modulating (windowing) function so that a new 
signal is produced that is less susceptible to leakage. Various applications are supported by many different 
windowing functions. In the common example of a measurement signal of length T with discontinuities at the end 
points (t = 0 and t = T), a windowing function that reduces the amplitude of the signal near these end points may be 



 
 

9 
 

used, as shown in Figure 10. Other windowing functions may be used, for example, if the transients of a signal 
should be omitted from the analysis or analyzed exclusively. Mathematically, the process of applying a windowing 
function can be expressed as  

 

ὼὸ ὼὸύὸ σ 

where ύὸ is the windowing function and ὼὸ and ὼ ὸ are the original and modulated measurement signals, 
respectively. By applying well known Fourier transform pairs, it follows that the frequency spectrum of the 
modulated signal is given by  

 

ὢ ‫ ὢ‫ ὡz ‫ τ 

where z  is the convolution operator. While equations 3 and 4 above are given in the continuous time domain, the 
same relationships hold in the discrete time domain as well. As stated previously, the Harmonizer 2017 software 
provides options for the Rectangular, Hamming, Hann, Blackman, and Flat Top windowing functions. The 
characteristics of these functions are described briefly below.   
 

 

Figure 10: Examples of different windowing functions and their effects from top to bottom: rectangular, 
Hamming, Cosine-taper, and exponential. Original signal (left column), windowing function (center 

column), and modulated signal (right column). [3] 
 

The rectangular windowing function, presented in Figure 11, is the simplest of all windowing functions, being 

defined by 
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ύὲ  
ρ ȟὲᶰπȟὔ          
π ȟέὸὬὩὶύὭίὩ        

υ 

For all windowing functions discussed in this section, it is to be understood that they are similarly defined only for 
ὲᶰπȟὔȢ The rectangular function, being uniformly equal to unity, dose nothing to modulate the measurement 
signal ὼὲ. Its only effect is to truncate, or eliminate, those data points in the signal that are not in the domain of 
the windowing function [1, N]. The rectangular windowing function therefore serves to control the length of the 
signal to be analyzed. However, the abrupt change from 1 to 0 at the end points does nothing to address the 
problem of leakage discussed previously.  
 

 

Figure 11: Rectangular windowing function and its Fourier transform. [4] 

The Hamming and Hann windowing functions ŀǊŜ ŘŜǊƛǾŜŘ ŦǊƻƳ ŀ ŦŀƳƛƭȅ ƻŦ άǇƻǿŜǊ ƻŦ ŎƻǎƛƴŜέ ǿƛƴŘƻǿƛƴƎ ŦǳƴŎǘƛƻƴǎ 
of the form [5] 

 

ύὲ  ÃÏÓ
ςὲ“

ὔ
 φ 

with ‌ = 2 for Hamming and Hann windowing functions. In this case, equation 6 can be rewritten as  

ύὲ  ρ ὥÃÏÓ
ς“Ὧὲ

ὔ
ȟὲᶰπȟὔ χ 

where ὥ are chosen in the design of specific windowing functions with the constraint that В ὥ ρȢ For the 
case where K = 1, equation (6) becomes  

 

ύὲ ρ ὥÃÏÓ
ς“πὲ

ὔ
 ρ ὥÃÏÓ

ς“ρὲ

ὔ
 ψ 



 
 

11 
 

ύὲ ὥ ὥÃÏÓ
ς“ὲ

ὔ
 ω 

The Hamming windowing function is obtained by setting ὥ  25/46 and ὥ  ρ ὥ. The Hann windowing 
function is produced by setting ὥ ὥ  πȢυ, whereupon equation (9) becomes [5]  

 

ύὲ  
ρ

ς
ρ ÃÏÓ

ς“ὲ

ὔ
ρπ 

The Hamming and Hann windows are presented in Figure 12Figure 13, respectively. One of the motivations for 
designing windowing functions of these shapes is to address the problem of leakage and other issues that occur from 
using the naïve rectangular windowing function or no windowing function at all in combination with an insufficiently 
long analysis window. This is seen in the bell-curve shape of the function presented in the left-hand plot of these 
figures, which has the effect of attenuating the measurement signal in the vicinity of the 0th and Nth sample. In this 
way, the problem of periodicity of the signal in the analysis window is addressed by making the end points of the 
signal identically approach the same value (note the symmetric shape of the windowing function).  
 

The difference between the Hamming and Hann windowing functions is subtle. As can be seen in Figure 12 Figure 
13the two windowing functions have a very similar profile in the vicinity of the (N/2)th sample but diverges around 
the end points of the function. Specifically, it can be seen from the figures that the amplitude of the Hann windowing 
function drops off much more rapidly than the Hamming function for n > (7/8)N and n < (1/8)N. This difference in 
ǘƘŜ ǎƘŀǇŜ ƻŦ ǘƘŜ άōŜƭƭ ŎǳǊǾŜέ Ŏŀƴ ōŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ǘƘŜ ŘŜǎƛƎƴŜŘ ŦǊŜǉǳŜƴŎȅ ǎǇŜŎǘǊǳƳ ƻŦ ǘƘŜ ǿƛƴŘƻǿƛƴƎ 
functions. The decision to use the Hamming or the Hann windowing function therefore represents a trade-off 
between attenuating incongruous data at the end points of the analysis window on the one hand, and not distorting 
valid data near the end points as well as avoiding issues associated with having rapid roll-ƻŦŦ ƻǊ άǘŀǇŜǊƛƴƎέ ǊŀǘŜ ƻƴ 
the other (consider the rectangular windowing function above as an extreme example). 

 

 

Figure 12: Hamming windowing function and its Fourier transform. [4] 
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Figure 13: The Hann windowing function and its Fourier transform. [4] 

The Blackman windowing function, presented in Figure 14, can be derived in a similar manner as before and is 
expressed as 

 

ύὲ  ὥ ὥÃÏÓ
ς“ὲ

ὔ
ὥÃÏÓ

τ“ὲ

ὔ
ρρ 

 

with ὥ πȢτςȟὥ πȢυȟ and ὥ πȢπψ. Unlike the Hamming and Hann windowing functions, the Blackman 
windowing function uses three terms in equation (7). The amplitude of the function and its frequency spectrum 
resembles that of the Hann window in the sense that the end points of the function taper off more quickly compared 
to the Hamming window. It can be observed that the Blackman function does so more severely than the Hann 
windowing function, especially when considering the function amplitude (left-hand graph) for n > (7/8)N and n < 
όмκуύb ŀƴŘ ǘƘŜ ŦǳƴŎǘƛƻƴΩǎ CƻǳǊƛŜǊ ǘǊŀƴǎŦƻǊƳ ŦƻǊ ŦǊŜǉǳŜƴŎȅ ōƛƴǎ τπ Ὧ ςπ and ςπ Ὧ τπ of the different 
windowing functions.  
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Figure 14: The Blackman windowing function and its Fourier transform. [4] 

The Flat Top windowing function, presented in Figure 15, can be derived in a manner similar to the other 
windowing functions discussed so far and is expressed as  

 

ύὲ  ὥ ὥÃÏÓ
ς“ὲ

ὔ
ὥÃÏÓ

τ“ὲ

ὔ
ὥÃÏÓ

φ“ὲ

ὔ
ὥÃÏÓ

ψ“ὲ

ὔ
ρς 

Many variants and design choices of ὥ are possible, but according to the 2011 version of the user manual [1], the 
coefficients used in Harmonizer are ὥ ρȟὥ ρȢωσȟ ὥ ρȢςωȟὥ πȢσψψȟ and ὥ πȢπσς. All Flat Top 
windowing functions are characterized by a negative amplitude near the end points in the time domain and 
relatively uniform side lobes in the frequency domain.  Typical use cases for this windowing function therefore 
include decimating transient components at the beginning and end of a measurement signal, or otherwise capturing 
signals having an ideal sinusoidal shape. At the same time, a broad range of frequency components can still be 

captured due to the relatively flat side lobes in the frequency spectrum, as seen in the Fourier transform of Figure 
15 
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Figure 15: The Flat Top windowing function and its Fourier transform. [4] 

The Integration/Differentiation setting determines whether single or double integration/differentiation is 
performed on the raw signal. Classical examples of why this may be desirable include the need to convert an 
acceleration measurement into a displacement measurement (as is done during tap testing).    
 
The Time Domain Signal option allows for either the raw signal (i.e. the original recorded or measurement signal), 
ǘƘŜ ǇǊƻŎŜǎǎŜŘ ǎƛƎƴŀƭΣ ƻǊ ōƻǘƘ ǘƻ ōŜ ŘƛǎǇƭŀȅŜŘ ƛƴ ǘƘŜ ά{ƻǳƴŘ ²ŀǾŜ Ǿǎ ¢ƛƳŜέ ǇƭƻǘΦ ¢ƘŜ Ǌŀǿ ŀƴŘ ǇǊƻŎŜǎǎŜŘ ǎƛƎƴŀƭ ŀǊŜ 

the red and green curves, respectively, in Figure 3.   
 
