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Abstract 

Nowadays, to produce products right from the first time is becoming more 

and more important. Moreover, the industry requires to machine always 

new materials making the one of machining a challenging task. At the same 

time, it became really important to be fast in production, without making 

defective products and minimizing the downtime due to corrective 

maintenance actions. 

To cope with these problems, methods for evaluating machining systems 

capability were developed. In the specific, this thesis presents a 

breakthrough in the field of evaluation methods for dynamic accuracy of 

machining systems, which can be considered as a hot topic in the field of 

manufacturing, due to the lack of methods currently available. 

A novel idea is thus introduced in this thesis and the experimental results 

are presented and evaluated. 
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1 Introduction 

Until the second part of 18
th
 century the main material for structures was 

wood. It was the advent of steam engines that required a development in 

metal cutting technologies. Initially, the materials used were not difficult to 

machine but to avoid failures the cutting speed was kept really slow; 

indeed, 27.5 days were required to bore and face one of large Watt´s 

cylinder [1]. In the late 19
th
 century, steel replaced wrought iron as main 

construction material, causing productivity problems due to the lower 

machinability of alloyed steel compared to wrought iron. To be able to 

increase cutting speed and having an acceptable tool life in order to 

increase the productivity, a lot of research has been performed around 

cutting tool materials. Since that, the aim of cost reduction and higher 

productivity has been at the base of the technological development in metal 

cutting. The following step was the improvement in the design of cutting 

tool, the introduction of lubricants and of numerical control machines [2].   

Nowadays, since the lean principles became popular in industry and the 

shift from mass production to mass customization, it is becoming more and 

more important to be able to manufacture a product within the tolerances 

from the first time. In addition, there is a trend for higher accuracy required 

machining tougher materials. Therefore, in the manufacturing industry 

there is a need for evaluation methods of machining systems [3]. 
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1.1 Thesis Background 

The importance of test methods to evaluate the different aspects of 

machining system accuracy is increasing due to the necessity of avoiding 

unplanned maintenance, therefore to be able to detect developing failures at 

an early stage. Moreover, machine tool users want to be able to produce 

products that meet the tolerances from the first time, thus, the need for test 

methods to address the machining system capability goes beyond the issue 

of a better maintenance. The increased importance in machine tool accuracy 

is underlined also by the introduction of international standards regarding 

the issue of the accuracy [14]. 

This thesis is the product of a six months research work on machine tool 

testing at the machine and process technology research laboratory at the 

Department of Production Engineering at KTH. 

 

1.2 Thesis Scope and Aim 

Due to the lack of machine tool testing methods which evaluate the 

machine in loaded conditions, a collaboration between CE Johannson AB, 

KTH-Royal Institute of Technology and Scania CV AB developed the 

Loaded Double Ball Bar (LDBB), which is a precision mechatronic device 

which allows testing the machine tool subjected to a static load. 

Starting from the LDBB concept, the thesis aims to define the basis for a 

new generation of ball bar (precision test equipment) which can evaluate 

the machining system dynamic accuracy. Thus, it aims to define an 

ensemble of technologies and a procedure which bring information about 

the dynamic stiffness of the machining system in the whole working space. 

 

1.3 Delimitations 

The master thesis project is designed to cover twenty weeks of work. The 

development of an instrument requires a longer time than the available one 
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and thus due to this constrain, a setup of technologies has been designed to 

study the behaviour only in the two main directions of the plane (X and Y) 

of a machine tool. Among the different factors affecting accuracy in a 

machining system, it has been chosen to focus the efforts only on the 

dynamic accuracy of machining systems, considered as one of the most 

important issues while machining. Nevertheless, other factors such heat 

deformations and geometric accuracy though important are to be considered 

out of the purpose of the thesis. It would be interesting to understand the 

influence of thermal deformations on the dynamic behaviour, but it is 

necessary to develop a way to evaluate the dynamic behaviour. Geometric 

accuracy can be studied by several others methodologies and thus it is of 

secondary interest in this thesis. 

 

1.4 Thesis Outline 

As last step of the university studies, the master thesis has been intended to 

have a double scope: to study deeply a subject of interest and for the first 

time to give an original contribution. The two components are both 

represented in this thesis. Indeed, it contains both a review of the gained 

knowledge and experience of the author and his contribution to the field. 

The thesis structure contains an abstract, introduction and four more 

chapters. 

Chapter 2 contains the literature review on machining systems, the state of 

art on machining system capability evaluation and modal analysis. 

Chapter 3 describes the suggested idea of dynamic testing, the experiments 

and the analysis of the results. 

Chapter 4 presents the study of dynamic stability of the cutting process 

through the development of stability lobe diagrams from the experimental 

results. 

Chapter 4 concludes the thesis and the following steps for future work are 

suggested.  
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2 Literature Review 

This chapter contains the essential literature study to generate a solid 

understanding of the theory at the base of this thesis and represents the 

starting point in evaluation methods of machining system accuracy. The 

concept of machining systems and the factors that affect its accuracy are 

firstly described, with a particular focus on the dynamic accuracy. Then, 

evaluation methods for machining system capability are considered, where 

a detailed description of elastically linked systems and of the Loaded 

Double Ball Bar is presented. The third and last part of the chapter 

introduces experimental modal analysis due to its vast use during the thesis. 

 

2.1 Machining System 

The machining system can be defined as the closed loop interaction 

between the machine tool elastic structure and the cutting process, where 

the machine tool elastic structure considers also workpiece, cutting tool and 

clamping device [4]. 

The loop is an attempt to describe the close interaction between the cutting 

process and the physical entities involved, the machine tool above all. For 

instance, referring to Figure 2.1, it is easy to observe that a deflection, X, in 

the elastic structure occurs due to the nominal cutting force F0, in turn, the 

deflection causes a change of the cutting parameters and therefore of the 

actual cutting force. The actual force, Fi, is then given by the nominal value 
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and the variation ΔF. In addition, Di and Du represent the disturbances in 

the system of the input and the output respectively. 

 
Figure 2.1: Machine tool system as a closed loop 

 

The above described interaction between the cutting process and the 

machine tool is strictly related to the quality of the machined workpiece and 

of the process in itself. 

 

2.1.1 Machining System Capability 

Within this thesis, the capability is defined as the ability of a process to 

produce products according to specified design requirements [5]. In the 

case of machining system, the capability can be studied as machining 

system accuracy
1
. There are several factors that can influence the accuracy 

and they can be grouped into four different categories of accuracy factor 

[6]: kinematic accuracy, thermal deformations, static deformations and 

dynamic flexibility.  

The thesis is mainly focusing in static deformations and dynamic 

flexibility; however, a short description of the kinematic accuracy is 

reported due to the fact that is useful to understand from a geometric point 

of view which kind of errors can occur. On the contrary, thermal 

                                                             
1
Accuracy: it is a qualitative concept intended as the closeness to the required 

value or the value of the measurand (when the accuracy of measurement is 

considered). Instead, the term precision refers to the spread of the values of a 

measurement. 
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deformations are outside the scope of this thesis and thus are not described 

here. 

The kinematic accuracy is related to the geometry and the configuration of 

the different structural elements, indeed, each one of them contains 

imperfections deviating from its ideal shape. Six different error components 

can occur for every linear or rotational movement (three translational and 

three angular) [7]. A typical way to measure these errors is with, for 

instance, laser interferometer. Instead, a quicker way for the assessment of 

the kinematic accuracy is done through a circular test method, such as the 

one performed with the double ball bar (DBB) [8]. 

It seems now clear that the kinematic accuracy concerns the machine tool in 

itself regardless the cutting process and the system is considered without 

any kind of load. Introducing loads in the system causes displacements that 

affect the accuracy of the final component. It is for this reason that static 

stiffness and dynamic flexibility are two important factors in determining 

machining system capability. Furthermore, the relation between the 

deflection of the elastic structure and the accuracy of the component 

supports the main design criterion for machine tools, which is the one of 

stiffness. Despite most of the mechanical structures are dimensioned 

according to the strength criterion, machine tool structures are designed on 

the static and the dynamic deflection [9]. Since the structural components 

are overdimensioned in terms of strength, the main focus is on the contact 

stiffness in the joint. Indeed, it is where most of the deformation occurs, 

and thus the machine tool structure can be represented as structural 

elements connected by joints. However, this makes the design more 

complex, due to the several factors that can influence contact stiffness, such 

as the initial tightening, the manufacturing accuracy and tribological 

conditions as friction and lubrication [10]. 

Traditionally, structural elements of a machine tool used to have large 

masses; nowadays instead, there is a tendency to light weight as in many 

other fields. This design principle, combined to the necessity to machine at 

higher rates to maintain a high productivity makes the criterion of stiffness 

a very important issue [17]. 
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The stiffness can be studied both from a static and a dynamic perspective. 

During a machining operation, the main static loads are generated by the 

weight forces of the structural components and by the static component of 

the cutting force, which is, the component of the cutting force that is not 

varying during the process. For instance, in a face milling operation, the 

force varies due to the fact that each tooth is cutting intermittently, but a 

static force component is usually present because of the teeth inside cut, 

thus, a static cutting force can be identified. Static loads cause deflections 

and deviations and it has been demonstrated that a higher static stiffness 

can turn into a higher accuracy of the product [11]. 

