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Abstract 

This thesis aims at vibration problem during milling operation. Vibration sets in at tool- 
workpiece interface if certain conditions are achieved. Research has been carried out try to 
reduce or eliminate chatter. Chatter decreases the dimensional accuracy and surface finish 
of workpiece.  

Main objective is to examine the source of vibration and provide as solution to problem 
based on the findings. CAD Model of workpiece and clamping has been developed as close 
to real system as possible. Experimental modal analysis and Finite Element analysis is done 
to obtain system behaviour during vibration. Natural frequencies are determined and then 
compared with possible sources of excitation. 

Modal testing and computer simulations are done before and after Final cutting operations 
to map out complete behaviour of system. Both forced excitation and self-excited vibrations 
are taken in consideration during measurements. Finally calculations are done to determine 
the solution and give recommendations. Suggestions for future work in this area are also 
provided that could enable SAAB to analyse and improve machining of all parts.  
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Nomenclature and abbreviations 
 
𝜁 – Damping Ratio 
a – Depth of cut 
ε – Chatter phase shift  
FC – Cutting force 
Fr – Cutting force in radial direction  
Ft – Cutting force in tangential Direction 
FX – Cutting force in orthogonal X direction  
FY – Cutting force in orthogonal Y Direction 
fC – Chatter frequency  
h0 – Average chip thickness  
k – Static stiffness 
Ks – Cutting force coefficient 
Kt – Tangential Cutting coefficient 

Kr – Radial cutting coefficient 
m – Mass 
N – Spindle speed 
vC – Cutting speed 
x(t) – Cutting coordinate 
ω - Angular frequency 
G – Transfer Function 
 
EMA - Experimental Modal Analysis 
FEA - Finite Element Analysis 
FRF - Frequency Response Function 
MRR - Metal Removal Rate 
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Chapter 1: Introduction 

1.1 Background: 

In recent years there has been keen interest by manufacturers to increase Productivity and 
Surface quality of part by using 5-axis High speed milling machines. This has direct impact on 
cost of machining and Quality. Major limitation towards high speed milling is chatter. 
Chatter in milling causes poor surface finish, dimensional inaccuracy, increased tool wear 
and higher cost of production. 

Tool-workpiece interface is the usual point of chatter build up. Therefore understanding of 
natural frequencies (Eigen values) and damping of tool and workpiece is important to avoid 
resonance. Clamping location and damping is also important factor to reduce the amplitude 
of vibrations in workpiece.  

Workpiece with low thickness and large surface areas are prone to chatter due to low 
dynamic stiffness. Complex parts can have multiple Eigen frequencies (modes) at which it 
can resonate. Thus natural modes of vibration are an important factor while choosing 
cutting parameters to establish a chatter free machining process.  

Chatter can establish by two ways in a system; Forced chatter and self-excited chatter.  

A forced chatter set up when there is an external force exciting the system. In multi-point 
machining operations such as milling the process is intermittent and periodic at tooth 
passing intervals. In most cases this exciting force comes from rotating tool. Forces 
vibrations can be eliminating by removing, damping or shifting excitation force away from 
natural modes of vibration. 

Self-excited or regenerative chatter is when a hard spot or random surface inequality in 
workpiece produces wavy surface which in-turn produces fluctuating cutting force. This 
phenomenon grows in successive cuts and can lead to very high vibration amplitudes. 
Regenerative chatter can be reduced by changing the cutting parameters such as spindle 
speed, feed rate or depth of cut. 

The correct identification of the source and the nature of vibration (forced or self-excited) 
ensure the success of implementation of vibration control strategies. 

The stability analysis of milling is complicated due to the rotating tool, multiple cutting 
teeth, periodical cutting forces and chip load directions, and multi-degree-of-freedom 
(multiple modes) structural dynamics, and has been investigated using experimental, 
numerical and analytical methods.  
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1.2 Problem description: 

SAAB Aerospace is facing vibration related problems with 5-axis High speed milling 
machines during cutting Aluminium parts. Thin wall AL-7075 parts with large surface areas 
impose vibration problem during milling operation. 

Chatter during milling is a major limitation towards better quality and high 
productivity. Negative effects of chatter on machining are: 

• Decreased lifetime (fatigue) of the part 
• Unsatisfactory work-piece quality  
• Dimensional deviation in work-piece causing increased waste parts 

(scrap) 
• Unwanted noise 
• Cutting tool wear and breakage  
• Increased cutting power requirement  
• Decreased productivity due to unscheduled stoppages. 

 

Sometimes, due to high level of vibrations machine has to be stopped for testing and 
reconfiguration of cutting parameters that halts production for 2 or more hours. 

Currently in order to reduce chatter SAAB is using “Impact tests” to change spindle speed or 
number of cutting tool teeth. 

• Impact test using velocity pick-up* reveals natural frequency of part. Based on 
this information resonance is avoided by changing cutting parameters.  

• The selection of stable spindle speed is based on frequency-amplitude graph. 
• No method to forecast the behaviour of system with changed parameters is 

currently employed. 
• No vibration dampers are being used. 

 
*Velocity pickups are not recommended for light weight thin parts as it changes the mass of 
workpiece thus giving uncertain results. 
 

1.3 Thesis Objectives: 

Main aim of thesis is to identify the source of vibration, then to find solution for the 
problem to remove or reduce the vibration. Further scope includes giving suggestions for 
future work in this area and also to facilitate employees to understand the issue at SAAB. 

In the first step the identification of source and nature of vibration will be performed. This 
requires two type of measurements. 

Fig 1.1: Poor surface finish 
after machining 
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1. Experimental Modal Analysis (EMA) on Aluminium parts with different thicknesses; 
one analysis at the thickness before machining and second analysis at the final 
thickness. This is done using impact test off-machining. 
 

