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Abstract 
An economic way to attenuate vibrations of a boring bar is by 
inserting a tuned mass damper into the free end and maximize its 
effect by pre-tuning. When tuning the damper, it is important to 
aquire the damper’s dynamics by frequency response function 
measurement. However, for small or liquid based dampers it is 
impossible to carry out frequency response function measurement 
directly. In this thesis, a noncontact measurement method for 
estimating damper’s dynamics is developed. The method is tested in 
simulations, using models of real boring bars, with promising results.  
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1 Notation 

m                Weight of tuned mass [kg] 

c                 Damping coefficient of damping material [kg/s] 

k                 Spring coefficient of damping material [N/m] 

μ                Mass ratio 

M                Mode mass of main structure [kg] 

C                 Mode damping coefficient of main structure [kg/s] 

K                 Mode damping coefficient of main structure [N/m] 

ω                Angular frequency [rad/s] 

ω1                Eigen angular frequency of main structure [rad/s] 

ω2                Eigen angular frequency of damper [rad/s] 

ξ                 Damping ratio [Dimension less] 

α                 Tuning frequency ratio [Dimension less] 

β                 Frequency ratio [Dimension less] 

ε                 Error function 

U1                 Displacement of main structure [m] 

U2                 Displacement of damper mass [m] 

U1stad              Static displacement of main structure [m] 

U1max              Maximum displacement amplitude of main structure 

fj                  Resonance frequency of jth mode [Hz] 

f                  Frequency [Hz] 



F                  Harmonic force [N] 

F0                 Force amplitude [N] 

D                  Dynamic magnification factor [Dimension less] 

H                  Response matrix 

Z                  Impedance matrix 

FRF                Frequency response function  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

2 Introduction 

2.1 Overall description 

Various forms of tool holder are demanded by specific manufacture 
requirements. For instance, to accomplish a deep milling or internal boring, 
it is necessary to have a slender tool holder to reach metal removing area. 
Accompanied with slim geometry, excessive vibration can be generated 
during cutting processing which can bring negative influence on surface 
quality and cause seriously damage on tool and machine tool. Several 
solutions to prevent harmful vibration have been developed, Jim Redmond 
and Pat Barney tested en actively damped method in real metal cutting [1]. 
Kerwin applied Constrained Layer Damping method to increase structure 
damping [2], etc. The most classic and economic method is placing a tuned 
mass damper where the tool is moving with maximum amplitude [3]. 

When applying tuned mass damper method, following requirements should 
be satisfied: first, damper needs to be pre tuned to specific frequency to 
approaching its optimization for target structure; second, damper needs be 
encapsulated for increasing its life time before insert into tool holder. 
Considering the difficulties at carrying out a direct FRF measurement on 
the liquid based damper or the damper with tiny size, a noncontact 
measurement for characterizing dampers instant dynamics is needed in pre 
tuning procedure. Also the damper should be optimized separately from 
boring bar, because once the damper is encapsulated and stuffed into tool 
holder, it is impossible to take it out and modify its dynamics again. In 
thesis en optimization routine and estimation routine is investigated for 
satisfy above requirements during pre tuning. Optimization routine is 
theory calculating to find damper’s best dynamic parameters in different 
cases. Estimation routine is used for acquisition damper’s current state of 



dynamic parameter during non contact FRF measurement. When applying 
those two routines, an important premise in this thesis need be clarified: 
Since those two routines are designed base on theoretical study of linear 
second order system, the damper dynamics is linearized in this thesis. 
Despite many damping materials, for instance rubber, silicon, always shows 
nonlinear behavior, a linearized model of the damping material can be 
obtained for a specific force level.  

 

2.2 Chatter vibration 

Chatter vibration belongs to the class of self-excited vibrations. Due to the 
setup of machine components and materials, each machine system has its 
natural resonance frequencies. Machining at or near the system’s resonance 
frequency can arouse systems self vibration. If the relative movement 
between workpiece and teeth can not be dampened because of system is 
lack of damping, the initial self vibration will be amplified. As the 
subsequence teeth enter the workpiece, the additional force is created and 
introduce more vibrates. Vibration also can arise because of previously 
performed operation which always summarized as regenerated chatter, see 
figure 2.2.1. As the previous pass produce a wave patter on work piece 
surface, in the current pass, the thick/thin wave patter begins to cycle the 
cutting force because the cutting depth directly related with cutting force. 
As these force cycle continue, the resulting forced vibration continues to 
grow until the tool deflects and chatter occurs. Chatter vibration not only 
brings excessive noise, but also has a bad influence on surface finish and 
dimensional accuracy of the work piece, tool life and even machine life. 
See figure 2.2.2 and figure 2.2.3. Also it can generate excessive noise 
during metal cutting. 