If the static stiffness plays an important role in the geometrical and 

dimensional accuracy of the machined component, likewise, the dynamic 

stiffness, defined by the vibrating mass, the static stiffness and the damping 

of the system, is a fundamental parameter in selecting cutting parameters.  

Damping is introduced to take into account the dissipations that occur in a 

system while vibrating, therefore, transforming the mechanical energy into 

other forms of energy. The simplest way to model damping from a 

mathematical point of view is to consider the damping force as proportional 

to the velocity of the vibrant mass. Damping has a main role in controlling 

the amplitude of vibration close to resonance; therefore, it is an important 

parameter in any mechanical structure subjected to a dynamic force. 

Indeed, vibrations in machining systems are undesirable both from a quality 

perspective, generating rough surfaces, and from a productivity point of 

view, for instance reducing the tool life and the machining rate. 

This thesis focuses mostly on the dynamic behaviour of machining system, 

therefore the problem of vibrations in machining systems is more deeply 

discussed. In the next section the different kinds of vibrations are described. 
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2.1.2 Vibrations in Machining  

Two forms of vibration problems can occur in a machining system: forced 

vibrations and self-excited vibrations.  

Forced vibrations can be generated both by external and internal sources. 

External sources are usually transferred to the machine tool by the 

basement; these are minimized by isolating the machine tool [12]. Several 

internal vibration sources can be identified, indeed, in all the machines 

containing rotary elements vibrations occur due to unbalanced components. 

Moreover, the cutting process excites the structure with fluctuations of the 

machining forces, for instance considering intermittent cutting, there is a 

time dependent (and even periodic) variation of the force due to the entry-

exit of the cutting teeth as shown in Figure 2.2. 

 
Figure 2.2: Simulated cutting force for an up milling operation 

 

Even though the force is not sinusoidal, it has some prevalent harmonics, 

and in the case they were close to a natural frequency of the machine tool 

elastic structure they could cause high amplitude of vibrations, that could 

turn into a poor surface finish of the product. A way to solve this problem is 

to use a tool with a higher number of teeth, thus changing the main 
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harmonic, i.e. the tooth passing period
2
, and reducing the feed per tooth (if 

the other parameters are unchanged) causing a reduction in the maximum 

force. 

More interest in research in machining systems is on other kinds of 

vibrations, the self-excited ones. The concept of self-excited vibrations is 

close related to the one of negative damping. The damping of a mechanical 

structure has always a positive value, which means, it contributes in 

reducing the amplitude of the free vibration of a mechanical system. 

However, assuming a negative value of damping would cause an increment 

of the amplitude. That is what happens in self-excited systems. In 

machining systems, the main self-excited phenomenon is the so-called 

regenerative chatter and has a detrimental effect on life of the cutting tool, 

on productivity and on the quality of the machined products. Since the 

joints always have positive damping, what can have negative damping is 

the cutting process. When the absolute value of process is higher than the 

structural damping than result in negative damping and thereby chatter. 

The theory of regenerative chatter was firstly introduced by Tobias and 

Fishwick (1958) and in parallel by Tlusty and Polacek (1963). Their 

publications still are at the base of current research on chatter.  

On the one hand, forced vibrations are associated to an inherent 

characteristic of the system (its dynamic response); on the other hand, self-

excited vibrations arise from the interaction between a structure and a 

process. For instance, in machining, deflections of the structure (due to the 

cutting force) occur and generate a wavy surface, this causes a change in 

the chip thickness, that in turn causes a variation of the cutting force and 

chatter can be triggered. 

In turning, for instance, considering a situation of orthogonal cut, after one 

full rotation of the workpiece, the tool has to face the wavy surface left by 

the previous pass and the actual chip thickness becomes dependent to the 

tool vibration, according to the equation: 

                                                             
2 Tooth passing period: defined as T=60/(z*N) where z is the number of teeth and 

N is the spindle speed. 
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     txTtxhth  0  

Where h0 is the nominal chip thickness, the other two terms represent the 

vibration of the tool, relating the actual position of the tool with the one of 

the previous pass, indeed, T represents the revolution time.  

If the vibration is in phase among the different passes the chip thickness 

stays almost constant, otherwise the actual chip thickness can vary 

consistently triggering chatter. The illustration in Figure 2.3 shows the 

aforementioned phenomenon. 

 
Figure 2.3: Variation in chip thickness among two different passes 

 

Considering the force as proportional to the spontaneous chip thickness: 

 thbKF fc   

Where Kf is the specific cutting force and b is the depth of cut. 

A variation in the chip thickness, dh, causes a variation of the force dF, that 

in turn affects the amplitude of the vibration (x(t-T) – x(t)). The system is 
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unstable if the vibration increases its amplitude due to the variation of 

force, then chatter occurs.  

This simple way of modelling chatter generation can be easily studied in 

Laplace domain to achieve the limit of stability for the depth of cut.  

Figure 2.4 shows a representation of this model. Indeed, considering X, the 

displacement, as the product of the transfer function G(s) and the cutting 

force Fc, then the limit of stability is found as the depth of cut at which the 

vibration is constant. 

 
Figure 2.4: Chatter model for orthogonal cutting in turning - Laplace domain 

 

In milling, chatter is more complicated to model and foresee, because the 

tool has multiple teeth and each of them is cutting intermittently. Indeed, if 

in the case of turning, chatter can be modelled as a delay differential 

equation with constant coefficients; milling requires a DDE with periodic 

coefficients and frequency domain techniques cannot be applied [13].  

However, chatter in a face milling operation follows the same principle 

used for turning: due to a not perfectly rigid system, vibration of the tool 

occurs. Each tooth encounters a wavy surface left by the one before and in 

turn leaves another wavy surface. This modulates the cutting force 

(proportional to the chip thickness) exciting the structure. Again, if the 

amplitude of vibration increases, the system is unstable and chatter occurs. 
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In the next section, state of art methods to test machine tool capability are 

described with particular attention to the Loaded Double Ball Bar, being the 

instrument at the base of this research work. 
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2.2 Evaluation of Machining System Capability 

A test method has to give pieces of information detailed enough to be 

useful but, in order to minimize the idle time, it should require a small 

amount of time to be settled and performed. Two categories of methods can 

be distinguished from a trade-off between these two contradictory 

properties (time required and detail of information): the quick test (Q test) 

and the complete test (C test). On the one hand, a test belonging to the 

former category requires short time (thus can be performed many times per 

year) and gives information about the overall performance, checking for 

potential failures at an early stage. On the other hand, a C test gives a 

deeper and more detailed analysis of the status, but it can require several 

days of downtime for the machine tool, therefore, it is not suitable for a 

maintenance purpose and it is usually performed just a couple of times 

during a lifecycle. 

Considering the international standards, the available test methods allow an 

evaluation of the accuracy of the machine tool in unloaded condition, thus 

neither the stiffness of the structure, nor the cutting process effects are 

considered, limiting the machining system capability evaluation. 

However, there are available procedures to test a machine tool under loaded 

conditions. For instance, the static stiffness can be determined by the means 

of an external static force and a force/displacement sensor, so that the 

relationship between displacement and applied force (i.e. the static 

stiffness) can be identified. Moreover, a way to test the machine tool 

considering the cutting process is to machine standard specimens 

evaluating the deviation from the nominal value.  

2.2.1 Elastically Linked Systems 

The scope of elastically linked systems (ELS) concept is to create closer 

conditions to the cutting process. In an elastically linked system, a link 

connects physically the tool to a table joint, as during a machining 

operation the tool, through the cutting process close the loop of force 

between spindle and machine tool table. Moreover, a force is introduced to 

emulate the forces arising while cutting. 
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A good example of an elastically linked system is the loaded double ball 

bar (LDBB). The LDBB is an instrument developed by the collaboration 

between KTH, CE Johansson AB and Scania CV AB. The whole LDBB 

system consists of four main parts: the mechatronic detecting and loading 

instrument, the two joints for table and spindle, the control system and the 

software for the analysis. Figure 2.5 shows the LDBB setup in the machine 

tool. 

 
Figure 2.5: Loaded Double Ball Bar 

 

The LDBB is similar to a conventional double ball bar, not only its 

appearance but even the measurement procedure are similar, i.e. generating 

a circular path at a constant speed. Moreover, in unloaded condition, the 

same information about the geometric errors can be extracted with the two 

instruments. 

In addition, the LDBB allows the introduction of a load between the table 

and the spindle joints, thus to evaluate the deviations
3
 occurring in the 

machining system under loaded condition and to define the static stiffness 

                                                             
3
Deviations: when results from LDBB tests are considered, the term “deviation” is 

preferred to the one of “deformation” because the latter refers to the response to an 
applied force. From a test through the LDBB the difference from the hypothetical 

path and the real one is explained in part from the deformation due to the force and 

in part from the geometric error. Thus the concept of equivalent stiffness is 

introduced to underline the influence of geometric accuracy on the results. 
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(the ratio between the force and the deviation) as a function of the angle in 

the chosen testing plane.  