The Display Harmonics option controls the number of tooth-passing harmonics that are displayed in the frequency 
ǎǇŜŎǘǊǳƳ ƻŦ !ƴŀƭȅȊŜǊΦ ¢ƘŜǎŜ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ŀǎ άŎǊƻǎǎƘŀƛǊǎέ ƛƴ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ǎǇŜŎǘǊǳƳ ƛƴ IŀǊƳƻƴƛȊŜǊΣ ŀǎ ǎƘƻǿƴ ƛƴ 

Figure 16. 
 

 

Figure 16: The "Sound Magnitude vs. Frequency plot on the main screen of Harmonizer. The number of 
harmonics markers shown in the graph is controlled by the Display Harmonics setting. 

 

The option to Automatically Tune Spindle Speed (available in the Vibration Detection tab and also in the parameter 

window in Figure 3) allows Harmonizer to automatically adjust the spindle speed in real time based on the recorded 
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sound. In this way, Harmonizer can detect fluctuations in the spindle speed caused by, for example, time-varying 
loading conditions and adjust Harmonic filters and other settings accordingly.  
 

Background Filters (also available in the Vibration Detection tab, reproduced in Figure 17 for convenience) allows 
for the frequency content of sound recordings associated with ambient noise to be filtered out. This is done by first 
recording ambient noise (including air cutting at the same spindle speed used for testing) and adjusting the 
threshold ridge lines as needed. Frequency components that are to be filtered should extend above the ridge line. 
Next, the Background Filters button is used to open the Background Filters window. Background filters can then be 
created automatically by checking the Enable Background Filters option and clicking the Build Filters button. The 
characteristics of the background filters are determined by the estimated frequencies above the threshold limit. The 
filter type of the background filters should be set to dynamic if it is expected that the frequency to be filtered out will 
change over time or as a function of spindle speed.   
 

 

Figure 17: Vibration Detection window in Harmonizer 2017. 

2.2.4 Chatter Detection and Optimal Speed Selection 

¢ƘŜ ǎŜǘǘƛƴƎǎ ǘƘŀǘ ŀŦŦŜŎǘ ŎƘŀǘǘŜǊ ŘŜǘŜŎǘƛƻƴ ŀǊŜ ƛƴ ǘƘŜ ά/ƘŀǘǘŜǊ {ŜǘǘƛƴƎǎέ ǎŜŎǘƛƻƴ ƻŦ ǘƘŜ ά±ƛōǊŀǘƛƻƴ 5ŜǘŜŎǘƛƻƴέ ǿƛƴŘƻǿΦ 
Note that Harmonic Filters Ƴǳǎǘ ōŜ ŜƴŀōƭŜŘΣ ŜƛǘƘŜǊ ŦǊƻƳ ǘƘŜ ǇŀǊŀƳŜǘŜǊ ǿƛƴŘƻǿ ƻǊ ǘƘŜ ά±ƛōǊŀǘƛƻƴ 5ŜǘŜŎǘƛƻƴέ 
window, in order for Harmonizer to detect chatter. The Filter Width ƻŦ ǘƘŜ ƘŀǊƳƻƴƛŎ ŦƛƭǘŜǊǎ Ŏŀƴ ōŜ ǎŜǘ ǘƻ άƴŀǊǊƻǿέΣ 
άƳŜŘƛǳƳέΣ ƻǊ άǿƛŘŜέ ŘŜǇŜƴŘƛƴƎ ƻƴ Ƙƻǿ ƳǳŎƘ ǘƘŜ ǎǇƛƴŘƭŜ ǎǇŜŜŘ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ŦƭǳŎǘǳŀǘŜ ǳƴŘŜǊ ƭƻŀŘΦ ! ǿƛŘŜǊ ŦƛƭǘŜǊ 
should be used for larger speed fluctuations (guidelines for filter width selection are given in the Harmonizer user 
manual).  
 

The Chatter Threshold όǿƘƛŎƘ ƛǎ ǎŜǘ ŘǳǊƛƴƎ ǘƘŜ άŎŀƭƛōǊŀǘƛƻƴέ ǎǘŀƎŜ ƻŦ ǘƘŜ ǿƻǊƪŦƭƻǿ ǎƘƻǿƴ ƛƴ Figure 2) can be given a 
ƴǳƳŜǊƛŎŀƭ ǾŀƭǳŜ ƛƴ ǘƘŜ ±ƛōǊŀǘƛƻƴ 5ŜǘŜŎǘƛƻƴ ǿƛƴŘƻǿΦ !ƭǘŜǊƴŀǘƛǾŜƭȅΣ ƛǘ Ŏŀƴ ōŜ ŜǎǘƛƳŀǘŜŘ όάŎŀƭƛōǊŀǘŜŘέύ ŦǊƻƳ ǘƘŜ Ƴƻǎǘ 
ǊŜŎŜƴǘ ǊŜŎƻǊŘƛƴƎ ōȅ ŎƭƛŎƪƛƴƎ ƻƴ ǘƘŜ ά9ǎǘΦέ ōǳǘǘƻƴ ƛƴ ǘƘŜ ǇŀǊŀƳŜǘŜǊ ǿƛƴŘƻǿΦ /ƭƛŎƪƛƴƎ ƻƴ ǘƘŜ ά9Řƛǘέ ōǳǘǘƻƴ ƛƴ ǘƘŜ 
parameter window will open the Edit Chatter Threshold window, which allows for the chatter threshold to be 
adjusted manually. The Edit Chatter feature is a powerful tool because it allows the user to adjust the number (and 
therefore bandwidth) of divisions or discrete ridgelines, thereby allowing for more precise control of the chatter 
threshold.  
 
The Sensitivity ǎŜǘǘƛƴƎ ƛǎ ŀƭǎƻ ŀŎŎŜǎǎƛōƭŜ ƛƴ ǘƘŜ ά±ƛōǊŀǘƛƻƴ 5ŜǘŜŎǘƛƻƴέ ǿƛƴŘƻǿΦ LƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ ǘƘƛǎ ŦŜŀǘǳǊŜ ƛǎ ƴƻǘ 
ǇǊƻǾƛŘŜŘ ƛƴ ǘƘŜ IŀǊƳƻƴƛȊŜǊ ǳǎŜǊ ƳŀƴǳŀƭΣ ōǳǘ ƛǘ ƛǎ ƘȅǇƻǘƘŜǎƛȊŜŘ ǘƘŀǘ ǘƘƛǎ ǎŜǘǘƛƴƎΣ ǿƘƛŎƘ Ŏŀƴ ōŜ ǎŜǘ ǘƻ άIƛƎƘέΣ 
άaŜŘƛǳƳέΣ or ά[ƻǿέΣ ŀŘƧǳǎǘǎ ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ǘƘŜ ƳƛŎǊƻǇƘƻƴŜ όƻǊ ƻǘƘŜǊ ƳŜŀǎǳǊŜƳŜƴǘ ŘŜǾƛŎŜύ ƛƴ ǘƘŜ ά{ŜƴǎƻǊ 
tǊƻǇŜǊǘƛŜǎέ ǎŜŎǘƛƻƴ ƻŦ ǘƘŜ wŜŎƻǊŘƛƴƎ IŀǊŘǿŀǊŜ {ŜǘǳǇ ǿƛƴŘƻǿΦ ¢Ƙe Recording Hardware Setup window is accessible 
ōȅ ǇǊŜǎǎƛƴƎ ǘƘŜ Cу ƪŜȅ ƻǊ ōȅ ŀŎŎŜǎǎƛƴƎ άwŜŎƻǊŘƛƴƎ tǊŜŦŜǊŜƴŎŜǎέ ŦǊƻƳ ǘƘŜ ά{ŜǘǳǇ ŀƴŘ 5ƛǎǇƭŀȅέ ŘǊƻǇ Řƻǿƴ ƳŜƴǳΦ 
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Once the machining noise is recorded and processed by Harmonizer, the results (stable or chatter) are displayed in 

the Control window in Figure 3, which is reproduced in Figure 18 below for convenience.  As shown in the figure, 
the analyse button becomes available when chatter is detected. Clicking the analyse button will prompt the software 

to recommended new optimal spindle speeds, if available, in the window shown in Figure 19 

 

 

Figure 18: The control window of the main screen is shown for both stable and unstable (chatter) 
measurements. 

 

Figure 19: The chatter selection window that appears after clicking on the Analyze button. (Left) a new 
spindle speed is suggested; (Right) no improvements in spindle speed can be made, and alternative 

recommendations are given. 
 