 

Figure 2.2.1. As the previous pass produce a wave patter on work piece 
surface, in the finishing pass, the thick/thin wave patter begins to cycle the 

force. 
 

 
Figure 2.2.2. Vibration can generate excessive wear and heats which can 
cause aluminum oxide or titanium carbide reinforcement coating lost and 

insert damage 
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Figure 2.2.3. Chatter can lead to unsatisfactory surface finishes and poor 

dimensional quality 
 

2.3 Introducing extra damping into system 

For years of experience, introducing as much as possible damping into 
system is one of the best solutions to avoid chatter vibration problem. No 
matter using new developed high damping material or attaching additional 
device, the excessive damping can consume the vibration energy at its birth. 
But, for overhangs tool holder, applying high damping material as tool 
holder is neither economic nor effective, so applying additional damping 
device such as tuned mass damper become a better solution. 

En existed tuned mass damper is consist by a pair of rubber bush, damper 
mass, it suspended on carbide sleeve inside of tool shank, see figure 2.3.1. 
When a sudden small movement of tool holder starts without mass, the 
rubber will be compressed and push the mass to vibrate in same direction. 
If the rubber’s stiffness is big enough to move the tuned beam mass, it also 
pushes the bar back to central initial position. The idea is the mass start to 
moving out, the bar start to move in again. If they always against each other, 
the maximum energy is wasted in squeezing the rubber element, and the bar 
will soon lose its kinematic energy and come to rest.  



 
Figure 2.3.1. En existing overhands boring bar with tuned mass damper at 
tool shank [9]. 
 

Since the premise is that the rubber can be treated as linear, the bar-damper 
system can be  expressed as a linear second order system, figure 2.3.2, 
where the boring bar structure is instead by its interests vibration modes 
with mode parameters M C K (mode mass, damping and stiffness). The 
damper is attached to the boring bar structure and is described by the 
parameters, m (damper mass) and the dynamic parameters k (stiffness) and 
c (viscous damping). When changing the pre-load of rubber bush, the 
dynamic parameter c, k can be modified to match optimized value and 
minimized the displacement U1 of main structure. 

 

Figure 2.3.2. Theoretical model in figure 5 can be expressed as second 
order system. The main structure subject input force. Main structure 

displacement is interested output. 
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2.4 Optimization theory introduction 

Massive optimization theory studies for system in figure 2.3.2 have been 
done for a variety of problems in applications as diverse as civil 
engineering and space structures. It is normally desirable to suppress the 
response magnitude in the frequency domain, see figure 2.4.1. The 
optimization routine used in this thesis is applying Tsai H-C, Lin G-C’s 
dynamic magnification equation [4]. Another similar method which is 
refers as Ormondroyd and Den Hartog’s classical equal peaks method [5]. 
The former method will be introduced in later section. 

 
Figure 2.4.1. FRF of beam equipped with tuned damper (red dash line) has 

minimum magnitude, which means the displacement response of main 
structure is relieved. 

 
 
 
 



3 Selecting optimal damper parameters 

3.1 Theoretical calculation 

Many theoretical calculations for system in figure 2.3.2 have been done. 
Assuming a harmonic force F applied on main structure, the system can be 
expressed as following equation: 
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   (3.1.1) 

Through the general solution of Equation 3.1.1 and introducing following 
non-dimensional group, Tsai H-C and Lin G-C has improved the theoretical 
expression of second order system, and obtained en equation of dynamic 
magnification factor to describe vibration level, see equation 3.1.2. 
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Since the whole system is treated as linear, when applying the harmonic 
input force on main structure, the main structure is also vibrated as 
harmonic. See figure 3.1.1. So, with the definition of dynamic 
magnification factor which is maximum vibration amplitude over static 
deformation, it is obvious that high value of dynamic magnification factor 
represent big vibration level. Meanwhile, noticed the parameter related with 
damper in non-dimensional group, if damper mass m has certain value, α 
and ξ (also can be expressed by using damper dynamics c, k), are only 
variables left in dynamic magnification factor equation. So, according the 
dynamic magnification factor equation, the major content of damper 
optimization is finding the best c, k parameter to minimize the dynamic 
magnification factor. 