The deflection is measured by a high precision length gauge located inside 

the instrument with a measurement range of ±1mm and guaranteeing an 

accuracy of the system of ±0.5μm. 

To generate the load, pressurised air is injected into the instrument cylinder 

through the air inlet; the force can be varied simply adjusting the pressure. 

A pressure of 1bar generates a force of 119N and the maximum pressure is 

limited to 7bar to avoid damages to the spindle bearings and to emulate the 

force arising during a finishing operation [15]. The load is kept constant 

during a circular test, therefore, it is not equivalent to the dynamic forces 

arising while machining, but its effect can be compared to the static 

component of the cutting force. Indeed, apart from the nominal value of the 

force, the load eliminates plays in ball screws and in other joints as it 

happens in machining conditions. 

In other words, the deflection occurring under loading condition can be 

related to the deviations of the workpiece due to the static component of the 

cutting force.  

From the several experiments that have been run with the LDBB at 

different load levels and directions, it is possible to see how the static 

stiffness in a machine tool varies according to the direction of the plane, 

presenting a non-completely linear behaviour [3][15]. This can be useful for 

example in the process planning, orienting the workpiece in a stiffer 

direction to minimize the deformation. Moreover, it makes possible to 

estimate the deviation from the nominal value in different orientation of the 

plane that will occur on the product. 

In the next section the concept of experimental modal analysis is 

introduced, due to its central importance in this thesis and in the definition 

of the dynamic behaviour of a system, in this case, the machining system. 
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2.3 Experimental Modal Analysis 

Experimental modal analysis (EMA) is an experimental technique 

developed in the 1970´s taking advantage of the developments of digital 

computers and measurement technologies. Its purpose is to determine the 

modal parameters of a physical model that describes the excitation and the 

vibration of the structure. In analogy to the Fourier series expansion, a 

vibrational field can be described as the superposition of functions that are 

typical for every structure; these functions are called mode shape functions 

[16]. 

EMA usually consists of three main steps: 

 A certain number of observation points must be chosen in order 

that the obtained mesh is able to resolve the shape of the different 

modes. 

 An exciting force is applied in a point and acceleration or 

displacement is measured in all the discretisation points, thus, the 

frequency response functions between the input (the excitation) and 

the output (the response) are calculated. 

 The modal parameters are then determined by numerically fitting 

the theoretical model to the calculated frequency response 

functions. 

It is important to distinguish the concept of receptance from the one of 

dynamic stiffness. Both are frequency response functions, but the former is 

defined as the ratio (in frequency domain) between the motion and the 

exciting force. Instead, the dynamic stiffness is the inverse ratio. In 

practice, the response of the system is typically measured with 

accelerometers, thus, the acceleration response is captured and from there 

the other responses can be calculated. 

An important aspect of EMA is the chosen input force excitation. There are 

two common ways to generate an exciting force, through an impact 

hammer or by a shaker. 

Using an impact hammer, an impulsive force is introduced in the system. 

Theoretically, an impulse is a signal that has the same intensity at all 
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frequencies and this is true between certain limits. Two parameters 

influence the generated force, which are the mass of the hammer and the 

material of the tip. The mass controls the intensity of the force, thus, it is 

understandable how a higher mass is required when testing a heavy 

structure. 

An ideal impulse (so when the time of the excitation is zero) would have 

equal force to every frequency. In practice, the impulse duration has strict 

relation with the bandwidth that is possible to excite. The upper frequency 

limit can be estimated by the inverse pulse length; indeed, an impulse that 

is shorter in time is closer to an ideal impulse and therefore has a larger 

bandwidth. The pulse duration is mostly dependent on the material of the 

tip. A harder tip turns into a shorter pulse, thus different tips are chosen 

according to the required bandwidth.  

Alternatively to the hammer, a shaker can be used to generate the input 

force. Shakers of different design principles are available; in this thesis 

electrodynamic shakers are presented. An electrodynamic shaker consists of 

a moving coil placed in a permanent magnetic field. When an electric 

current passes through the coil, a force that follows the same time variation 

of the current is generated. Thus, it is easy to create a force with a chosen 

time history; typically, random noise and sine sweep are used. In practice, a 

signal source is necessary to generate the excitation signal and then a power 

amplifier adjusts the intensity to feed the shaker [16]. 

An ideal random noise presents an equally distributed intensity over the 

whole frequency axis; in practice, a specification of the shaker states the 

range of frequency in which the force intensity can be considered equally 

distributed over all the frequencies. 

On the other hand, through a sine sweep, the signal has a sinusoidal shape 

with a varying frequency with the time, thus all the frequency within the 

minimum and maximum one are tested. 
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3 Modelling and Experiments 

Following the principle of ELS as expressed in [17] and in the previous 

chapter, the LDBB emulates the static component of the cutting process. 

Previously performed circular tests showed that machine tools static 

stiffness varies in the plane [15], therefore, the machine tool has not a 

completely symmetric behaviour. However, a reliable and practical way to 

attain the dynamic behaviour of the machining system in different 

directions of the plane through an elastically linked system is the aim of the 

thesis project. 

The innovative idea consists in the introduction of a dynamic load besides 

the static one given by the LDBB and consequently to extract the frequency 

response functions, taking advantage of the possibility to orient the LDBB 

in different directions of the machine tool. 

During, for instance, a face milling operation, due to the entrance and the 

exit of the teeth and the variation in chip thickness (both in down and up 

milling) the generated cutting force can be considered as the sum of two 

components: one that does not vary during the time (when for instance the 

cutting is not intermittent and at least one tooth is always in cut a 

component of force stable in the time can be identified) and it is addressed 

in this thesis as static component of the cutting force; the second 

component, the dynamic one, is due to the variation in chip thickness and 

the vibration. 
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Since loading the LDBB simulates the effect of the first component, it is 

then interesting to study the dynamic behaviour in this situation, i.e. a 

dynamic force can be introduced and then the response of the system is 

studied. The dynamic behaviour is studied through experimental modal 

analysis. The test conditions are therefore more similar to a cutting situation 

in which both a static and a dynamic component of force characterise the 

system (the static one is here dominant, like for instance a face milling 

operation where the number of teeth is high therefore the static component 

of force is predominant over the dynamic one). However, it must be 

underlined that the introduced dynamic force does not replicate the one 

arising in a cutting operation, but it is chosen instead for its spectrum 

characteristics, i.e. the energy introduced must equally cover a given range 

of frequencies. The response is measured with accelerometers and in these 

points the frequency response functions are calculated. Since the receptance 

is sought, the FRFs are then integrated two times (either automatically 

through LMS – Modal analysis or conditioning the results). 

It must be noticed that EMA is typically used to study the dynamic 

behaviour of a structure in unloaded condition, i.e. a shaker/impact test is 

performed to the structure without the presence of any other excitation 

source. Here, unconventionally, EMA is used to test a loaded structure to 

evaluate how the dynamic behaviour of the machining system is related to 

the static load. 

As dynamic force, different options were experimentally compared. Indeed, 

a comparison between impulsive, random and sine sweep forces have been 

performed. A hammer for impact test was used to generate the impulsive 

force. Two different shakers, a traditional electrodynamic shaker and a 

smaller integral shaker were used instead to generate the random force and 

the sweep in sine. 
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3.1 A Forecast through modelling of ELS 

In order to make an initial understanding of the machining system dynamic 

behaviour, a model of an ELS system has been developed in 

SimMechanics, a library from the Simulink environment of Matlab. 

SimMechanics is a block diagram modelling environment for the 

simulation of rigid multibody machines and their motion that uses the 

standard Newtonian dynamics. Stating that bodies are rigid, it implies that 

the model does not consider any deformation of the bodies (the masses), 

only in the joints between different bodies a deformation can be described, 

this is considered acceptable since in a machine tool more between the 75% 

and 95% of the deformations occur in the joints. 

In the generated model, the machine tool is considered composed by three 

masses, which are: the frame of the machine, the table and the spindle-tool 

holder. The deformation in the connections between the different masses 

can be evaluated. The joints are described by springs and dampers to 

represent their capability of elastically deforming and to represent the 

damping of the system. A CAD representation of the model is shown in 

Figure 3.1, while the SimMechanics model is presented in the appendix. 

 
Figure 3.1: 3D CAD representation of the SimMechanics model 
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A sine sweep vector of force has been introduced and the actual 

deformation in the x-direction has been detected. Figure 3.2 shows the plot 

of the maximum deformation in the x-direction at different frequencies. The 

plots show also the effect that increasing the stiffness of the elastic link has 

on the dynamic behaviour. Indeed, it is possible to see how the main mode 

shifts on the right in the frequency domain when a stiffer elastic link is 

introduced. 

 
Figure 3.2: Effect of increasing the stiffness of the EL on the dynamic behaviour 

 

It is important to underline that the diagrams above are not frequencies 

response functions. Indeed, a FRF is calculated as the ratio between output 

and input of the system in frequency domain. In this case instead, it is 

plotted the maximum deformation perceived from the sensor at each 

frequency of the sine sweep. Even though the maximum deformation plots 

and the FRFs look relatively similar, there is a conceptual difference 

between them that must be remembered, also because the receptance is a 

normalized value. 