If chatter is detected, Harmonizer will use an iterative and convergent process to determine the optimal spindle 
speed. This process is based on the well-known fact that regenerative chatter is mitigated by synchronising chatter 
frequency with tooth passing frequency (or an integer multiple thereof). This occurs because the phase difference 

between the current and previous machined surface (see Figure 20) is eliminated, removing the effect of variable 
chip size on cutting forces and tool displacement. This results in deeper depths of cut that are stable, as shown in 

Figure 21Φ !ǎ ǎƘƻǿƴ ƛƴ ǘƘŜ ŦƛƎǳǊŜΣ ǿƘŜƴ IŀǊƳƻƴƛȊŜǊΩǎ ƻǇǘƛƳƛȊŀǘƛƻƴ ŀƭƎƻǊƛǘƘƳ ǎǘŀǊǘǎ ŀǘ ǎƻƳŜ ƻǊƛƎƛƴŀƭΣ ǳƴǎǘŀōƭŜ 
spindle speed (point a) in the bottom graph, it suggests a spindle speed at which the chatter frequency and an 
integer multiple of tooth passing frequency coincide (point b), which results in chatter-free cutting. The DOC is then 
increased, until the cutting process is again unstable (point c). At this point, Harmonizer will again suggest another 
stable spindle speed where chatter frequency and tooth passing frequency are synchronized. This procedure is done 
iteratively until Harmonizer converges to optimal cutting parameters (point e), when further efforts to find a more 
optimal spindle speed fail (points f, g, and h).  
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Figure 20: ό[ŜŦǘύ /ƘŀǘǘŜǊ ƭŜŀǾŜǎ ŀ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ άǿŀǾȅέ ǎǳǊŦŀŎŜ ŦƛƴƛǎƘ ƻƴ ǘƘŜ ǿƻǊƪǇƛŜŎŜΦ όwƛƎƘǘύ ¢ƘŜ ǇƘŀǎŜ 
difference between the wavy surface created by the current and previous machining pass creates a 
άǊŜƎŜƴŜǊŀǘƛǾŜέ ŜŦŦŜŎǘ ŀǎ ŎƘƛǇ ǎƛȊŜ ǾŀǊƛŜǎΦ ¢ƘŜ ǇƘŀǎŜ difference between the wavy surface created by the 
ŎǳǊǊŜƴǘ ŀƴŘ ǇǊŜǾƛƻǳǎ ƳŀŎƘƛƴƛƴƎ Ǉŀǎǎ ŎǊŜŀǘŜǎ ŀ άǊŜƎŜƴŜǊŀǘƛǾŜέ ŜŦŦŜŎǘ ŀǎ ŎƘƛǇ ǎƛȊŜ ǾŀǊƛŜǎΦ ¢ƘŜ ǇƘŀǎŜ 

difference (chip size) and regenerative effect are eliminated by synchronizing tooth passing frequency and 
chatter frequency. [1] 

 

 

Figure 21: The iterative process used by Harmonizer is presented, which takes a spindle speed at point a, 
and converges to the speed at point e. (Top) stability lobe diagram, where the hatched area is the unstable 

region. (Bottom) The chatter frequencies (bold, nonlinear lines) which generate the stability lobes are 
plotted as a function of spindle speed. Integer multiples of tooth passing frequency are also plotted (linear 

lines that are not in bold). [1] 
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3. Hypothesis  

There is no formal hypothesis testing done in connection with this project. However, the premise of the project is 
that both versions of Harmonizer can be made suitable for use in industry and that in-house competency can be 
developed to utilize this capability.  

4. Success Criteria 

There are no specific success criteria stated in the project application. However, the goals of the project stated in 
that document are to acquire experience with the software, to understand the possibilities and limitations of 
MetalMax Harmonizer, and to create a clear test, or standard operating, procedure to be used when providing 
service to industry along with a clear reporting format. The project can therefore be considered a success if 
Harmonizer can become effective in optimizing (or assisting in the optimization of) at least one subtractive 
manufacturing process commonly used in industry, and if such optimization can be reliably achieved using easily 
replicated procedures suitable for professional use as a service to our industrial partners. Here, a process 
άŎƻƳƳƻƴƭȅ ǳǎŜŘ ƛƴ ƛƴŘǳǎǘǊȅέ ǎƘƻǳƭŘ ōŜ ƛƴǘŜǊǇǊŜǘŜŘ ŀǎ ǘƘƻǎŜ ƳŀƴǳŦŀŎǘǳǊƛƴƎ ǇǊƻŎŜǎǎŜǎ ǿƛǘƘ ǿƘƛŎƘ 5!aw/ Ƙŀǎ 
extensive experience and a proven track record of achieving demonstratable success in optimization.   

5. Project Scope/ description  

The following limitations are placed on the scope of the project: 
 

¶ The MetalMax equipment will be the primary system to test (as opposed to other tap testing equipment) 

¶  

¶ hƴƭȅ άƭƻǿ ŜƴǘǊȅέ ǎƻƭǳǘƛƻƴǎ ƛŘŜƴǘƛŦƛŜŘ ŘǳǊƛƴƎ ǘŜŎƘƴƻƭƻƎȅ ǎŎƻǳǘƛƴƎ ǿƛƭƭ ōŜ ŎƻƴǎƛŘŜǊŜŘ ŦƻǊ ŀŘŘƛǘƛƻƴŀƭ ǘŜǎǘƛƴƎ ŀƴŘ 
acquisition.  

6. Risk Analysis  

The following risks to the project have been identified: 

¶ Inherent limitations of the Harmonizer software may render it unsuitable for use in industry 
 

¶ Technology scouting activities may not produce any viable alternatives 
 

The potential consequences associated with these risks are deemed to be low. This is due to the fact that 
unfavourable outcomes associated with this project will have minimal or zero impact on the finances, capabilities, 
and other projects of DAMRC.  

7. Literature Study   

A formal literature review is not conducted for this project, as the project consists solely of developing 
standardized test procedures for the use of the Harmonizer software which are to be tested with practical 
tests. Furthermore, the relevant underlying theory underpinning the sound analysis carried out by the 
software is well documented in the Harmonizer user manual [1] and other documentation. 
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8. Experiment Design 

8.1 Test Design and Process 

To advance towards the goals of the project, the capabilities of the Harmonizer software are assessed in a series of 
cutting tests in conjunction with the TXF (tap test) software. These tests consist of cutting stock material in both 
milling and turning at cutting parameters identified by the stability lobe diagrams generated by tap testing and 

modal analysis.  For milling, the cutting tests will be a series of slot cuts at different cutting parameters (Figure 
22Fejl! Henvisningskilde ikke fundet.). For turning, material will be removed in a series of turning passes at 

successively deeper depths of cut (Figure 23). These tests will be done for both aluminium and steel workpieces.  

 

 

Figure 22: Typical cutting tests for milling. The slot made from each cutting pass would be the result of a 
unique combination of cutting parameters, allowing for easy inspection of how chatter marks and surface 

quality change with the parameters. [6] 

 

Figure 23: Typical cutting test for turning. The turning operation shown here would be done iteratively to 
test all cutting parameters of interest. [7] 
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8.2 Test Equipment  

The equipment required for the tests consists only of what is included with the MetalMax software and 
hardware. Therefore, the required equipment comprises only what is included in the table below. 

Required Equipment QTY 

MetalMax laptop with Harmonizer software installed 1 

USB License Dongle 1 

Data Acquisition Card with USB Connector Cable 1 

Instrumented Impact Hammer with BNC Connector Cable 1 

Accelerometer with BNC Connector Cable 1 

Cardioid Condenser Microphone with Data Cables and Mounting Stand and USB Audio Adapter 1 

 

8.3 Test Material   

Unspecified aluminum and steel stock material, in rectangular and cylindrical forms, from the stockpile 
available at DAMRC are consumed during the performance of the above-mentioned cutting tests.  

8.4 Test Procedure  

After preparing the MetalMax equipment and machining centres for testing, the general procedure for the cutting 
tests is as follows:  
 

1. Measure the FRF of the tool and generate stability lobe diagrams 
2. Attach the microphone and all necessary peripherals to the MetalMax laptop 
3. Configure the Harmonizer software with the appropriate settings  
4. Calibrate the Harmonizer software by recording the sound obtained by machining with stable cutting 

parameters identified from the SLD 
5. aŀŎƘƛƴŜ ǘƘŜ ƳŀǘŜǊƛŀƭ ǳǎƛƴƎ άōŀǎŜƭƛƴŜέ ŎǳǘǘƛƴƎ ǇŀǊŀƳŜǘŜǊǎ ǿƘƛƭŜ ǊŜŎƻǊŘƛƴƎ ǘƘŜ ǎƻǳƴŘ ǿƛǘƘ ǘƘŜ ƳƛŎǊƻǇƘƻƴŜ 

provided with the Harmonizer equipment 
6. If the cut in step 4 is stable, change the cutting parameters in Harmonizer for the next test so that the 
ŎǳǊǊŜƴǘ Řŀǘŀ ǿƛƭƭ ōŜ ŀŘŘŜŘ ǘƻ ǘƘŜ IƛǎǘƻǊȅ ǘŀōΤ ƛŦ ǘƘŜ Ŏǳǘ ƛǎ ǳƴǎǘŀōƭŜΣ ŎƭƛŎƪ ƻƴ ǘƘŜ ά!ƴŀƭȅǎŜέ ōǳǘǘƻƴ ǘƻ ŀŘŘ ǘƘŜ 
current data to the History tab 

7. Repeat steps 5 and 6 for each set of cutting parameters until Harmonizer converges on a stable spindle 
speed.   

8. Repeat steps 1-6 for all desired combinations of tool, workpiece material, and cutting process.  
 

These steps are then followed by the standard analysis and reporting procedures for tap tests. A formal standard 
operating procedure for conducting noise analysis in industry with Harmonizer software and reporting the results is 
given in appendix B.  