 
Figure 3.1.1. The harmonic input force on main structure, the main 

structure is also vibrated as harmonic 
 

3.2 Optimization method 

With infinite combination of c, k value, searching the minimized dynamic 
magnification factor become a bit difficult. Traditional solution is plot the 

1statU

1maxU

0
i tF e ω



dynamic magnification factor with certain mass ratio value and different c, 
k value in frequency ratio domain, see figure 3.2.1. En interesting factor 
can be found that the dynamic magnification factor curve changes from two 
breaks up peaks to a single peak and the minimum value of dynamic 
magnification factor shows up when two break up peak close even. Similar 
method also refers as Ormondroyd and Den Hartog’s classical equal peaks 
method. As author’s knowledge, another simple suggestion is using Matlab 
function fminsearch to find the c, k value directly for minimized dynamic 
magnification factor. 

 
Figure 3.2.1. When c, k value are changing from zero to infinity, the 

dynamic magnification factor curve changing from two break peak (blue 
line) to single peak (red line) and the minimum value show up when two 

peaks are close even (green line). 
 
Considering try different damper mass weight to design a tuned mass 
damper in reality, certain optimization routine need be repeat again and 
again which is quite time consuming. So, a conclusion work which to find 
the relation between optimization routine and mass ratio become quite 
necessary. One method called numerical iteration searching technique [6] 
can be applied. Repeating the optimization routine correspond to finite 



mass ratio and plot their relation in same figure. Then estimate the equation 
of the curve which can go through all the finite point, see figure 3.2.2. The 
obtained equation can be regard as common optimization formula. 

     
Figure 10. For example, using the finite optimized damping value with 
different mass ratio (red spot) to conclude the optimization formula of 

damping ratio with mass ratio. 
 

For tuned mass damper, the common optimization formula related with 
different mass ratio can be expressed as following:  
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3.3 The limit of mass ratio 

Another factor need be mentioned, it is commonly believed that applying 
big mass ratio has a better vibration elimination performance. But during 
increasing the mass ratio, the efficiency of vibration elimination has a huge 



reducing, see figure 3.3.1. Also In many similar studies, the mass ratio is 
limited in 10% because when a huge volume of damper mass is involved 
demanding by big mass ratio, the assumption theory modal in figure 2.3.2 is 
no longer accuracy.  

 
Figure 3.3.1. The green curve represent that the heaviest damper mass has 
the best vibration elimination performance. However, when increasing the 

mass ratio, the efficient of vibration elimination is decreasing. 
 
 
 
 
 
 
 
 
 
 
 
 



4 Parameter estimation 

4.1 Frequency response function 

The dynamic parameters c, k are depended by many factors, such as 
damping elements material, damping elements geometry, pre-loading, etc. 
During pre tuning procedure, the simplest way to modify damper dynamics 
is adjusting pre load of damping element. But it still necessary to identify 
damper dynamics c, k instantly during FRF measurement, because tight or 
lose pre load is depended by error between current c, k value with 
optimization value. Due to the small size of damper, it is very hard to carry 
out a direct FRF measurement because it is unable to apply the exciting 
force or mount a sensor on damper. So, a non-contact FRF measurement 
with dynamics estimation routine is needed in pre tuning procedure. 

 

4.2 FRF Simulation 

The FRF of system in figure 2.3.2 can be simulated. Start with Fourier 
transform on same equation 3.1.1, the equation is changed from time 
domain into frequency domain. The acquisitioned formula can be expressed 
as: 
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      (4.2.1) 

The total FRFs of system can be written as following form and Z is defined 
as impedance matrix. 
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Noticing the equation 4.2.2, the term -Mω2+Cjω+K represents the first 
mode impedance matrix of main structure. In literally, this term also 
represent any interested mode of any structure. Base on that, if using well 
studied structure which is more suitable for tuning damper to replace the 
tool holder, the idea of test rig for estimating routine can be established: A 
well studied structure can be applied as test rig and constitute a second 
order system with damper. The damper can be easily modified in test rig 
and the modification can be reflected on system’s FRF measurement. 
Compare the measured FRF with different simulated test rig’s FRF from 
equation 4.2.2. When certain c, k value can make the simulated FRF match 
the measured FRF, those c, k value can represent the current state of 
damper dynamics. 