2. Online machining test, to identify the source of vibration.  
 

Then Finite Element Analysis (FEA) is done on the CAD models of workpiece to simulate the 
natural modes of vibrations under different circumstances. Both EMA and FEA are then 
correlated to be able to find a method that will utilize minimum amount of resources. 

Matlab Program is also developed in meantime to calculate Stability lobe diagram. This will 
only be useful if the source of vibration turns out to be of self-excited nature. 

Finally complete solution of the problem will be discussed and suggestions to improve the 
system will be presented. 

1.4 Report Overview: 

This thesis been divided into 7 chapters. 

Chapter 1: Introduction and basic information about the thesis 

Chapter 2: Theory of basic machine dynamics, cutting force, tool and work-piece motion 
chatter and stability 

Chapter 3: Methods used to get results, experimental and numerical 

Chapter 4: Results from measurements 

Chapter 5: Discussion about used methods, results and recommendations. 

Chapter 6: References 

Chapter 7: Appendix A, Complete Frequency response function of selected geometric points 
using FEA. 
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Chapter 2: Theoretical Overview 

2.1 Milling operation: 

In Milling, Multiple edges rotating tool is moved relative to a workpiece in order to obtain 
desired shape by removing material. Tool is mounted on a tool holder that is attached to 
Spindle which provides rotation and torque. Tool-Spindle interface is capable of moving 
relative to workpiece in at least three mutually perpendicular axes generally x,y,z. In recent 
years to facilitate complex contour machining 5 axis machines are also widely used in 
industry. Milling machines can be manual or computer controlled with horizontal or vertical 
configuration.  

Cutting tools for milling have gone through lots of development in recent years. Modern 
sintered carbide tools offer more strength as compared to high speed steel tools thus 
facilitating higher material removal rates. Cutting tools and holders are available in many 
varieties that are tailored to specific applications, such as peripheral, end, contour, and face 
milling. During experimentation for this thesis Horizontal 5 axis high speed milling machine 
is used with End mills.  

 

 

 

 

 

 

 

 

Figure 2.1: Peripheral and End milling operation 

2.2 Milling Dynamics: 

Milling dynamics are very complicated due to complex geometry of the structure. All links 
and joins that build up a machine possess natural stiffness and damping that adds up in a 
system, thus establishing a very complex structure which is hard to model. 

We consider the case of end milling with straight teeth on the cutter. This assumption is 
true for low axial depth of cut when the effect of the helix on the peripheral position of the 
cutting edge is insignificant. In milling the variation of cutting force is mainly determined by 
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two causes. First is due to variation of the chip thickness and second due to entrance and 
exit of consecutive teeth in the workpiece. On each cutting edge are acting two forces, one 
in tangential direction to the cutting edge and the other in normal direction. According to 
experimental studies cutting forces in milling are estimated to 
 
 

  
Figure 2.2: Cutting force geometry for milling 

 
𝐹𝑡 = 𝐾𝑡𝑎ℎ𝑜 

𝐹𝑟 = 𝐾𝑟𝐹𝑡 =  𝐾𝑟𝐾𝑡𝑎ℎ𝑜 
 
The resultant cutting force on tooth becomes 

𝐹 = 𝐾𝑠ℎ𝑜 
Where  

𝐾𝑠 = 𝐾𝑡�1 + 𝐾𝑟 
Where Kt, Kr are the tangential and radial cutting coefficients, respectively. The cutting 
coefficients Kt, Kr may be dependent on the tool geometry, chip thickness, cutting speed 
and lubrication environment depending on the work material and application. ( Altintas 
2004) 
 
Ks is the specific cutting force, “a” the depth of cut. “h” is chip load. In the case of straight 
teeth, depending on the radial depth of cut, number of teeth z, and the length of tool 
engagement, (∅Ri, ∅Re), One or more teeth can be in cut simultaneously. With multiple teeth 
engagement at same time, the tangential and normal cutting forces on different tooth have 
different directions with respect to a coordinate system fixed to the machine tool. For 
theoretical purpose it is convenient to determine the force components in Orthogonal X and 
Y axis. 

𝐹𝑋 =
𝐾𝑠𝑎ℎ𝑜

2 𝑐
�𝑠𝑖𝑛2∅𝑖 𝑐𝑜𝑠2∅𝑖

𝑧

𝑖=0

− 0.3 + 0.3𝑐𝑜𝑠2∅𝑖 
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𝐹𝑌 =
𝐾𝑠𝑎ℎ𝑜

2 𝑐
� 1 − 𝑐𝑜𝑠2∅𝑖

𝑧

𝑖=0

− 0.3𝑠𝑖𝑛2∅𝑖 

 

Example 2.1: I have developed a Matlab program previously that can calculate forces in X, 
Y direction and then their resultant. The input parameters are selected by assuming straight 
milling cutter with 2 teeth. 360 degrees of engagement angle (slot milling) with 22000 rpm. 
Value of Ks is taken as 1800 N/mm2 and stiffness k as 1200 N/mm (assumed). Depth of cut is 
2 mm and chip load is 0.16 mm. damping ration is selected as 0.08.  

 

The figure shows the cutting forces in X, Y and resultant directions. In most of the cases the 
force in Y direction is considered important. 

 

Figure 2.3: Resultant force (F) and Orthogonal Force components (Fx, Fy) 

 

Amplitude in direction Y is calculated. As X direction is the tool cutting path and vibrations in 
that direction does not affect workpiece geometry and can be neglected. The transfer 
function G is dependent on stiffness (k), damping ratio (𝜁) and frequency ratio (r) 

𝐺 =
1/𝑘

�(1 − 𝑟2)2 + (2𝜁𝑟)2
 

The amplitude of vibrations is given by 

𝛿𝑦 = 𝐺 × 𝐹𝑌 
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Figure 2.4: Deflection in Y- Direction and its components 

2.3 Source of vibration: 

2.3.1 Forced vibration: 

During machining cutting process generates fluctuating or periodic cutting forces. These 
forces oscillate at a frequency that is a function of external force applied to the system 
(frequency of rotating spindle). The vibrations decay when excitation force is removed. 
Dynamic stiffness of tool, workpiece and amplitude of external force has direct relation to 
the amplitude of vibrating forces. 

