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Abstract

Milling is a processing technology massively applied in the metal manufacturing industry. 
The continuous demand for higher productivity and product quality asks for better 
understanding and control of the machining process. A better understanding can be achieved 
through experimental measurement and theoretical simulations and modelling of the process 
and its resulting product. In particular process monitoring and control is desirable for 
automated control and optimization of the process and in turn of productivity and product 
quality. However, due to the high complexity of the process, in particular of the interaction 
system/process/product, the above goals have only partially been achieved today, to a limited, 
unsatisfactory extent. 

The here presented research addresses the above needs and their progress by developing and 
starting to implement and study a highly sophisticated sensor and analysis platform for 
machining with the objectives of (i) advanced measurement and analysis of the milling 
process and (ii) advanced process monitoring and control. For a certain highly advanced high 
speed machining centre a comprehensive concept has been developed for the integration 
different kinds of sensors to the system. In particular the complex concept takes into account 
sophisticated analysis, research and development through the cooperation between different 
experimental and theoretical methods. The present thesis presents the developed platform 
concept. Due to the complexity of this sensor and analysis platform and its early stage of 
development, the here presented research work focuses on the implementation and 
investigation of selected sensors and analysis methods. 

Paper I screens and discusses the possibilities of the applied machining centre for sensor 
integration, particularly aiming at process monitoring. From the large variety of relevant 
sensors, particularly promising turned out to be acoustic emission sensors, force sensors, 
accelerometers, temperature sensors and optical sensors. Their potential and limitations are 
discussed.

The specific concept developed for the addressed high speed machining centre is described in 
Paper II. Force sensors measuring the spindle force components, flexible accelerometers 
measuring the vibrations at almost any desired spindle or product location and Laser Doppler 
Vibrometry (LDV) for non-contact measurement of vibrations turned out to be the most 
promising sensors, to be implemented and studied in more detail in the following. Moreover, 
the concept recommends the cooperation of the sensors with modelling, simulation and 
analysis at different levels. Experimentally, the simulation of a static load to the spindle or 
even oscillating load through a magnetic shaker was realised in order to simulate the 
processing conditions for measuring and characterizing the spindle behaviour. The LDV-
measurement enables precise identification of spindle oscillations at different locations. A 
particular challenge is the identification of stable operating points at high rotational speeds 
through stability lobes. For this purpose the vibrations of a certain complex, thin walled 
aerospace structure were measured by LDV and in good agreement simulated by FEA for 
different machining process stages in order to derive stable lobe areas. Beside implementation 
and first testing of the above mentioned methods, the paper describes and discusses possible 
concepts for a closed loop control of the process. 

In Paper III the LDV method is for the first time and successfully applied for measuring the 
free-running rotating spindle of a high speed machining centre. In particular the roundness of 
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the dummy tool applied was measured at high accuracy during rotation, as verified by 
mechanical measurement. Moreover, the LDV permits the measurement of misalignment of 
other geometrical and kinematical imperfections of the spindle rotation.

Paper IV describes in more detail the verification of FEA through LDV for the complex 
aerospace structure, presented in Paper II. Both, vibrations of the unconstrained and of the 
clamped workpiece are studied. Moreover, the workpiece vibration characteristics was studied 
at four different machining stages, starting from aluminium stock and ending in a thin walled 
structure after removal of 97% of the material. In particular the corresponding stability lobes 
were predicted by the aid of the FEA, compared with modal analysis and with selected 
milling experiments. When machining a monolithic structure that reduces it’s volume to such 
an extent gives several problem: Clamping of a thin walled structure is hard due to its 
flexibility, The changing dynamics of the workpiece has the affect that prediction of the 
vibrational properties is very hard to realise and finally the milling is hard because of the fact 
that the walls of the structure bends when a force is applied from the milling tool. 

Paper V discusses the suitability of different sensors for process monitoring, by applying them 
on-line during machining experiments for steel and aluminium, each at three different feed 
rates. The signals of force sensors in three dimensions arranged below the workpiece, of 
accelerometers in two directions mounted at the spindle housings and of LDV spotting the 
tool fixture ring were acquired on-line. The six signals were analysed, extracting mean values 
that were compared to the achieved surface roughness for the six different milling conditions. 
From evaluation of the stability of the signal and its coherence with the surface roughness 
trends the suitability of each sensor was discussed. While the sensors lateral and vertical to 
the feeding direction were not suitable, the sensors measuring in feeding direction were most 
promising, in particular the accelerometer and the corresponding LDV. The context between 
the roughness, process and sensor signals is discussed. 

Summarizing, a sophisticated sensor and analysis platform concept was developed. Selective 
sensors and methods have been implemented and studied with the purpose of system 
characterization, process understanding and process monitoring. The promising results 
encourage for continuation of this research programme. 
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1. Organisation of the Thesis 

The Licentiate thesis is composed of an introduction and five publication manuscripts as 
follows: 

Introduction:
The introduction introduces to the two subjects of the thesis, namely machining and 
process monitoring (to be applied to machining) and surveys their state-of-the-art  
The introduction summarizes the context between the five publications through their 
either common or complementary aspects in terms of  

o motivation,
o methodological approach,  
o general conclusions,
o future outlook. 

Five publication manuscripts: 
Paper I:  Opportunities, problems and solutions when instrumenting a machine tool for 

monitoring of cutting forces and vibrations 
Paper II:  A sophisticated platform for characterization, monitoring and control of machining 
Paper III:  Laser Doppler Vibrometry measurements of a rotating milling machine spindle 
Paper IV:  Integrated tool for prediction of stability limits in machining 
Paper V:  Study of a sensor platform for monitoring machining of aluminium and steel 

The five publications contain all research of the thesis in a consecutive context. Dividing the 
research subject, namely advanced process monitoring and analysis of machining, into the 
aspects system / sensor platform / process / product (all with respect to machining), the 
thematic focus of each of the five publications differs as follows: 

Machining system    
Sensor/analysis platform
Machining process  
Machined product  

Fig. 1: Different thematic focus of the five papers composing the thesis 

The fundamental sophisticated concept on monitoring, control and analysis of machining is 
described in Paper I and II, the measurement and monitoring methods and their concepts of 
cooperation with the system, process and product are described in Paper II and III, applied 
system measurement (LDV to spindle) is given in Paper III, measurement and simulation of 
the critical behaviour of a selected machined product is described in Paper IV and on-line 
process data acquisition through the sensors and its analysis is reported in Paper V.

 Paper             Paper            Paper             Paper              Paper 
     I                     II                   III                  IV                    V .
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Summarizing, the sequence of the papers (thus of the thesis) reflects a development where the 
research focus moves from the machining system to the process and product. It can also be 
regarded as a sequence from comprehensive concept development to selective implementation 
and testing, followed by highly selective verification, application and analysis.

2. Motivation 

Metal cutting, in particular machining is a manufacturing technology heavily implemented in 
industry. It is estimated that 15% of the value of all mechanical components manufactured 
worldwide is derived from machining operations [1]. In the USA an inventory in 1989 
revealed that almost 1 900 000 metal cutting and grinding machines were installed in the 
American metalworking manufacturing industry. Of these, approximately 75 % were 
machines for cutting metal and 25 % were grinding machines. Even using the most 
conservative values for the direct labour and the overhead costs incurred in the operation of 
these machines, one could calculate that the total cost of labour plus overhead for the 
operation of machining was approximately US-$136 billion annually [1]. In particular, 
manufacturing of metal products – and in turn machining - plays an essential role in Swedish 
industry, e.g. in the sectors of transport or machinery.   

Despite lot of research and technology development, control of the process is limited, both in 
terms of knowledge based parameter choice and at an automated level. This is particularly 
apparent when facing the extremes in terms of speed, materials or product geometry. Such 
limitation or risk often leads to conservative (safe) choice of parameters or of product 
development in order to avoid machine, tool or product failure. In contrast improved process 
understanding and the development of reliable, advanced process monitoring (or even control) 
could improve the productivity but also accelerate product development.  

The present thesis presents part of the development of a highly sophisticated concept for 
improving high performance machining in terms of  

high speed,
high productivity,
high degree of automation,  
advanced product geometry,
advanced materials, 

as will be demonstrated.  

This concept is based on a sensor and analysis platform for  
characterisation,
measurement,  
monitoring
and control

of the
machining system,  
machining process  
and machined product.  

Little research in such comprehensive, cooperative manner has been done at this level up to 
date. Tackling this complex research task has been facilitated through the cooperation 
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between leading research groups at Luleå TU in machining, experimental mechanics and 
vibration science. The present thesis has its main focus on the machining aspects. 

3. Methodological Approach  

In order to develop a process monitoring and control system and to improve the process 
understanding of machining, a sophisticated concept for a monitoring and analysis platform 
has been developed. For an available high performance machining system a series of suitable 
sensors were selected and in turn possibilities for measurement, monitoring, closed loop 
control and accompanying modelling and simulation were systematically discussed and 
chosen. Those elements are thought to cooperate with each other at different levels in order to 
advance knowledge, performance, quality and innovations. 

Among the many promising elements the platform concept consists of, several have been
developed,
implemented,  
tested,
verified,
applied
and analysed, 

thus advancing the development of the sophisticated platform in parallel at different levels. As 
already illustrated in Fig. 1, the research started on a broader conceptual level (Paper I, II), 
continued with the development and implementation of selective platform elements (sensors) 
and with their off-line testing (Paper II), eventually leading to application of selected elements  

for characterising the system spindle behaviour (Paper III),
for characterising a selected product behaviour to study its context to the machining 
process (Paper IV)  
and for applying six sensors on-line during the machining process (Paper V). 

Note that the level of complexity increases when advancing from the system towards the 
product and process stage. 

In particular this demonstration was carried out for challenging conditions, namely  
for a certain high speed machining system (24 000 rpm),  
for a certain complex product geometry (aerospace wing component with thin walls) 
and for two certain high performance materials, namely aluminium AA7010 
(Al Zn6MgCu) and the toughened steel SS2541-03 (34CrNiMo6). 

Among the research carried out in three large research projects, the present Licentiate thesis 
particularly focuses on the overall concept and on the context of the monitoring sensors to the 
process and product, while two other cooperative Licentiate thesis have their focus on the 
LDV-measurement technique and on the spindle characterization, respectively. 
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4. Machining 

4.1 Introduction to Machining 
Many types of machining processes are used in industry. They all deal with material removal 
from a workpiece. These processes can be divided into the following three main groups: 

Cutting, using a drilling tool, milling tool or lathe tool. 
Abrasive processes; the most known is grinding, besides honing, lapping and 
polishing.
Special processes, using different chemical compounds or electricity to remove 
material. 

In the thesis material removal through cutting with a milling tool in a metal is used when 
performing tests, further referred to as milling. 

To further describe milling, it is to cut away material from a workpiece by feeding it past a 
rotating tool with one or more teeth. By using tools with several cutting edges (teeth), see 
Fig. 2, the process of machining is fast. Milling is also the most versatile machining process 
as it creates flat, sloped or freeform surfaces or any of their combinations. The tool 
performing the work of removing the material from the work piece is attached to a machine 
called milling machine, see Fig. 3. 

Fig. 2: Cutting tool with two inserts 
(Courtesy of AB Sandvik Coromant) 

Fig. 3: Milling machine 

Milling has a large number of machine type varieties, tools and ways of moving the work 
piece but they are all fundamentally reliant to the following process parameters: 

Cutting speed, the speed that the tool moves through the workpiece 
Feed rate, how much the tool moves, relative to the workpiece, during a full rotation 
of the tool 
Axial depth of cut, distance from the workpiece surface to the tool tip, i.e. the 
thickness of the layer removed in one cut. 
Radial depth of cut, amount of tool diameter that is engaged, i.e. width of one track of 
removed material 
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These parameters can be set to certain values depending on the type of material that is being 
machined, tool type and which type of machine is used. 

4.1.1 Machine types 
Several types of machines are used today where the “knee” type, see Fig. 4, is the simplest. It 
is good for prototyping and when producing simple pieces as it usually is operated fully 
manual. But there are also partly and fully computer numerically controlled (CNC) machines. 
This is accomplished by using a reading device on each of the three axes that gives 
information of the workpiece positions to a computer, communicating with the drives via 
software. This reading device can be placed either on the guides for the saddle, table and knee 
(linear encoder), or on the motors driving the saddle, table and knee (angular encoder). 

Fig. 4 “Knee” type milling machine (Courtesy of Bridgeport)  

The knee holds the rotating spindle that has the cutting tool clamped. The knee can be tilted to 
facilitate the milling of angular objects. The saddle moves up/down and in/out, while the table 
moves sideward. The workpiece is clamped on top of the table through bolts or other types of 
clamps. Another type of milling machine is the “bed” type that has a table that only can move 
sideward, while the other movements are done by the spindle. If really big parts are to be 
machined the portal machine, see Fig. 5, has no competition as the table is the floor of the 
machine shop, which therefore has no loading capacity problems. 

Fig. 5 Portal milling machine (Courtesy of Zimmermann) 

Saddle

Cutting
tool

Spindle

Knee

Workpiece
Table

Peter Norman Introduction 5



However, the most common type for CNC machines is the fixed bed vertical milling machine, 
see Fig. 3. This is a type where only the spindle can change elevation but it can in some cases 
rotate in either the X-, Y- or Z-axis depending on the number of degrees of freedom it has.  

4.1.2 Special machines 
Much research is carried out to make the machine tool more accurate, faster and being able to 
handle a larger variety of machining parameters (rpm, feed rate). However, not much is 
published about this probably due to intellectual property right protection of innovations. An 
interesting concept is the multiple spindle milling machine, see Fig 6, that uses a dedicated 
spindle for each operation on the workpiece and therefore can use a specially designed spindle 
that is optimised for each specific operation, moreover eliminating the tool changing times. 
Such machines can produce a part faster and probably more accurate than a standard milling 
tool.

Fig.6, Multiple spindle machine tool Fig. 7, Hexapod machine tool 

Another type of machine that shows promise is the parallel kinematics machine that uses six 
legs mounted between a bed and a spindle head, see Fig 7. It is also called Hexapod, owing to 
its six “legs”. The advantage of this type is higher reliability due to less moving parts, 
moreover higher accuracy as the errors compensate each other instead of stacking up as in 
standard machines. Nevertheless, it also has disadvantages, as pointed out by Tlusty et al 
[2-3].

4.1.3 Milling methods 
Milling offers several techniques of producing a part depending on the geometry wanted, as 
shown in Fig 8(a)-(d). 

Each of these methods can be performed with a variety of different tools, as shown in Fig. 8. 
The choice of the tool depends on the combination of the material and geometry of the 
workpiece and the machine itself.  
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Fig 8(a) Face milling Fig 8(b) Shoulder milling 

Fig 8(c) Profile milling Fig 8(d) Slot milling 
(Courtesy of AB Sandvik Coromant) 

It is also possible to control the chip forming process and the manner of engagement of the 
tool on the workpiece material. This is achieved by choosing to rotate the tool either opposite 
to or along the feed direction of the table, as illustrated in Fig. 9. 

Fig. 9 (a) Up-milling  [4] Fig. 9(b) Down-milling [4] 

If the tool rotates against the table feeding direction it is called up- or conventional-milling, 
the opposite is called down- or climb-milling. As the milling machines have become more 
rigid, industry tends to change towards down-milling because of a number of factors: The tool 
life can increase with up to 50% because the chips fall out behind the cutting tool. The cutting 
motion gives a force that is pointed downwards into the table instead of trying to lift the 
workpiece, permitting simpler fixtures.  

It is also possible to use a higher rake angle (sharper cutting edge) thus decreasing the power 
consumption. A more explanatory model is shown in Fig 10. Dc is the diameter of the tool, ae
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is the working engagement or radial depth of cut, fz is the feed per tooth, hex is the maximum 
chip thickness, Kr is the major cutting edge angle and hm the average chip thickness.  

Fig. 10: Variables describing the machining process (Courtesy of AB Sandvik Coromant) 

These variables together with known data as the cutting speed Vc, cutting depth or axial depth 
of cut ap and the number of teeth zn is used to calculate the spindle speed n or the table feed 
Vf. These are the main values used to program a milling machine. To calculate those values 
the following formulas are used [5]: 

vf = fz × n ×zn      (1) 

n = (vc × 1000)/(  ×Dc)     (2) 

It is also possible to calculate the average force Fc or the net power Pc required to machine the 
actual part. This is done by using tabulated values of a variable called specific cutting force 
coefficient kc. It depends on the workpiece material, tool insert geometry and chip thickness. 
kc is around 2000 N/mm2 for a medium carbon steel and 800 N/mm2 for aluminium. 

Pc=(Fc*Vc)/60000     (3) 

Fc=kc*Ad      (4) 

Ad=fn*ap*sin Kr     (5) 

These formulas can then be used to verify measurements done with sensors, although they are 
only giving an approximate value. 