The presented behaviour implies that a modal test of the machine tool 

would give different results when the static load is varied in the LDBB. An 

increment of the load should stiffen the system and thus affecting the 

position of some modes. 
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There are some limitations concerning the model worth to mention: 

 The model is still not calibrated, the inserted values were chosen as 

reasonable parameters of stiffness, damping, mass and force. 

Therefore the interest of looking at the results is more to understand 

the behaviour than having a look to the numerical values. The 

model has a qualitative scope within this thesis; 

 The model is made to consider only deformations in the main 

directions of the space, thus not considering rotations limiting the 

validity of representation of the behaviour. 

However, the elastically linked system presented in the model is tested in a 

similar way to one of the performed experiments described in the next 

sections, thus even though the results from the model must be considered as 

rough, they give some ideas to what expect and some support in performing 

the tests. 
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3.2 The aim of the experiments and the setups 

The experiments performed aim to support the following ideas: 

 Different approaches lead to the same conclusions, it is interesting 

to compare the FRFs attained with the different kinds of excitation 

force and through the use of different excitation sources (hammer 

and shakers), since the final scope is to define a proper way of 

testing machine tools it is of relevance to compare the different 

available technologies; 

 A variation in the static component of force leads to a variation of 

the dynamic behaviour along a given direction of the machine tool 

workspace. This would challenge the traditional way of studying 

the stability of the machining process. Indeed, SLDs are developed 

for a given natural frequency of the system and come from an open 

loop test, the influence on the behaviour due to the process is not 

taken into account to study the stability; 

 The machine tool behaves differently in different cutting force 

directions. The machine tool is not totally symmetric. This is 

already evident from a static point of view, through a circular test is 

already possible to define the stiffest and weakest directions. 

Moving to dynamic, it is not just a matter of stiffer or weaker, due 

to the not perfect symmetry, some modes can correspond to 

different natural frequencies in different directions; thus, the same 

cutting parameters could cause high vibrations in a direction and 

low vibration in another; 

 The above mentioned difference is possible to experimentally 

quantify. 

Initially, a series of tests was performed to evaluate the dynamic behaviour 

along the x-direction of the machine tool and how it is influenced by the 

variation of the static load. To do that, four different loading condition of 

the LDBB were compared.  

Secondly, a similar test configuration has been performed to study the y-

direction in order to prove that the machine tool does not present an overall 
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symmetric behaviour and that this experiment setup is able to perceive and 

quantify this difference. 

The experiments have been run more times to estimate the repeatability of 

the achieved results and quantify the margin of variation among different 

measurements. 

 

3.2.1 The Impact Test 

To perform the impact test the following equipment was used: 

 Loaded Double Ball Bar test equipment 

 Impact hammer 

 Three accelerometers 

 Signal analyser 

At the beginning, the LDBB was aligned to the x-direction and the dynamic 

excitation was applied at the spindle joint extremity of the LDBB following 

the same direction of the static load (axial to the ball bar). Three 

accelerometers were placed: two on the spindle joint, the first one as close 

as possible to the excitation point, the second one in an upper position 

closer to the spindle and the last one on the table joint but all of them 

aligned to the x-direction. 

Both the hammer and the accelerometers were connected to the signal 

analyser and through LMS test lab, the experimental frequencies response 

functions for the different measurement points were obtained.  

The impact test was performed for four different loading conditions. The 

pressure in the LDDB was set at the following values: 1, 2, 4 and 7bar 

respectively. 
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The setup for the impact test is shown in Figure 3.3. 

 
Figure 3.3: Hammer Test Setup 

 

3.2.2 The Electrodynamic Shaker Test 

When generating a random (or a sine sweep) excitation, the main difference 

in the setup consisted in the introduction of the shaker, which was aligned 

to the x-direction as well. 

Firstly, an electrodynamic traditional shaker was used. To connect it to the 

tested structure a stinger has to be employed which has the purpose of 

minimizing the force component in different directions than the desired 

one; indeed, it holds only axial loads and not moments and shear forces. 

However, it must be noticed that the stinger transmits the load along its 

axis; therefore, not necessarily in the x-direction that was the desired one, it 

just minimizes other component. Thus, attention was carried to align the 

stinger to the x-direction, even though according to the principles of EMA 

the application point of the force is not strictly relevant for having proper 

results. Another difference between the two setups worth to be noticed is 

the window to be used. This is due to the different nature of the input 

forces. An exponential window is more suitable for processing impulses, 

while a Hanning window is more suitable when a random excitation is 

involved. In the case of sine sweep excitation, a uniform window has been 
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chosen
4
 instead. The random force in the electrodynamic shaker varies 

between ±14N and it covers a spectrum of around 4000Hz. The 

experimental setup is shown in Figure 3.4. 

 
Figure 3.4: Electrodynamic Shaker Test Setup 

 

An adaptor was designed and built to connect the stinger to the hitting zone, 

it was glued to the spindle ball joint and it was designed to cope with the 

problem the surface of the ball is spherical and had to match with a flat one. 

An impedance head was also used to measure the input force and the 

acceleration in the excitation point. 

3.2.3 The Integral Shaker Test 

A more practical alternative than the traditional electrodynamic shaker is 

the LSM Integral Shaker (Q-ISH). Indeed, the set-up is more compact and 

allows for an easier change of testing direction, thus giving the opportunity 

to test more directions in the plane and in the space, which would be harder 

or even impossible with the traditional shaker. An adaptor to connect the 

shaker to the spindle joint ball was developed to match the tip of the shaker 

to a non-flat surface (the spindle-joint ball). 

                                                             
4
Windowing: The choice of the window has a huge impact on the quality of the 

results, for instance, a Hanning window would cancel frequency content from a 

sine sweep, thus, ruining the results. The signal is truncated, then the windows 

smooth the ends of the record. 
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Figure 3.5 shows the aforementioned setup. The experiment was run for the 

same different loads of the LDBB as in the other two cases. 

 
Figure 3.5: Integral Shaker Test Setup 

 

With very similar setups, even the Y direction was tested afterwards to 

evaluate how the behaviour changes with the direction in the plane. 

It is important to underline that the integral shaker has a limit in frequency 

at 2000Hz that is much lower than the other one and lower than what can be 

achieved with an impact test. However, the results (presented in the next 

section) show that the most influential modes are found between 400Hz and 

1500Hz, thus the lower frequency limit can be considered as a secondary 

problem.
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4 Experimental Results 

After performing several tests according to the aforementioned setups some 

patterns raise and some considerations are possible concerning: 

 the effects due to the different methods of gathering the frequency 

response; 

 the preload used; 

 the dynamic behaviour of the machine tool in different directions of 

the workspace. 

Firstly, it is important to compare the results from the impact test to the one 

from the shaker test. Indeed, even though both the methods are well 

established and valid to perform modal analysis, due to their different 

nature, the two ways lead to slightly different results. 

Actually, using an electrodynamic shaker can introduce problems. Among 

all, since the shaker is mounted to the structure it might change the dynamic 

characteristics of it. For instance, its mass is added to the system and that 

could cause a change in the natural frequency of some modes, to better 

understand that, it might be helpful to refer to a 1DOF mass and spring 

system, where the natural frequency is strictly related to the ratio between 

the stiffness of the spring and the mass. Furthermore, being the shaker 

positioned on the machine tool table, some forces can be transmitted to the 

structure from the base of the shaker and vice versa, this might be another 

source of error. 
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On the other hand, the energy transmitted through the impulse to the 

structure is very limited compared the one given by the shaker, that turns 

into a limited energy associated to every frequency, therefore it can be 

expected a better resolution in frequency when using a shaker, thus 

distinguishing modes that have close natural frequencies. 

In this chapter, a comparison of the results obtained from the different 

setups is reported. 
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4.1 Impact vs Shaker Tests 

Using different excitation mechanisms and therefore different types of input 

force, has an impact on the frequencies response functions obtained and the 

perceived difference among the two methods resulted more evident when 

the pressure in the LDBB is higher. 

On the one hand, when the experiment is performed with low static load, 

for instance with a pressure of 1bar, the FRFs obtained through the two 

different methods are really similar to each other, the same main modes are 

found and they present similar amplitudes as can be seen in Figure 4.1. 

 
Figure 4.1: FRFs obtained through impact (blue) and shaker (red) tests, with a 

pressure of 1bar in the LDBB; a very similar behaviour is captured 

 

On the other hand, an increment in the static load is perceived differently 

by the two testing methods. Through the impact test, the second mode tends 

to disappear; instead the second and the third mode still remain distinct 

with a shaker test. For instance, a comparison between the results from the 

two tests under 4bar of pressure is presented in Figure 4.2, where it can be 

seen how through the impact test, the second mode seems to “disappear”, 

while it becomes the dominant one when using the shaker. 
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The second and the third mode are close to each other, thus it is difficult to 

distinguish them and that is why the impact test fails of doing it. A shaker 

usually allows for a better frequency resolution, therefore, it seems a better 

option for our purposes. 