All Machine tools produce forced vibrations but this phenomenon is important 
consideration while designing and setting cutting parameters for fine machining operations. 
Also forced vibrations due to misaligned or defective rotating parts show high amplitudes of 
vibrations if they resonate close to systems natural frequency. Designing the system 
structure to vibrate away from resonance frequencies can eliminate this problem. 

2.3.1.1 Tooth Passing Frequency: 

A forced vibration in machine tool normally comes from rotating spindle or tool. As shown 
in above fig the force component shows a periodic pattern as tool revolves. This pattern is 
dependent on number of teeth of tool and spindle speed and known as tooth pass 
frequency.  

𝑇𝑜𝑜𝑡ℎ 𝑃𝑎𝑠𝑠 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =
𝑁𝑧
60

 

Where “N” is spindle speed in rpm and “z” is number of teeth on tool. 

This is the frequency with which tool strikes the workpiece per cycle. As with any vibration 
source not only the fundamental frequency but also its integrals harmonics e.g. 2x, 4x are 
generated and if natural frequency of workpiece coincides with tooth pass frequency or its 
harmonic, resonance phenomenon will set in. Theoretically at resonance the amplitude of 
vibration can go to infinity. 
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Figure 2.5: Tooth Pass frequency at resonance  

It is very important from the machining point of view to select the cutting parameters in 
such a way that tooth passing frequency and its harmonics does not coincide with any of the 
natural frequencies of workpiece.  This requires understating of the system and performing 
test to determine the frequencies.  

2.3.2 Self-Excited Vibration (Regenerative chatter): 

In Forced vibration case we assumed that the tool and workpiece are rigid and vibrations 
are only originating from external oscillating source causing resonance phenomenon 
whenever external vibration frequency coincides with natural frequency of tool/workpiece.  

But in reality the cutting structure is not rigid and cutting force will cause deflections as tool 
has mass and stiffness, and is prone to vibrate. Initial impact of tool with surface can set in 
vibrations. This vibration during machining leaves a wavy surface behind and when next 
vibrating tooth encounters this surface it changes the chip thickness. Therefore, the chip 
thickness at any instant depends both on the tool deflection at that time and the workpiece 
surface left by previous tooth.  

The variable chip thickness fluctuate the cutting force which, in turn affects tool vibrations. 
The effect is probability for chatter. We will consider vibrations normal to the cut surface in 
order to determine the chip thickness. However, this normal direction (through the cutting 
edge toward the tool center) constantly varies as the cutter rotates. 
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Figure 2.6: Regenerative chatter in milling.   

The phase shift between surface profile created by one tooth and the next determines the 
variation in force and chip thickness. Phase shift plays a major role in determining if the 
cutting operation will be stable or unstable.  

Case 1: When the surface waviness left by one tooth is in phase with surface created by next 
tooth then the cut is stable. Even if the tool is vibrating the chip thickness variation will 
remain similar to the previous tooth. 

 

Figure 2.6: In-Phase with previous cut surface 

 

 

Case 2: When the surface waviness is out of phase between two successive cuts then 
significant variation in chip thickness is present. This creates force fluctuation and vibrating 
tool which in turn produces unstable cut and self-excited vibrations. 
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Figure 2.7: Out of Phase with previous cut surface 

One thing has to be understood that as during regenerative chatter the tool vibrates at its 
natural frequency, if the tool passing frequency is equal to natural frequency of tool. It will 
initiate resonance phenomenon, which high amplitude vibration. But the amplitude will still 
be lower than the one generated due to regenerative chatter. 

This tool fluctuation can have dramatic effect on cutting edge life. Tobias (1961) indicated 
reduced tool life when chatter is present during machining. This is due to high impact 
loading of the cutting edge. 

2.3.3 Chatter and stability model: 

Forces during milling operation have already been discussed earlier. Now more detailed 
analysis of how milling dynamics work under regenerative chatter is presented and the 
model to simulate it will also follow. 

Milling Dynamics are shown in figure 2.8. The machining operation is affected by two way. 
One is through structural dynamics which include stiffness, mass or joint geometry of 
structure. And secondly by the actual cutting process, the interaction of workpiece and tool 
and the forces involved. 
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Figure 2.8: Dynamics of orthogonal milling operation 

 

When tooth strikes the workpiece it experiences transient vibration and leaves a wavy 
surface. If the vibrations do not diminishes when next tooth cuts the same surface then it 
dynamically changes the chip thickness. The chip thickness is given by 

ℎ(𝑡) = ℎ𝑜 − 𝜇[𝑦(𝑡) − 𝑦(𝑇 − 𝑇)] 

Where T is the spindle rotation period, μ is the overlap factor, y(t) and y(t – T) are the 
current and previous vibration amplitudes, respectively. Overlap factor is taken as 1 in 
milling operation. 

Although milling has a coupled dynamics and should be modeled with minimum two 
degrees of freedom system. (Sridhar 1968) But for the simplicity of calculation, one 
dimensional approach is presented here.  