4.2 State-of-the-Art of the Machining Process 

The machining process consists of several steps to manufacture a part from a work piece. The 
process starts with the modelling of the part that is desired. For this a PC or workstation is 
used together with an appropriate Computer Aided Design (CAD) software. The research 
within this area is mainly concentrated around the collaboration between the design and the 
construction, i.e. the design department loose-fit models and the construction department 

Kr = 90º 

hex

fz

ae

Dc
hm
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models that use 1/1000 mm accuracy to correctly define the model. Also the problem of 
correctly and without manual interaction transfer the model to the Computer Aided 
Manufacturing (CAM) system is a serious problem. These questions have been addressed by 
several researchers [6,7]. To program the milling machine, CAM software [8] is used to 
create from the 3D solid model a code that the machine understands. In addition much 
research and engineering aims at developing the software to create a code that lets the 
machine operate at its limit, or just below. There are also programs that optimise the NC code 
before sending it to the machine. These programs use settings like constant chip thickness to 
let the machine work as smooth as possible or they can transform the program so that it 
maximises the feed rate [9,10,11]. More and more of the machines in industry today are of 
5-axis type, several of them even use all axes simultaneously. This sets much higher standards 
on the CAM software as the programming of a three axis machine can in many parts be done 
with really simple programming methods and in some cases even by hand. 5-axis 
programming on the other hand is difficult depending on that the tool can both tilt and lean, 
giving very complex relations between the rotational axes and the linear axes, which often is 
solved by coordinate transformation. Research in these areas was carried out since the mid 
seventies [12] but still problems remain due to the complexity of the movement, as shown by 
Kikkawa et al [13] who estimated the machining error with simple geometric properties, 
neglecting the dynamics of the process. The development of the machines from being 
standalone, either manually programmed or with a long paper slip to being integrated into the 
network using standard PCs to control them, has also started research [14] in making the 
machine control system (MCS) as open as possible to facilitate the adaptation of the machine 
to different hardware and software. When the program is loaded into the machine it is up to 
the cutting tool to mill away material. 

The cutting tool is the part of the machining system that generates the surface on the 
workpiece. It is a difficult task to model and design a tool that can cut chips efficiently, 
creating a correct surface roughness, being able to handle material properties variation, and 
still having enough life-time to be economical. 

A cutting tool can be designed in many ways, as shown in Fig. 8. The tool geometry controls 
how the cutting forces are directed during cutting. It also controls the chip-flow. Researchers 
try to design the tool to guide the chip flow for preventing its disturbing interaction with the 
process, moreover for conducting the heat away from the cutting zone. By designing the tool 
in certain ways it is possible to keep the forces at a minimum towards the weakest section of 
the workpiece. This can also be partially achieved by using the right cutting strategy when 
planning the program for the machine tool [15,16]. To be able to design a tool, advanced 
FEM programs are used to model the chip-tool contact [17]. Much research is also done to 
effectively cool the cutting zone. One method is the use of minimum quantities of liquid 
(MQL) [18,19]. This machining technique sprays a small amount of cooling liquid directly 
into the cutting zone and therefore eliminates the need of flood cooling. Another way of 
cooling is using a high pressure jet that forces liquid into the zone, as shown by Vosough et 
al. [20,21]. This method mainly focuses at turning operations because of the highly 
interrupted cutting during milling that makes it harder to maintain a constant flow of liquid 
into the cutting zone. 

The advances in machine tool stability and the ability of the cutting tool have significantly 
extended the possibilities for machining. Nowadays machining can be used as a complete 
finishing operation in contrast to what earlier was done in several stages.
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For example, when manufacturing a part that should be hardened for the car industry for 
stamping of side panels, the usual stages are to machine the part almost finished, then harden 
it and then machine or grind it again. Now it is possible to harden the part and then mill it 
completely finished in one setup. 

5. Process Monitoring 

5.1 Introduction to Process Monitoring 

5.1.1 Terminology 
The thesis presents studies on process monitoring and analysis of machining, resulting from a 
sophisticated sensor and analysis platform that has been developed. Due to the importance of 
the differences, the corresponding key terminology applied in the thesis will be briefly 
explained:

Machining system: The machining equipment and tool with which the machining of 
material is carried out 
Machining process: The complex physical mechanism between the tool and the 
material/workpiece where machining/cutting/milling takes place through removal of 
material (according to removal rate and surface quality it can be distinguished between 
roughing and finishing) 
Machined product: The product with its geometry and properties resulting from 
machining of material (note: the product geometry and in turn the machining 
mechanism changes during the process until the final geometry is achieved) 
Sensors: Devices converting physical properties (e.g. force, acceleration, temperature 
but also combined properties) into electrical signals, usually as a function of time 
Monitoring, measurement and analysis platform: A sophisticated system where 
cooperation between different methods and elements takes place (e.g. cooperation 
between the machining systems and sensors leading to process control, or the 
cooperation between an experimental measurement method and a theoretical 
simulation method) 

Process parameters: All variable system values that determine the process (e.g. 
feeding rate, spindle speed, cutting tool geometry, depth of cut)  
Process and product properties: The variables and features characterising the process 
or product, respectively (e.g. vibration main frequency; or surface roughness)
On-line: Monitoring or measurement simultaneously during the machining process 
Process monitoring: On-line acquisition of data through sensors, leading to 
correlations between a detected signal and some process or resulting product property 
(e.g. the surface quality, or announcement of a tool failure) and in turn leading to on-
line information during the manufacturing process (in production) 
Process control: Closed loop control of the machining process for regulating some 
property (e.g. good surface quality, or avoidance of tool failure), usually by 
monitoring a property, followed by control of a certain processing parameter 
Process window/robust process: Range of process parameters in which the process 
can fade/vary but still remains acceptable quality or avoids failure; a robust process 
corresponds to a large process window
Measurement: Quantitative identification of a certain property through a sensor and 
the evaluation of its signal (e.g. LDV [Laser Doppler Velocimetry] for measuring the 
spindle oscillations) 

10 Introduction Peter Norman



Simulation: Numerical calculation of a process or product behaviour (e.g. FEA [Finite 
Element Analysis] of the stress formation or of the temperature during the cutting 
process, or of the vibration behaviour of the machined product) 
Modelling: Analytical or semi-numerical calculation of a process or product/system 
behaviour by a mathematical model (e.g. modelling of the dynamic spindle transfer 
function, or modelling of the removal process)  
Analysis: Study and derived conclusions of a certain phenomena based on the 
information provided by experimental or theoretical methods (e.g. signal analysis, or 
cooperative analysis of FEA and LDV of a machined product) 
Theory: Postulation (and perhaps, but not necessarily verification) of a possible 
explanation of a certain mechanism or context (e.g. of the context between a sensor 
signal and the process, product and system) 

5.1.2 General method 
The application of sensors can be twofold, either for measurement or for process monitoring 
of a property. Note that process monitoring can be based on the quantitative measurement of a 
property, but does not necessarily need to do so. While measurement has the aim of 
quantitatively identifying a certain property, process monitoring is often based on defining a 
threshold or an operating range determining whether some condition is acceptable or not. The 
present research study has two particular aims of process monitoring, namely monitoring of 
the resulting product quality (particularly the surface roughness and appearance) and 
monitoring of the announcement of (expensive) tool failure in order to avoid it. 

For process monitoring it is often sufficient to apply simple, cheap but fast sensors (like 
accelerometers) for acquiring some kind of signal being in context with the characteristic 
process behaviour. Although desirable, the physical context between the signal and the 
process does not necessarily need to be known or understood. The signal can even be 
composed of several mechanisms leading to a complex value difficult to explain physically – 
and impossible to reduce to the original physical values behind. This corresponds to an 
increase in entropy of information, i.e. to losing information, as sensor detection often has an 
integrative mechanism, detecting only the mixed interaction between different process and 
system elements, nevertheless ending up in a single signal value as a function of time – thus 
losing information. 

However, for successful process monitoring a reliable correlation between a signal 
characteristics and some process or product property is sufficient, even if achieved in an 
empirical manner.  

As a subsequent step process monitoring is an essential base for realising a closed loop 
control. Monitoring provides on-line (i.e. with a certain sampling rate) the information on the 
status of the process or product property that can be followed by a certain control strategy for 
readjusting some process parameter in order to keep the property within the tolerance 
window.

5.2.3 Example: monitoring of laser cutting 
An example is a process monitoring system developed for laser cutting [22,23] illustrated in 
Fig. 11(a). The photodiode signal has lead to a high signal value when burning defects 
appeared at the cut surface, while the signal value was low for good cut quality. Defining a 

Peter Norman Introduction 11



threshold value, good correlation between the signal detection alert and the temporary 
occurrence of burning damage at the cut surface was achieved, see Fig. 11(c). 

In practice a main difficulty hindering the implementation of both process monitoring and 
control in production is lack of generalization. Any successful feasibility study merely 
guarantees applicability for the process window studied, but the system can fail for other 
parameters. Verification of process monitoring or control in a wide range of parameters is a 
huge testing process. Optionally a profound process theory and model can permit 
generalization, which however again often is a very challenging task. 

Fig. 11: Example of (a) a process monitoring system for laser cutting and (b) its sensor and (c) its 
detection of temporary burning damage at the cut surface through correlation with high signal value 

In addition, suitable signal analysis has led to good qualitative and even quantitative 
correlation between the derived signal value and the cut surface roughness over a range of 
parameters. 

For the above example of laser cutting the detection of burning damage has led to a control 
strategy for reducing the cutting speed when burning damage appears in order to avoid it. This 
closed loop control was successfully tested in an industrial environment (visualised by 
installing a “traffic light” for the quality), leading to a minimization of burning damage but 
still to the highest possible cutting speed, thus keeping the optimum balance between 
productivity and quality. However, daily use has not been achieved yet due to the lack of 
generalization towards verifying a large range of parameters, materials and sheet thicknesses. 

5.2.4 Monitoring of machining 
Although the above illustrative example concerns monitoring and control of the quite 
different process of laser cutting, much of the basic method is valid and similar for 
machining. An essential difference is the type of sensors used. As being a thermal process, 
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laser materials processing usually applies optical (thermal radiation) or thermal sensors. In 
contrast machining is a mechanical process, thus accelerometers and force sensors are more 
suitable as the vibrations of the work piece and system contain information on the process 
state.

Although the identification of empirical correlations can already be sufficient for successful 
process monitoring and even control, improved understanding of the physics and dynamics of 
the combination system-process-product is desirable in order to develop methods in a more 
controlled, systematic manner. Note that not only the machining process itself but the 
combined interaction system-process-product is essential for the process behaviour and for its 
monitoring, being a complex task. Therefore a comprehensive sensor and analysis platform 
concept has been developed and partially implemented, leading to profound understanding at 
a broad level.

As explained in Section 1, the first part of the thesis presents the development of the 
sophisticated sensor and analysis platform, while the second part focuses on the selective 
application of the platform for analysis and process monitoring. 

5.3 State-of-the-Art of Monitoring of Machining 

The ability to monitor machining processes has rapidly increased during the past years, 
mainly depending on the fact that powerful low cost computers are available nowadays and 
that faster sensors and data acquisition cards (DAQ) have been developed. Also the global 
competition has forced the manufacturing companies to automate their machines to become 
less dependent on personnel. To achieve a higher degree of automation some kind of 
monitoring devices are needed. The monitoring devices are also necessary to uphold product 
quality and productivity [24]. The effectiveness of these systems depends on their ability to 
detect any errors and correct them with the right response (process control). 

The trend is towards systems that use multiple sensors simultaneously (sensor fusion). 
Morales-Menmendez, Shang-Liang and Kakade concentrated on detecting the tool wear 
whereas Lou looked at tool breakage  [25-29]. The trends are also directed towards systems 
integrated with the machine controller to be able to change the process during machining. 
This is shown by Rehorn [30] in a review of TCM methods and results. He also concludes 
that there is also a big market in tool condition monitoring systems (TCM). These often 
consist of a single retrofitted sensor, a standard PC with a DAQ card and evaluation software. 
The sensors can be placed almost anywhere depending of the type. Kang et al. [31] placed a 
load cell near the ball screw providing a system that is cheaper than a tool dynamometer and 
that is also shielded from cutting fluids, even the wiring. It measures cutting forces but leads 
to errors of about 5% compared to the dynamometer. Such aspects must be taken into account 
when evaluating different systems. 

As the cutting force is the most important variable to have control over, most research is done 
around this, as shown in the work done by Byrne et al. [32] in 1995. He reviews 188 articles 
and sorts them in method and sensor type. Bryne thoroughly describes both the method and 
the sensor. A lot of research is also carried out with acoustic emission sensors, but force 
sensors are still the most popular type.  
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Kim et al. [33] measured the spindle displacement during milling with a capacitive sensor and 
succeeded in estimating the cutting force. It is also possible to measure the chatter of a 
process with a force sensor and to continue from this data to make decisions on how the 
process is developing, as shown by Yoon and Chin [34]. They use wavelets to extract 
characteristics of the detected signal and verify it by comparison with the FFT of the same 
signal.

Many researchers try to realise a system that predicts tool wear. This can be done by using 
appropriate sensors and mathematical models like genetic algorithms or hidden Markov 
models [35,36] to extract wanted parameters, e.g. tool wear. It is also common to realise a 
system that can predict the surface structure during milling, as often done using either 
regression models like AutoRegressiveMovingAverage, ARMA[37] and Multiple Regression, 
MR [25] or ArtificialNeuralNetworks, ANN [25, 38]. ANN:s are highly advanced “smart” 
models that can be taught for chosing the correct action in case of alert. 

Many of the sensors used by these systems are described by Prickett and Johns [39]. They can 
roughly be divided in two groups, external and internal sensors.

External sensors are retrofitted to the machine while internal sensors generate signals that can 
be read from the PLC or the machine controller. The external sensor types used are mainly 
accelerometers, force transducers and acoustic emission sensors. Occasionally also ultrasonic 
sensors and microphones are used. 

A schematic setup as part of the present thesis is shown in Fig. 12, using both types of 
sensors. This setup is further described in Paper I and II. As it is partially implemented only 
#1, #3 and #4 of the external sensors are used today. The internal sensor consists of the 
possibility to read unfiltered SERCOS drive data and read and write data from/to the PLC. 
However this function is only implemented, but not tested yet. 

Fig. 12: External and internal sensor setup for the machining centre Liechti Turbomill ST1200 
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The use of different sensors and their possible placement is shown in Fig 13 [39]. It is obvious 
that depending on the information to be measured from the process, it is important to choose 
the most suitable sensor and to employ it correctly. For example if an accelerometer is placed 
too far away from the cutting zone it will be impossible to monitor the cutting process, but it 
will probably be possible to evaluate the structural vibrations of the machine during 
machining, this depending on the sensitivity of the sensor. For the force sensor it is important 
to place it in a manner that the forces from the machining process interact with it.  

Fig 13: Different sensor signals and their placement [30] 

Although much research has been carried out only few solutions have reached the industry, 
(e.g. force sensors based on measuring the electrically induced currents from the electric drive 
of the spindle). This is dependent on the complexity of most systems but also of the cutting 
process. There used to be little or no support from the system vendor, moreover retrofitting of 
systems often requires changes in old NC programs and in the routines for tooling [40]. This 
shows the need for either highly automated systems or for systems easy to use. Even if the 
education level of the operators has increased it is paramount that the system has to be simple 
enough for them to use in order to ensure reliable production. For industry the avoidance of 
long down-time is important, in particular it must not be caused by failing monitoring 
systems, otherwise they will not be used any more, as often is the case.  
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6. Summary of the Papers 

Paper I: Opportunities, problems and solutions when instrumenting a machine tool for 
monitoring of cutting forces and vibrations 

Abstract: The ability to monitor the behaviour of machine tools and cutting processes is 
important both from a research perspective as well as in industrial applications such as 
adaptive control, condition monitoring, process optimization and quality control. 
The division of Manufacturing Systems Engineering at Luleå University of Technology has 
been carrying out research in the area of high speed and multi axis (5-axis) machining since 
the mid 1990's. This European and nationally funded research, much of it carried out with 
Nottingham University and Sandvik Coromant, as well as in manufacturing companies in 
Sweden and the UK, has focused on understanding the possibilities offered by 5-axis / high 
speed machining, as well as understanding the machining process. This initially empirical 
work has become more qualitative through the development of an instrumented machine tool 
test bed based on a 5-axis Liechti Turbomill equipped with a 24,000 rpm spindle and fast 
controller. The machine installation costs approximately 1.000.000 USD. The instrumentation 
that has been implemented includes piezo-electric force transducers in the machine table 
whilst ongoing work will move the research focus towards monitoring vibration in the 
workpiece for which accelerometers and acoustic emission sensors will be used. 
The work presented will highlight the problems and solutions involved in creating the present 
test bed as well as indicating future research directions and challenges. 

Conclusions: Implementation of the described sensors will be used in research aimed at 
developing better understanding of how the chip forming process works in multi axis and high 
speed machining.  
The implementation of the sensors and all surrounding hardware and software that is needed 
gave us some problems. The first problem arose when trying to log data from the Kistler 
dynamometer at a higher rate of 2000Hz. At first it was thought to be a hardware problem but 
it proved to be a programming fault in the LabView software. When this was solved we were 
able to log data at 250kHz. This speed makes it possible to log data from the cutting process, 
with spindle speeds of 24.000rpm, with 50 values per rotation on 12 channels concurrently. 
But there is a downside to this, the amount of data to be analyzed becomes enormous. The 
sensors used are of standard types and therefore it should be possible to implement them in an 
industry, however the biggest problem isn’t the sensor implementation, it is the signal 
interpretation and how to regulate the process from the data that is collected. Although there 
has been extensive work done about the different sensors, there are very few that have 
implemented several types of sensors in one platform. So we might be able to, if we use the 
sensors in the right way, discard some of them, because they solely will give us enough 
information about the process. The LabView software has shown to be a powerful software 
for data logging and evaluation of the gathered signals. It has a graphical user interface (GUI) 
that is easy to understand and use. 