 
Figure 4.2: FRFs obtained through impact (blue) and shaker (red) tests, with a 

pressure of 4bar in the LDBB; a better frequency resolution is got with the shaker 

 

On the contrary, the first mode is described similarly by the two different 

ways of testing, indeed its natural frequency is identified to very close 

values and similar damping ratios are obtained. In all the performed tests, 

the first mode was characterised by a high damping ratio, always around the 

10%. For what concerns higher modes, they are not really stable among 

different experiments (i.e. their position in frequency is not constant 

between different setups
5

) and the amplitude of vibration for higher 

frequencies is anyway much smaller, thus their study can be considered 

outside from the scope of this thesis.  

                                                             
5
Setup: it is the way the different equipment are organized to perform the test, 

however, every time that the experiment is performed, the one tested is always a 

slightly different system. Thus, within this thesis, experiments performed in 

different temporal occasions are considered to be different setups as well even if 

the attempt was to replicate the same one. 
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4.2 The Effect of the Elastic Link 

Performing an impact test in an open loop condition, thus without the 

LDBB in the system and hitting on the spindle-joint ball, it can be observed 

that the frequency response function obtained has a similar shape to the 

ones obtained with the close loop with a load of 1bar (both with hammer 

and shaker). 

However, as it is shown in Figure 4.3, the second and the third mode result 

shifted in frequency of around 300Hz on the left. 

 
Figure 4.3: Comparison between open (blue) and closed (red/black) loop systems 

 

This shift of modes must be related to the introduction of the LDBB. 

Firstly, a significant amount of mass has been introduced into the system 

connecting the table joint to the spindle one. This makes reasonable that a 

shift on the left of the related modes occurs. But actually it cannot be 

considered as the reason for such a movement, indeed, even though a mass 

is added, it is only the vibrant mass associated to the mode which generates 

a variation thus not exactly the added mass to the system. Moreover, the 

LDBB can be considered as an ensemble of elastic and damping elements. 
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Instead, it was the introduction of the ball bar which changed the 

configuration of the structure, thus changing the studied system and the 

way it vibrates. 

Comparing the FRFs obtained through the shaker test and a preload of one 

bar to the one through the impact test before introducing the LDBB, it is 

acceptable to assume that the second and the third mode are the same ones, 

just shifted for the variation that was brought into the system closing the 

loop structure with the LDBB. The amplitude of the peaks results smaller 

when the closed loop is considered, this can be due to the fact the bar 

constrains the system. 

The above figure brings another important point of reflection: it can be 

appreciated a huge difference in the dynamic behaviour when introducing 

the elastic link. As mentioned before, the difference is mostly due to the 

change in the studied structure brought by the introduction of the elastic 

link, and since its purpose is of emulating the machining system, a question 

raises on how to relate the effect of the elastic link to the cutting process 

from a dynamic point of view. 

Contrarily to the higher modes, the first mode seems to be stable and not 

affected by the introduction of the LDBB; this means that this vibration 

mode is not affected by the introduction of the ball bar (and the load). This 

is one of the reasons that makes to think the first mode to be more related to 

the machine tool and the higher modes to the tool holder and the tool (the 

spindle joint in this case). This idea was experimentally tested and the 

results are presented afterwards in this thesis. 
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4.3 Shaker Vs Integral Shaker 

The project lays in the beginning phase of development of a new instrument 

able to evaluate the dynamic behaviour of a machining system, with the aim 

to institute a standard in dynamic testing which is nowadays missing. 

Ideally, the instrument should be able to evaluate the dynamic stiffness in 

different directions in the work space, it is therefore important that the 

instrument is easy readjust in the whole space to test different directions. 

To this purpose, a traditional shaker does not seem to be the best solution. 

Since this idea of testing a machine tool was completely new, thus there 

were not comparable researches and experimental data from the past, it has 

been decided to start making use of it to compare the results with the 

impact test. However, the shaker is of a significant dimension compared the 

one of the working space. It also requires a stinger to minimize different 

force components from the axial one. This makes impossible to test many 

directions of the space and thus makes the shaker not a good technical 

solution to the aim of developing an instrument which can be of use to test 

more directions. 

It is for this reason that it has been chosen to perform the same test even 

using the integral shaker. Even though it has a smaller range of frequencies 

(from 20Hz up to 2000Hz), the need for a compact solution that can be 

easily adjusted in the whole plane, makes the integral shaker the best ideal 

solution. It is interesting at this point, to show how the results are 

comparable using the two different technologies, to prove that the gained 

advantage of using the smaller integral shaker does not compromise the 

quality of the results, in order to justify the choice of the integral shaker 

even from a results perspective.  

Comparing the FRFs obtained evaluating the dynamic behaviour in the x-

direction with the two different shakers it can be appreciated that a good 

matching is always shown for the first two modes. Indeed, in all the loading 

conditions very similar results are obtained with both evaluation methods. 

Figure 4.4 shows the captured dynamic behaviour of the x-direction when 

the LDBB was loaded at 7bar (that means a force of 869N). As it can be 

seen, the first two modes are represented in a very similar way in the two 
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cases, their resonance frequencies are very close to each other and a 

comparable damping value is estimated. 

 
Figure 4.4: Shaker (red) vs Integral Shaker (blue) FRFs 

 

On the contrary, the matching between the two curves at higher frequencies 

is not always
6
 optimal. Besides, even the static stiffness (that could be 

calculated as the ratio between the applied static load and the value of the 

displacement corresponding to f = 0Hz in the FRF) would be hard to 

compare in the two cases, indeed, at low frequencies, very different and 

variable values of displacement are assumed by the curves in the different 

tests. This apparent different behaviour described from the two curves can 

be partly explained by looking at the coherence function. 

Indeed, as it is shown in Figure 4.5, the experimental coherence function is 

close to zero for low frequencies and it presents a drop in an interval 

between 1000-1200Hz, thus it is expectable that this region is the one in 

                                                             
6
“Not Always optimal”: running the test with different static loads, in some cases 

many modes were captured at the same frequency and a more similar behaviour 

than the one shown in Figure 4.4 has been described by the results. However, this 

matching was not a constant among experiments and thus it has been reported as a 

limit of the results. 
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which the FRFs differ one to each other the most. Indeed, the coherence 

gives information about the signal to noise ratio, its value depends on the 

disturbances and it is affected by the non-linearity of the system [18]. 

 
Figure 4.5: Coherence function. Integral Shaker (Blue) Vs Shaker (Red) 

 

The integral shaker generates a random noise force which guarantees a 

uniform amount of energy to every frequency in the interval 20-2000Hz; it 

was therefore expected that for very low frequencies the results are not 

reliable. However, this does not constitute a serious issue, the static 

stiffness can be assessed just by the use of the LDBB and thus it is 

acceptable to not consider the behaviour in static and quasi-static condition. 

On the contrary, drops of the coherence function in a frequency range in 

which the equipment should be well performing, it is something not 

expected but noticed even during the impact testing. This could be due to a 

non-linear behaviour of the system (this also has an influence on the 

coherence) or to some noise due to resonances inside the LDBB. 

The difference among the obtained FRFs can be also partly attributed to 

EMA in itself, despite of the fact it is a well-established and accepted 



 

39 
 

empirical methodology, it is still not easy the experimental evaluation of 

damping and some variation naturally occurs among different experiments. 

After all these considerations, it is possible to conclude that the integral 

shaker provides a comparable quality level of results to the one of the 

electrodynamic shaker, despite its smaller range of frequency. Thus, due to 

its sensitive advantage in size that allows its orientation in different 

direction of the machine workspace, it is the best technology among the one 

considered in this thesis. 
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4.4 The Effect of the Static Load – Qualitative Analysis 

The experiments were performed in four different loading conditions of the 

elastic link. The pressure was adjusted to the following values: 1, 2, 4 and 

7bar (remembering that 1bar brings a force between the joint balls of 119N 

and the generated force increases more or less linearly with the pressure). 

As mentioned, the purpose of the static load is to simulate the effect that the 

static component of the cutting force has on the machining system and 

therefore on the quality of the machined products. Thus, performing the test 

in different loading conditions was willing to describe the influence of the 

static component on the dynamic behaviour of the machining system. 

Looking at the obtained frequencies response functions, it can be seen that a 

variation of the load leads to a movement in frequency of the second mode. 

Indeed, to an increment of the pressure of the LDBB and therefore of the 

static load between the joints corresponds an increment of the natural 

frequency associated to the main mode.  

The obtained FRFs from different loading conditions are presented in 

Figure 4.6. Meanwhile the position of the first mode is stable, i.e. different 

static loads do not cause a variation of its position in frequency; the main 

mode seems to be related to the loading condition of the system. 

 
Figure 4.6: Influence of the static load on the dynamic behaviour 



 

41 
 

 

The resonance frequency associated to the main mode increases together 

with the static load in the LDBB, this can be seen with the shift on the right 

that the mode has. Considering again an undamped 1DOF system, the 

natural frequency can be calculated as    √  ⁄  , where k represents the 

stiffness of the spring and m the vibrant mass. This can be associated to the 

experimentally found shift of the mode. Indeed, an increment in frequency 

is related either to an increment of stiffness or to a reduction of mass. In 

this case, the pressure in the LDBB was progressively increased. This made 

the system stiffer causing this variation in the FRF. It is therefore 

presumable that a similar effect would occur while machining, thus, 

varying parameters (e.g. the depth of cut) a variation of the static 

component of the force is generated and in turn, a variation in the dynamic 

behaviour of the system. 