Considering mass (m), stiffness (k) and damping (c) at the tool workpiece interface, the 
dynamics of cutting operation becomes 

𝑚�̈� + 𝑐�̇� + 𝑘𝑦 = 𝐹(𝑡) = 𝐾𝑠𝑎ℎ(𝑡) 

= 𝐾𝑠𝑎{ℎ𝑜 − 𝜇[𝑦(𝑡) − 𝑦(𝑡 − 𝑇)]} 

Above equation is a delayed differential dynamic cutting equation for regenerative chatter 
which can also be described through block diagram in fig (). The transfer function is given by 

ℎ(𝑠)
ℎ𝑜(𝑠)

=
1

1 + (1 − 𝑒−𝑠𝑇)𝐾𝑠𝑎∅(𝑠)
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The characteristics equation of equation determines the chatter stability. The frequency 
response function (FRF) of the system was given as: 
 

∅(𝑠) = 𝑚𝑠2 + 𝑐𝑠 + 𝑘 , 𝑠 → 𝑗𝜔 
∅(𝑤) = 𝐺(𝜔) = 𝑗𝐻(𝜔) 

 
Where “ω”[Hz] is the frequency and “s” is is Laplace operator.  
System is said to be stable when it meets the criterion y(t)=y(t-T). In such state the 
vibrations are neither growing exponentially nor decreasing. 
 
Both Tlusty and Tobias independently formulated the following absolute chatter stability 
law which is function of depth of cut “a” [mm]. 
 

𝑎𝑙𝑖𝑚 =
−1

2𝐾𝑟𝑅𝑒 [𝐺(𝜔)]
  

 
Depth of cut is positive only when the real part G(ω) of the transfer function between the 
tool and workpiece is negative. This equation has infinite number of solutions for each 
spindle period “T”[s]. This feature has been used by Tobias [5] to calculate stability lobes 
being function of spindle speed “N”. 
 

𝜓 = tan−1
𝐻(𝜔)
𝐺(𝜔)

  

𝜀 = 3𝜋 + 2𝜓 

𝑇 =
2𝑘𝜋 + 𝜀

2𝜋𝑓𝑐
   → 𝑛 =

60
𝑁𝑇

 

where ”ϵ” is the phase shift between the inner and outer waves, number of vibration waves 

or lobes generated in one spindle period ( T ), and chatter vibration frequency ( fc ) in [Hz], 

respectively. 

Using equations.. we can create stability lobe diagram.  
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Figure 2.9: Stability lobe diagram representing stable and unstable regions  

 

Area under the curves is stable region and by selecting optimum spindle speed for given 

depth of cut, a stable chatter free machining operation can be done. Region above the curve 

is unstable, and it could create instability and highly variable chip thickness. Chatter 

frequency “fc” can be detected by Experimental modal analysis or by measuring the 

wavelength of marks left by tool on work surface. 

Theoretically the milling stability lobe diagram is generated by following steps 

1. Finding the FRF and identifying the chatter frequencies  

2. Solving for "ϵ” the phase between the current and previous tooth vibrations  

3.  Determining the average number of teeth in the cut for the selected radial 

immersion;  

4. Calculating “alim” over the valid frequencies. 

5. Selecting an N value (integer number of waves between teeth) and calculating the 

associated spindle speeds over the valid frequency range  

6. Plotting N vs. alim. 
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Chapter 3: Thesis Methodology 
 

Main task of this thesis is to solve the vibration problem at SAAB aerospace by using 

techniques that are time efficient and can give better understanding of the system.  

I have divided thesis work in two portions; one is Computer simulation (Finite Element 

Analysis FEA) of the system to obtain Natural modes of vibration of system and Second by 

Experimental modal analysis (EMA) of tool and workpiece. If the results from FEA coincide 

with those from EMA, then it will provide a better way of obtaining system parameters 

without time consuming impact and machining tests. 

Based on findings from tests and simulation a concise solution will be presented to solve the 

problem.  

3.1 Specimen: 

The specimen used in this thesis for testing is Aluminum pocketed plate used in aviation 

industry. Due to confidentiality no dimensions are given in this thesis. The geometry is 

shown in the figures below 

 

      
Figure 3.1: Specimen Geometry 

The workpiece is made of Aluminum Al-7075. Due to unavailability of exact material 

properties, nearest standard alloy has been used. 
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Table 3.1: Material Properties 

Material 
Young’s 

Modulus 

Fatigue 

strength 
Density 

Poisson’s 

ratio 
Machinability 

UNS A97075 71.7 GPa 159 MPa 
2810 

kg/m3 
0.33 70% 

3.2 Fixture: 

Workpiece is mounted on solid steel revolvable fixture. Hemispherical balls are used as 

location devices. 10 clamps are used to fix the workpiece in place with the help of bolts to 

apply torque. No damping material is used in clamping. Fixture geometry is shown in figure 

below. 

 

 
Figure 3.2: Fixture 

 



17 
 

3.3 Operating conditions: 

5-axis horizontal milling center is used for machining Aluminum part. Cutting parameters 

used for machining are shown in table 3.2 

 

Table 3.2: Operating conditions 

Spindle speed 22000 rpm 

Cutting speed 1381 m/min 

Feed (face milling) 7000 mm/min 

Feed (ramp milling) 4900 Mm/min 

Depth of cut 1 mm 

Chip load 0.159 mm 

 

 

Tool specifications are given as 

 

Figure 3.3: End Mill 

 

 

Table 3.3: Cutting Tool Specification 

Cutting Tool Alfa Tool Jabro End mill 9014870-203 

Material Solid Carbide 

Number of teeth 2 
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3.4 Finite Element Analysis (FEA): 

Natural modes of vibration are key aspect of a workpiece’s properties that can be used to 

establish chatter free machining. In cases of forced vibrations, the knowledge of modes of 

vibrations can help operator to choose spindle speed (TPF to be more precise) that does not 

coincide with the natural frequencies and their harmonics. Similarly in research for self-

excited vibrations, the natural modes can be used to investigate either it is resonance or 

regenerative chatter.  

3.4.1 Procedure: 

Finite element analysis is multi-phase process to ensure a reliable outcome.  

3.4.1.1 CAD modeling: 

Initially the CAD model provided for this thesis was developed in CATIA v4. This model is 

imported in CATIA v5 and the design geometry was extracted that can be used with new 

software packages during later stages of FEA. 