Paper II: A sophisticated platform for characterization, monitoring and control of machining 

Abstract: The potential for improving the performance of machine tools is considerable.  
However, for this to be achieved without tool failure or product damage, the process must be 
sufficiently well understood to enable real-time monitoring and control to be applied.
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A unique sophisticated measurement platform has been developed and applied to two 
different machining centres, particularly for high speed machining up to 24 000 rpm. 
Characterisation and on-line monitoring of the dynamic behaviour of the machining processes 
has been carried out using both contact based methods (accelerometer, force sensor) as well as 
non-contact methods (Laser Doppler Vibrometry and magnetic shaker) and numerical 
simulation (Finite Element based modal analysis). The platform was applied both pre-process 
and on-line for studying an aluminium testpiece based on a thin-walled aerospace component. 
Stability lobe diagrams for this specific machine/component combination were generated 
allowing selection of optimal process parameters giving stable cutting and metal removal 
rates some 8-10 higher than those possible in unstable machining. Based on dynamic 
characterization and monitoring, a concept for an Adaptive Control with Constraints based 
machine tool controller has been developed. 
The developed platform can be applied in manifold machining situations. It offers a reliable 
way of achieving significant process improvement. 

Conclusions:
A sophisticated platform for machining has been developed in a unique manner for 
pre-process system characterization, along with real-time monitoring and closed loop 
control (e.g. for controlling the vibrations and forces) 
The system developed was implemented in a five axes high speed machining centre 
(being critical for tool failure), complemented by a three-axis test-bed machining 
centre
An aerospace component was used as a testpiece.  This complex aluminium wing 
structure had thin walls which are known to cause damage during machining.  The 
machining was carried out in four discrete steps. 
Pre-process characterization of the dynamics of the spindle and workpiece were 
carried out using Laser Doppler Vibrometry (LDV), a magnetic shaker and traditional 
‘tap-test’ techniques, verified by FEA based modal analysis.  The FEA- results were in 
good agreement with the LDV-measurements 
For simulating the cutting force experienced by the tool/spindle a magnetic shaker and 
load spindle were used. 
Data from the modal analysis was used to calculate the stability lobes for the 
machining process, enabling maximum cutting depth to be used.  This was 8-10 times 
deeper than possible at less stable parts of the stability lobe diagram. 
On-line measurement of the cutting force and vibrational behaviour was demonstrated.  
Commercial and in house developed force platforms and ordinary accelerometers were 
used.  Retro-fitting these on an existing machine tool were not found to be a problem. 
Based on the system dynamics and sensor platform a concept for an ACC controller 
was developed 
The platform developed turns out to be applicable, offering new opportunities for 
understanding, characterizing, monitoring and controlling the machining process 

Paper III: Laser Doppler Vibrometry measurement of a rotating milling machine spindle 

Abstract: Avoiding vibrations during machining is of great importance for most machining 
applications, especially for parts with high accuracy and productivity demands. To predict the 
structural behaviour of a milling process, present methods uses measurements of a non 
rotating system. These types of predictions do not take in to account the effects of gyroscopic 
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and centrifugal forces present in rotating systems. Therefore, a non intrusive measurement 
method for rotating systems is desirable. 
Laser Doppler Vibrometry (LDV) is a fast growing non intrusive optical method used for 
vibration measurements. The non contact properties of the LDV implies that; lightweight 
structures can be analysed without the introduction of mass loading, velocity in fluids and 
objects with high surface temperatures can be measured. It is also possible to apply the LDV 
technology on a moving or rotating object.
The work presented consists of an investigation of the LDV limitations regarding surface 
roughness influence on speckle noise when measuring a rotating shaft, e.g. a tool in a milling 
machine. The validation of LDV data will be done in a test rig, by correlating the data with 
accelerometer and non contact electromagnetic sensor values. 
The ability to perform non intrusive measurements makes it possible to analyse the change in 
machine tool dynamics during high speed milling. 

Conclusions: Speckle noise interference was avoided by polishing the surface of the dummy 
tool (in effect a rotating shaft) until an optically smooth surface was achieved. The optically 
smooth surface of the rotating tool generated no repeated speckle noise and hence no 
unwanted peaks at integer multiples of the rotational frequency. This allowed the axial 
misalignment and roundness of the dummy tool to be measured at speeds of up to at least 
7200 rpm using an LDV. This implies that radial vibration measurements of the tool can also 
be conducted; for example, when investigating dynamics of the cutting process. 

The possibility of extracting roundness and alignment information is based on the fact that at 
a rotational speed of 6000 rpm (100Hz) any misalignment would be seen as a 100Hz signal. 
Since the tool is not perfectly round, harmonics of 100Hz will be present. The first component 
of the out of roundness is an elliptical form and results in a frequency peak at 2*100Hz 
(200 Hz). The second roundness component, a tri-lobed form, would be seen as a peak at 
3*100Hz (300Hz) and so on. In the experiments, no significant peaks at integer multiples of 
the rotational speed could be detected above the 6th component at 7*100Hz. To eliminate the 
possibility of structural vibrations being misinterpreted as misalignment or out of roundness, 
measurements were made at a number of rotational speeds (2700, 4200, 6000 and 7200 rpm).  
At each of these speeds, the misalignment data would be seen as a peak at a different 
frequency; namely 45Hz, 70Hz, 100Hz and 120Hz. Out of roundness data would be at 
multiples of the primary frequency.  When measuring at speeds other than 6000rpm, any 
structural vibration around 100Hz would become clear, and the peak due to misalignment 
shifted. This makes it possible to analyse the presence of structural vibrations overlaying axial 
misalignment and out of roundness. No significant structural vibrations overlaying the 
roundness and misalignment data were detected in the experimental data. 

However, since some frequency components of structural vibrations are spindle speed 
dependant it is not possible to draw firm conclusions about misalignment and roundness 
based solely on the LDV measurements. This effect must be investigated further. Good 
correspondence was however seen between LDV measurements and direct mechanical 
measurements of misalignment and out of roundness made using a dial test indicator and 
roundness tester. This indicates that no significant structural vibrations are overlaying the 
pitch and roundness data at the spindle speeds investigated. 

Several problems must be overcome if LDV measurements are to be made of a rotating tool 
when it is cutting. Firstly, the laser beam must have a clear line of sight to the target surface 
on the tool without interference from cooling fluid or metal chips generated by the cutting 
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process. The target surface must also be kept free of particles such as dust or process fluids.  
In milling machines where the tool moves relative to the machine base it must be possible to 
track the moving tool either by physically mounting the LDV on the moving axis of the 
machine or by some other tracking system. Finally, the alignment of the laser beam relative to 
the optically smooth target surface on the tool is also an issue that has to be considered. Axial 
misalignment, roundness, in-plane vibrations or applied cutting forces can affect the direction 
in which the laser beam is reflected from the target surface which could lead to a poor signal 
level or drop outs. In plane vibrations and deflection due to cutting forces together with the 
geometry of the shaft can also lead to misinterpretation of vibration data due to cross 
sensitivity. This has not been investigated in this work. 

Different spindle / cutting speeds, cutting forces and changing component geometry affect the 
dynamics of a machining system. Measurement techniques based on physically mounting 
sensors, such as accelerometers, on the machine or workpiece can also affect the system 
dynamics. The ability to perform non-contact measurements of vibrations will allow 
measurement of changes in machine dynamics to be made during the cutting process without 
affecting the process itself. This is the subject of ongoing work. 

Paper IV: Integrated tool for prediction of stability limits in machining 

Abstract: High-speed machining of thin-walled structures is widely used in the aeronautical 
industry. Higher spindle speed and machining feed rate, combined with a greater depth of cut, 
increases the removal rate and with it, productivity. The combination of higher spindle speed 
and depth of cut makes instabilities (chatter) a far more significant concern. Chatter causes 
reduced surface quality and accelerated tool wear. Since chatter is so prevalent, traditional 
cutting parameters and processes are frequently rendered ineffective and inaccurate. For the 
machine tool to reach its full utility, the chatter vibrations must be identified and avoided. In 
order to avoid chatter and implement optimum cutting parameters, the machine tool including 
all components and the workpiece must be dynamically mapped to identify vibration 
characteristics.
The aim of the presented work is to develop a model for the prediction of stability limits as a 
function of process parameters. Commercial software packages used for integration into the 
model prove to accomplish demands for functionality and performance. In order to validate 
the model, the stability limits predicted by the use of numerical simulation are compared with 
the results based on the experimental work. 

Conclusions: Chatter is a dynamic phenomenon that can appear in a machining at any spindle 
speed. Stable machining cannot be achieved without investigating the influence of chatter on 
the cutting process. A standard way to obtain reliable prediction of a stable machining process 
is the application of the methodology based on the experimental modal analysis. This 
approach requires in the case of thin-walled structures an extensive trial and error 
experimental work.  
In this work we present an integrated tool for prediction stability boundaries. A digital model 
for the milling process based on integration of CAD – CAM - FEM is developed. Commercial 
software packages used for integration into the model prove to accomplish demands for 
functionality and performance. Not only do the suggested approach give safer machining it 
also carries promises of an overall higher productivity. 
To avoid the usual mismatch between the frequency response of the spindle and the frequency 
behaviour at the cutting point (contact between cutter and workpiece) which contributes to 
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uncertainties in the machine modelling, we use dedicated experimental procedures which are 
based on LDV measurements. 
The non-contact nature of the LDV makes accurate and fast measurements possible with an 
easy setup without any mass loads. This is of crucial importance when measuring on thin-wall 
structures with low rigidity. It is shown to be very useful to validate and improve the dynamic 
FEM models, especially regarding boundary conditions. 
The LDV is also able to make measurements on the rotating spindle, spindle housing, tool, 
tool holder, work piece, clamps and machine table in one setup and give an overall picture of 
the machining.  
The performed milling tests showed good agreement with the predicted stability lobes (at 
9500 rpm). When machining just within the stable region predicted using the FE analysis 
resulted in the best surface finish.   

Paper V: Study of a sensor platform for monitoring machining of aluminium and steel 

Abstract: Being able to measure and monitor the forces applied and the resulting vibrations is 
important to be able to understand and control the process of milling, which is a highly 
interrupted process based on many variables. The present work concerns analysis of signals 
gathered during shoulder milling of toughened steel 2541-3 and aluminium alloy 7010. The 
signals acquired are force in three dimensions and accelerometer in the horizontal two 
dimensions. Moreover, a Laser Doppler Vibrometer is applied. The correlations of the 
analysed signals of the different sensors with the surface roughness were studied. While the 
signal stability and correlation was unsatisfactory for several sensors, the three sensors 
measuring along the feeding direction were most suitable to monitor the increase of the 
machined surface roughness with increasing feeding rate. 

Conclusions: Six sensors, namely the three force components, the two horizontal two 
accelerometer components at the spindle and a corresponding LDV were studied. The sensors 
were proven for monitoring the machined roughness of steel and aluminium at three different 
feeding rates.

The inhomogeneous impact of the second cutting insert can be seen at the surface 
topography and sometimes in the signals 
The roughness monotonously increases with the feeding rate for each material 
The monitoring strategy is based on qualitatively following this trend by a signal 
Post-processing the signals to an integrated mean value was suitable for signal 
analysis 
A stable region of sufficiently constant signal was to be identified, limited to a defined 
deviation of 5% and 10%, respectively, from which a mean signal value results 
Stating a criterion that signals with less than 25% of the measurement period provide a 
suitable constant signal, the Fz-sensor signal clearly needed to be eliminated, while the 
Fx and Fy force signals only succeeded for a 10%-deviation band width, not for 5%
The main criterion that the signal needs to monotonously increase for increasing 
feeding rate (separately for each material) led to further eliminations 
The Fz-force sensor and the ax accelerometer sensor did not follow the roughness 
trend for both materials and deviation band widths and are therefore not suitable 
The Fx- and Fy-force sensors id not follow the roughness trend for steel, but did so for 
aluminium, thus they still could be applied with restrictions 
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Merely the ay-sensor signal and the corresponding LDV-signal succeeded with all 
criteria and turned out the most suitable among all six sensors proven 
However, the above study is based on necessary criterions, but generalization would 
be required for a sufficient conclusion 
Moreover, although the sensors provide absolute values with an indirect physical 
meaning, the study restricts itself on relative values and qualitative trends 
Further empirical studies as well as a theoretical understanding of the context product 
quality-process-signal are desired 

7. General Conclusions 

(i) The concept of a sophisticated monitoring and analysis platform was developed, 
providing high potential for improving the industrial machining process 

(ii) Several selected elements of this platform were successfully implemented, 
tested and studied 

(iii) Through the LDV-method non-contact measurement of vibrations of the spindle 
and workpiece was enabled, even on-line

(iv) FEA of the vibration characteristics of a complex product at different processing 
stages was successfully compared with LDV-measurements, showing good agreements 

(v) This frequency analysis enabled identification of the stability lobes for hitting 
operating windows of high processing speed

(vi) Simultaneous on-line data acquisition by six sensors based on the three different 
sensor types, namely force, accelerometer and LDV, was demonstrated 

(vii) The three sensors measuring along the feeding direction were more suitable for 
monitoring

(viii) Through analysis, correlations between the processed surface roughness (for an 
AA7XXX aluminium alloy and for a toughened steel) and sensor signals were identified 

8. Future Outlook  

Although the promising monitoring and analysis platform concept has progressed and has 
built knowledge, lot of further research and development will be required for successful 
industrial application and implementation.  

In particular: 
Further materials and product geometries need to be studied 
Generalized signal analysis of process monitoring and its validation is needed 
The robustness of the monitoring and characterisation system needs to be proven 
The overall dynamics could be identified for facilitating closed loop control 
Knowledge on the machining process needs to be built, facilitating process control 
A closed loop control, including a control strategy, needs to be developed 
Identification of the context process-sensor signal would be highly valuable 
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Abstract

The ability to monitor the behaviour of machine tools and cutting processes is important both 
from a research perspective as well as in industrial applications such as adaptive control, 
condition monitoring, process optimization and quality control. 
The division of Manufacturing Systems Engineering at Luleå University of Technology has 
been carrying out research in the area of high speed and multi axis (5-axis) machining since 
the mid 1990's. This European and nationally funded research, much of it carried out with 
Nottingham University and Sandvik Coromant, as well as in manufacturing companies in 
Sweden and the UK, has focused on understanding the possibilities offered by 5-axis / high 
speed machining, as well as understanding the machining process. This initially empirical 
work has become more qualitative through the development of an instrumented machine tool 
test bed based on a 5-axis Leichti Turbomill equipped with a 24,000 rpm spindle and fast 
controller. The machine installation costs approximately 1.000.000 USD. The instrumentation 
that has been implemented includes piezo-electric force transducers in the machine table 
whilst ongoing work will move the research focus towards monitoring vibration in the 
workpiece for which accelerometers and acoustic emission sensors will be used. 
The work presented will highlight the problems and solutions involved in creating the present 
test bed as well as indicating future research directions and challenges. 
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1 Introduction 

1.1 Background 

The division of Manufacturing Systems Engineering at Luleå University of Technology have 
been carrying out research in the area of high speed and 5-axis machining since the mid 
1990’s. This work, much of it empirical at the beginning, has become more qualitative 
through the development of an instrumented machine tool test bed based on a Liechti 
Turbomill equipped with a 24.000 rpm 30kW spindle and fast controller. 
     The Liechti Turbomill was originally made for the machining of turbine blades. Our 
machine has been modified by the addition of a machine table instead of the standard two 
chucks. The table can carry up to 500kg and it is 1000mm x 500mm. The division has long 
experience of metal cutting research, but 5-axis high-speed milling represents new territory 
for us.
     The machine was bought with no sensors, apart from the axis and spindle motor power 
monitoring which are typically found on modern machines. Our aim was to gain practical 
knowledge of the machine and to incorporate the sensors necessary for the particular research 
done at any given point in time. The chosen  sensors are integrated step wise. This approach 
enabled us to adopt the latest sensor technology and learn from our ongoing research. 
Bäckström [1] points out the possibilities, both pros and cons of such a platform.  
     The research area that we work in covers 5-axis and high speed milling applications, 
currently aimed at machining tool cavities in light alloys. Another important area is the 
understanding of how the tool, manufactured part and the whole machine are affected during 
milling and what happens when a tool wears. 
     Advanced sensoring and monitoring capabilities are commonly built into new machines. 
Bäckström [1] presents a comprehensive survey that shows the utilization of different 
techniques in Swedish companies see Table 1. Of the 34 companies none used cutting force 
monitoring or adaptive control, even though they had the functionality in the machine. On the 
other hand, almost 40% of those who have the functionality to detect a broken tool do us it. 
According to Bäckström [1] the techniques aren’t implemented because, amongst other 
things, the system is hard to use, they have too small a batch size and poor support from the 
system vendor.  The type of work a company is involved in, and factors like operator 
ambition, user confidence in support systems such as CAM also affects the utilization  of 
these techniques. 
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Table 1: Utilisation of monitoring and control techniques 

2 Measurement technologies 

Many different sensors can be used for monitoring the status of the machine and environment 
and make it understandable for a computer. Byrne et al [2-5] present a comprehensive review 
of the methods in use up until around 2001. A summary of the sensor types, the use to which 
they are put, and the level of research associated with each is presented by Dornfeld [6] and 
summarised below in Figure 1. Several authors have reviewed specific applications in more 
depth, including Jantunen [5], tool conditioning monitoring (TCM) in drilling, Tseng [7], 
reading workload of CNC controller to be able to detect abnormal working conditions and 
Roth [8] tried to monitor end-mill wear and predict tool failure using accelerometers. 