Furthermore, looking at the FRFs some reflections about the damping are 

possible. The second mode, which moves in frequency with a positive trend 

when increasing the load, it seems not affected for what concerns the value 

of the associated damping. When resonant vibration occurs, the damping 

force is the one which helps the most in limiting the amplitude of vibration, 

thus a change in damping affects the height of the peak in the FRF and its 

shape: the lower the damping the sharper the peak. Figure 4.6 shows that 

even though the second peak of the FRFs varies its position, it presents 

always a similar shape and height. 

On the other hand, the first mode does not seem to move in frequency, but a 

bigger variation in shape and height is perceived. There are some 

considerations that can help to understand the result: 

 The amplitude associated to the first mode is somehow affected by 

the higher modes, which have an influence on it
7
, higher modes 

                                                             
7
Influence of higher modes on the first: after running an experiment, raw FRFs 

are obtained, a work of synthesis into the presented results had to be done. It was 

observed during the trial-error process of developing the final FRFs that a variation 

in the chosen damping of higher modes had a sensitive impact on the shape of the 

first one. 
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than the second are not really captured with continuity between 

different experiments and loading conditions; 

 In the process of synthesizing the FRFs from the raw data, the first 

mode was the most tricky to define, resulting most of the time a bit 

overestimated in amplitude, this limits the validity of the 

considerations concerning its shape and height variation; 

 Looking at the results, a trend is not identifiable among the 

variation between different loading conditions and setups. 

Thus, from a qualitative evaluation is not possible to draw a conclusion on 

the effect the static load may have on the damping of the system. In the 

next section a more quantitatively approach is taken to better understand the 

effect of the static load on the machining system.  
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4.5 The Effect of the Static Load – Quantitative Analysis 

Understood that the pressure in the LDBB brings a change in the dynamic 

behaviour, it is interesting to study a bit further how the static load is 

related to the resonance frequency and the damping of the main mode. 

Starting relating the resonance frequency and the load, Table 4.1 contains 

the results from different experiment testing the x-direction of the machine 

tool. 

 

Shaker Integral Shaker 
   

 

Random Random Random 
Sine 

Sweep    

Load 

[bar] 
f2 [Hz] f2 [Hz] f2 [Hz] f2 [Hz] 

Average 

[Hz] 

Delta 

[Hz] 

Delta/av 

[%] 

1 823 820 819 827 822 8 1.0 

2 843 839 843 848 843 9 1.1 

4 860 856 868 857 860 12 1.4 

7 869 865 874 863 868 11 1.3 

Average 

[Hz] 
849 845 851 849 

   

Delta 

[Hz] 
46 45 55 36 

   

Delta/av 

[%] 
5.4 5.3 6.5 4.2 

   

Table 4.1: Effect of the static load on the resonance frequency of the second mode 

 

Table 4.1 contains several interesting pieces of information: it shows the 

experimentally found resonance frequency associated to the second mode in 

the FRFs considering different excitation sources (shaker and integral 

shaker), different input forces (Random noises and Sweep in Sine) and its 

relation with the static load. 

Reading the table from left to right, a comparison on the results obtained 

varying exciting source and type of force can be done. As it can be seen, the 

variation is quite small, i.e. the average value is close to every value of the 

row turning into a very small Delta, which is defined as the difference 
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between the maximum value and the minimum value of the row. The ratio 

between the Delta and the average gives, in percentage, an idea of the 

experimental variation obtained between the different testing conditions. In 

this case, keeping constant the static load a very limited variation is 

appreciated (around 1%). This gives more confidence in claiming that 

different testing conditions bring to very similar results. 

Moreover, reading the table by columns, the effect of the static load on the 

resonance frequency of the second mode can be evaluated. 

Unlike before, a bigger variation can be seen, indeed, varying the pressure 

in the LDBB turns into an increment of around 40Hz when moving from 

1bar to 7bar. This means a variation around the 5% of the average value.  

In addition, a positive trend is identified between the two variables, a higher 

pressure in the LDBB (i.e. a higher static component of the force) is 

associated to a higher resonance frequency and this can more easily be 

appreciated from Table 4.2. 

Load [bar] Load [N] Av f2 [Hz] 

1 112 822 

2 238 843 

4 490 860 

7 868 868 

Table 4.2: Influence of the load on the resonance frequency of the second mode 

 

However, even though a positive trend is identified between the two 

variables, static load and resonance frequency of the second mode are not 

linearly related to each other. Many functions have been tried to describe 

the behaviour, the best one proved to be the logarithmic relation as shown 

in Figure 4.07. 
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Figure 4.7: Static load vs Resonance frequency of the second mode 

 

This relation has to be taken as valid within some limits, for instance, it 

cannot be valid for a value of 0N (i.e. for unloaded condition). Indeed, that 

situation would correspond to a null static component, whose dynamic 

behaviour was experimentally evaluated when the experiment has been 

performed without elastic link (the LDBB) closing the loop of forces and as 

shown in Figure 4.3, it presents a completely different dynamic behaviour. 

Moreover, the LDBB was developed limiting to 7bar the maximum 

pressure in the ball bar, this was chosen to not take any risk of damaging 

the spindle during the test and to simulate the forces arising in finishing 

operations (where usually the depth of cut is low and consequently even the 

static component of the force is small) due to the fact that are the one most 

related to the surface finish. For this limitation, it was not possible to test 

with higher forces and thus the experimental relation could be useful to 

foresee the behaviour in case of a higher static component but at the same 

time for higher values than 7bar there is not possible a comparison with 

experimental data. 

However, this is just a first investigation, deeper research should be focused 

to develop a reliable description of the influence that a static force has on 

the resonant frequency of the second mode. In this sense it could help to 

perform the test for a higher number of different static loads, in order to fit 
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a curve from more points than just four. This was not done before to limit 

the amount of data to study, indeed, no historical data were available, thus 

taking too small steps of increment in pressure could turn into the 

impossibility to clearly appreciate a trend due to the natural random 

variation among measurements. The experiments represented a 

breakthrough and aimed to be a first step in the description of the dynamic 

behaviour of a machining system, thus, it was important to be able to 

roughly capture the effect of the static load, especially since it seems that a 

simple relation (e.g. a linear trend) is not enough to describe it. 

On the one hand, the experimental results clearly show that the static force 

introduced in the system affects the value of some resonance frequencies. 

On the other hand, it is not easy to draw a conclusion about its relationship 

with the damping associated to each mode.  

Table 4.3 compares the value of damping associated to the second mode for 

different testing condition, as done before in the case of the modal 

frequency. The first two columns presents the load testing condition, 

meanwhile the others show the results. The results presented here come 

from experiments performed in two different occasions. The third and the 

fourth column contain the damping ratio captured in the first occasion, 

using two different sources to generate the random noise, the shaker and the 

integral shaker respectively. The last two columns contain the results from 

the last experiment where only the integral shaker was used, but different 

input forces were generated, the results from using a random noise could be 

compared to the ones from a sweep in sine. 

  
Shaker Integral Shaker 

  
Random Random Random Sine Sweep 

Load [bar] Load [N] ξ2 [%] ξ2 [%] ξ2 [%] ξ2 [%] 

1 112 6.0 3.3 3.4 3.5 

2 238 6.2 4.1 3.2 4.2 

4 490 4.4 3.0 2.1 3.9 

7 868 4.3 3.0 3.1 3.3 

Table 4.3: Influence of the load on damping ratio of the second mode 

 



 

47 
 

Even just having a look at the FRFs, it is not easy to see a trend in the 

damping variation. When considering the damping values from the table, it 

is noticeable that the traditional electrodynamic shaker captures slightly 

higher values of damping than the integral shaker. However, a part from 

that it is impossible to claim that the static load has an influence on the 

damping, which, excluding some exceptions, assumes values between the 

3-4% for what concerns the second mode. 

A further confirmation on what just stated can be found considering the 

damping values of the first mode as shown in Table 4.4. Indeed, an even 

higher variation in the values is observed. The first mode presented a 

damping ratio around 10% but with experimental values between the 6% 

and the 18%. Once again, from the available data, a trend in the variation 

cannot be found; it seems to be due to the uncertainty associated to the 

experimental evaluation of damping. 

  
Shaker Integral Shaker 

  
Random Random Random Sine Sweep 

Load [bar] Load [N] ξ1 [%] ξ1 [%] ξ1 [%] ξ1 [%] 

1 112 11.2 9.5 13.7 15.6 

2 238 11.0 10.8 8.2 11.3 

4 490 18.2 10.5 8.4 9.7 

7 868 6.0 17.5 12.9 8.6 

Table 4.4: Influence of the load on damping ratio of the first mode 

 

In the case of the first mode, the higher variation can be due to its 

dependence to higher modes, which vary considerably among different 

experiments (as already discussed before). Moreover, the first mode 

presented some issues in the synthesis of the FRFs, often being 

overestimated in amplitude, thus it is know that more uncertainty is related 

to it. 