 

Second step is to acquire CAD model and simplify the design. The prime reason to reduce 

complexity is to facilitate smooth and time efficient Finite element analysis process in later 

stages. Small notches, holes, chamfer and fillets are removed that increase the complexity 

of design. The geometry reduction has very small or negligible effect on natural frequencies 

of workpiece.  

Workpiece model used during this thesis has a lot of complex surface and much work has 

been done to remove small holes, chamfers and fillets. CATIA V5 and Solid edge ST2 CAD 

softwares have been used to perform the task. Common file format *.stp is used to 

communicate between softwares. Final result acquired from geometry reduction is shown 

below. 
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Figure 3.4: Geometry simplification 

 

As this workpiece is mounted on a fixture during machining operation, it is very important to 

locate the clamping positions of fixture. Clamping positions can also have very big effect on 

natural modes of workpiece and can increase or decrease amplitude of vibration.   One 

more advantage of defining clamping position in the start is that; Clamping can be added 

during later steps of FEA, thus increasing the scope of analysis.  

Two types of models were used to accurately define the shape and location of clamping.  

I. In CATIA v4 model the CNC tool path is illustrated. Using this model the shape 

and location of extruded parts of workpiece are determined. Which are later use 

to clamp.  

Figure 3.5: Clamping locations 
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II. Secondly as the workpiece is mounted on fixture, there is an exact area of 

contact at each clamping location. This area has to be determined to apply 

constraints during later steps of analysis. The CAD model of fixture contains the 

necessary information required to determine to contact areas.  

 
Figure 3.6: clamping locations w.r.t Fixture  

 

III. Final result of above steps is workpiece without complex geometry, well defined 

clamping shape, area and location. 

 
Figure 3.7: Final Workpieces  

 

As the workpiece consists of geometry with multiple pockets of varying thickness and shape, 

some of which are more critical in terms of vibration than others. So it is important to define 

points on each pocket area that can be used in later analysis to understand the vibration 
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response at each pocket. Using CATIA v5 geometric centers of each surface has been 

determined and marked for this purpose.  

 

 
Figure 3.8: Geometric point locations 

 

The above procedure has been performed for CAD model before rough machining, and after 

finial machining with minimum part thickness. Two extra models have been developed for 

workpiece before final machining (+1 and +2 mm thickness more than finished workpiece). 

At this stage the Cad model is ready to be Analyzed using specialized structural mechanics 

software. 

3.4.1.2 Structural Analysis: 

Structural analysis can be done on any commercially available FEM software. Software of 

choice for this thesis was Comsol multiphysics 4.2a. Following steps have been done In 

order to perform finite element analysis. 

I. Import the Part geometry in Comsol 4.2a interface. Universal file format *.stp is 

used. Define the units of linear measurement (mm selected). 

II. Select the material of workpiece. Right selection of material is key of acquiring 

optimum results. If material of choice is not available, approximate material 

properties can be used. 

III. Next step is to apply loads and constraints on the workpiece. I have constrained the 

10 clamping location on workpiece at each side I.e. x=y=z=0.  
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 There are majorly two ways of finding natural frequencies in terms of load 

application. One widely used method for simple geometry is to apply point load 

(tool-workpiece contact) at one location and then perform the vibration analysis.  

Second method is to apply normalized force or mass (1K/unit area or 1kg/unit area). 

This method is particularly useful in saving time if the part geometry is complex and 

load location varies. Drawback of this method is uncertainty in vibration amplitude 

which can be of less importance if determination of only natural modes of vibration 

is prime objective.  

 

 
Figure 3.9: constraint addition 

 

 

IV.  Next step is to mesh the workpiece and resolve the structure into differential 

components. If there is any dimensional complexity or the structure have very sharp 

edges or notches then the meshing will fail at this stage. So it is very important to 

perform CAD modeling accurately as described in previous topic. 

Fixed 
constraint

Normalized force 
(1N/unit area) 
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Figure 3.10: Meshing 

 

V. Next step is to define the study types to be performed. Eigen frequency and 

frequency domain study is selected for our scope of thesis. 1st fifteen natural 

frequencies are determined, and in frequency domain the range for analysis is 

selected from 0Hz to 1100Hz that is the natural bandwidth of vibration for almost all 

machined parts. The Multifrontal Massively Parallel sparse direct Solver or MUMPS 

was used for calculations. 

Eigen frequency study is used to determine natural modes of vibration of workpiece. 

It gives the frequencies at which part is prone to vibrate but fails to give the 

amplitude of vibration at each point. Whereas in Frequency domain study  the 

results from Eigen frequency analysis are used and then optimized by using point 

load or normalized force/mass selected in step (III) above. The outcome is complete 

Frequency response function of each point on the workpiece. Both of these studies 

are done together in order to provide complete solution. 

VI. The simulation is then started and could last up to several hours depending on 

number of meshing elements. (Part complexity, size of part and Size of each meshing 

domain). 

VII. The Results are saved which shows natural modes of vibration and FRF of each point. 

The results will be discussed in next chapter. 
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3.5 MatLab Programming: 

Logically next step was to perform experimental modal analysis on Workpiece and tool, 

Results from which can be used to decide upon the vibration source. But due to time 

limitation, the Matlab program to calculate Stability lobe diagrams in case of self-excited 

vibration has been developed in advance. 

Stability lobe diagrams are important tool in terms of providing chatter free machining 

when the tool-workpiece interface is prone to exhibit regenerative chatter. The theory 

behind this phenomenon has already been discussed in chapter 2.  

Stability lobe diagram can be calculated by inputting system parameters I.e. dynamic 

stiffness, damping, number of teeth, natural frequency. The output is a diagram with spindle 

speed against axial depth of cut. The Matlab program code is given in Appendix ().  