Figure 1:  Activity of research work in different areas. 
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All of these different sensor types range from very cheap and simple sensors for a few USD, 
like a temperature element, to ones that costs 4000 USD a piece, e.g. piezoelectric force 
transducers. 

The characteristics of a sensor are usually related to the application it is being used for. The 
amount of data that a sensor outputs is an important factor to consider, both from the point of 
data logging, but also since this data must be subsequently processed and analysed. For the 
sensors that we consider this can range from one reading per second up to 1 million readings 
per second, so the amount of data that one sensor can generate is enormous, and place 
significant demands on the real time processing capabilities of the data logging equipment.

2.1 Different sensors and the applications 

The sensors used in our platform and its applications shown in Figure 1 are described in this 
chapter. The applications are directed towards TCM.  

2.1.1 Acoustic emission, AE. 
The signal originates from several different phenomena, and are divided into two types, 
continuous signals and bursts. The continuous type signal is generated when there is plastic 
deformation of a ductile material. The bursts comes from a cracks that propagates through the 
material, when a chip breaks or when there is chip entanglement as shown by Inasaki [9]. The 
advantages of AE is that the signal measured, is a signal that originates from the zone of 
engagement where the chip is formed, shown in Figure 2 done by Matthews [10]. Another is 
that the sensor can be attached to almost any surface near the entry point. However it is 
difficult to measure the vibration pattern of the rotating tool, but Inasaki [9] solved that by 
successfully measuring the AE signal of the tool through the cutting fluid supply system. The 
signal that is output by the piezoelectric sensor has low amplitude and a very high frequency, 
between 10-1000 kHz, and therefore it has to be amplified with a low noise pre-amplifier with 
about 40-60 dB gain. Due to the high frequency spectrum of the signal it is simple to filter out 
the background noise often originating from lower frequencies.   
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Figure 2: Deformation zones in the cutting process 

2.1.2 Force
Force is one of the most important signals in milling or turning processes Larsson [11]. This 
is because of the direct effect the cutting force have on the machining accuracy and so if the 
forces can be controlled within certain predetermined limits it can, amongst other things, 
result in better surface of the workpiece and longer tool life. This type of sensor can be of two 
major types: piezoelectrical and resistance.  Piezoelectric sensors are fast but cannot measure 
low frequency force fluctuations i.e. static force, they are also more expensive.  
Due to the importance of monitoring cutting forces there are numerous papers written on this 
subject. Jun [12] incorporated a spindle based force sensor to monitor the machining process, 
he found that after compensating for the spindle signature the signal was the same as from a 
table mounted dynamometer. Choudhury [13] describes a method for estimating the tool flank 
wear by calculating the tangential cutting force coefficient  from the average X and Y forces. 
Altintas [14] developed a model that detects tool breakage within one revolution of the tool 
by measuring the forces and using an adaptive filter, however the problem of setting the 
parameters of the filter remains. This is a problem because there are two type of residuals that 
occur while cutting, normal cutting transients are unwanted and have to be filtered out whilst 
the higher amplitude residuals produced by the breakage of a tool is the required element. The 
amplitude of these residuals are functions of runout of inserts, machining vibrations and 
insufficient filtering of transients, Altintas [14].

2.1.3 Vibration/Accelerometer
Accelerometers can be used to measure the frequency and amplitude of vibrations within the 
machine structure, spindle, tooling and workpiece. 
The occurrence of vibrations during milling affects the surface finish and tool life. They can 
occur because of wrongly chosen machining parameters such as depth of cut and feed per 
tooth. It is also imperative that the workpiece itself is rigidly mounted to the machine table, 
otherwise it will probably start to vibrate. 
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Accelerometer are manufactured in several different ways, but the majority uses the seismic 
principle as shown by Meydan [15]. A seismic type sensor uses a small mass that moves 
when the machine/tool vibrates, this mass compresses or shears an element, of which there are 
several different types depending on the required performance of the sensor. These types are, 
piezoelectric, piezoresistive, variable capacitance and servo accelerometers. The piezoelectric 
accelerometer can be used from 1Hz up to approximately 15 kHz, and they are mostly used 
for tool wear rate measurement and tool fracture detection, but also in chatter detection. Chen 
[16] successfully detected tool failure with an accelerometer and showed that it can be 
implement and used for unattended milling an on line monitoring. The thresholds for tool 
failure was set up after a number of test runs. The drawback of this approach is that it is 
limited to just one particular tool setup, machine and workpiece as Chen also remarks in the 
conclusion chapter. The simplicity of the sensor and its size, i.e. simple to attach to part or 
machine, is the biggest advantages of this sensor type. 

2.1.4 Temperature
The temperature sensor can be of many different types depending of what temperature range 
that is interesting and the resolution needed. There are those elements that can measure 
temperature of liquid iron and those which can measure down to zero degrees Kelvin. The 
most commonly used sensor type for measurement of temperature in the macro environment, 
is the PT100 element. It is simple and can be produced in many different forms. The 
temperature in the engagement point during milling is difficult to measure so PT100 is almost 
always used for measuring the workpiece temperature and the room temperature. These 
measurements are then used to calculate a correction factor for the workpiece expansion. It 
can then be used for correcting the tool path so the tolerances are held within the limits. For 
measurement of the tool tip temperature several methods have been developed as presented by 
DimlaSnr [4]. Most of them consist of some type of thermal imaging system that looks at the 
chip temperature because 90% of the heat from the engagement point goes into the chip 
Boothroyd [17]. There are also methods where thermocouples have been put under the insert 
and compared to a infrared temperature measurement, Stephenson [18]. He found that the 
better working method was to use an infrared camera due to the complexity of implementing 
the thermocouple near the engagement point, however the infrared method is a lot more 
expensive.

2.1.5 Vision/Optical 
This method can be used in two different ways, either the camera looks at the tool tip or the 
camera is directed toward the surface. These methods can subsequently be divided into the 
methods shown by Kurada [19]. He uses both the image of the surface texture to determine a 
tool wear state and the image of the tool tip to do the same. The images are processed and a 
computer program decides whether it is a good or bad tool. These methods are shown to work 
satisfactory but further work has to be done within the area of grey level imaging processing. 
The difficult part is to classify the surface texture of the workpiece and connect it to the tool 
state, as the surface roughness can be influenced by other factors than the tool state, vibrations 
from spindle or workpiece movement. 

3 Instrumented machine system 

3.1 Liechti Turbomill machine test bed

The machine system consists of several parts, Liechti Turbomill, external sensors, signal 
conditioning and a computer for data logging, feature extraction and evaluation of data. 
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     The machining centre is a 5-axis Liechti Turbomill ST1200 with an Andron A400 control 
system. The drives are digital Indramat with SERCOS fibre-optic servo coupling. The 
machine spindle will run up to 24000rpm with 30kW constant power and offer a maximum of 
61Nm torque at 5000rpm. This combination makes the machine capable of performing high 
speed motions with high geometric accuracy in almost any combination of material and tool.  

3.2 Sensors 

The first sensors to be implemented are the following: piezoelectric force, AE and 
accelerometers. These are to be mounted both in the machine table and spindle. And a torque 
sensor is also to be placed in the spindle. At a later date several temperature sensors and a 
CCD camera is to be included. The mounting of the sensors both in the machine table and 
spindle gives us the possibility to see the differences and interference patterns between the 
two locations. These sensors planned to be “off the shelf” products wherever possible. There 
is 17 sensors that are to be fitted to the machine. Some of the sensors are tri-axial and 
therefore we need to monitor 35 channels concurrently. National Instruments LabView is 
used for data logging and signal conditioning functions. Measurement of forces etc. is of little 
use for analytical work if the machine tool state is not known. Therefore we will also take 
advantage of the possibility to read the PLC register, SERCOS-ring and Andron controller. 
The data that it is possible to read is consumed power, axis positions, torque, following error, 
axis speed and commanded position. It is also possible to write back data to the controller for 
adaptive control of the process.  
     The computer consist of an industrial PC with 12 PCI and 8 ISA slots and is equipped with 
two 600MHz PentiumIII processors. It has the NT platform that can use the two processors 
simultaneously, the LabView software can also take advantage of the double processors. The 
CPU’s are thought to be fast enough initially, but if they prove to be too slow they are simple 
to replace. 
A schematic of the testbed is shown in Figure 3. At this point in time the machine bed force 
transducers (#1) have been installed. The machine bed AE (#4) and accelerometer (#6) are to 
be installed during Q1 2003. No date set for the rest of the sensors. 
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Figure 3: External and internal sensors in the machine test bed 

3.3 Physical installation of the external sensors 

3.3.1 Machine table force transducers 
The sensors that have been implemented in the machine table are Artis AKS-33 force 
transducers. Some of the problems that we had during the installation of these sensors where 
related to the power supply. The high frequency ripple of the supply disturbed the charge 
amplifier inside the transducer so that the output signal was full of noise, this was solved by 
using a high quality, low noise, laboratory power supply. Another problem that arose was the 
setup of the table and how to rigidly mount it. The next problem was the calibration and 
validation. This was solved by using a combination of static and dynamic calibration, i.e. 
weights and a Kistler 9257 dynamometer. 

3.3.2 Signal conditioning 
The conditioning of the force transducer signal takes place in a National Instruments SCXI-
1140 simultaneous sampling differential amplifier, the signal is then fed to a PCI-MIO-16E-4 
multifunction DAQ board, using standard cabling. The conditioning and DAQ card are a 
translator between the analog world of the force transducer and the digital computer. These 
cards are part of the initial setup. When the machine is fully instrumented there will be several 
cards dedicated to its own sensor group, partly to gain speed and accuracy but also because 
the different sensors require different conditioning and voltages. 
     For logging and visualization of signals we use LabView. It is a program that are simple to 
use and makes it possible to use code from MatLab and other mathematical programs for 
signal interpretation and evaluation. 
The present setup makes it possible to log data at a rate of  20kHz concurrently on 12 
channels.

34 Paper I : Instrumenting a machine tool for monitoring Peter Norman



4 Calibration and validation 

The machining test bed sensors have to be calibrated and validated. This has to be done 
because most sensors output a voltage and that must be related to a particular variable e.g. a 
force.

4.1 Calibration 

To get the right correlation between voltage and force we will use weights for the Z direction 
and a spring dynamometer for the X and Y. The weights ranged from 5 to 60kg in steps of 
5kg and the spring dynamometer from 0 to 600N with a resolution of 10N. Because the table 
have four tri-axial force transducer, one in each corner the process of calibration have to be 
repeated at several places to compensate for the differences in magnitude and linearity of the 
output signals. 

4.2 Validation 

To validate the system the program CutPro from Malinc is used to simulate and calculate the 
process and that data is then correlated to the real process and if the calibration is done 
correctly and the program for computing the forces also is correct, then the two should match. 
In addition to this, a factory calibrated, Kistler 9257 cutting force dynamometer, will be used 
to further validate the machine resident sensors. 

5 Discussion

Implementation of the described sensors will be used in research aimed at developing better 
understanding of how the chip forming process works in multi axis and high speed 
machining.  
     The implementation of the sensors and all surrounding hardware and software that is 
needed gave us some problems. The first problem arose when trying to log data from the 
Kistler dynamometer at a higher rate of 2000Hz. At first it was thought to be a hardware 
problem but it proved to be a programming fault in the LabView software. When this was 
solved we were able to log data at 250kHz. This speed makes it possible to log data from the 
cutting process, with spindle speeds of 24.000rpm, with 50 values per rotation on 12 channels 
concurrently. But there is a downside to this, the amount of data to be analyzed becomes 
enormous. The sensors used are of standard types and therefore it should be possible to 
implement them in an industry, however the biggest problem isn’t the sensor implementation, 
it is the signal interpretation and how to regulate the process from the data that is collected. 
Although there has been extensive work done about the different sensors, there are very few 
that have implemented several types of sensors in one platform. So we might be able to, if we 
use the sensors in the right way, discard some of them, because they solely will give us 
enough information about the process. The LabView software has shown to be a powerful 
software for data logging and evaluation of the gathered signals. It has a graphical user 
interface (GUI) that is easy to understand and use. 
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Abstract: The potential for improving the performance of machine tools is considerable.  
However, for this to be achieved without tool failure or product damage, the process must be 
sufficiently well understood to enable real-time monitoring and control to be applied.

A unique sophisticated measurement platform has been developed and applied to two 
different machining centres, particularly for high speed machining up to 24 000 rpm. 
Characterisation and on-line monitoring of the dynamic behaviour of the machining processes 
has been carried out using both contact based methods (accelerometer, force sensor) as well as 
non-contact methods (Laser Doppler Vibrometry and magnetic shaker) and numerical 
simulation (Finite Element based modal analysis). The platform was applied both pre-process 
and on-line for studying an aluminium testpiece based on a thin-walled aerospace component. 
Stability lobe diagrams for this specific machine/component combination were generated 
allowing selection of optimal process parameters giving stable cutting and metal removal 
rates some 8-10 higher than those possible in unstable machining. Based on dynamic 
characterization and monitoring, a concept for an Adaptive Control with Constraints based 
machine tool controller has been developed. 

The developed platform can be applied in manifold machining situations. It offers a reliable 
way of achieving significant process improvement. 

Keywords: characterization, monitoring, adaptive control, milling, machining 
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1. Introduction 
If process optimisation could be done before machining starts, time and costs could be saved.  
However, machining processes are highly non-linear, and dependent on difficult to predict 
variables such as the instantaneous component geometry, and even how a component is 
fixtured.  For this reason, real-time, on-line systems offer the only real alternative for fine 
process control. 

This paper presents the results of research for developing a sophisticated platform that, based 
on unique methods, aims to characterize machining systems and processes and, via methods 
for real-time force and vibration monitoring, enable adaptive control of the machining 
process.

The wish to automatically control industrial processes has been the subject of research and 
development for more than half a century. Many different types of regulators have been 
developed but it is the PID-controller, developed by Ziegler and Nichols, that is in most 
widespread use [1]. Many researchers have tried to implement adaptive controller of 
machining processes since the mid sixties, with Centner and Idelsohn [2] amongst the first to 
develop such systems. Early attempts to understand the behaviour of the machining process 
and how system dynamics influence the quality of the machining are described by Tobias [3].  
Many different methodologies have been proposed, ranging from the fixed gain PI controllers 
developed by Tlusty and Elbestawi [4] through the more advanced Model Reference Adaptive 
Control (MRAC) developed by Tomizuka et al [5] and adaptive PID developed by Allmae et 
al [6] to different fuzzy techniques.[7] Milner [8] divided these into two major groups 
Geometrical Adaptive Control (GAC) and Technological Adaptive Control (TAC) which can 
be further divided into two subcategories; Adaptive Control with Constraints (ACC) and 
Adaptive Control for Optimization (ACO).  

GAC uses the dimensions and geometry of the workpiece as the controlling parameter(s) 
whilst ACC adjusts operating parameters (feedrate, cutting speed and depth of cut) so that the 
controlled parameter (in this case force, motor load, deflection, speed, etc) is held within 
certain limits. An ACO system controls the operating parameters (in this case pseudo- 
economic parameters such as tool wear) so that the controlled parameter (production rate, 
profit, etc) is maximized.[9] 

Both ACO and ACC based machining systems have been developed and studied but it is the 
ACC system that has been the most succesful [8, 9] this is mainly because ACO relies on 
more abstract measures such as tool wear which are harder to monitor online than force or 
feedrate. However both system types have been successfully used in the system developed by 
Lundholm et al [10].  

The monitoring and adaptive control of the milling process is becoming more interesting for 
industrial applications because of increasing product and process complexity and demands on 
product quality and integrity.  Of particular interest is the application of these concepts to high 
speed machining and to machining of complex thin wall structures, as both are highly 
dependent on selecting correct process parameters to achieve a successful result.  Desired 
effects such as reliable unmanned machining and operator safety as well as logged machining 
data do also get satisfied through the technique. 
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Typical challenges include the fact that: 
High Speed Machining bears a high risk for tool failure and product damage 
Complex structural parts with thin walls bear a high risk for product damage 
Characterising the dynamics of the combination system-process-product is difficult 
Obtaining real-time feedback of the machining process is difficult 
Developing a generally applicable closed loop control is difficult 

To be able to satisfy these demands, an ACC system based on a sophisticated measurement 
platform is under development by the authors that will be described, demonstrated and 
discussed in the following.

2. Method, System and Concept 
The basic approach used in this work is pre-process characterisation and real-time monitoring 
to enable real-time adaptive control of the dynamic milling system during operation. 

This system makes real-time measurements of process variables such as spindle speed and 
feed rate, as well as measurement of two target variables, force and vibration. These are 
together used as real-time input data to an algorithm which regulates the feed rate so that the 
controlled process variables (e.g. cutting force and vibration) are kept within pre-defined 
limits.  