The damping is a difficult entity to experimentally identify and so far it is 

limited the amount of information obtained. Indeed, generally the damping 

identification algorithms can only evaluate systems with low damping ratio. 
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Damping plays an important role not only for what concerns the attenuation 

of resonant vibration but also in the stability of the cutting process. Indeed, 

the cutting process becomes unstable when the negative damping generated 

from the process overcomes the positive damping of the structure and the 

amplitude of vibration tends to diverge. 

Therefore, to know the dynamic behaviour and to draw conclusions about 

the stability it is essential to be able to make a good estimation of the 

damping ratio. In this specific case, experiments suggest that the main 

mode has an associated damping ratio around 3-4%, instead the first mode 

is more damped (around 10%). 
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4.6 Comparison between X and Y directions 

As mentioned in 3.2, the experiment has been replicated with an analogous 

setup even to evaluate the dynamic behaviour of the y-direction, to give a 

further proof that the machining system is not completely symmetric and at 

the same time that it is possible to evaluate how the behaviour changes 

according to the direction in the plane. The same loading conditions as for 

the x-direction were chosen, i.e. 1, 2, 4 and 7bar of pressure in the LDBB. 

In Figure 4.8 a comparison between the dynamic behaviour in the x-

direction and the y-direction is shown. 

 
Figure 4.8: dynamic behaviour in the X (blue) and the Y (red) directions 

 

On the one hand, the figure shows how the two curves have similarities for 

what concerns the second mode; indeed, they are located really close in 

frequency and considering different static loads they present the same 

relation (a higher static load causes an increment of the resonance 

frequency of the second mode) as it can be appreciated in Table 4.5. The 

second mode presents also similar amplitude and damping (the second peak 

has the same sharpness). 
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 Shaker Integral Shaker 

 

f2 [Hz] 

Load [bar] Y X 

1 813 812 820 819 

2 828 833 839 843 

4 847 843 856 868 

7 857 850 865 874 

Table 4.5: Second mode resonance frequency in X and Y 

 

On the other hand, it can immediately be noticed that the first mode is 

different in the two curves. If it is true that damping is a difficult 

characteristic to evaluate and that the first mode amplitude was found to be 

influenced also by the higher modes and often overestimated, it was always 

captured in a close frequency range. From the above figure instead, it is 

possible to see that the first mode lays in a different position in the two 

cases. Table 4.6 compares the natural frequency corresponding to the first 

mode in the y-direction and in the x-direction respectively, for different test 

performed. 

 Shaker Integral Shaker 

 

f1 [Hz] 

Load [bar] Y X 

1 528 561 446 440 

2 521 541 445 448 

4 543 552 454 445 

7 549 557 458 466 

Table 4.6: First mode resonance frequency in X and Y 

 

From the table above, it can be appreciated that some variation occurs 

between different tests. However, it is not possible to identify a trend 

describing the influence of the static load on the natural frequency of the 

first mode in the y-direction (as it was observed even for the x-direction 

before) as it is easier to see from Figure 4.9. 
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Figure 4.9: Effect of the static load on the first mode natural frequency 

 

Moreover, it makes clear how the first mode lays in a different position in 

frequency when x-direction and y-direction are compared. Indeed, the value 

of the first resonance frequency captured in different tests varies between 

440 and 466 hertz when evaluating the x-direction and between 521 and 

561 hertz for the y-direction. 

To sum up, this testing setup seems able to recognise the differences in the 

dynamic behaviour in the two main directions of the plane. Indeed, the first 

mode corresponds to a considerably different frequency in the two cases, 

thus it must be excluded that the captured difference is due to the 

uncertainty of the measurements. In the next section an attempt to assess 

the modes to different elements of the machining system is presented. 
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4.7 Relating the main modes to the machining system 

After having understood at which frequencies a resonance phenomenon 

occurs, it is of interest to study the shape of the different modes and the 

influence of the different components of the machining system to the 

overall vibration. 

A reflection about the perceived modes is possible. Indeed, from the 

evaluation of the experimental results of the previous sections, two 

considerations can be done about the system: 

 The first mode resonance frequency seems to be stable and not 

affected by the introduction of the LDBB; indeed, very similar 

values have always been identified between the different tests. 

Moreover, it is sensitive to the measurement direction; different 

values are obtained studying the X or the Y. This could imply that 

the vibration mode is not affected by the introduction of the ball bar 

(and the load) and therefore the first mode could have its origin in 

the machine tool itself. A reason more to believe so is the difficulty 

to well describe the behaviour of the first mode (the amplitude and 

the damping); indeed, the accelerometers were not placed on the 

spindle nose and also the machine is a very rigid and heavy 

structure, more difficult to study with a small source of force thus it 

is presumable a higher uncertainty on modes of the machine. 

 The second mode is altered by the introduction of a load, but it is 

insensitive (or very less at least) to a change in the measurement 

direction (testing x-direction and y-direction identifies the second 

mode in the same position in frequency and with very similar 

amplitude). This could be due to the fact that the second mode is 

related to the tool that being symmetric is not affected by the 

orientation in the plane and at the same time is more influenced by 

the static load. 

To test the aforementioned ideas, two impact tests have been performed. As 

already done before, it was hit the ball of the spindle joint in an open loop 

situation. Secondly, the tool holder was removed and the test was 
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performed on the spindle nose. Figure 4.10 shows the comparison between 

the obtained FRFs. 

 
Figure 4.10: Impact test on the tool compared to impact test on the spindle nose 

 

As it can be noticed, the first mode is found in both the tests. On the 

contrary, in the second case the higher modes disappear. Moreover, the 

resonance frequency of the first mode results higher in the y-direction (the 

first peak of the red curve corresponds to a higher frequency than for the 

red line). These results seem to confirm the formulated hypothesis. 

  



54 
 

4.8 Factors affecting Uncertainty of measurements 

Even when the suspected components of error are carefully considered and 

proper action is taken to minimize their effect, a component of doubt about 

the correctness of the results in representing the value of the measurand still 

remains [19]. 

The word uncertainty is connected to concept of doubt. The uncertainty in 

measurements consists of the doubt on the validity of the measurement 

results. The definition of uncertainty of measurements was given in 1984 in 

the International Vocabulary of basic and general terms in Metrology 

(VIM) as “an estimate characterizing the range of values within the true 

value of the measurand lies”. In principle, this definition is valid. However, 

it focuses on an unknowable quantity that is the “true value” of the 

measurand. Therefore, it is better to make use of the following operational 

definition of uncertainty of measurement, as introduced by VIM in 1993: 

“Parameter, associated with the result of a measurement, which 

characterizes the dispersion of the values that could reasonably be 

attributed to the measurand”. 

Generically, some possible sources of uncertainty in measurements are 

identified. Some examples are given in [19]: 

 Lack of knowledge of the effects of environmental conditions 

and/or their incorrect measurement; 

 Assumptions and approximations related to the chosen 

measurement method; 

 Personal bias in reading the instruments or the results; 

 Instrument resolution/threshold. 

In the specific case of the performed experiments, several factors have been 

considered as influential of the quality of the results and therefore affecting 

the uncertainty to them related. A list is here presented: 

1. A variation is shown between experiments performed in different 

occasions or setups; this is due to the fact that, every time, a 
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slightly different system is tested. This makes difficult to establish 

which one is the right result and thus is a source of uncertainty. 

2. The traditional shaker was placed on the table of the machine tool, 

therefore vibrations could be transmitted from the base of the 

shaker to the table and vice versa, thus affecting the input force of 

the system. 

3. An amount of mass has been introduced in the system in the shaker 

tests, even though a really small one, since for instance the 

producer guarantees the integral shaker introduces just 16 grams in 

the system. 

4. The positioning of the accelerometers can influence the quality of 

the results. Indeed, if they were placed in correspondence of a 

node, it would be impossible to recognise the presence of the 

corresponding mode. 

5. The coherence function, not always close to the value one, implies 

the presence of noise in measurement and/or some non-linearity. 

This has been already discussed in section 3.2.3 and it definitely 

has an influence on the accuracy. 

6. EMA in itself as a method has some intrinsic uncertainty. 

Moreover, the synthesis of the experimental FRFs through LMS is 

a process which has associated some uncertainty and personal bias 

in the way the synthesised FRFs are considered as describing the 

dynamic behaviour at an acceptable level. 

To better explain the last concept, it is important to introduce how the 

synthesis of the FRFs was performed and which reflections were behind 

that process in order to attain as trustable results as possible. 

4.8.1 Development of the FRFs through LMS Test Lab 

It has been mentioned before in this thesis, that the presented FRFs are not 

simply the ones experimentally captured and thus the ratio of the output 

over the input in frequency domain, but the result of a synthesis process 

where the experimental curves are fitted into a curve with a specific number 

of modes and dynamic characteristics. 

The Modal Analysis tool from LMS Test Lab is used in order to make the 

synthesis of the results. This is a trial-error process, where different 
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attempts are needed to obtain the final FRFs which describe in the best way 

the dynamic behaviour of the system. 