9. Test Results 

9.1 Aluminum Milling  
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The capabilities of the 64-bit version of Harmonizer for milling processes was evaluated using the test procedures in 

the previous section. A 12mm diameter end mill with 4 flutes (shown Figure 24) was tap tested in a CNC machining 
center at DAMRC and then used in cutting tests using aluminum stock. The tool-holder-spindle system was tap 

tested using TXF software, and the resulting stability lobe diagram (SLD), which is presented in Figure 25 was used 
to plan the cutting parameters of the subsequent cutting tests. The machining sound resulting from these cutting 
tests were then recorded using Harmonizer software, which evaluated the stability of the cutting process. The setup 

of the Harmonizer software is shown in Figure 26.  
 
As shown in the figure, the cutting tests were carried out starting with a spindle speed of 2760 RPM and a DOC of 0.3 
mm. A conservative DOC was chosen for the first iteration to ensure a stable process to calibrate the Harmonizer 
ǎƻŦǘǿŀǊŜ ŀǎ ŘƛǎŎǳǎǎŜŘ ƛƴ ǘƘŜ Ψ¢ƘŜƻǊȅ ƻŦ hǇŜǊŀǘƛƻƴǎΩ ǎŜŎǘƛƻƴΦ ¢ƘŜ 5h/ ǿŀǎ ǘƘŜƴ ƎǊŀŘǳŀƭƭȅ ƛƴŎǊŜŀǎŜŘ ǿƘƛƭŜ ƪŜŜǇƛƴƎ ǘƘŜ 
ƻǘƘŜǊ ǇŀǊŀƳŜǘŜǊǎ Ŏƻƴǎǘŀƴǘ ǳƴǘƛƭ ŎƘŀǘǘŜǊ ǿŀǎ ŘŜǘŜŎǘŜŘ ŀǘ ŀ 5h/ ƻŦ лΦу ƳƳΦ ¢ƘŜ Ψ!ƴŀƭȅȊŜΩ ŦŜŀǘǳǊŜ ƻŦ IŀǊƳƻƴƛȊŜǊ ǿŀǎ 
used to identify an optimal spindle speed given the unstable DOC, which resulted in a spindle speed of 3130 RPM 
being recommended by the software. The subsequent cutting test with the new spindle speed was stable, but as can 

be observed in Figure 25 the recommended spindle speed was inconsistent with the optimal speed predicted by TXF 
software. As a result, increasing the DOC resulted in chatter and Harmonizer then iterated through additional spindle 
speeds and depths of cut until converging to stable cutting conditions at 1745 RPM and a DOC of 1.5mm. Selected 
data obtained from the Harmonizer software during this and all other experiments can be found in appendix C.  

 

 
Figure 24: The tool used in the cutting tests. 

 

Figure 25: Stability lobe diagram obtained from TXF software, overlaid with the results of Harmonizer's 
noise analysis. Stable cuts are represented by yellow dots while chatter is represented by red dots. 
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Figure 26: The Harmonizer equipment as it was used during cutting tests. 

The test was repeated with the same tool using the same tool holder and CNC machining center at a later date to 

investigate the reason the initial spindle speed recommended by Harmonizer was inconsistent with the SLD in Figure 
25. However, in this case, both the 32- and the 64-bit versions of Harmonizer were tested. The tool-holder-spindle 
system was tap tested with both versions of TXF software to account for any changes in the system since the 

previous experiment. The stability lobe diagrams produced by 64-bit version of the software are shown in Figure 
27Figure 28, while those generated by the 32-bit version are shown in Figure 29Figure 30. The chatter marks left 

by the end mill during the cutting tests are shown in Figure 31. 
 
As shown in these figures, a series of full immersion cutting tests were carried out starting with a spindle speed of 
2760 RPM and a DOC of 0,15 mm. A conservative DOC was again chosen for the first trial to ensure a stable cut 
would be recorded for the purposes of establishing a noise magnitude threshold for chatter vibrations as discussed 
previously. Machining sound was recorded with both versions of Harmonizer software simultaneously to expedite 
data collection. Both versions of Harmonizer detected chatter while recording machining sound during trial 5 (2760 
RPM, 1.1 mm DOC), at which point the 64-bit version of the software suggested a new spindle speed of 3030 RPM 

while the 32-bit version suggested a new speed of 3130 RPM, as shown in Figure 28Figure 30. Cutting tests then 
continued first with the 64-bit Harmonizer and then with the 32-bit Harmonizer. 
  
The next cutting test with 64-bit Harmonizer was performed at 3030 RPM and the same DOC as trial 5 (1.1 mm), 
resulting in stable machining as determined by Harmonizer. The DOC at this new speed, which coincides with an 

optimal spindle speed associated with one of the stability lobes in Figure 27, was incrementally increased until a 
stable limit at a DOC of 2 mm was found during trial 9. 64-bit Harmonizer was therefore able to converge on optimal 
cutting parameters in less than 10 iterations, and it is likely that convergence would have occurred sooner if larger 
increments in the DOC were used during testing. The convergence rate is also affected by the range of spindle 
speeds that Harmonizer is allowed to iterate over.  
 
The next cutting test with 32-bit Harmonizer was performed at 3130 RPM and the same depth of cut as trial 5 
(1,1mm), resulting in unstable machining as determined by Harmonizer. Unstable machining at these cutting 

parameters is expected from visual inspection of Figure 30Σ ǿƘƛŎƘ ǎƘƻǿǎ ǘƘŀǘ ǘƘŜǎŜ ǇŀǊŀƳŜǘŜǊǎ άƳƛǎǎέ ǘƘŜ ƻǇǘƛƳŀƭ 
spindle speed by 100 RPM. 32-bit Harmonizer responded to these results by iteratively suggesting new, higher 
spindle speeds (in the range of 6000-8000 RPM) that similarly missed the optimal spindle speed as predicted by TXF. 
This process of iterating through various suboptimal spindle speeds would have continued indefinitely had the 
experiment not been abandoned. The cutting tests were repeated at various starting spindle speeds with similar 
results. The 32-bit version of Harmonizer therefore failed to converge, unlike the initial experiment with the 64-bit 
version of Harmonizer. All subsequent work to test the Harmonizer software was done exclusively with the 64-bit 

version due to the operational requirements of DAMRC.  
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Figure 27: Stability lobe diagram generated by the 64-bit version of TXF for machining aluminum, overlayed 

with stable (yellow) and unstable (red) cutting as determined by 64-bit Harmonizer. 
 

 

Figure 28: Detailed view of Figure 27 

 

Figure 29: Stability lobe diagram generated by the 32-bit version of TXF for machining aluminum, overlayed 
with stable (green) and unstable (red) cutting as determined by 32-bit Harmonizer. 
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Figure 30: Detailed view of Figure 29 

 

Figure 31: Cutting marks left on the aluminum workpiece during cutting experiments. 

The previous tests with 64-bit Harmonizer were repeated at a later date with a different starting spindle speed to 
determine how such a change would affect the results of the noise analysis. The tool-holder-spindle system was 

again tap tested, resulting in the SLD of Figure 32. As shown in the figure, cutting tests began at a spindle speed of 
7800 RPM and a DOC of 0.1 mm. The DOC was gradually increased until chatter was detected during trial 7, when 
the DOC was 0.6 mm. At this point, Harmonizer identified an optimal spindle speed of 5785 RPM, which is consistent 
with the SLD in the figure. However, slot cutting at this new spindle speed unexpectedly resulted in chatter, 
whereupon Harmonizer converged on the optimal spindle speed of 4020 RPM after two additional cutting tests. 
Possible reasons for the unexpected chatter at 5785 RPM are discussed in section 10.1. 
 