The main testbed consists of a 5-axis High Speed Machining (HSM) centre, equipped with a 
24000 rpm/35 kW spindle and an Indramat Andron A400 controller with a block cycle time of 
0,5 ms.[11,12] A second testbed based on a 3-axis machine with a 7000 rpm spindle was used 
for simpler tests and evaluation.  The two testbeds complement each other, making it possible 
to carry out development tests quickly and simply in the smaller machine and, when the 
satisfactory results have been achieved, to transfer them to the 5-axis machine. 
A test case component taken from the aerospace industry has been used throughout.  This is 
based on a thin walled aluminium (Al7010) component, the CAD-model shown in figure 1. 
After removal of 97 % of the stock material in three steps, a structure with a thickness of 1,2-
3 mm for the base and of 1,2 mm for the walls remains. 

Peter Norman Paper II : A platform for machining 41



Figure 1:  (a) The CAD-geometry and (b) the machined testpiece for the three key machining 
stages used (II...IV) to manufacture the test case component from stock (I) to the final thin 
wall structure (IV).  Nominal size 400 mm by 250 mm by 40 mm. 
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Figure 2 shows the basic relationships between the system, process and product and the 
interaction between the different hardware/software components in the ACC machining 
platform developed. The concept is divided in two parts; the upper part is the pre-process 
characterisation and the lower part the in-process/real-time module. 

Figure 2: Developed concept for characterization, monitoring and control of machining. 

Manufacturing typically starts with a CAD model of the finish geometry (3), which is used by 
the Computer Aided Manufacturing (CAM) software (6) along with information about the 
chosen cutting tools and nominal machining parameters to create toolpaths for each stage of 
manufacturing.  A typical component can have many discrete machining steps.  The toolpaths 
for all steps are then output and transferred to the computer numerically controlled (CNC) 
machine (8) where it is run to create the machined part.  This does not necessarily result in an 
optimum machining process, and it is common to have to trouble shoot at the machine in 
order to achieve satisfactory results. 

In order to optimise the machining process, and enable pre-process characterisation, an 
alternative methodology must be used.  The stock geometry (1), i.e. the unmachined CAD 
part is imported to the Modal/Response analysis module (4) of the CAD-software.  The output 
from this is used by MatLab (5) to calculate the Frequency Response Function (FRF) which is 
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then used in the commercially available software CutPro (7) to obtain a stability lobe diagram 
which indicates stable regions within the possible process window. 

The data from these three software modules is then used to determine a process window 
within which the controlled machining parameters (i.e. force and vibration) must be held to 
achieve a stable process.  The next step is to make further toolpaths with process parameters 
satisfying the current process window.  Each stage of machining will have its own optimal 
process parameters.  The number of iterations used is dependant on part geometry and the 
overall machining strategy, see Fig. 1 and Fig. 2. 
If more than one machining stage is used, the next step would be to ‘virtually’ mill away 
material from the stock part (1) and to make a new analysis based on the ‘as-is’ stock 
material, i.e. after the first (or subsequent) machining pass (2). When these iterations are 
finished, the NC-program will have relatively well optimized process parameters and tool 
paths.

The NC-program will then be run in a machine (8) with retrofitted sensors (9) to enable real-
time monitoring of milling forces, vibration and feed rate.  In the system developed, this data 
is collected using an external PC and decision making ACC algorithm (10).  From this data, 
and the process window (11) obtained during pre-processing, the ACC algorithms will make 
decisions as to how feed rate must be adjusted to keep milling forces and vibrations within the 
preset limits. If pre-processing is done with a high degree of accuracy, the in-process changes 
will be kept to a minimum. 

3. Pre-Process Characterisation 
In order to fully understand the machining process, a comprehensive model of the specific 
machine and component behaviour are necessary.  This cannot be created in ‘real-time’ but 
rather must be developed through different techniques in a ‘pre-process’ or machine 
characterisation study.  These techniques include tap test using an impact hammer, 
electromagnetic shakers, Laser Doppler Vibrometry- (LDV) and sensor measurements (e.g. 
accelerometers), to obtain machine stiffness and response and hence a stability lobe diagram.  
Finite Element Analysis (FEA) via modal analysis, in this case using the IDEAS software, can 
also be used to determine natural frequencies and vibration modes of the component at 
different stages of machining.  This is outlined in figure 3. 

Figure 3: Pre-process and real-time monitoring techniques used to characterise the machining 
system, process and machined product. 
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3.1 Measuring the machine system dynamics 
The traditional way of obtaining a system transfer function is to use a so called tap test 
whereby an impulse is given to the system, using an instrumented hammer, and the time 
response measured using an accelerometer. 
This works with static systems, but not with a machine tool whose characteristics vary 
depending on how fast the machine spindle rotates (due to varying bearing stiffness). In order 
to overcome this limitation, a dummy tool consisting of a holder and rotating shaft was 
designed and manufactured.  This allows the machine to run as normal, and for dummy loads 
mimicking the actual machining process top be applied and impulses given through the use of 
an electromagnetic shaker.  This applies a point load at a given frequency via the this rod that 
can be seen in figure 4 

Figure 4: Experimental set-up for simulating an oscillating load to the spindle while rotating 
(left) by the electromagnetic shaker (white cylinder), static load is applied via the two thin 
cylinders.
This was further refined by eliminating the bearing in the dummy tool through the use of a 
magnetic bearing / shaker (MBS), see figure 5.  This applies a vectored force through 
advanced control of the magnetic field and thus even eliminates the need for the 
electromagnetic shaker.  Using the magnetic bearing / shaker, the machine tool can be 
presented with different loadcases to mimic the variable loads seen during machining. 

Figure 5: Magnetic bearing / shaker and dummy tool. 
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An LDV was used to measure the displacement and the acceleration of the dummy tool during 
rotation (figure 6). 

Figure 6 LDV measurement set-up in the 5-axis machining center showing the spindle and 
dummy tool (centre in the distance) and LDV-laser (to the right) which is aimed at the 
dummy tool. 

The LDV method used for measurement of vibration of a rotating shaft is described by 
Rantatalo et al [13].  The MBS is described further by Rantatalo [14]. 

Using knowledge of the loadcase used and response data from the LDV the transfer function 
for the machine system can be determined without contact with the rotating shaft. To 
characterise the machine tool using non-contact methods is advantageous because there are no 
disturbances due to mass loading from accelerometers or damping from the impact hammer.  
It is also possible to make measurements whilst the tool is rotating and hence to determine 
how the transfer function changes at different rotational speeds.[15] 

3.2 Stability lobe diagrams 
From the system response, so called stability lobe diagrams can be developed.  A typical 
stability lobe diagram generated by the commercial software CutPro, developed by Altintas 
[16], is shown in figure 7. The diagram has spindle speed (rpm) on the x-axis and axial depth 
of cut (ap) on the y-axis. The diagram indicates when the machining will be stable and when it 
will be unstable given a certain ap, radial depth of cut (ae), workpiece material, particular tool 
and machine. In the diagram a peak and broad stable region can be seen between 18500 rpm 
and 21000 rpm, for up milling using a 16mm 4 flute end mill in the Liechti TurboMill. When 
milling in this region it is possible to achieve stable machining with an ap 8-10 times higher 
than that possible when machining at 17000-18000 rpm as indicated by the trough in the 
diagram.  It is clear that relatively small changes in process parameters can have a profound 
effect on performance. 
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Figure 7: Stability lobe diagram for up milling and down milling derived from modal analysis 
data and the CutPro software (ae = 1.5 mm, gauge length: 132 mm, material Al7010). 

3.3 Component dynamics 
To further understand stability problems during milling, the LDV was used to measure the 
natural frequencies of the machined part when clamped in the machine. These measurements 
were used to calibrate an FEA based modal analysis of the part.  The FEA modal analysis was 
carried out on models of the geometry as it changed during machining in order to see how the 
vibration properties of the part change as material is removed. 
Figure 8 shows the results of FEA modal analysis and LDV measurements for the 
corresponding geometry for the first and the final machining steps and for the first and second 
natural frequencies.
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Figure 8: The first two vibration modes for the stock geometry and for the final thin wall 
structure under investigation: (a)-(d): FEA-simulations, (e)-(h): LDV-measurements. 
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4. In-process ACC control 

The methodology outlined above allows near optimum CNC programmes to be developed 
without the need for real time control.  However, since the machining process is very non-
linear and sensitive to small changes in cutting conditions, real time / in-process control is 
necessary.

The in-process system developed consists of several parts.  Figure 9 shows how the internal- 
and external-sensors are implemented in the research platform. The external sensors are 
explained by Norman et al [11] and the internal sensoring by Bäckström [12]. 

Figure 9: Interface between machine controller, external computer(s) and external sensors  

From the force transducers (#1) in the setup in figure 9 an output is shown for the four 
machining stages in figure 10.  
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Figure 10: Forces in X-Y-Z directions of the machine for the different machining stages (I-IV, 
ref figure 1). 
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The machine characteristics encapsulated in the control algorithm (5), together with process 
variables monitored in real time (4), allow the system to makes subtle adjustments to the feed 
rate to maintain the optimum process settings throughout the machining process.  It can also 
be used to detect tool failure and hence enable unmanned / lights-out manufacturing.

As machining proceeds, force and vibration (accelerometer) are monitored using piezoelectric 
sensors, whilst the process parameters are monitored using a PCMCIA SERCOS card 
installed in a separate PC (2).  The SERCOS card is implemented so it precedes the master 
SERCOS card in the CNC machine and therefore monitors all of the information that passes 
through the ring.  For practical reasons, two external computers are used.  However, these can 
be considered a single unit in the following discussion.  The main external PC is an industry 
standard, twin processor PC that houses a National Instruments SCXI interface card capable 
of handling 16 inputs and 32 outputs see figure 9.  Signal conditioning is carried out using 
National Instruments LabView.  The PC also carries out analysis and decision making (5) 
which is also implemented in LabView.  Information is transferred between the external PC 
and the machine controller via an Ethernet cable. 

4.1 Timing constants 
Knowledge of key time constants in the control system is very important because these 
directly affect how long it takes for a requested change in, say, the feed rate to take effect.  
This will vary from machine to machine. The key time constants of the 5-axis machine test 
bed used in this work are shown schematically in figure 11. 

Figure 11: Timing constants for the key elements in the ACC machine control loop. 

The basic machine control system updates every 0,5ms. At the same time the SERCOS card 
reads data and the external computer calculates the current cutting force.   
Instantaneous cutting forces will change within fractions of a millisecond.  In the current 
work, sampling of forces and accelerometer data is carried out at a rate of 1000 
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samples/second (Hz) which has been found to be sufficient.  If necessary the sampling rate 
can be easily raised to 20000 Hz or more.  There is obviously a trade off between sampling 
rate and the volume of logged data generated.  However, if the sampled data is used purely as 
in-data to the feed rate correction algorithm, it need not be saved.  
The comparison of sampled and calculated force data takes about 0,5 ms and there is also a 
delay of 4 ms before the machine’s internal PLC updates the feed rate.
The total time for a change to take effect is therefore ~6 ms.  In other words, to change the 
feed rate within 2 ½ rotation of the tool when it is rotating at 24000 rpm, or within ca 1 mm of 
travel with a table feed rate of 11 m/min; which is typical when machining aluminium.  
In order to detect and compensate for things like chatter or tool failure, the sampling rate 
necessary can be estimated using the data given in table 1. 

Table 1: Timing properties [17] 
Feature Sampling Function Measurement 
Chatter 0.01-1 msec Estimate chatter 

Avoid chatter 
Supress chatter 

Depth of cut 
Spindle speed 
Acoustic emission 
Cutting force 
Feed vibrations 

Cutting forces 0.01-1 msec Estimate cutting 
forces and maintain specs 

Depth of cut
Spindle speed 
Acoustic emission 
Cutting force 
Feed vibrations 

Chip/Burr
formation 

10 msec-1 sec Estimate formation and 
maintain specs 

Feed
Spindle speed 
Cutting force 
Tool wear 
Depth of cut 

Cutting
temperature 

1 sec- Estimate temp. and 
maintain specs 

Feed, Tool wear 
Infrared image 
Chip contact length 

Tool wear 1 msec Estimate, maintain 
specified rate, compensate 

Depth of cut 
Feed, Cutting force 
AE, Surface finish 
Part dimension 
Tool geometry 
Tool vibrations 
Spindle power 

Tool failure 1 sec-1 msec Estimate, avoid and detect AE, Cutting force 
Spindle power 
Tool vibrations 

Surface errors 1 sec - Estimate surface finish and 
tolerances, maintain specs 

Cutting forces 
Tool deflection 
Tool wear, Feed 
Cutting speed 
Cutting temperature 
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4.2 Feed rate correction algorithm 
At present the instantaneous measured force is used as in-data to the feed rate correction 
algorithm which generates a correction factor that changes the feed rate.
The cutting force is derived as follows: 

ft=f/(N m)    (1)
Where, f is the feed of the machine table, ft is the feed per tooth, N is the spindle rpm and m
the number of cutting teeth. The tangential cutting force, Ft,

Ft=Ks a ft sin     (2) 
Where Ks is the specific cutting force coefficient of the material, a is the axial depth of cut, 
is the rotational angle.  The axial cutting force, Fr, can then be calculated as: 

Fr=Kr Ft    (3)
Where Kr is a constant which depends on cutter and insert geometry and the method of 
machining being used. The resulting cutting force exerted on the tool is thus: 

Fpr=(Ft
2+Fr

2)1/2    (4)
From equations (1)-(4) it can be seen that the force will vary sinusoidally with the rotational 
angle  . If more than one tooth is cutting, the vectorial sum of the forces from each tooth 
must be used when calculating the resultant cutting force. A more detailed explanation of the 
calculation of cutting forces is given by Altintas [18, 19].  
For the feed rate adjustment, the divisional controller concept, originally developed by 
Watanabe and Iwai [20], is used.
The basic algorithm used is given in equation 5 and a schematic of the overall behaviour of 
the ‘divisional control algorithm’ shown in figure 12.  

U%(k) = U%(k-1)(Fpr/Fp(k))   (5)
Where U%(k) is the current feed rate override percentage, U%(k-1) is the previous feed rate 
override percentage, Fpr the preset force limit and Fp is the measured force. 

Figure 12: Schematic of the overall behaviour of the divisional controller algorithm [21]. 

This algorithm is implemented so that feed rate changes in the range 0-255 % of programmed 
feed rate can be achieved. 

This type of controller requires several iterations to arrive at a stable correction factor.  Once 
this is found, the algorithm will track changes relatively quickly.  The divisional controller 
algorithm is robust and will function as long as the measured peak force Fp is above zero. (If 
the force reaches zero the value of the U% reaches infinity.) The easiest way to overcome 
problems associated with Fp = 0 is to enable the controller only when the force is above a 
preset value. 
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5. Conclusions 
A sophisticated platform for machining has been developed in a unique manner for 
pre-process system characterization, along with real-time monitoring and closed loop 
control (e.g. for controlling the vibrations and forces) 
The system developed was implemented in a five axes high speed machining centre 
(being critical for tool failure), complemented by a three-axis test-bed machining 
centre
An aerospace component was used as a testpiece.  This complex aluminium wing 
structure had thin walls which are known to cause damage during machining.  The 
machining was carried out in four discrete steps. 
Pre-process characterization of the dynamics of the spindle and workpiece were 
carried out using Laser Doppler Vibrometry (LDV), a magnetic shaker and traditional 
‘tap-test’ techniques, verified by FEA based modal analysis.  The FEA- results were in 
good agreement with the LDV-measurements 
For simulating the cutting force experienced by the tool/spindle a magnetic shaker and 
load spindle were used. 
Data from the modal analysis was used to calculate the stability lobes for the 
machining process, enabling maximum cutting depth to be used.  This was 8-10 times 
deeper than possible at less stable parts of the stability lobe diagram. 
On-line measurement of the cutting force and vibrational behaviour was demonstrated.  
Commercial and in house developed force platforms and ordinary accelerometers were 
used.  Retro-fitting these on an existing machine tool was not found to be a problem. 
Based on the system dynamics and sensor platform a concept for an ACC controller 
was developed 
The platform developed turns out to be applicable, offering new opportunities for 
understanding, characterizing, monitoring and controlling the machining process 
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Paper III 

Laser Doppler Vibrometry measurements of a rotating milling 
machine spindle. 
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ABSTRACT

Finding an optimum process window to avoid vibrations during machining is of great 
importance; especially when manufacturing parts with high accuracy and/or high productivity 
demands. In order to make more accurate predictions of the dynamic modal properties of a 
machining system in use, a non-contact method of measuring vibrations in the rotating 
spindle is required. Laser Doppler Vibrometry (LDV) is a non-contact method, which is 
commonly used for vibration measurements. The work presented consists of an investigation 
into the use of LDV to measure vibrations of a rotating tool in a milling machine, and the 
effects of speckle noise on measurement quality. The work demonstrates how the axial 
misalignment and the roundness of a polished shaft can be evaluated from LDV 
measurements.  

1 INTRODUCTION

Manufacturers of modern machine tools are increasingly implementing advanced process 
monitoring and supervisory process control (1) to complement the basic functionality of the 
machine tool control system. At there simplest, process monitoring systems are used to help 
prevent or limit the effects of catastrophic events such as tool breakage (2) or spindle failure. 
Such events can be detected by monitoring the current drawn by axis drives and spindle motor 
(3, 4), or by more advanced techniques such as cutting force monitoring or measurements of
vibrations using accelerometers or acoustic emission using sensitive transducers and signal 
conditioning software (5-9). By setting safe limits for the monitored parameter(s) based on 
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experience or trials, unusual or unexpected events which may indicate a catastrophic failure 
can be used as a trigger to stop the machine. 