3.5.1 Use of Stability lobe calculator: 

The primary use of this stability lobe diagram is to select highest possible stable spindle 

speed against given depth of cut. The region above the curves is unstable and must be 

avoided in order to obtain chatter free machining operation.  

 

 
Figure 3.11: Matlab SLD diagram 
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3.6 Experimental Modal Analysis (EMA):  

Experimental modal analysis is procedure of gathering real time data from system under 

consideration. Although time consuming this method of obtaining system properties 

provides critical information that can be used to validate computer simulations.  

To investigate the real time behavior of system during machining and to acquire system 

properties multiple tests have been done. This includes  

i. Hammer Impact test before and after fine machining on Geometric points previously 

defined during FEA. 

ii. Hammer Impact test on tool and Spindle. 

iii. Machining test by Microphone during Fine machining. 

3.6.1 Equipment: 

Specialized equipment is required to perform the EMA.  

3.6.1.1 Accelerometer: 

Vibration sensor is an important part of testing as most of the uncertainty arises if wrong or 

low quality sensors are used. Currently Saab is using Velocity-pickups, these have good 

frequency bandwidth but major drawback is its huge mass. As natural frequency of any 

object is directly dependent on its mass ( 𝜔 = �𝑘/𝑚) so any change in mass affects the 

frequency and response of system. Therefore velocity pickups are not recommended for 

work-pieces with light structures. The alternate is small sized Accelerometers. They have 

high sensitivity and due to very small mass their effect on structure can be neglected. 

Specifications of the sensor are given below. 

  

Brand: Dytran    

Model: 3225F 

Sensitivity: 10.3 mV/g 

Weight: 0.6g, 6g with cable 

 

 

Figure 3.12: Accelerometer 
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   3.6.1.2 Impact Hammer: 

 

    Brand: Ziegler  

    Model: Ixys H2 

    Sensitivity: 2.24 mV/N 

    Attached weight: 77g  

    

 

 

 

Figure 3.13: Impact hammer 

3.6.1.3 Microphone: 

Microphone is used during machining test to acquire real time data. Specifications for 

microphone are: 

Manufacturer: Larson Davis 

Model: 900B 3112 

 
Figure 3.14: Microphone 

 

3.6.1.4 Pre-amplifier for microphone: 

Manufacturer: Larson Davis  

Model: 2200C 



27 
 

 
Figure 3.15: Pre Amplifier 

 

3.6.1.5 Data acquisition system:  

LMS Test Lab Rev. 11a on personal computer with SCADAS Mobile front end. 

3.6.2 Modal Analysis of Aluminum Part: 

Basic concept of impact test is to excite the structure with impact hammer and then 

response is measured along perpendicular direct of plate area using accelerometer. 

To simplify the testing procedure and facilitate correspondence between experimental 

modal analysis (EMA) and finite element analysis (FEA); same geometric points are used to 

measure system response as already been described in chapter 2, shown in figure below 
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Figure 3.16: Points for testing and simulation 

We have three accelerometers at our disposal which we have used to measure all these 

points gradually. A constant Hammer impact point has been chosen throughout the 

experiment to avoid any uncertainty.  

LMS Test Lab Rev. 11a is used to acquire and save measurements. Using CAD model, exact 

coordinates of above mentioned points are taken and then input into LMS Test Lab to map 

out the workpiece as shown in figure below. 

 
Figure 3.17: Point geometry in LMS Test Lab  
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 It has built-in double impact detector which automatically rejects any flawed impacts. To 

accurately measure response of a point, the software takes average of several impacts; the 

number of impacts is chosen as 5 for our experimentation. The upper and lower frequency 

limits can be selected to concentrate the testing on any particular bandwidth. We have 

taken zero as lower limit and 1500Hz as upper frequency limit.  

Impact test on Aluminum part is done two occasions; before and after fine machining.  

3.6.3 Modal Analysis of tool: 

Modal analysis of tool is done in the same way as previously described for workpiece. 

Geometric points are described on the tool and tool holder surface.  

Accelerometers are mounted on these points and tool is excited by impact hammer at 

certain location. The location of hammer impact is not changed throughout the analysis to 

obtain consistent results.  

LMS Test Lab Rev 11a was used to perform the test procedure. Average of 5 impacts was 

taken for each point to avoid any uncertainty.  

3.6.4 Acoustic measurements: 

To obtain real time machining sound data, a microphone was placed inside the CNC milling 

chamber in-front of tool. Special care was taken to mount the microphone at a location 

away from splashing cutting fluid but still as close as possible to tool and having the same 

height from floor.  
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Chapter 4: Results 
Results from Experimental modal analysis and simulation are discussed here. Due to more 

criticality of vibration during final machining operation, the measurements after finishing 

operation are found to be more effective in order to find proper solution. So in this chapter 

only Measurements during and after Fine machining are discussed. And measurements after 

rough machining are neglected. 

As this specific Aluminum part is already in production; experience is that there are few 

areas in part which are more prone to vibration when machined. That is pocket 7 and 15 in 

figure 3.16, these areas will be specifically discussed in Sound measurement portion of this 

chapter and then in next chapter for solution. 

4.1 Natural Modes of Vibration: 

Results from Finite Element Analysis (FEA) and Experimental Modal Analysis (EMA) are 

discussed here. Complete output of FEA is given in Appendix(A). 

4.1.1 Comparison between Simulated and tested Natural Modes of vibration: 

In Comsol 4.2a (FEA) the Eigen Frequency study reveals the natural modes of vibrations at 

which the structure shows resonances if excited. Similarly in Test Lab rev 11a (EMA) the 

Natural vibration modes are selected by viewing FRF and indicating the stable regions which 

shoes concentration of chatter amplitude. 

 
 

189 Hz 
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Figure 4.1: First mode of Vibration: (a) Simulation (b) Experiment 

 

Figure 4.2: Mode of Vibration: (a) Simulation (b) Experiment 

3.2 Frequency Response Function: 

Frequency response function enables engineers to understand behavior of system, the 

frequencies at which vibration can occur and their intensity.  