Equation 4.2.2 only represent the FRF of signal damper, more commonly, 
for multiple dampers attached on main structure, the equation 4.2.2 can be 
written in more compact form as follows, where the square matrix size is 
n+1, and n is the number of dampers. 
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If the dampers are appropriately installed and each dampers dynamics is 
appropriately selected, the multiple dampers can even attenuates vibration 
over a broad frequency range. But considering the strength of main 
structure and limited space, dampers number is always be limited. 

 

4.3 Parameter estimation Routine 

In equation 4.2.2, with certain damper mass value m, c and k are only 
variables in simulating test rig’s FRF. So, with different values of c and k, 
different test rig’s FRFs can be simulated. Creating the error function 



between simulated FRF and measured FRF, and then applying Matlab 
algorithm fminsearch [8] to search minimum error of error function, the 
estimation routine is established. See chart 4.3.1. When the error is 
acceptable, which mean the simulated FRF curve and measured FRF curve 
are fitted. The last fitting value c, k is desired dynamic parameter. 

 
 

4.4 Error function 

The simplest error function can be expressed as equation 4.4.1 which only 
has single weighted factor and it only can satisfy the simulated FRF data. 
When the measured FRF involved, the surrounding noise can introduce 
error and distort the measurement data. Instead of a smooth curve of 
simulated FRF, the measurement FRF will contain a lot of disturbance. In 
such case, single factor error function is no longer available. So, new error 
function which has more stable factors can grantee FRF curve fitting is 

Measured FRF  

New fit value 
c, k 

Error function Error 
acceptable? 

Parameter 
estimated 

No 

Yes 

Chart 4.3.1 Routines for identify dynamic parameter. Error function 
is consisted by many weighted factors. The initial guess c, k can be 
arbitrary value, and the Matlab function fminsearch can fix new 
value until the simulated FRF of test rig and measured FRF of test 
rig fitting together.  

Simulated test rig’s FRF 

Matlab 
function 

fminsearch 



need to be investigated. 

| |estimated trueFRF FRFε = −                               (4.4.1) 

With different mass ratio, other modes of structure also have different 
shifting level. See figure 4.4.2. So, the information of those modes, like 
resonance frequency and mode damping ratio can be used as weight factor 
in error function improvement, which can be expressed as:    

damping resonancfrequencyε ε ε= +                             (4.4.2) 

Where, 

2 2

j j

damping j j
estimated ture

ε ξ ξ= −∑ ∑                               (4.4.3) 

 

2 2

j j

resonancfrequency j j
estimated ture

f fε = −∑ ∑                         (4.4.4) 

From equation 4.4.2 to equation 4.4.4, j represents excited mode number, ζj 

is damping ratio of jth mode. Similarly, fj represent different resonance 
frequency. The new error function include other modes resonance 
frequency and damping ratio error as additional weighted factor which can 
improve the stability during estimation routine and make the estimation 
value c, k more close to reality. 

 

4.5 Test rig and estimation routine proving by 

simulation data 

Test rig can be any well studied structure, but it is better if we keep it as 



simple as possible. For example, in this thesis a steel cantilever beam with 
rectangular profile is applied. See figure 4.5.1. The first tree modes and 
FRF data are simulated from ABAQUS. 

 

Figure 4.5.1. First three modes of test rig, resonance frequencies are 
99.53Hz, 616.76Hz and 1698.9Hz. Each mode’s damping ratio is 5%. 

 

Using the impendence matrix from simulated FRF of test rig as term 
-Mω2+Cjω+K and site different sets of mass ratio, c, k value in equation 
4.1.2. The FRF of test rig is simulated. Applying the estimation routine, for 
each set of data, the fitting FRF curve can successfully match the tuned 
FRF data, and the estimated c, k value is exact same as previous sited value. 
See figure 4.5.1, 4.5.2, 4.5.3. 



 

Figure 4.5.2. The damper with mass ratio 100%, and sited damper 
dynamics c=10, k=61200. 

 

Figure 4.5.2. The damper with mass ratio 1000%, and sited damper 
dynamics c=50, k=61200. 



 
Figure 4.5.3. The damper with mass ratio 10%, and sited damper dynamics 

c=2, k=61200. 
 