Since vibrations are the result of relative movement between the cutter and work piece, the 
dynamic behaviour of both the machine structure and rotating spindle/cutter together with the 
behaviour of the component being machined has to be considered. In most situations, the 
work piece can be considered a solid part fixed to the machine table with no significant modal 
properties of its own. This assumption tends to weaken, however, when machining 
components with relatively thin walls (10).  

Regenerative machine tool chatter is a fundamental type of vibration that can occur during 
milling. These vibrations have their origin in the closed loop nature of the cutting process and 
are dependent on the structural vibration modes, described by the frequency response function 
(FRF) of the machine tool. The FRF is normally measured on a non rotating/static system 
from which the limits for chatter free machining can be calculated (11).  In modern machine 
tools, spindle speeds of 20,000 rpm and upwards are not uncommon, since the dynamic 
characteristics of the spindle such as damping change, this causes the FRF of the system as a 
whole to change.

To be able to fully investigate the behaviour of a high-speed rotating system, such as a 
machine tool spindle, it is necessary to use non-contact measurement methods. Several 
approaches to the non-contact measurement of rotating objects have been developed.  These 
include optical techniques such as Pulsed Laser TV-Holography (12) and Laser Doppler 
Vibrometer techniques (LDV) (13).

LDV is a well-established technique for measuring the velocity of a moving object. It is based 
on the Doppler effect, which explains the fact that light changes its frequency when detected 
by a stationary observer after being reflected from a moving object. The vibrating object 
scatters or reflects light from the laser beam and the Doppler frequency shift is used to 
measure the component of velocity which lies along the axis of the laser beam. As the laser 
light has a very high frequency, direct demodulation of the light is not possible and optical 
interferometry is therefore used. 

When a coherent light source illuminates a surface that is optically rough, i.e. the surface 
roughness is large on the scale of the laser wavelength, a granular pattern called speckle 
which has random amplitude and phase is seen. This is due to interference between the 
components of backscattered light. The intensity of a speckle pattern obeys negative 
exponential statistics and their phases are uniformly distributed over all values between -
and  (14). If the speckle pattern changes during LDV measurement the rate of change in the 
resulting phase will be nonzero, and the frequency spectrum will contain peaks. These kinds 
of speckle fluctuations are induced by non-normal target motions, such as tilt, in-plane 
motions or rotation (15). Speckle fluctuations due to target rotation are periodic and will 
repeat for each revolution. This leads to peaks in the spectrum at the fundamental rotation 
frequency and higher order harmonics. These modulations are difficult to distinguish from the 
true vibrations and in the worst case, can almost completely mask the vibration pattern. It is 
therefore important that the target to be measured has a surface smooth enough so that the 
speckle noise is avoided. 
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2 EXPERIMENTAL SET-UP AND PROCEDURE 

2.1 Preparation of the dummy tool 
A dummy tool with a radius of 10 mm and a length of 100 mm was manufactured from a solid 
stainless steel tool blank. The shaft was mounted in a lathe and polished using emery paper 
with grades ranging from 400 (grains/mm) to 1200. The shaft was finally polished using 
diamond paste with particles ranging from 9 μm to 0.25 μm and with a chemical polishing 
fluid. Quality control of the polished surface was performed using non-contact optical surface 
profile measurement (www.veeco.com). In the actual experiment a spray which is normally 
used for crack detection was used to create a removable diffuse (optically rough) surface on 
the polished dummy tool. Both the polished tool surface and the sprayed surface were 
measured by the optical profiler, and a representative area of the tool of 304 x 199 μm was 
sampled in steps of 414 nm. The measurements showed a normally distributed surface 
structure with Ra = 11,29 nm, implying that the polished surface is optically smooth 
compared to the laser wavelength of 633 nm. The sprayed surface showed substantially 
higher values, Ra = 21.02μm, giving an optically raw surface.

2.2 The milling machine 
The LDV measurements were made on a Liechti Turbomill ST1200 ‘state-of-the-art’ 
machining centre offering multiple (5-axis) movement and a spindle capable of speeds of up 
to 24,000 rpm. The polished dummy tool was mounted in a Corogrip holder with an HSK 
shank which was in turn mounted in the machine and was not removed until all the 
measurements had been made. 

2.3 Setting up the LDV 
For the measurements, a PSV 300 LDV system from Polytec GmbH (www.polytec.com) 
including a displacement decoder was used. The LDV scanning head was mounted on a 
sturdy tripod and placed approximately 2 m from the tip of the dummy tool on a soft damped 
material to reduce the influence of structural floor vibrations. Care was taken to align the laser 
beam so that it’s centre line passed through the centre line of the shaft and was perpendicular 
to the shaft’s axis of rotation. This was necessary to ensure that the true velocity vector 
associated with the vibrations was along the incident direction of the laser beam. The LDV 
system was set up to perform sampling with a frequency of 40,96 kHz. The maximum 
detectable frequency was set by the system to 16 kHz. The LDV system produced frequency 
spectra with a standard FFT algorithm using a complex averaging method with 100 averages 
of 800 ms each giving a frequency resolution of 1.25 Hz and a total measuring time of 12.8 s. 

2.4 LDV measurements 
A series of experiments were carried out to establish whether vibrations of a rotating tool 
could be measured using the LDV system. Four different spindle speeds 2700, 4200, 6000 
and 7200 rpm were studied. The LDV was used to measure the vibrations at the tip of the 
polished dummy tool in the radial direction at these speeds. The same set of measurements 
was carried out on the tool after being sprayed to give an optically raw finish. 
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Figure 1. LDV measurement of the rotating optically raw (sprayed) dummy tool.

Logged data was exported from the LDV as ASCII files and then imported into Matlab 6.0 
where more detailed analysis and filtering of the data was carried out. The large-scale profile 
around the circumference of the dummy tool was measured using a mechanical roundness 
tester from C E Johansson (www.cej.se), with an accuracy of + 0.3μm. This was performed 
after that the LDV measurements were carried out.  

3 RESULTS

In this section the results from the measurements at 6000 rpm are presented. The velocity 
spectrum of the polished and rough dummy tool measurements are displayed in the same 
chart for different frequency bands, Figure 2-5. The spectrum of the rough surface has been 
flipped down to the negative side in the charts to simplify comparison of the two spectra. In 
the charts it can be seen that the spectrum of the rough dummy tool contains peaks at f * n Hz 
where f is the rotational speed of 100 Hz (6000 rpm) and n = 1, 2, 3… These peaks are 
expected due to the presence of a speckle noise repeated for each dummy tool revolution in 
the sampled data.  

A zoomed part of the spectrum covering the frequency band 8.8-10 kHz shows clearly the 
speckle noise in the form of peaks at integer multiples of the rotational speed of 100 Hz. 
These are marked with circles along the frequency axis, Figure 3. These peaks could not be 
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seen in the graph of the polished tool. Between 1.1-1.5 kHz contains both speckle noise peaks 
and ordinary vibrations, Figure 4. Note that the vibrations are present in both curves but the 
peaks are only present in the spectrum of the rough surface.  

The frequency band covering 0-1 kHz shows harmonic peaks in both FFT graphs, see Figure 
5. However; the first peak at 100 Hz in the polished measurement spectrum was detected as 
the dummy tool axial misalignment and the other six harmonics as the roundness profile. 
Figure 6 shows the signal from the displacement decoder. This signal is band-pass filtered 
between 0.15-0.75 kHz, thus filtering out the roundness profile. The result is shown in Figure 
7, where the filtered time signal for one revolution is presented in a polar plot (dashed line), 
together with an independent mechanical measurement of the roundness made by the 
roundness tester (solid line). The difference between the curves is less than the error given by 
the manufacturer of the roundness tester (+ 0.3 μm). For the sprayed dummy tool the 
roundness could not be measured properly due to speckle noise caused by the rough surface. 
Similar results where achieved for measurements made at spindle speeds of 2700, 4200, and 
7200 rpm. 
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Figure 2. Spectra of the polished and the sprayed surface at a spindle speed of 6000 rpm. 
The spectrum of the rough dummy tool has been mirrored along the frequency axis 

down to the negative side to simplify comparison between the two. Multiple harmonics 
of n*100 Hz where n= 1,2,3… can be seen in the spectrum of the sprayed surface.   
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Figure 3. Zoomed part of the spectrum, 8.8-10 kHz. Frequencies where peaks are 
expected due to speckle noise are marked with a ring on the frequency axis. 
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Figure 4. Zoomed part of the spectrum, 1.1-1.5 kHz.  Frequencies where peaks are 
expected due to speckle noise are marked with a ring on the frequency axis. It can 

clearly be seen that no peaks is present in the spectrum of the polished surface at the 
marked positions. Note that the vibration signal is present in both measurements. 
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Figure 5. Zoomed part of the spectrum, 0-1 kHz.  Frequencies where peaks are expected 
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peaks are identified as tool axial misalignment and roundness. 
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Figure 7. Polar plot of the roundness of the dummy tool. Solid line: Measured with a 
mechanical roundness tester. Dashed line: Measured with LDV at a rotational speed of 

6000 rpm. The distance between two circles in the plot is 2 μm. 

4 DISCUSSION AND CONCLUDING REMARKS 

Speckle noise interference was avoided by polishing the surface of the dummy tool (in effect 
a rotating shaft) until an optically smooth surface was achieved. The optically smooth surface 
of the rotating tool generated no repeated speckle noise and hence no unwanted peaks at 
integer multiples of the rotational frequency. This allowed the axial misalignment and 
roundness of the dummy tool to be measured at speeds of up to at least 7200 rpm using an 
LDV. This implies that radial vibration measurements of the tool can also be conducted; for 
example, when investigating dynamics of the cutting process. 

The possibility of extracting roundness and alignment information is based on the fact that at 
a rotational speed of 6000 rpm (100Hz) any misalignment would be seen as a 100Hz signal. 
Since the tool is not perfectly round, harmonics of 100Hz will be present. The first component 
of the out of roundness is an elliptical form and results in a frequency peak at 2*100Hz (200 
Hz). The second roundness component, a tri-lobed form, would be seen as a peak at 3*100Hz 
(300Hz) and so on. In the experiments, no significant peaks at integer multiples of the 
rotational speed could be detected above the 6:th component at 7*100Hz. To eliminate the 
possibility of structural vibrations being misinterpreted as misalignment or out of roundness, 
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measurements were made at a number of rotational speeds (2700, 4200, 6000 and 7200 rpm).  
At each of these speeds, the misalignment data would be seen as a peak at a different 
frequency; namely 45Hz, 70Hz, 100Hz and 120Hz. Out of roundness data would be at 
multiples of the primary frequency.  When measuring at speeds other than 6000rpm, any 
structural vibration around 100Hz would become clear, and the peak due to misalignment 
shifted. This makes it possible to analyse the presence of structural vibrations overlaying axial 
misalignment and out of roundness. No significant structural vibrations overlaying the 
roundness and misalignment data were detected in the experimental data. 

However, since some frequency components of structural vibrations are spindle speed 
dependant it is not possible to draw firm conclusions about misalignment and roundness 
based solely on the LDV measurements. This effect must be investigated further. Good 
correspondence was however seen between LDV measurements and direct mechanical 
measurements of misalignment and out of roundness made using a dial test indicator and 
roundness tester. This indicates that no significant structural vibrations are overlaying the 
pitch and roundness data at the spindle speeds investigated. 

Several problems must be overcome if LDV measurements are to be made of a rotating tool 
when it is cutting. Firstly, the laser beam must have a clear line of sight to the target surface 
on the tool without interference from cooling fluid or metal chips generated by the cutting 
process. The target surface must also be kept free of particles such as dust or process fluids.  
In milling machines where the tool moves relative to the machine base it must be possible to 
track the moving tool either by physically mounting the LDV on the moving axis of the 
machine or by some other tracking system. Finally, the alignment of the laser beam relative to 
the optically smooth target surface on the tool is also an issue that has to be considered. Axial 
misalignment, roundness, in-plane vibrations or applied cutting forces can affect the direction 
in which the laser beam is reflected from the target surface which could lead to a poor signal 
level or drop outs. In plane vibrations and deflection due to cutting forces together with the 
geometry of the shaft can also lead to misinterpretation of vibration data due to cross 
sensitivity. This has not been investigated in this work. 

Different spindle / cutting speeds, cutting forces and changing component geometry affect the 
dynamics of a machining system. Measurement techniques based on physically mounting 
sensors, such as accelerometers, on the machine or workpiece can also affect the system 
dynamics. The ability to perform non-contact measurements of vibrations will allow 
measurement of changes in machine dynamics to be made during the cutting process without 
affecting the process itself.  This is the subject of ongoing work. 
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Abstract

High-speed machining of thin-walled structures is widely used in the aeronautical industry. 
Higher spindle speed and machining feed rate, combined with a greater depth of cut, increases 
the removal rate and with it, productivity. The combination of higher spindle speed and depth 
of cut makes instabilities (chatter) a far more significant concern. Chatter causes reduced 
surface quality and accelerated tool wear. Since chatter is so prevalent, traditional cutting 
parameters and processes are frequently rendered ineffective and inaccurate. For the machine 
tool to reach its full utility, the chatter vibrations must be identified and avoided. In order to 
avoid chatter and implement optimum cutting parameters, the machine tool including all 
components and the workpiece must be dynamically mapped to identify vibration 
characteristics.

The aim of the presented work is to develop a model for the prediction of stability limits as a 
function of process parameters. Commercial software packages used for integration into the 
model prove to accomplish demands for functionality and performance. In order to validate 
the model, the stability limits predicted by the use of numerical simulation are compared with 
the results based on the experimental work. 

Keywords: High-speed machining; Regenerative chatter; Stability lobes; Finite element 
analysis; Laser Doppler Vibrometry

1 Introduction

An increasing trend in modern manufacturing industry points towards larger ranges of 
variation in production systems. This is a direct consequence of the effort to satisfy customer 
demands for fast deliveries of new products. The present situation in the manufacturing 
industry is that they have to adjust much of their cutting processes as a consequence of the 
uncertainty that exists in the influencing machining conditions. In order to do this, techniques 
must be used to handle variations in the manufacturing conditions as the frequent 
reconfigurations and setups generate. 

In manufacturing of components for aerospace applications, aluminium is one of the most 
frequently used materials. In machining aluminium, higher spindle speed and machining feed 
rate combined with a greater depth of cut, increases the removal rate and with it, productivity. 
The combination of higher spindle speed and depth of cut makes instabilities (chatter) a far 
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more significant concern. In machining, chatter is perceived as an unwanted excessive 
vibration between the tool and the workpiece, resulting in a poor surface finish with possible 
initiation of micro-cracks. Chatter vibrations accelerate also tool wear which has a 
deteriorating effect on the tool life, and the reliability of the machining operations. 
Especially for the cases where long slender end mills or highly flexible thin-wall parts are 
involved, chatter is almost unavoidable unless special suppression techniques are used or the 
removal rate of material is substantially reduced. 
Currently working with the preparation machining process, the natural frequencies of the 
workpiece are measured and analysed when getting problem with the quality of the surface or 
cutting process. The manufacturing process is stopped just before the cutting starts in the 
problem area and sensors are put in the same area. The extensive experimental work is a 
limiting factor in application of this approach to manufacturing of aluminium aerospace 
components. The removal of material in aerospace applications is vast and figures up to 90% 
of the original volume which results in non-linear behaviour due to time variant geometry and 
stiffness. Due to time and costs consuming experimental work, the long-term goal is to 
develop a tool for the prediction of chatter vibrations that is based on a digital prototype. 
The first attempt to describe chatter was made by (Arnold 1946). (Tobias and Fishwick 1958) 
presented a comprehensive mathematical model and analysis results of chatter vibrations. The 
importance of predicting stability in milling has increased due to advances in high-speed 
milling technology. At high speeds, the stabilizing effect of process damping diminishes, 
making the process more prone to chatter. On the other hand, stability limits usually referred 
to as stability lobes exist at certain high spindle speed which can be used to substantial 
increase the chatter free material removal rate, provided that they are predicted accurately, see 
e.g. (Smith and Tlusty 1993). (Wiercigroch and Budak 2001) presented a critical review of the 
modelling and experimental investigations. In this work, sources of nonlinearities, chatter 
generation and suppression in metal cutting are studied. In the papers by (Moon and Kalmar-
Nagy 2001, Balachandran 2001), the prediction of complex, unsteady and chaotic dynamics 
associated with cutting processes through nonlinear dynamical models is reviewed. 
In general, several physical mechanisms causing chatter can be distinguished. Frictional 
chatter due to friction between the tool and workpiece, mode-coupling chatter and thermo-
mechanical chatter caused by the thermodynamics of the cutting process are often called 
primary chatter. 
Secondary chatter is caused by the regeneration of waviness on the surface of the workpiece. 
This phenomenon is called regenerative chatter and is considered to be one of the most 
important causes of instability in the cutting process. 
During machining as the cutter tooth enters into the cut, the cutting system (tool-holder, tool) 
deforms in bending due to applied cutting forces. Forces released by the tooth exiting the cut 
cause the cutting system to vibrate with its natural frequency. The vibration leaves small 
waviness on a surface of the workpiece, as illustrated in figure 1. If the following tooth impact 
does not match the natural frequency of the cutting system, the chip thickness will increase as 
well as the applied cutting forces that result in a larger deformation of the system. The worst 
condition is when the vibration from cutting edges moves and the mirror image of the surface 
waviness is 180° out of phase, see figure 1. To avoid chatter in machining means that the 
tooth impact frequency has to match the natural frequency of the cutting system. The ideal 
condition is when the surface waviness and cutting vibration are in phase. 
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Figure 1. Chip thickness variation (dashed area) between the tool and the workpiece. In phase 
thickness generation is shown in upper half of the figure and out of phase generation in lower 

half.