 

Figure 32: Stability lobe diagram overlaid with results of cutting tests and noise analysis. 
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Another test with Harmonizer for milling in aluminum work material was performed following the same 
methodology. This experiment, however, was designed to more precisely identify the boundary between stable and 
unstable machining at an optimal spindle speed identified by TXF tap test software. The stability lobe diagram 

resulting from the tap test is shown in Figure 33Figure 34. As shown in these figures, cutting tests were performed 
with gradually increasing DOC and constant spindle speed. At the beginning of the tests, the step size between 
different depths of cut was arbitrarily set at 0.2 mm ranging from 0.4 to 1.4 mm DOC. Finer step sizes of 0.05mm and 
0.03mm were implemented between DOCs of 0.65 and 1.0mm to pinpoint the stability threshold at 0.8mm. The 
results presented are further discussed in section 10.1. 

 

 

Figure 33: Stability lobe diagram overlaid with results of cutting tests and noise analysis. Trials above the 
ƘƻǊƛȊƻƴǘŀƭ ǊŜŘ ƭƛƴŜ ŀǊŜ ǳƴǎǘŀōƭŜ ǿƘƛƭŜ ǘƘƻǎŜ ōŜƭƻǿ ŀǊŜ ǎǘŀōƭŜΦ {ƛƴŎŜ ǘƘŜ Ψ!ƴŀƭȅȊŜΩ ŦŜŀǘǳǊŜ ƻŦ IŀǊƳƻƴƛȊŜǊ 

was not used, the software did not distinguish between stable and unstable cutting using the color coding 
seen previously. 

 

 

Figure 34: Detailed view of Figure 33. 

9.2 Steel Milling  

The capabilities of the 64-bit Harmonizer software for milling processes in steel workpieces was assessed using the 
same test procedures used previously. The same tool that was used for aluminum was used for the steel cutting 

tests in the same DMU machining center (shown in Figure 35). The tool-spindle system was again tap tested to 
ensure that any possible changes in the system dynamics due to normal operational use were taken into account. 
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The resulting SLD, presented in Figure 36, was used to plan the cutting parameters of the initial cutting tests, with 
subsequent parameters depending on the results of the noise analysis provided by Harmonizer.  
As shown in these figures, a series of full immersion cutting tests were done using the same procedure as stated in 
section 8.0 and used for aluminium milling tests. The cutting parameters used for the first trial of this test consisted 
of a spindle speed of 2630 RPM and axial DOC of 0.1 mm. A conservative DOC was again used to ensure a stable 

ōŀǎŜƭƛƴŜ ŦƻǊ ŦǳǘǳǊŜ ǘǊƛŀƭǎ ŀǎ ǊŜǉǳƛǊŜŘ ŦƻǊ ǘƘŜ άŎŀƭƛōǊŀǘƛƻƴέ ǇƘŀǎŜ ƻŦ ǘƘŜ ǇǊƻŎŜŘǳǊŜ ŀǎ ƛƴŘƛŎŀǘŜŘ in Figure 2. Machining 
sound was recorded with Harmonizer as the axial DOC gradually increased for each trial. Chatter vibrations were 
detected during trial 4 when the DOC was set to 0.4 mm, at which point Harmonizer recommended an optimal 
spindle speed of 4104 RPM.  
 
For the following portion of the test, the optimal spindle speed was rounded to the nearest 5th RPM due to 
limitations in the controls of the DMU CNC machine, so that for trial 5, the optimal spindle speed of 4104 RPM was 
rounded up to 4105 RPM. Testing continued with the new spindle speed, gradually increasing axial DOC, and all 
other cutting parameters held constant until chatter was again detected during trial 9, when the axial DOC was 0.8 
mm. At this point, a new optimal spindle speed of 3876 RPM was suggested by Harmonizer which also resulted in 

chatter. The workpiece after all of the cutting tests had been conducted is shown Figure 38. Harmonizer then 
indicated that no other optimal spindle speeds were possible, and that the depth or width of cut should be reduced. 
The 64-bit version of Harmonizer therefore converged in less than 10 iterations, which is consistent with the results 

of the milling test in aluminium.  
 

 
Figure 35: The tool tested in steel milling tests 
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Figure 36: SLD for steel milling tests 

 

Figure 37: ed view of Figure 36. 

 

Figure 38: Cutting passes and chatter marks created during the experiment. 

The steel milling cutting tests were repeated a second time at a later date to determine whether the results from the 
first cutting tests can be replicated and to determine how consistent are the results of the noise analysis provided by 
Harmonizer. Repeating the procedure of measuring the FRF of the tool-holder-spindle system and generating the 

SLD in TXF software yields the results in Figure 39. 
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As shown in the figure, the cutting tests began with an initial DOC of 0.1mm and a spindle speed of 2700 RPM to 
ensure stable cutting occurs while calibrating the software. A spindle speed of 2400 RPM was implemented for the 
next cutting test so as to induce chatter sooner and more quickly evaluate the noise analysis provided by 
Harmonizer. Chatter occurred in the following cutting test when the axial DOC was 0.25mm. After recommending a 
suboptimal spindle speed of 5535 RPM, which also resulted in chatter, Harmonizer converged at the next iteration to 
a spindle speed of 5127 RPM. Consequently, the results obtained with Harmonizer closely approximated the results 
expected by the SLD generated by TXF.  
 
Additional cutting tests were performed at the optimal spindle speed of 5365 RPM with axial DOC gradually 

increasing from 0.25mm, as shown in Figure 39, resulting in chatter occurring at a DOC of 0.4mm. Reasons for the 
discrepancy between Txf and Harmonizer software are discussed in section 10.2. 
 

 
Figure 39: Stability lobe diagram for the second round of cutting tests for steel milling. Stable and unstable 

cutting are represented by yellow and red dots, respectively. 

9.3 Aluminum Turning  

The capabilities of 64-bit Harmonizer for turning operations in aluminium was assessed using the Mazak Quick Turn 
machining center available at DAMRC. Testing was done using a 600 mm long workpiece having a diameter of 98 mm 
in conjunction with a Sandvik Coromant cutting insert (ISO VBGT 16 04 04-UM 115). The test setup is shown in 

Figure 40. The tap test method was used to measure the FRF of both the turning post and the workpiece before 
cutting tests commenced, which were planned according to the resulting stability lobe diagram. The resulting 

stability lobe diagram is shown in Figure 41Figure 43 
 
As shown in the figure, a series of cutting tests were performed starting at a DOC of 1 mm and a spindle speed of 
1650 RPM. The DOC was successively increased until chatter vibrations were detected, and an optimal spindle speed 
was suggested by Harmonizer. This occurred during trial 3 when the DOC was 5 mm, with Harmonizer suggesting 
3281 RPM as an optimal spindle speed. However, it was not possible to reach this speed due to limitations in the 
controls of the Quick Turn Machining Center, which is apparently restricted to a maximum theoretical spindle speed 
of 3500 RPM. During testing, there were practical difficulties exceeding 3000 RPM due to unknown reasons, so the 
maximum spindle speed setting in Harmonizer was adjusted accordingly.  
 
As a result, a new optimal spindle speed of 2500 RPM was suggested instead, and testing continued with this new 
alternative. Continuing the tests with the new spindle speed did not yield stable cutting, and Harmonizer did not 
converge on optimal cutting parameters, although the suggested spindle speed of 2500 RPM was close to the 

optimal speed of 2530 RPM as indicated by the stability lobe diagram generated in TXF software presented in Figure 
43. It is possible that the algorithm used by Harmonizer would have continued indefinitely, as was the case for the 
32-bit version of Harmonizer for aluminium milling, if a relatively low maximum spindle speed were not imposed on 
Harmonizer.  
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Testing continued with the cutting parameters used in the first trial (now trial 6 in the same set of cutting tests) to 
see if the previous results could be replicated or some error in the test procedures could be discovered. While the 
results of trial 1 was replicated in trial 6, reapplying the cutting parameters in trial 2 resulted in chatter vibrations in 
trial 7 whereas stable cutting was observed in trial 2. Therefore, it was found that the results obtained from 
Harmonizer are seemingly hard to replicate for turning processes in addition to being inconsistent with TXF stability 
lobe diagrams. However, this is not to say that Harmonizer software cannot or should not be applied to turning 
processes. The reasons why these results were obtained are discussed in section 10.3. 
 

 
Figure 40: The workpiece and turning post used in the cutting tests. 

 

Figure 41: SLD for turning aluminum. 
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Figure 42: detailed view of the SLD. Run nr. 3 (blue) and 4 (green) are shown along with the maximum 
spindle speed of 3000 RPM (black vertical line). 

 

 

Figure 43: Detailed view of SLD, overlaid with run nr. 6 (blue) and 7 (green) 

9.4 Steel Turning  

The capabilities of 64-bit Harmonizer for turning operations in steel was also tested using the Mazak Quick Turn 
machining center. Testing was done using a workpiece approximately 600 mm long and having a diameter of 118 
mm in conjunction with a Sandvik Coromant cutting insert (unknown model nr.). The tap test method was used to 
measure the FRF of both the turning post and the workpiece before cutting tests commenced, which were planned 

according to the resulting stability lobe diagram. The resulting stability lobe diagram is shown in Figure 44Figure 
45. 
 