3.2.1 Comparison between measured and simulated Frequency response 
function: 

Measured FRF from online system modal analysis and simulated results from Comsol Finite 

element analysis are compared below. We can see that although the amplitude of vibrations 

is not similar but the frequencies at which vibration can occur are quiet equal. This output 

will be used to assess solution in next chapter. 

 

724 Hz 
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Figure 4.3: Measured FRF from Modal analysis 

 

 
Figure 4.4: Simulated FRF from Finite element analysis 
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3.2.2 Comparison between measured and synthesized FRF: 

There is a feature in LMS Test Lab 11a through which we can synthesize FRF using the Measured 

response function. Natural modes of vibration and system parameters (I,e Damping) can be 

determined this way and used later to acquire solution and to compare with Eigen frequencies  

obtained through simulation.  

 

 
Figure 4.5 

(Top) Measured (red) and Synthesized (Green) FRF 

(Below) Measured (red) and Synthesized (Green) Phase shift 

3.3 Acoustic measurement during final machining: 

To specifically target problematic areas sound measurement is done in discrete areas. Three 

areas have been chosen, one stable and two with chatter.  
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3.3.1 Stable region: 

3.3.1.1 Pocket 2: 

Area 2 is stable region as shown by the microphone results and by employee experience. 

 
Figure 4.6: Pocket 2 Microphone Frequency response function 

For the sake of comparison and to evaluate solution, The FRF from Finite element analysis 

done in Comsol has be shown below. 
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Figure 4.7: Pocket 2FRF obtained from finite element analysis 

As clearly visible the Frequency with maximum amplitude is similar in both cases. 

Another way of demonstrating system’s response is by water fall diagrams. 

 
 Figure 4.8: Pocket 2 waterfall diagram  

 

In Time domain, the amplitude of vibrations can also be shown 
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Figure 4.9: Time Domain response for pocket 2 

3.3.2 Unstable regions: 

There are many regions which showed traces of high amplitude vibration, two of them are being 
discussed below.  

3.3.2.1 Pocket 7: 

Area 7 is unstable region as shown by machining tests and previous experience. 
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Figure 4.10: Pocket 7 Microphone Frequency response function 

For the sake of comparison and to evaluate solution, The FRF from Finite element analysis 

done in Comsol has been shown below. 

 
Figure 4.11: Pocket 2FRF obtained from finite element analysis 

 



38 
 

Water fall diagram also shows the frequencies with maximum amplitude. 

 
Figure 4.12: Pocket 7 waterfall diagram 

 

 
Figure 4.13: Time domain response for Pocket 7 during machining 
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3.3.2.2 Pocket 15: 

Area 15 is unstable region as shown by machining tests and previous experience. 

 
Figure 4.14: Pocket 15 Microphone Frequency response function 

 

For the sake of comparison and to evaluate solution, The FRF from Finite element analysis 

done in Comsol has been shown below. 

 

 

 
Figure 4.15: Pocket 15 FRF obtained from finite element analysis 
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Water fall diagram also shows the frequencies with maximum amplitude. 

 
Figure 4.16: Time domain response for Pocket 15 during machining 

 

Time domain Response obtained from microphone during machining test provides a good 

understanding how unstable any region can be. Given Below is the comparison between 

Time Domain gained from Pocket 2 (stable) and Pocket 7, 15 (unstable). 

 
Figure 4.18: Time Domain response  

Pocket 2 (Blue), Pocket 7 (Red), Pocket 15 (Green)  
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Chapter 5: Discussion and conclusions 

5.1 Relationship between Experimental Modal Analysis (EMA) and Finite 
Element Analysis (FEA): 

Results have shown strong similarities between experimental and simulation analysis. The 

simulation has revealed certain natural frequencies at which resonance can occur and large 

amplitudes can set in. Surprisingly the same higher amplitudes are also been observed 

during impact testing and online machining test.  

This proves that the simulation could be a time saving and more efficient alternative to 

lengthy Equipment testing procedures. Thus saving time, cost and improving overall 

machining process by pre simulating the workpiece.  

As shown in Figure 4.3 and 4.4 the frequencies with maximum amplitude are same. 1st 

mode of vibration occurs at 147Hz in EMA and 189Hz in Simulation. The maximum 

amplitude occurs at natural frequency of 726Hz from EMA and 724Hz with FEA simulation. 

This is very close result which will eventually help to find appropriate solution.  

5.2 Acoustic measurement:  

Microphone testing during machining also shows strong correlation with EMA and FEA 

results. Figure 4.10 and 4.14 also show high amplitude at 730Hz. 

From above testing and Simulations It is clear that there are few critical natural frequencies 

with high amplitudes and any force exciting these frequencies can directly set in resonance 

phenomenon. 

5.3 Vibration Source:  

As explained earlier in article 2.3, there are two primary sources of Vibration in Machining 

operations. Forced and self-excited vibration. 

Goal of this thesis was to identify the vibration source and then provide solution for the 

given problem.  

5.3.1 Tooth Pass Frequency: 

Tooth pass frequency is given by: 

𝑇𝑜𝑜𝑡ℎ 𝑃𝑎𝑠𝑠 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =
𝑁𝑧
60
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The cutting parameters for final cut are 

N (rpm) = 22,000 

Number of teeth (z) = 2 

Thus; 

𝑇𝑃𝐹 =
22000 ∗ 2

60
 

           = 733.33 𝐻𝑧 

This value is very close to one of the natural frequencies of workpiece as illustrated earlier. 

5.3.2Self-Excited Vibration: 

Based on results of modal analysis it is concluded that there is no signs of regenerative 
chatter during machining. Tool has very high damping which restricts any vibration set up 
due to self-excitation.  