Various models to predict the stability boundaries related to chatter have been suggested by 
e.g. (Altintas 2000, Tlusty 2000). These models describe the cutting process dynamics using 
cutting parameters that are constant for the spindle speed range under consideration. This 
means that the dependencies of the dynamic behaviour of the milling machine or the cutting 
process on the spindle speed are not modelled. 
To investigate such dependencies, dedicated experiments have been performed and reported 
by (Faassen et al 2003). In this paper, the method for prediction of the chatter boundaries is 
proposed and applied to predict the chatter stability as a function of process parameters. A 
method for calculation of stability limits considering the flexibility of workpiece is presented 
by (Bravo et al 2005). 
The approach that follows the methodology developed by (Altintas 2000) is illustrated in 
figure 2. Here, the prediction of a stable cutting process is based on experimental modal 
analysis. For the evaluation of experiments and calculation of stability lobes, the commercial 
software CutPro is used. CutPro is an analytic simulation software package, developed for 
off-line milling process optimisation. To obtain reliable prediction for machining thin-walled 
components, an extensive trial and error experimental work is needed. 
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Figure 2. Prediction of the chatter-free cutting process based on experimental approach. 

2 Method

2.1 Digital model for prediction of chatter vibrations 

To avoid time consuming and expensive experiments, a supportive integrated tool based on 
existing commercial software is introduced, see figure 3. An application of a digital model 
facilitates the analysis of vibration and the prediction of a chatter-free cutting process. As 
already mentioned, the calculation of a stable cutting process follows the approach presented 
by (Altintas 2000). But, the significant difference of the proposed modelling is that the 
vibration analysis of the workpiece is based on numerical simulations and the vibration 
properties of the spindle are investigated experimentally using Laser Doppler Vibrometry 
(LDV). The software CutPro is used for the evaluation of a stable cutting process just as any 
knowledge database. 
In the presented digital model, the continuous machining process is discretized in time to 
obtain models of current stages in the machining process. Stages of the process when the 
cutting tool is changed are assumed to be appropriate for the analysis. 
The majority of critical frequencies are the natural frequencies of each component in the 
machining system. The machine tool itself and the workpiece are influencing the stability and 
have to be handled. 
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Figure 3. The model for the prediction of the chatter-free cutting process that integrates 
numerical simulation with experimental procedures based on LDV measurements. 

2.2 Definition of tool path and geometry for the analysis 

A reference geometry that is typical for an aircraft detail, see figure 4, is used for evaluation 
of the prediction methodology. Material removal in manufacturing this detail is large. For the 
illustration, the volume of the initial stock is 1.896×106 mm3 and the volume after final 
milling operation is 0.218×106 mm3. The thickness of the initial monolith is 40 mm, the final 
thickness of the bottom is 1.0 mm and the flange thickness is 1.5 mm. 
The structure has shown significant sensibility to vibrations during the machining. Before 
manufacturing, it must be first decided which operations are required to go from a stock 
geometry to the finished final component. A part programme for machining of the geometry is 
generated in a Computer Aided Manufacturing (CAM) system. The solid model of the 
structure that is created with nominal finished dimensions in a Computer Aided Design 
(CAD) system is transferred to the CAM module by selecting from the system database. In 
the presented work, the I-DEAS CAD/CAM system is used. 
Modern CAM software offers high levels of support for creating tool paths which is necessary 
for the definition of the component geometry from a piece of stock material. The CAM 
software automatically creates suitable paths for the tool to follow by the use of built-in 
algorithms. It is generally possible to specify how critical parts of the tool path such as entry 
and exit from the part or significant changes in the direction of the tool path such as 
machining in a corner are to be handled. 
To perform high speed roughing in volume milling, the scan type constant load is to be used. 
The milling is based on principles of constant cutting condition, constant chip load, 
continuous tool engagement and also minimizing of sudden changes of tool direction. For the 
optimization of the mentioned strategies, a smooth tool path is used starting from rough 
milling down to the finishing. To achieve as stable as possible tool path, the machining is 
started from the middle of the working part with the direction outwards. 
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The analysis of natural frequencies and response analysis are carried out for the sequence of 
as cut geometries (in-process stock geometries) that are identified to be significant for the 
manufacturing process. The in-process stock geometry is generated from the current state of 
the process at the end of each operation or even at discrete time intervals. 
I-DEAS/CAM software allows to calculate and to export solid model geometry for each step 
(in-process stock) in the machining of the part. In-process stock is a representation of the 
stock after the tool has cut away excess material for each operation. After a tool path is 
created, the software updates the shape of the in-process stock geometry. For the first 
operation in the first setup, the tool path removes material from the initial stock in the 
assembly. 

Figure 4. Sequence of in-process stock (as cut) geometries: Left - initial stock; right – final 
geometry. 

The updated in-process stock is saved and used for the next cutting operation. The software 
does not try to cut the volume of material that was already removed by previous tool paths. 
The geometry for two significant stages of the process is shown in figure 4. The generation of 
in-process stock sequences supports the definition of the time variant geometry for every step 
in the machining process and preparation of simulation models for the stability analysis. 

2.3 Modelling of stable milling processes 

As mentioned previously, instabilities that can lead to chatter during milling operations are of 
interest. Roughing operations as volume clear are often sensitive to chatter. Vibrations 
significant for finishing operations with small radial depth of cut are a combination of 
regenerative chatter vibrations and forced vibrations. 
A schematic workpiece-tool model of the milling process is represented by an equivalent two-
degree-of-freedom spring-mass-damper system and shown in figure 5. Details of modelling 
can be found in e.g. (Altintas 2000). 
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Figure 5. Regenerative effect due to chip-thickness variation. 

In figure 5, the feed direction and spindle rotation are shown for an up milling operation. The 
initial surface of the work piece is smooth without waves during the first revolution, but the 
tool starts leaving a wavy surface behind because of the structural modes of the machine tool-
workpiece system in the feed direction. When the second revolution starts, the surface has 
waves both inside the cut where the tool is cutting (inner modulation (t)) and on the outside 
surface of the cut owing to vibrations during the previous revolution of cut (outer modulation 
(t – T)). Depending on the phase shift between the two successive waves, see also figure 1, the 
maximum chip thickness may exponentially grow while oscillating at a chatter frequency that 
is close but not equal to a dominant structural mode in the system. Hence, the resulting 
dynamic chip thickness is no longer constant but varies as a function of vibration frequency 
and the speed of the spindle. Generally, the dynamic thickness can be expressed as follows 

tTtytytTtxtxthth cossinsin)( 0 , (1) 

where h0 is the intended chip thickness, which is equal to the feed rate of the machine, and x,
y are components of the dynamic chip thickness produced owing to vibrations at the present 
time t and one spindle revolution period (T) before. Assuming that the work piece is 
approximated by a two-degree-of-freedom system in two uncoupled and orthogonal 
directions, we obtain following equation of motion  
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Here, the terms mx,y, cx,y, kx,y are the modal mass, damping and stiffness, Fx and Fy are the 
tangential and radial cutting forces components resolved in x, y directions. The tangential and 
radial components of cutting forces are proportional to the axial depth of cut a, the dynamic 
chip thickness h(t) and can be expressed as follows 
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The coefficients Kf and Kr are cutting constants in the feed and normal directions. Equation 
(1) can be rewritten in a more compact matrix form as 

TtutuFtKutuCtuM . (4) 

Equation (4) is a time-delay differential equation and is solved numerically. For the solution 
of the dynamic response problem, we use the mode superposition method. The mode 
superposition method for time-history analysis is based on normal mode dynamics. Normal 
mode dynamics calculates the natural frequencies and natural modes of vibrations by means 
of finite element method (FEM). Mode shapes and natural frequencies are used for 
identification of structural resonances that may produce an undesirably large structural 
response to the dynamic input. Further, the response of structures to dynamic inputs can often 
be assumed to be a combination of the mode shapes corresponding to each mode. This lets the 
mode shapes construct a numerically efficient representation of the structure (modal 
representation) for use in further analyses. 
Lanczos method is applied to the present analysis as the most effective method for the 
solution of large-scale problems. 

2.4 Calibration of the simulation model 

For the machine tool to reach its full utility, the vibrations that contribute to chatter must be 
identified. It is usually the mismatch between the frequency response of the spindle and the 
frequency behaviour at the cutting point (contact between cutter and workpiece) which 
contributes to uncertainties in machine modelling. To obtain reliable results, a simulation 
model that is a model of real behaviour has to be used. The more of the process is accurately 
simulated; the closer to reality results will be obtained. This is a way to decrease the 
possibility of modelling errors. 
In order to make a more accurate prediction of dynamic behaviour of the cutting process, we 
use Laser Doppler Vibrometry (LDV) for calibrating the simulation model. LDV is a non-
intrusive optical method that is fast becoming common for vibration measurements. The non-
contact nature of LDV means that the structure can be analysed without introducing additional 
mass loading which is important in the cases of light weighted thin-walled parts. Basically, 
the device is a heterodyne interferometer based on the Doppler effect of backscattered light, 
as schematically presented in figure 6. A laser beam is divided by a beam splitter (BS) into a 
reference and an object beam. The reference beam reflects on a mirror (M) and is redirected to 
a modulator where the beam is then shifted by a known amount of frequency (fB). This carrier 
frequency is needed for resolving the direction of the measured vibration velocity. Systems 
differ by the method used for obtaining this frequency shift; our Polytec laser vibrometer uses 
an acousto-optic modulator (Bragg cell) with a frequency shift of about 40 MHz. The object 
beam reflects from the target and hence is Doppler shifted (fD) due to the target velocity and 
mixes with the shifted reference beam on the photo detector. Depending on the optical path 
difference between these two beams, they will interfere constructively or destructively. When 
the target is moving, the intensity measured by the photo detector will be time dependent. 
Frequency demodulation of the photo detector signal by a Doppler signal processor produces 
a time resolved velocity component of the moving target. 
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Figure 6. Schematic of the scanning Laser Doppler vibrometer. The laser beam is divided into a 
reference and an object beam. These two interfere on the photo detector and the velocity of the 

target is obtained after demodulation of the signal. Beam splitter (BS), mirror (M), laser 
frequency (f), Bragg cell frequency (fB) and Doppler frequency (fD).

In the application of laser vibrometry to experimental modal analysis, the surface of the 
vibrating object is scanned. A scan is a sequence of single point measurements. Two small 
servo controlled mirrors in the scanning head make it possible to deflect the beam both in the 
horizontal and the vertical direction. The measured data in each scan point is then compared 
relative to a reference signal. In our case the measured object is excited by an electro dynamic 
shaker. A force transducer at the driving point acts as a reference. Mode shapes and 
frequencies are then extracted from the measurements data by the LDV system software. 
Here, we use LDV to calibrate the boundary conditions in the FE model and also to 
experimentally determine the vibration properties of the setup cutting tool–spindle. Details 
about measurements on the spindle are presented in (Rantatalo et al 2004). The performance 
of the finite elements is evaluated using the stock part that is fixed in the measuring frame by 
means of flexible suspensions (rubber band). The flexible fixture allows the part to reproduce 
all rigid body modes. A shaker is used to excite the stock by a random pulse. We choose the 
first non-singular mode and the corresponding natural frequency 1947 Hz to illustrate the 
result of the experiment, see figure 7. The finite element model with the same type of the 
flexible constraint allowing all rigid body modes is analysed using eigen-problem solver. For 
the FE discretization, we use 10 nodes tetrahedron elements with quadratic interpolation. 
Material parameters for the reference part are following: Elasticity modulus 7.1×104 MPa, 
Poissons ratio 0.315, Density 2.8×10-6 kgmm-3. The material type is: Zn-Mg-Cu-Zr-Al – 
aircraft grade.The simulation result – first non-singular mode with the frequency 1970 Hz is 
also presented in figure 7. The simulation shows good agreement with the experiment. 
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Figure 7. Left – FE analysis of the stock with flexible suspension. The colour scale represents 
normalized first mode corresponding to the first natural frequency. Right – LDV measurements. 

The colour scale represents quantitative displacements corresponding to the first frequency. 

The next step in the calibration of the finite element model is an accurate definition of the 
boundary conditions for the analysis. The workpiece is mounted on the machine table in a 
Liechti Turbomill machining centre by the use of stiff clamps. The setup containing the stock 
part and the shaker is shown in figure 8. 
The frequency response to a random signal is measured by means of LDV. The first mode 
with corresponding frequency is shown in figure 9. A sequence of numerical experiments was 
run to iterate to the correct stiffness of the fixing clamps. The result of the analysis is 
presented in figure 9. We chose again the first mode and frequency of the fixed stock to 
compare the numerical result with the experiment. The simulation shows again good 
agreement with experimental results. 

Figure 8. Photo of the setup with the stock and the shaker mounted in the Liechti machine. 
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Figure 9. First mode and natural frequency are shown for the comparison of LDV 
measurements with FE analysis. Left – FE modelling. The colour scale represents the first 

normalized mode corresponding to the first natural frequency 2940 Hz. Right – Experimental 
result. The colour scale represents quantitative displacements corresponding to the first 

frequency 2835 Hz. 
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3. Modelling results and experimental verification

3.1 Evaluation of a stable cutting process 

The digital model, constructed and calibrated in previous sections is used to pursue an 
analysis of stability boundaries. The sequence of as cut geometries shown in figure 4 is used 
for generation of FEM models. During the machining, the initial stock mass 5.31 kg is 
reduced to 0.61 kg after finishing operations. This factor and lack of symmetry in geometry 
which is very common in this type of manufacturing have large impact on the vibration 
properties. To show the significant changes of the vibration properties, we choose for the 
comparison the first natural frequency and the mode of the initial stock and of the final 
geometry. The simulated first frequency 2940 Hz for the stock decreases after final milling 
operation to 1070 Hz. Simulated and LDV experimental results are shown in figure 10. 

Figure 10. The first natural frequency and mode for final geometry. Left – FEM simulation, 
right – the LDV experiment. 

The FE model used for solving eigen value problem is also used for transient response 
analysis by including appropriate initial and boundary conditions. Transient analysis 
computes the dynamic response of a structure to a set of simultaneous transient excitations. 
The response at each time instant is calculated by combining the modal response obtained 
using time integration. The workpiece is loaded by a short force pulse in two orthogonal 
directions in the plane x – y which is parallel to the bottom plane of the workpiece.  
The frequency response functions (FRF) in mm N-1 obtained from FE analysis for a sequence 
of cut geometries and also obtained from LDV measurements on the spindle are exported into 
the CutPro software for following processing and stability lobes calculations. We use features 
implemented in the CutPro software for the generation of data describing a machining 
process. In preparatory stage, the cutter data and cutting coefficients for the current workpiece 
material and a cutting force model are defined. After all preparatory steps are accomplished 
we have necessary input data to continue with the stability lobes calculation. 
The stability lobe defines region of stable and unstable cutting zones as a function of 
maximum depth of cut and spindle speed and is used to select appropriate machining 
parameters. Stability lobes that are predicted for the initial stock geometry and for a 40 mm 
CoroMill cutter are shown in figure 11. Finishing milling of the final geometry is done using 
a 16 mm CoroMill R216 cutter. The predicted stability lobes for final operations are 
presented in figure 12. 
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Figure 11. Stability lobes for the initial stock and a 40 mm Sandvik Coromant CoroMill 390 
cutter predicted using FE analysis. 

Figure 12. Stability lobes for the finishing of the final geometry and a 16 mm Sandvik 
Coromant R216 cutter predicted using FE analysis. 

3.2 Experimental verification 

In order to study accuracy of the prediction, the stability boundaries in terms of depth of cut 
and spindle speed obtained by FE modelling need to be validated with the experimental 
procedures.
A comparison of stability lobes predicted by the experimental modal analysis using CutPro 
with stability lobes calculated by the use of FE analysis is presented in figure 13. The 
prediction based on FEM analysis yields lower values for the critical depth of cut than the 
prediction based only on experimental procedures. The difference in critical depth of cut 
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above all for higher spindle speeds can be explained by the fact that the FEM-based prediction 
involves analysis in 3D that is not the case in the experimental approach. The prediction based 
on experimental modal analysis involves only excitations and response measurements in the 
same direction (testing in 1D space). 