As shown in the table, a series of cutting tests were performed starting at a DOC of 1.5 mm and a spindle speed of 
788RPM. A speed of 785 was desired, but could not be precisely achieved due to the limitations in the controls of 
the Mazak Quick Turn machining center. It was decided during the test that a speed of 788 RPM would be 
considered acceptable. The DOC was successively increased until chatter vibrations were detected, and an optimal 
spindle speed was suggested by Harmonizer. However, this did not occur for any of the tests. Chatter frequencies of 
approximately 1740 Hz and 6840 Hz were briefly detected at two separate moments during trial 5, but these 
occurrences are likely to be false positives since chatter vibrations in machining tend to persist throughout the 
cutting process if cutting parameters are held constant. Furthermore, there were no physical evidence of chatter in 
the form of amplified machining sound or chatter marks left on the workpiece. It is more likely that these 
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frequencies originated from some ambient or background source that was not initially captured during the 

calibration phase of the procedure in Figure 2.   
Lƴ ŀƴȅ ŎŀǎŜΣ ǘƘŜ άƻǇǘƛƳŀƭέ ǎǇƛƴŘƭŜ ǎǇŜŜŘ ǎǳƎƎŜǎǘŜŘ ōȅ IŀǊƳƻƴƛȊŜǊ ŀŦǘŜǊ ǘǊƛŀƭ р ǿŀǎ ƛƳǇƻǎǎƛōƭŜ ǘƻ ƛƳǇƭŜƳŜƴǘ ƻƴ ǘƘŜ 
Mazak, as it was over 11000 RPM. Instead, in an attempt to induce an undeniable case involving chatter vibrations, 
testing continued with the original spindle speed but with the DOC drastically increased to 5mm. However, the result 
of this trial was also stable machining. At this point, it was decided to stop testing to allow for any faults in the 
experimental procedure to be identified through an analysis of the acquired data as well as to address the needs of 

other projects. Repeating these tests for steel turning yielded the same results, as shown in Figure 46Figure 48. The 
reason why chatter was not detected in these tests is discussed in section 10.4.  
 

 
Figure 44: SLD for the first data set for turning in steel. 

 

Figure 45: Detailed view of Figure 44. 
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Figure 46: Results of the second set of cutting tests for steel turning. 

 

Figure 47: Result of the third set of cutting tests for steel turning 

 

Figure 48: Result of the fourth set of cutting tests for steel turning. 

9.5 Lite Noise Analysis  

¢ƘŜ ƳƻōƛƭŜ ŀǇǇ άCǊŜǉǳŜƴŎȅ !ƴŀƭȅǎƛǎέ ōȅ !ǳŘƛ [8] was used to assess the feasibility of a lite noise analysis option. The 
capabilities of app were assessed by recording machining noise during cutting tests performed in the DMU 
machining center at DAMRC, in which steel stock material was subjected to slot cutting at different depths of cut 
with a 12mm diameter end mill with four cutting edges. The tool-holder-spindle system was tap tested as in the 
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previous tests to measure the system FRF and generate SLD, as was done in the previous experiments. The resulting 

SLD is presented in Figure 49. 

 

 

Figure 49: SLD generated for the test of lite analysis options. 

Cutting tests were performed in which machining sound was recorded with both the Harmonizer and mobile app 
microphones simultaneously. Testing began with a spindle speed of 3200 RPM, feedrate of 900 mm/min, and an 
axial depth of cut of 0.1 mm, which were selected as the initial cutting parameters to calibrate the Harmonizer 

software. Testing continued by increasing the DOC while keeping all other parameters constant. As shown in Figure 
50, the axial depth of cut was increased until chatter was detected by Harmonizer at an axial DOC of 1.0 mm. At this 
point, testing stopped as the differences in the results of the speed selection tool of Harmonizer when considering 
ǘƘŜ ƭƛǘŜ ŀƴŘ άƴƻǊƳŀƭέ ǎƻǳƴŘ ǊŜŎƻǊŘƛƴƎǎ ǿŜǊŜ ŎƻƳǇŀǊŜŘΦ ! ŘƛǎŎǳǎǎƛƻƴ ƻŦ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ ǊŜǎǳƭǘǎ ƛǎ 
provided in section 10.5.  

 

 

Figure 50: Cutting tests performed for the lite analysis test. Trial 1, 0.1 mm DOC (stable); trial 2, 0.5 mm 
DOC (stable); trial 3, 1.0 mm DOC (Unstable). 
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10. Data Analysis and Discussion  

10.1 Aluminum Milling  

Considering the first three sets of cutting tests for aluminum milling, it is noted that there are differences between 
the stable spindle speeds identified by Harmonizer and TXF software, as well as discrepancies in the stable DOC 
achieved during testing compared to what is theoretically possible according to the results provided by TXF software. 
These observations only apply to some of the results for each set of cutting tests since, for example, the spindle 
ǎǇŜŜŘǎ ƻŦ ǘƘŜ ƛƴƛǘƛŀƭ ŎǳǘǘƛƴƎ ǘŜǎǘǎ ŀǊŜ ǎǳōƻǇǘƛƳŀƭ ōȅ ŘŜǎƛƎƴ ǎƻ ǘƘŀǘ ǘƘŜ ǎǇŜŜŘ ǎŜƭŜŎǘƛƻƴ ŀƴŘ Ψ!ƴŀƭȅȊŜΩ ŦŜŀǘǳǊŜ ƻŦ 
Harmonizer can be assessed. Therefore, only a subset of results for each set of cutting tests are used to quantify the 
relative errors of the theoretical speeds and DOCs predicted by the MetalMax software. The criteria for including a 
data point in the analysis is that it uses a spindle speed recommended by Harmonizer, a stable DOC was achieved 
above the theoretical limit predicted by the SLD, or chatter occurred below the theoretical limit predicted by the 
SLD. Here, the theoretical limit between chatter and stable cutting is the curve in the TXF stability lobe diagram 
when the uncertainty bands are neglected.  
 

With these criteria, the following subset of datapoints from the first three sets are shown in Figure 50Figure 53 and 

tabulated in Table 1Table 3. The relative error between the theoretical DOCs and spindle speeds and these 
datapoints are calculated, if applicable. For the spindle speed error, the difference between the speed suggested by 

IŀǊƳƻƴƛȊŜǊ ŀƴŘ ǘƘŜ ǎǇŜŜŘ ŀǘ ǘƘŜ ƴŜŀǊŜǎǘ ΨŎǳǎǇΩ1 in TXF, illustrated in Figure 54Figure 55, while DOC errors are 
calculated from the DOC used in the cutting test and the theoretical DOC at the same spindle speed. Sample 
calculations are given below for trial 4 of the first set: 

 

‐
ȿὸὬὩέὶὩὸὭὧὥὰὩὼὴὩὶὭάὩὲὸὥὰȿ

ὸὬὩέὶὩὸὭὧὥὰ
ρππϷ 

                          
ȿσπσυὙὖὓ σρσπ Ὑὖὓȿ

σπσυὙὖὓ
 ρππϷ                           

σȢρσϷ                                                    

 

‐
ȿὸὬὩέὶὩὸὭὧὥὰὩὼὴὩὶὭάὩὲὸὥὰȿ

ὸὬὩέὶὩὸὭὧὥὰ
ρππϷ 

              
ȿπȢτσωάά πȢψππάάȿ

πȢτσωάά
 ρππϷ                   

ψςȢςσϷ                                                      

 
1 ! ΨŎǳǎǇΩ ƛǎ ŀ ŘƛǎŎƻƴǝƴǳƛǘȅ ƧƻƛƴƛƴƎ ǘǿƻ Ŏƻƴǝƴǳƻǳǎ ŎǳǊǾŜǎΦ ¢ƘŜ ǇŀǊǘ ƻŦ ǘƘŜ {[5 ƛƴ ŬƎǳǊŜ рн Ƨǳǎǘ ŀōƻǾŜ ǘƘŜ ƳŀǊƪŜǊ ŦƻǊ ǘǊƛŀƭ ф ƛǎ ŀ 
ŎǳǎǇΦ ¢ƻ ƭŜŀǊƴ ƳƻǊŜΣ ǇƭŜŀǎŜ ǊŜŦŜǊ ǘƻ ǘƘŜ ƛƴŦƻǊƳŀǝƻƴ ŀǘΥ ƘǧǇǎΥκκŜƴΦǿƛƪƛǇŜŘƛŀΦƻǊƎκǿƛƪƛκ/ǳǎǇψόǎƛƴƎǳƭŀǊƛǘȅύ 

https://en.wikipedia.org/wiki/Cusp_(singularity)
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Figure 51:Subset of results from the first set of cutting tests, comprising of trials 4, 7, 8, and 11. 