There are no traces of high amplitudes frequencies that are not Eigen frequencies of 
workpiece. 

5.4 Vibration Control: 

There are two methods to control vibration in machining operations: 

– Changing cutting data  

– Introducing damping in the system 

 

In our case as the problem is due to resonance at Tooth Pass Frequency, Therefore adding 

damping will not help at all. Only solution is to move away the tooth passing frequency by 

changing cutting data. 

5.4.1 Changing cutting data 

Three parameters that can be controlled during machining: 

– Spindle speed 

– Feed rate 

– Depth of cut (DOC) 
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Changing feed rate or depth of cut is much difficult as the CNC program would be altered 

too much which is not recommended. Changing Spindle speed is an easier method to avoid 

chatter without much effort and the result would be a stable cutting. 

5.4.2 Spindle Speed Selection: 

Selecting optimum spindle speed which in-turn does not excite any of the natural 

frequencies is important. Only Comsol Results (FEA) is enough to give a preview of 

workpiece’s response which could be used to select Tooth passing frequency. 

Tooth passing frequency is directly proportional to spindle speed. i.e 

𝑇𝑜𝑜𝑡ℎ 𝑃𝑎𝑠𝑠 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 𝑁𝑧
60� .  

 

As in Future EMA will be avoided to save time and resources. So Selection of spindle speeds 

will be done using results from Finite Element Analysis. As shown below there are certain 

regions represented in Red line at which there will be no resonance theoretically. We will 

select three stable Tooth Pass frequencies and then calculate corresponding Spindle speeds. 

 

 
Figure 5.1 : FRF obtained from Finite Element Analysis 
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Almost similar results are also shown by modal testing using impact hammer. Peaks with 

high amplitude are at same frequencies but there is also lots of noise (irrelevant 

frequencies) which are coming from clamps and fixture.  

Even with noise the region of 600 and 670 Hz are also theoretically chatter free. And 

selecting corresponding spindle speeds would result in stable machining. 

 

Figure 5.2 : FRF obtained from Experimental Modal Analysis 

 

 

After selection of multiple spindle speeds and keeping the feed rate, depth of cut 

unchanged there are two ways in which altering spindle speed can effect. 
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5.4.2.1 Increased chip load, constant cycle time (89 min): 

One way to keep Material Removal Rate (MRR) same is by increasing the chip load while 

decreasing spindle speed.  

Table 5.1: Constant MRR 

RPM 
No. of 

teeth 

Tool Dia 

(mm) 
TPF (Hz) 

Feed rate 

(mm/min) 

Cutting speed 

(m/min) 

Chip Load 

(mm) 

22000 2 20 733 7000 1381.6 0.159 

20100 2 20 670 7000 1262.28 0.174 

18000 2 20 600 7000 1130.4 0.194 

15000 2 20 500 7000 942 0.233 

 

Chip load is parameter for the strength of Cutting tool. From data sheet provided for End 

mill and theoretical understanding minor changes in chip load are in safe zone and can be 

applied to keep MRR constant. 

5.4.2.2 Increased Cycle time, constant chip load ( 0.159 mm). 

Another way is to decrease the MRR thus increasing the overall cycle time. Calculations 

show that there will be 7.7 min increase in cycle time if we reduce the spindle speed to 

20100 from 22000. And almost 16min increase if we drop spindle speed to 18000. 

 

Table 5.2: Constant chip Load 

RPM 
No. of 

teeth 

Tool Dia 

(mm) 
TPF (Hz) 

Feed rate 

(mm/min) 

Extra Time 

(Min) 

cycle time 

(min) 

22000 2 20 733 7000 0 89.0 

20100 2 20 670 7000 7.7 96.7 

18000 2 20 600 7000 16.2 105.2 

15000 2 20 500 7000 28.3 117.3 
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5.5 Recommendation:  

According to the findings as described in previous chapters, Vibration source is Forced 

excitation (Tooth pass frequency) which can be eliminated by changing the spindle speed 

optimally.  

As shown earlier there are two ways in which spindle speed will affect MRR. Easy way is to 

keep MRR constant by increasing chip load (with-in safe zone) thus keeping same overall 

productivity.  

It is recommended to change the spindle speed to either 20100 rpm or to 18000 rpm. As 

both speeds are in stable cutting zone theoretically.  

5.6 Suggestions for further work: 

As SAAB is facing vibration problem with other parts too then it is recommended to use 

Finite Element Analysis to determine Natural modes of vibration during analysis stage 

before developing CNC program. This will save a lot of time and resources that are now 

being wasted due to unwanted production stoppages for testing and quality issues.  

Other way is to provide KTH with CAD models of parts that are supposed to be critical in 

terms of vibration problem. KTH have license for Finite Element Analysis softwares and have 

lot of expertise in this field. Thus dealing with vibration problem by collaborating with KTH 

will help SAAB to machine part more effectively. 
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Chapter 7: Appendix A  

Frequency response function of all given points using FEA 

 

Figure 7.1: Point 1 

 

 

Figure 7.2: Point 2 
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Figure 7.3: Point 3 

 

 

Figure 7.4: Point 4 
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Figure 7.5: Point 5 

 

 

Figure 7.6: Point 6 
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Figure 7.7: Point 7 

 

 

Figure 7.8: Point 8 
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Figure 7.9: Point 9 

 

 

Figure 7.10: Point 10 

 



53 
 

 

Figure 7.11: Point 11 

 

 

Figure 7.12: Point 12 

 

 



54 
 

 

Figure 7.13: Point 13 

 

 

Figure 7.14: Point 14 
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Figure 7.15: Point 15 

 

 

Figure 7.16: Point 16 
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Figure 7.17: Point 17 

 

 

 

Figure 7.18: Point 18 
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Figure 7.19: Point 19 

 

 

Figure 7.20: Point 20 
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Figure 7.21: Point 21 
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