Three set of mass ratio value 10% 100% and 1000% are tested. For all 
simulated tuned FRF (black) with different sited c, k value, it can be 
perfectly fitted by estimation FRF (red dash), and the estimated c, k value is 
exact same as previous sited c, k value. Through the simulation data, for 
random combination of c, k value, the non contact estimation routine is 
proved functional. 

 
 
 
 
 
 
 
 



5 Experiment simulations 

Experiment simulation of damper pre tuning is suggested in this section. 
The optimization routine and estimation routine investigated before will be 
applied and tested. All data used in experiment suggestion are simulated 
data. The general procedure of damper optimization will be concluded. 

 

5.1 Simulate FRF data of test object 

Two boring bar are used as test object in this thesis. After geometry 
modification, their length is extended and the L/D ratio (length over 
diameter) is reach 15. The original tool model is Coroturn 107 AT40R and 
Coroturn 107 AT32R [9]. Table 5.1.1 has listed the physical parameter of 
these two boring bar and dynamic properties. Figure 5.1.1 represents their 
first tree mode shapes which are simulated in ABAQUS [10]. 

 

Table5.1.1. Physical information and dynamic properties of real tool 

 

Boring bar name Coroturn107 AT40R Coroturn107 AT32R 
Profile or Diameter 40 mm 32 mm 
L/D ratio 15 15 
Material Steel Steel 
Mode damping ratio 1.5% 2% 
First resonance frequency 75.5 Hz 97.6 Hz 



 
Figure5.1.1. Mode shapes of first three modes of two boring bars 

 

5.2 Intuitive pre tuning 

FRF measurement is en important and necessary step during damper pre 
tuning procedure. No matter how variety of tool holder or damper is, the 
effectiveness of damper always needs be tested and proved in FRF 
measurement. Optimization routine and damper dynamic estimation routine 
are designed as Matlab function, and can be used directly during FRF 
measurement as intuitive pre tuning guidance. 

For different test objects and test rig form, their FRF without damper 
should be acquisitioned in advance. Optimization routine will use the 
acquisitioned data of test object to calculate the optimized parameter c, k 
and simulate the best tuned FRF, see figure 5.2.1. According the geometry 
of tool holder, damper with suitable size will be built and installed in test 
rig. Estimation routine is used to identify initial status of damper, see figure 
5.2.2. Meanwhile, the original FRF of test rig will coupling with optimized 
c, k and simulate the target FRF. When tuning the damper in test rig, the 

Coroturn107 AT40R 

Coroturn107 AT32R 



FRF curve is shifting with pre load changing. Keep changing the pre load 
until the shitting FRF is close matching target FRF, then, the damper is 
regard as finishing tuned and can be encapsulated and inset into tool 
holder’s shank. 

 

Figure5.2.1. Optimization routine use original tool holder’s FRF (blue) to 
calculate the optimized damper dynamics c, k. The c, k value is acceptable 

if the tuned FRF (red) has even breaks up peak. 



 
Figure5.2.2. Estimation routine using different c, k combination to create a 
fitting FRF (red) to match the test rig’s FRF (blue). Once FRF curves are 

totally matched, the current state of damper’s dynamics is measured. 

 
Figure5.2.3. Coupling the original FRF of test rig with optimization c, k 

value, the calibration FRF (blue) of test rig is established. Adjusting the pre 
load of damper until measured FRF (black) match the calibration FRF. 



The whole damper pre tuning procedure can also be expressed as figure 
5.2.4. Through the experiment simulation, the whole pre tuning routine is 
proved functional. Additionally, for many liquid based damper or damper 
with other form which is quite differ than tuned mass damper, as long as 
they shows linearity, the optimization and estimation method suggested in 
this thesis are also suitable. 

 
Figure5.2.4. The above figure shows whole procedure of pre-tuning 

specified dampers for different overhands boring bars.     
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6 Conclusions 

This thesis has described a theoretical approach of noncontact parameter 
estimation of a tuned mass damper. The theoretical damper optimization 
approach is identical to that original proposed by Liu [6] and Ormondroyd 
[7]. The special conclusions are as follow: 

1. Linearizing the tuned mass damper is crucial for the suggested approach 
to be valid. 

2. Based on linearising assumption, the investigated mathematical model 
of optimization routine and damper dynamics estimation routine are 
much easier than existing mathematical model of hysteretic system. 

3. The investigated experimental method for damper optimization is 
proved functional by simulated FRF data, and it has significant meaning 
for real damper optimization. 
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