 

Figure 52: Subset of results from the second set of cutting tests, comprising trials 4 and 9. 

 

Figure 53: Subset of results from the third set of cutting tests, comprising trials 2, 3, 4, 5, 7, and 9. 
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Table 1: Relative errors for the datapoints in set 1 in as shown in Figure 51 

Set 1 

RUN 4 7 8 11 

Spindle 

Speed 

Relative 

Error Ůs 

3.13% 0.49% 0.44% 0.52% 

DOC 

Relative 

Error ŮD 

82.23% N/A 43.68% 63.07% 

 

Table 2: Relative errors for the datapoints in set 2 as shown in Figure 52 

Set 2 

RUN 4 9 

Spindle Speed Relative 

Error Ůs 
N/A 0.16% 

DOC Relative Error ŮD 47.06% 7.75% 

 

Table 3: Relative errors for the datapoints in set 3 as shown in Figure 53 

Set 3 

RUN 2 3 4 5 7 9 

Spindle 

Speed 

Relative 

Error Ůs 

N/A N/A N/A N/A 4.29% 0.50% 

DOC 

Relative 

Error 

ŮD 

22.00% 84.05 145.40% 206.75% 75.92% 52.25% 
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Figure 54: Detailed view of Figure 51, showing the cutting test result of trial 4 and a data cursor identifying 
the spindle speed at the cusp of the SLD 

 

 

Figure 55: Detailed view of Figure 51, showing the cutting test result of trial 4 and a data cursor identifying 
the theoretical DOC at the same spindle speed as was used in trial 5. 

 

wŜǾƛŜǿƛƴƎ ǘƘŜ ǉǳŀƴǘƛǘŀǘƛǾŜ ǊŜǎǳƭǘǎ ƛƴ ǘƘŜ ŀōƻǾŜ ŦƛƎǳǊŜǎ ŀƴŘ ǘŀōƭŜǎΣ ƛǘ Ŏŀƴ ōŜ ŎƻƴŎƭǳŘŜŘ ǘƘŀǘ ǘƘŜ Ψ!ƴŀƭȅȊŜΩ ŦŜŀǘǳǊŜ ƻŦ 
Harmonizer does an adequate job in selecting an optimal spindle speed that is consistent with the predictions of the 
SLDs generated by TXF software. Relative errors in the DOC, however, are more severe. Considering the first set of 
cutting tests, the DOC relative error is exaggerated due to the steep slope of the curve near the cusps of the SLD, 
which represent optimal spindle speeds, since the point on the curve with the exact same spindle speed as the 
cutting test is considered in the calculations. Accounting for errors in spindle speed selection of the Harmonizer 
software and instead considering the difference between the theoretical local maximum DOC and what is achieved 
in the cutting tests, the DOC relative error does not exceed 10%. The same level of accuracy in spindle speed 
selection by Harmonizer is observed in all three sets of cutting tests with a maximum relative error of 4.29% 
corresponding to trial 7 of the third set of cutting tests.  
 
While the large relative errors for DOC in the first set of cutting tests can be explained due to the slope of the SLD, 
the persistence of large errors in all three data sets must be noted. In the case of trial 4 in set 2, the obtained results 
are not unexpected since the cutting parameters for that test fall within the uncertainty band of the SLD as shown in 

Figure 52. Indeed, considering the small DOC at the theoretical limit of stability (less than 1mm), small deviations in 

the experimental DOC can result in significant relative errors, as observed in Table 2 when the absolute difference 
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between theoretical and experimental DOC is only 0.256 mm. The results obtained in the second set of cutting tests 
are therefore consistent with the results of the TXF software when this caveat is considered in combination with the 
uncertainty band of the SLD. 
  
The results obtained in the third data set are definitively not consistent with the results obtained with TXF software, 
however. This is most obvious when considering the results of trial 7, where stable cutting is expected instead of the 
vibrations that was actually observed. The presence of chatter during this trial is undeniable, since the physical 
evidence in the form of machining noise during cutting and the chatter marks left after the cut were obvious, as are 

the profiles of the sound waveform and frequency spectra presented by Harmonizer (as shown in Figure 56). 
Possible explanations for these observations include: (1) the resulting vibrations were caused by resonance of the 
tool-machine system as opposed to regenerative chatter, and (2) errors in the material properties in TXF resulted in 
an inaccurate SLD. 

 

 

Figure 56: Frequency spectrum (top) and recorded waveform (bottom) in Harmonizer corresponding to 
trial 7 of the data set 3. The dominant frequency (red circle) is 3753.51 Hz. 

 

To investigate the first possibility where vibrations are caused by resonating the structural dynamics of the tool-
ƳŀŎƘƛƴŜ ǎȅǎǘŜƳΣ ǘƘŜ ƴŀǘǳǊŀƭ ŦǊŜǉǳŜƴŎƛŜǎ ƻŦ ǘƘŜ ƳŜŀǎǳǊŜŘ CwCǎ ŀǊŜ ƛŘŜƴǘƛŦƛŜŘ ǳǎƛƴƎ ǘƘŜ ΨƳƻŘŀƭ ŦƛǘΩ ŦŜŀǘǳǊŜ ŀǾŀƛƭŀōƭŜ 
within the TXF software, which implements a curve fit of the peaks of the relative FRFs in both measurement 
directions (x and y). The relative FRF combines all of the tool direct, workpiece direct, and tool-workpiece cross FRFs 
that are measured in the same measurement direction. For these cutting tests, since only the tool direct FRFs were 
measured, the relative FRFs that are fitted are equivalent to the FRFs that are displayed in the magnitude/coherence 
plots in TXF while tap testing the tool.  
 

The fitted FRFs in x and y direction are shown in Figure 57Figure 58, respectively. The fitted FRFs are obtained by 
ǳǎƛƴƎ ǘƘŜ ΨCƛǘ !ƭƭ aƻŘŜǎΩ ŦŜŀǘǳǊŜ ƛƴ ¢·CΣ Ƴŀƴǳŀƭƭȅ ŀŘŘƛƴƎ ƻǊ ŘŜƭŜǘƛƴƎ ŜǊǊƻƴŜƻǳǎ ƳƻŘŜǎ ŀǎ ƴŜŎŜǎǎŀǊȅΣ ŀƴŘ ǘƘŜƴ ǳǎƛƴƎ 
ǘƘŜ ΨwŜŦƛƴŜ !ƭƭ aƻŘŜǎΩ ŦŜŀǘǳǊŜ ƻŦ ¢·CΦ ¢ƘŜ Ψ5ȅƴŀƳƛŎǎΩ ǘŀō ƻŦ ǘƘŜ ǎŜǘǳǇ ǿƛƴŘƻǿ ƛǎ ǘƘŜƴ ƻǇŜƴŜŘ ǿƘŜǊŜ ǘƘŜ ǊŜǎƻƴŀƴŎŜ 
ǳƴŎŜǊǘŀƛƴǘȅ ƛǎ ƭŜŦǘ ŀǘ ƛǘǎ ŘŜŦŀǳƭǘ ǾŀƭǳŜΣ ǘƘŜ ΨbǳƳōŜǊ ƻŦ wŜǎƻƴŀƴŎŜ IŀǊƳƻƴƛŎǎΩ ƛǎ ǎŜǘ ǘƻ мнΣ ŀƴŘ ǘƘŜ ƻǇǘƛƻƴ ǘƻ ǳǎŜ ǘƘŜ 
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ΨaƻŘŀƭ Cƛǘ ƻŦ wŜƭŀǘƛǾŜ CwC ŦƻǊ {ǘŀōƛƭƛǘȅ [ƻōŜΩ ƛǎ ŜƴŀōƭŜŘΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ {[5κŎƘŀǘǘŜǊ ŦǊŜǉǳŜƴŎȅ Ǉƭƻǘ ƛǎ ǎƘƻǿƴ ƛƴ Figure 
59. 