The process of choosing the modes requires a certain experience, several 

options are presented to choose from and basically the two main parameters 

to consider are the resonance frequency associated to the mode and the 

damping ratio. Figure 4.11 shows details of the LMS interface in the choice 

of the modal parameters. 

 
Figure 4.11: Detail of the user interface of LMS-Modal Analysis 

 

It can be observed that several options are available to define a single 

mode; each of them presents a slightly different associated frequency. A 

bigger variation is instead usually typical of the definition of damping. 

Especially when performing a shaker test, a fuzzy curve is obtained, a lot of 

sharp peaks are typically characterizing the curve and they can be 

misunderstood from the software as very lowly damped modes. However, 

these peaks do not correspond to a mode, thus options connected to a very 

low damping should be avoided. 

Once chosen the number of modes to describe the dynamic behaviour and 

their parameters (resonance frequency and damping ratio) a synthesized 

frequency response function is obtained and a comparison with the 

experimental one with the respective error is shown from the software. 

As already discussed, several options are available to address the value of 

the parameters, thus FRFs with small differences in position and shape can 

be developed. 
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The experience allows the search for the optimum FRF in a small amount 

of different trials, recognizing the necessary modes to describe the 

behaviour and choosing proper parameters. 

Since accelerometers were used to detect the vibration of the system, the 

FRFs obtained are referred to the acceleration in the studied points of the 

system. However, of more interest is the displacement. Indeed, all the FRFs 

showed so far represent how the displacement for a unity of force varies 

with the frequency. LMS allows directly integrating two times the curves 

obtaining the FRFs expressed as m/N.  

Figure 4.12 shows a comparison between different synthesized FRFs with 

the experimental curve. A refinement work to obtain always a function as 

close as possible to the experimental one has been done. 

 
Figure 4.12: Refinement Process of Synthesizing FRFs 

 

As it can be seen from the figure above, the red curve is much closer than 

the black one to the fuzzy experimental FRF. As a problem encountered in 

many cases, the first mode is still a bit overestimated, this is something to 

remember when talking about the uncertainty of the results and making 

consideration on the first mode.  
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Considering the second mode, a good match between the experimental 

curve and the final FRF is obtained. However, since a variation in the 

position in frequency of the mode was found, it was important to iterate the 

process to get a fit as good as possible with the experimental curve to draw 

conclusions despite the still present uncertainty. 

In the next chapter, the obtained results are used to study the stability of the 

cutting process following the well-accepted theory of stability lobes 

diagram. 
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5 Development of SLD 

Due to its implications on the production of qualitative products that meet 

the tolerances and on the tool life, it is of great importance to avoid 

instability meanwhile cutting. To do that, the established procedure is based 

on developing stability lobe diagrams through the knowledge of the 

dynamic parameters (traditionally derived from an impact test), the 

properties of the material to be machined and the tool used. 

Even though the one of stability lobe diagrams is the only well-established 

theory about chatter avoidance, it does not provide completely reliable 

results. According to a SLD, instability occurs only when machining in 

conditions of depth of cut above the stability line. However, the region in 

which the process should be stable (between two different lobes and below 

the blim, i.e. the depth of cut that allows to machine in stable conditions at 

every spindle speed) is narrow and the stability line is not sharply defined, 

requiring experimental machining tests to have a better idea of the 

boundary between stability and instability. 

Several causes can limit the validity of stability lobe diagrams. For 

instance, to develop the lobes, parameters coming from modal analysis are 

needed, thus some experimental uncertainty is intrinsic and being the stable 

area really narrow, even small uncertainty makes impossible to foresee the 

stability. Moreover, the impact test is usually performed on the tool tip in 

an open loop condition, in which no forces of any kind are present. This 

implies that the developed SLD does not consider the possibility of a 

dynamic parameter to change according to a variation in the cutting 
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conditions, e.g. the variation in the static component of the force is not 

considered to cause a change in the dynamics of the system and thus to 

influence the stability.  

By contrast, it has been shown in this thesis that a change in the static force 

is accompanied by a shift of the main mode in the FRF, thus changing the 

dynamic parameters of the system. As earlier mentioned, the introduction 

of the elastic link changes the behaviour causing a shift in frequency of 

around 300Hz of the main mode, from this, very different stability lobe 

diagrams are generated in the two cases, as shown in Figure 5.1. A mill tool 

with four teeth with two of them always on cut is assumed to develop the 

shown SLDs; the purpose here is to underline the effect of closing the loop 

in the system, thus it is not of great importance the choice of these 

parameters, it is only essential to choose the same tool parameters for both. 

In analogy, information about the material to be machined is required, in 

this case aluminium, with specific cutting force ks = 350N/mm
2
, was 

chosen.  

 
Figure 5.1: difference in the SLDs when the dynamic parameters come from an open 

loop system (blue) and closed by the EL with a static load of 1bar (red) 
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It can be appreciated how the two diagrams are dissimilar for most of the 

spindles speeds, and even the blim results smaller when the loop of force is 

closed. 

In addition, it has been observed a variation in the dynamic parameters 

when the static load is varied, that turns into a shift of the lobes as shown in 

Figure 5.2. The variation of the dynamic behaviour due to the static load 

could be a reason why the boundary between stability and instability is hard 

to define through SLDs. However, the shift in frequency presented by the 

FRFs in section 4.5 does not follow a linear trend and especially for higher 

loads the frequency vs load curve tends to flatten out, reducing then the 

variation that would be generated in the SLDs. Moreover, the biggest 

difference in the dynamic parameters and thus in the SLDs is due to the 

introduction of the elastic link that closes the force loop between the 

spindle and the table. 

 
Figure 5.2: difference in the SLDs when the dynamic parameters come from a closed 

loop system by the EL with a static load of 1bar (blue), 4bar (red) 

 

The two curves are similar but the shift in spindle speed makes 

understandable how the area of stability is uncertain. To develop these 

diagrams, the same damping value was chosen due to the impossibility to 

prove its variation, thus only the effect the static load has on the resonance 

frequency is studied.  
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6 Conclusions and future work 

The experimental results suggest that it is possible to evaluate the 

behaviour of the machining system intended as a close loop system through 

EMA and particularly the following conclusions are drawn: 

1. A shaker test is preferable to an impact one due to the better 

frequency resolution of the achieved results. Among the shakers, 

the integral one allows testing different directions in the space in an 

easier way and thus it can be considered as the best option among 

the tested ones. 

2. The closed loop system is characterized by a very different 

behaviour than the open one. Thus, if the dynamic accuracy of the 

machining system has to be evaluated by an instrument, emulating 

the presence of the workpiece through ELS is the proper way to go. 

3. A variation in the static component of the force has an influence on 

the dynamic behaviour. A higher static load causes a movement on 

the right in frequencies of the second mode, i.e. to higher 

frequencies. However, it has not been possible to prove an 

influence of the load on the damping. 

4. It is possible to appreciate the different behaviour in the plane of 

the machine tool and to roughly distinguish which modes are 

related to which components. 
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It has been underlined by the analysis of the experiments that has been 

made, how the suggested setup captures information both of the machine 

and specifically of the tool. This means that the applicability of the results 

is strictly related to the tool used, in this case the spindle joint from the 

LDBB equipment. 

This has both positive and negative implications for what concerns the 

future work. On the one hand, machine tools are assemblies of heavy 

components and build on stiffness criterion, which turns into structures 

with very low resonance frequencies, but the natural frequencies associated 

to the tools are much higher and strictly related to the vibrations 

phenomena occurring in machining. Thus, it can be considered positive to 

be able to perceive information not only about the behaviour of the machine 

tool but of the tool at the same time. This gives hope that through a 

development of this work, it will be possible to define a standard way of 

testing machining systems also from a dynamic point of view, making 

therefore possible to establish chatter free cutting parameters at a process 

planning stage, through a simple test of the machining system. 

On the other hand, tools are all different and therefore the final issue of the 

future work that will allow extracting information directly applicable is the 

one of relating the results from the tests to the one of different families of 

tools. This might be done developing different standard spindle joints that 

for their different characteristics can be related more easily to different 

kinds of tool. 

However, there are other steps before getting to the one just mentioned. It is 

interesting to better study the shape of the modes, to understand how the 

tool in this system vibrates. To do that, experiments with a higher number 

of sensors could be performed, in order to fully describe the behaviour of 

the studied system. Moreover, it would be important to develop a standard 

way of combining all the technologies utilised in the setup to minimize the 

differences among different experiments. As mentioned, every time an 

experiment was performed, a slightly different system was studied. This 

difference has to be minimize and standardize the way the technologies are 

combined together is the best one to guarantee a better repeatability. 
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Appendix 

 

The picture above shows the block model of the ELS introduced in 3.1. 

Different colours are used according to the type of block: the bodies are 

light-blue, the relative movement possibilities between the masses are 

described by the green blocks, and instead, the red blocks contain the 

information about stiffness and damping. The table and the spindle are 

connected by a spring block that represents the elastic link in between, such 

as the instrument is intended to be developed or the already existing LDBB, 

the force is also introduced in the model. 