 
Figure 57: Modal Fit of the relative FRF in x direction used to identify natural frequencies of the system, 

showing measured (blue) and fitted (red) FRF. TXF reports a 'fit quality' of 98.92% 

 

 

Figure 58: Modal Fit of the relative FRF in y direction used to identify natural frequencies of the system, 
showing measured (blue) and fitted (red) FRF. TXF reports a 'fit quality' of 99.15% 
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Figure 59: SLD and Chatter frequency plot for (red curves in top and bottom plot) for cutting parameters in 
trial 7 of dataset 3 (green marker). Yellow band in the top plot are spindle speeds where resonance is 

expected to occur, when lines of tooth passing harmonics (green lines in bottom plot) interest with lines of 
natural frequency (blue lines in bottom plot) 

 

 

Figure 60: Detailed view of Figure 59. 
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As can be seen in Figure 60, TXF predicts resonance will occur at the spindle speed used in trial 7 only when 
considering the 11th tooth passing harmonic, which is shown to excite natural frequencies of 3789.6 Hz and 3814.4 

Hz at spindle speeds of 5685 and 5721 RPM, respectively (as seen in Figure 60). A counter argument for this 
explanation is that these spindle speeds do not exactly match the spindle speed used during the cutting test, which 
was 5785 RPM. However, the fact that the spindle speed used in the cutting test falls within the resonance 
uncertainty band supports the notion that resonance can still occur with the implemented cutting parameters. Note 
that the default resonance uncertainty, which is used in this analysis, is only 4%. Stronger evidence for the 

occurrence of structural resonance is the dominant frequency detected by Harmonizer (3753.51 Hz, Figure 56) is 

very consistent with the dominant modes in the identified FRFs in both x (Figure 57) and y (Figure 58) direction, 
corresponding to 3811.08 Hz and 3789.61 Hz respectively.   
 
However, the presence of resonance does not eliminate other sources of error. For example, chatter vibrations 
should have theoretically occurred much sooner during the initial cutting tests at 7800RPM according to the results 

of the SLD. The results in Figure 53 and Table 3 suggest a significant inconsistency between experimental results 
obtained from cutting tests and the theoretical predictions of stability obtained from TXF, and this can occur if there 
are substantial errors in the values used for cutting resistance and process damping wavelength in the material 
properties window during setup phase of the TXF software. This is a well-known issue that has been documented 
previously [9]. While the pre-loaded material properties in TXF are generally sufficiently accurate for most 
applications, they may be situations where the default properties cause noticeable errors as in the case of trials 1-5 
in the third set of cutting tests. In these situations, the procedure in Appendix D can be used to more precisely 
identify the material properties of the workpiece. The results obtained during the fourth set of cutting tests are 

another example of where this procedure may be of use. During those tests (shown Figure 33), the limit of stability 
at 3975 RPM was experimentally found to be at a DOC of 0.8 mm when the theoretical limit is at 1.273 mm, 
representing a relative difference of 59.13%. 

10.2 Steel Milling  

The same analysis that was done for the experimental results for aluminum milling is repeated for the steel milling 
experimental results. The subset of data used for the analysis of the first and second set of cutting tests is presented 

in Figure 61Figure 62 and Table 4Table 5, respectively. As was the case with the previous tests with aluminum, the 
Ψ!ƴŀƭȅȊŜΩ ŦŜŀǘǳǊŜ ƻŦ IŀǊƳƻƴƛȊŜǊ ǿŀǎ ŀōƭŜ ǘƻ ŘŜǘŜǊƳƛƴŜ ƻǇǘƛƳŀƭ ǎǇƛƴŘƭŜ ǎǇŜŜŘǎ ǘƘŀǘ ǿŜǊŜ ǾŜǊȅ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŜ 
optimal speeds predicted by TXF software. The largest error between the stability lobe diagram in TXF and the speed 
selection tool provided by Harmonizer during the first set of cutting tests occurred after chatter was detected in trial 
9 when the spindle speed was at 4107, less than 1% relative to difference to the spindle speed suggested by TXF. 
When chatter was detected during this trial, Harmonizer identified the slightly suboptimal spindle speed of 3876 
RPM. Harmonizer theǊŜŦƻǊŜ ΨŎƻƴǾŜǊƎŜŘΩ at the optimal spindle speed of 4107, but suggested the suboptimal speed 
with a relative error of slightly over 5% instead of recognizing that convergence had been reached. This behaviour is 

expected and is represented by points g, f, and h in Figure 21. 
 

During the second set of cutting tests, as shown in Figure 62, Harmonizer again required a couple of iterations to 
converge on an optimal spindle speed of 5365 RPM compared to 5366 RPM predicted by the SLD of TXF. For all of 
the cutting tests in both data sets the relative error in spindle speed selection by Harmonizer did not exceed 4%, 
with the exception of trial 10 in the first set. Significant relative errors in DOC exist across all trials of both sets of 
cutting tests.  
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Figure 61: Subset of trials in the first set of cutting tests for steel milling. 'X' denots chatter while 'O' 

denotes stable cutting. 
 

 

Figure 62: Subset of trials in the second set of cutting tests for steel milling. Stable (yellow) and unstable 
(red) results are shown. 

 

Table 4: Relative errors for the datapoints in set 1 in as shown in Figure 61. 

Set 1 

RUN 4 9 10 

Spindle Speed 

Relative Error Ůs 
N/A 0.44% 5.14% 

DOC Relative 

Error ŮD 
35.59% 43.78% 25.09% 
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Table 5: Relative errors for the datapoints in set 2 in as shown in Figure 62 

Set 2 

RUN 2 4 5 7 

Spindle 

Speed 

Relative 

Error Ůs 

N/A 3.85% 3.81% 0.66% 

DOC 

Relative 

Error ŮD 

233.33% 47.70% 71.26% 49.29% 

 

These DOC errors can potentially be attributed to either structural resonance or inaccurate cutting resistance and 
process damping parameters used in material properties window of TXF. Without additional experiments to assess 
the precise material properties of the workpiece, which is out of scope of the project, it must be assumed that 
inaccurate material properties are a source of error for all cutting tests. Indeed, the default properties of the 
uncertainty band around the theoretical SLD curve in TXF allows for a large uncertainty (20%) for material properties 
and machinability (or cutting resistance). To assess whether structural resonance occurred and what effect this may 
have on the results, the same FRF identification procedure that was implemented for the aluminum tests are 
repeated in conjunction with an analysis of the time and frequency data captured by Harmonizer. 
  
First, the chatter frequencies detected by Harmonizer for each cutting test of interest is compared with the chatter 
frequency chart in the TXF software. If the two frequencies are consistent, then the vibrations observed during that 
cutting test are the result of regenerative chatter; if the two frequencies are inconsistent, then further analysis is 
conducted using the identified FRFs to determine if the observed vibrations are caused by structural resonance. 

Considering first the vibrations observed in trial 9, the chatter frequency chart in the bottom plot of Figure 63 shows 
that the natural frequency excited by the 4th tooth passing harmonic at a spindle speed of 4104 RPM is identical with 
the chatter frequency predicted by TXF to occur at the same spindle speed. The figure shows that excited natural 
frequency and the chatter frequency is approximately 810 Hz. The dominant frequency detected by Harmonizer, 797 

Hz as shown in Figure 64 is consistent with both the frequencies predicted in Figure 63 and also the first vibration 

modes identified in Figure 66Figure 67 vibrations cannot therefore be ruled out and it is reasonable to conclude 
that the structural dynamics of the tool-machine system has some contribution to the observed dynamics. 
  
Considering the vibrations observed during trial 10, it is immediately noted that the chatter plot in TXF does not 
predict resonance to occur at a spindle speed of 3875 RPM. The dominant frequency detected by Harmonizer, as 

shown in Figure 65 is approximately 870 Hz which, while close to the frequency of the first vibration mode shown in 

Figure 66Figure 67, is not associated with a resonance peak. Therefore, the vibrations observed in this trial are the 
result of regenerative chatter. Although it is true that the frequency detected by Harmonizer is inconsistent with the 
ŎƘŀǘǘŜǊ ŦǊŜǉǳŜƴŎȅ ǇǊŜŘƛŎǘŜŘ ōȅ ¢·CΣ ǘƘŜ ŎƘŀǘǘŜǊ ŦǊŜǉǳŜƴŎƛŜǎ ƛƴ ¢·C ŀǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ΨƛƴŦƭŜŎǘƛƻƴΩ Ǉƻƛƴǘ ōŜǘǿŜŜƴ 
stable and unstable cutting represented by the curve of the SLD. As a result, differences between the chatter 
frequencies in TXF and the chatter frequencies detected by Harmonizer are to be expected since it cannot be 
assumed that the cutting conditions used when Harmonizer is recording is exactly at these inflection points.  
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Figure 63:SLD (top) with cutting parameters used in trial 9(green dot), and chatter frequency plot (bottom). 
The bottom plot shows chatter frequencies (red lines), natural frequencies (blue lines), and tooth-passing 

harmonics (green lines). 

 

 

Figure 64: Frequency spectrum (top) and recorded waveform (bottom) in Harmonizer corresponding to 
trial 9 of the data set 1. The dominant frequency (red circle) is 797.40 Hz. 
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Figure 65: Frequency spectrum (top) and recorded waveform (bottom) in Harmonizer corresponding to 
trial 10 of the data set 1. The dominant frequency (red circle) is 870.08 Hz.  
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Figure 66: Modal Fit of the relative FRF in x direction used to identify natural frequencies of the system 
used in the first set of cutting tests, showing measured (blue) and fitted (red) FRF. TXF reports a 'fit quality' 

of 99.56% 
 


















