A series of milling tests in the Liechti machine were performed for the verification purpose on 
the initial monolithic stock with a R390, Ø 40 mm tool. The spindle speed and feed rate were 
kept constant at 9500 rpm and 3000 mm min-1, respectively, while the axial depth of cut was 
varied. Three different axial depths of cut, 1.5 mm, 2 mm and 3 mm were studied. The cuts 
were placed sequentially along the y-direction. The radial depth of cut was equal to the radius 
of the tool. The length of each cut was 58 mm and for the next cut, the tool was moved to the 
right by a distance of 42 mm leaving 2 mm between the cut paths. The range of depth of cut 
was sufficient to move the system across different regions of stability. These cutting points 
are marked in figure 13. At 1.5 mm depth of cut, the system is clearly within the stable region 
of the curve predicted by the experimental work, and falls just within the stable region of the 
stability curve predicted by the FE analysis. At 2 mm depth of cut, the system is inside the 
stable region of the experimental predicted curve but outside the FE based one. Finally at 
3mm depth of cut, the system falls outside the stable region of the two curves. A Brüel & 
Kjaer type 4393 accelerometer was mounted on the workpiece, about 10 cm from the tool 
path, in the feed direction. Also a Brüel & Kjaer type 4189 microphone was used for sound 
recordings. The microphone was placed about 70 cm from tool path, directed towards the tool. 
The sensitivity of the accelerometer and the microphone was 0.314 pC m-1 s-2 and 45.5 mV 
Pa-1, respectively. The data was sampled at 32.8 kHz and a low-pass filter of 10 kHz was 
used. After machining, the generated surface quality was examined in order to decide about 
the process stability. Figure 14 shows a photo of the milled surface. 
At 1.5 mm depth of cut the sound pressure level, SPL at the spindle rotation frequency is 99 
dB, and the surface finish is very good, see Figure 14(a). The system is in a stable state. At 2 
mm depth of cut the, SPL is 103 dB and the surface finish is acceptable but not perfect, see 
Figure 14(b). Removed chips are smeary and sticking on the tool and hence coolant liquid is 
needed. The system is in a transition state between the stable and the unstable range. At 3 mm 
depth of cut the, SPL is 106 dB, the accelerometer level is higher, especially about the 10th, 
22nd, and the 51st spindle harmonics. The surface finish is bad, (see Figure 14(c)) and the 
system is unstable. 
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Figure 13. Comparison of stability lobes predicted for the initial stock. Dashed curve: predicted 
by FEM analysis, solid curve: predicted using Experimental Modal analysis and circle: 

performed milling tests. 

Figure 14. Photo of the machined surface. (a) 1.5 mm axial depth of cut, (b) 2 mm axial depth of 
cut and (c) 3 mm axial depth of cut. 
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4. Conclusions 

Chatter is a dynamic phenomenon that can appear in a machining at any spindle speed. Stable 
machining cannot be achieved without investigating the influence of chatter on the cutting 
process. A standard way to obtain reliable prediction of a stable machining process is the 
application of the methodology based on the experimental modal analysis. This approach 
requires in the case of thin-walled structures an extensive trial and error experimental work.  
In this work we present an integrated tool for prediction stability boundaries. A digital model 
for the milling process based on integration of CAD – CAM - FEM is developed. Commercial 
software packages used for integration into the model prove to accomplish demands for 
functionality and performance. Not only do the suggested approach give safer machining it 
also carries promises of an overall higher productivity. 
To avoid the usual mismatch between the frequency response of the spindle and the frequency 
behaviour at the cutting point (contact between cutter and workpiece) which contributes to 
uncertainties in the machine modelling, we use dedicated experimental procedures which are 
based on LDV measurements. 
The non-contact nature of the LDV makes accurate and fast measurements possible with an 
easy setup without any mass loads. This is of crucial importance when measuring on thin-wall 
structures with low rigidity. It is shown to be very useful to validate and improve the dynamic 
FEM models, especially regarding boundary conditions. 
The LDV is also able to make measurements on the rotating spindle, spindle housing, tool, 
tool holder, workpiece, clamps and machine table in one setup and give an overall picture of 
the machining.  

The performed milling tests showed good agreement with the predicted stability lobes (at 
9500 rpm). When machining just within the stable region predicted using the FE analysis 
resulted in the best surface finish.   
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Abstract: Being able to measure and monitor the forces applied and the 
resulting vibrations is important to be able to understand and control the 
process of milling, which is a highly interrupted process based on many 
variables. The present work concerns analysis of signals gathered during 
shoulder milling of toughened steel 2541-3 and aluminium alloy 7010. The 
signals acquired are force in three dimensions and accelerometer in the 
horizontal two dimensions. Moreover, a Laser Doppler Vibrometer is applied. 
The correlations of the analysed signals of the different sensors with the 
surface roughness were studied. While the signal stability and correlation was 
unsatisfactory for several sensors, the three sensors measuring along the feed 
direction were most suitable to monitor the increase of the machined surface 
roughness with increasing feed rate. 

Keywords: milling, aluminium, steel, sensor, monitoring 
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1. Introduction 

The study is about relating recorded signals with machined surface profiles for different 
cutting conditions. The study aims at exploring the possibilities of a sophisticated sensor 
platform for process monitoring and measurement in order to improve the understanding and 
control of the complex process of machining. 

1.1 Topography of the machined surface 

Evaluation of the milling process during metal cutting started as soon as the first machine tool 
was built. Ernst and Martellotti [1] were among the first to describe the effect of the surface 
finish depending on tool chatter and Built Up Edge (BUE). Tobias [2] described more in-
depth how the variables of machining are connected to the stability of cutting and hence to the 
surface finish. Researchers today try to simulate parts of, or the whole process, with different 
methods, for example Bouzakis et al [3] who has successfully predicted the surface 
roughness, forces and the chip geometry for freeform surface milling using ball end mills. A 
more generalized model was developed by Altintas [4]. He has developed models for most of 
the tools used in industry today and can also calculate the stability of the machine tool and 
workpiece. Several parameters affect the surface roughness as described by Benardos [5], see 
Fig. 1. This diagram divides the variables affecting the surface roughness into four groups, 
each holding 3 to 7 different variables. E.g. the workpiece properties group consists of: 
workpiece length, workpiece diameter and workpiece hardness. This fishbone diagram 
together with the DIN standard 4760 [6] which deals with surface classification and form 
deviations makes it possible to classify different cutting conditions and how they are 
connected to changes in process parameters. An adopted picture of the DIN standard is shown 
in Fig. 2 and also described further by Colak [7].

The DIN 4760 standard divides the surface topography errors in four different orders. The 1st

order is a form deviation that is shown as unevenness or non-circularity of the workpiece. 
This irregularity can be produced by a number of causes, such as machine tool axis error or 
deflection of tool to workpiece. The 2nd order is waviness that can originate from vibrations in 
the tool or the machine, from form defects of the cutter or from eccentric clamping of the tool. 
The 3rd order comprises grooves or scratches as a result of the cutter edge, feed rate or the 
infeed of the cutter. 4th order irregularities are classified as ridges, ripples or knobs generated 
by the chip forming process: BUE, shear chip or chip entanglement. When these irregularities 
are combined a surface structure similar to the bottom picture in Fig. 2 is achieved. 
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Fig. 1: Fishbone diagram of parameters affecting the surface roughness [5]  

Surface irregularity Example Reason of deviation 
1st order: Form 
deviation

Unevenness
Non-circularity 

Machine tool axis error 
Deflection of workpiece or tool 
Error in chuck 
Wear or hardening distortion 

2nd order: Waviness Waves Vibrations in machine tool  
Tool/eccentric clamping  
Form defects of the cutter 

3rd order: Grooves
Scratches

The form of the cutter edge 
Feed rate
Infeed of the tool

4th order Ridges
Ripples
Knobs

Chip forming process: i.e.  
     built up edge,  
     shear chip,
     chip entanglement 

Combination of 1st to 4th order irregularities 

Fig. 2: Classification of surface roughness errors adopted from DIN4760 [6] 
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1.2 Process sensors 

Force is one of the most important variables to access for realising process monitoring, along 
with acoustic emission, because of its direct context with the machining accuracy. The force 
sensor is therefore one of the most used sensor types for monitoring of the milling process. 
Amongst other applications it is used for machine diagnostics, chatter evaluation and 
evaluation of the surface finish during milling. Different sensor types and their use are 
described by Dornfeldt [8]. About 25% of the sensors described by Dornfeldt are classified as 
multi-sensor systems or intelligent sensors, i.e. sensors connected to a neural network. 
According to Dornfeldt the trend is towards this type of system because of the increasing 
computer performances enabling to calculate vast amounts of data on-line. A sophisticated 
system concept has been developed and partly integrated by the authors [9]. This system has a 
multi sensor approach where the process is evaluated using several different sensor and 
analysis methods. The sensors implemented are accelerometers and force sensors. 
Simultaneously to these measurements Laser Doppler Vibrometry (LDV) and a magnetic 
bearing (AMB) are utilized to evaluate and simulate the process further. The LDV 
measurement method used on rotating and stationary elements is a new approach described in 
[10]. LDV-measurements on a rotating tool were studied by the authors [11]. Occasionally 
accelerometers are even used as force sensors [12], which can be advantageous because the 
sensors need not to be arranged so that the forces go through the sensor. The accelerometer is 
a cheap and small type sensor. The main accelerometer type is piezoelectric, distinguishing 
two subtypes: Integrated Circuit Piezoelectric (ICP) and charge (PE), where the PE type uses 
an external amplifier while the ICP has built in electronics. Among their different advantages, 
two important features are lower cost per channel and simpler use with ICP types. The 
accelerometer, regardless of type, is small and rugged and can therefore be mounted almost 
anywhere. It can be situated right beside the cutting zone or inside the spindle assembly, 
depending on what to measure.  Kang et al. [13] placed a load cell near the ball screw giving a 
system that cheaper than a tool dynamometer and it is also shielded from cutting fluids and 
the wiring is also shielded. It measures cutting forces but gives about 5% error compared to 
the dynamometer. 

Kim et al. [14] measured the spindle displacement during milling with a capacitive sensor and 
succeeded in estimating the cutting force. It is also possible to measure the chatter of a 
process with a force sensor and from this data take decisions how the process is developing, 
this is shown by Yoon and Chin [15]. They use wavelets to extract characteristics of the 
detected signal and verify it by comparison with the FFT of the same signal. 
Many researchers tries to realise a system that can warn when the tool is worn out, this can be 
done by using appropriate sensors and mathematical models like genetic algorithms or hidden 
Markov models [16,17] to extract wanted parameters, e.g. tool wear. 

2. Experimental set-up 

The experiments were carried out in a five axis High Speed Machining (HSM) centre (Liechti 
Turbomill ST1200, 24 000 rpm). The system has digital servos with optical couplings. The 
power of the spindle is 30 kW, providing a constant torque of 61 Nm up to 5000 rpm.  
To study different cutting conditions, two materials were studied: aluminium alloy AA 7010 
(Al Zn6MgCu) and the toughened steel SS2541-03 (34CrNiMo6, AISI 4340). AA 7010 [18], 
developed during the seventies, is mainly used by the aerospace industry for structural parts 
with critical strength. For machine parts and for common heavy section constructions the 
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toughened steel S2541-03 is used. It is well known for its capability of developing high 
strength in the heat treated condition and toughness while retaining good fatigue strength.
The cutting tool used is a 16 mm R390 mill (R390-016A16-11L) with two inserts, see Fig. 3. 

 (a) (b) 

Fig. 3: Side view from two directions and characteristic dimensions of the applied (a) milling 
tool and (b) cutting insert [19] 

This tool is recommended from the manufacturer as it is simple to extract data when only one 
tooth is cutting. It is also rigid enough to handle the cutting data used. Different inserts were 
used for steel (M-PM 1025) and aluminium (E-NL H13A).  
The work pieces were pre-milled to get a curved surface, see Fig. 4(a), (arc geometry radius: 
300 mm, arc angle 30 degree, arc length 150 mm) enabling to keep the four axis spindle head 
completely at rest during milling by only rotating the workpiece (fifth axis), thus achieving 
quasi-plane motion conditions without spindle motion. This way of machining eliminates 
disturbances related to the fast movement of the spindle head that may affect the 
accelerometers. It also enables the use of Laser Doppler Vibrometer (LDV) measurement 
methods for contact-free measurement of the (resting, but vibrating) spindle and tool.
To get enough output from the sensors the axial depth of cut was set to 5 mm and the radial 
depth of cut to 1 mm. The rotational speed was recommended by the tool manufacturer. For 
aluminium the feed rate was set between fz = 0,16  0,35 mm/tooth and 19 000 rpm, for steel 
the equivalent was fz = 0,27  0,63 mm/tooth and 4800 rpm. Three different feed rates were 
studied for each material, as shown in Table 1: 

Tab. 1: The six cases to be studied and the derived feed values used 

Material Feed rate v
[mm/min] 

fz
[mm]

fn
[mm]

n
[rpm] 

v1:   2 600 mm/min 0,27 0,54  
Steel v2:   3 800 mm/min 0,40 0,79  4 800 

v3:   6 000 mm/min 0,63 1,25  
v1:   6 200 mm/min 0,16 0,32  

Alu v2: 11 500 mm/min 0,30 0,60 19 000 
v3: 13 300 mm/min 0,35 0,70  

It is important to note that the machining process was carried out without cooling liquid in 
order to avoid disturbances of the measurements, particularly by LDV.  
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The sophisticated sensor and analysis platform is described in detail by Norman [9]. 
The signals logged during milling are: (i) the force components Fx, Fy and Fz by using a 
Kistler 9257A force platform connected to the workpiece, see Fig. 4(a), (ii) the vibrations by 
two charge accelerometers in x- and y-direction placed on the lower bearing of the spindle 
housing. The LDV, measuring velocity, is used both to verify the y-accelerometer 
measurements and (iii) to measure the y-vibrations at the spindle ring close to the tool. During 
cutting the data were logged with a PULSE system from Brüel&Kjaer. The system consists of 
a DAQ box and a laptop with software. The data are transferred to MatLab analysis software 
where computation and evaluation takes place after cutting is finished. Although the present 
study merely focused on post-process signal analysis, in principle all analysis and monitoring 
can be performed on-line during the process, e.g. by the aid of a Digital Signal Processor 
(DSP).

(a)

(b)
Fig. 4: (a) Experimental set-upwith the spindle tool in the starting position of the arc 
geometry to be shoulder-milled, the workpiece being connected to the force sensor platform, 
(b) arrangement of the six sensors

Subsequent to the milling process the optical appearance and roughness of the surfaces was 
studied through optical microscopy (OM) and by a Wyko NT1100 optical profiler (OP). The 
measurement area used has a horizontal resolution of 6,8 m and a vertical profile resolution 
in the nanometre range. For comparison with the Wyko roughness values of Ra and Rz a Mahr 
M4Pi perthometer or mechanical surface inspection (MSI) device was applied, too. The MSI 
has a profile resolution of 12 nm. Figure 5 shows how the milled surfaces are evaluated. 
Figure 5(a) shows the middle of the three tracks shoulder milled at different feed rates, see 
also the rectangle denominated A in Fig. 4. The boxes of approximately 5 mm x 6 mm area 
are photographed by optical microscopy, Fig. 5(b), also showing the location of the 2,5 mm 
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long line where the MSI measurement was carried out. The optical profilometer measurement 
was performed for the 5 mm x 4 mm area depicted in Fig. 5(c), including an area of 
approximately 4,5 mm x 0,5 mm that was used for calculating the surface roughness from the 
profilometer measurement.  

Fig. 5: Characterization of the milled surfaces: (a) the middle of the three shoulder milling 
tracks with the areas to be investigated, (b) Optical Microscopy picture and MSI 
measurement path, (c) optical profilometer image and area used for roughness measurement

3. Results and Discussion 
The above described experiments resulted in six machined samples, to be distinguished by 
their machined surfaces for three different speeds for steel and aluminium, respectively. The 
six surfaces were then characterised by photography, optical 2D-profilometry and mechanical 
roughness measurement.  
For each of the six experiments the signals of the six sensors (three force components, two 
accelerometer components, LDV) was recorded, resulting in 36 signals, each over the whole 
processing duration. Each signal was low-pass filtered in order to facilitate a systematic 
characterisation. For each signal a maximum representative interval was identified where a 
stable signal could be acquired, for two specified deviation band widths (+/-5%, +/- 10%), 
resulting in 72 corresponding mean values. The trends of the signal mean values and of the 
corresponding roughness values are eventually compared in order to explore possible 
correlations suitable for process monitoring and to understand limitations. 
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Surface characterisation
Figure 6 shows the photographs and the optically measured topographies of the surfaces of 
the six machined samples, plus surface profiles in cutting directions. 

 (a) Steel 
n = 4 800 rpm 

v1 = 2600 mm/min v2 = 3800 mm/min v3 = 6000 mm/min 

Optical microscopy 

Optical profilometer  
3D profile z(x,y)
Area about 5 x 4 mm 

Optical profilometer 
Surface profile z(x)
z-axis [0...11 m]
x-axis [0...5 mm]

    
(b) Aluminium
n = 19 000 rpm 

v1 = 6200 mm/min v2 = 11 500 m/min  v3 = 13 300 m/min 

Optical microscopy  

Optical profilometer  
3D profile z(x,y)
Area about 5 x 4 mm 

Optical profilometer:  
Surface profile z(x)
z-axis [0...10 m]
x-axis [0...5 mm] 

Fig. 6: Photographs, 2D-profiles and 1D-profiles of the machined surfaces for steel and 
aluminium for the three different feed rates studied 

While Fig. 6 gives a qualitative picture of the processed sample surfaces, the measured 
roughness is shown in Fig. 7. The two roughness values Ra and Rz (according to the standard 
definitions) were measured by the mechanical and optical method, as described in Section 2.  

5mm 
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Fig. 7: Roughness (in terms of Ra and Rz, measured mechanically and optically) as a function 
of the feed rate for the two different materials  

As can be seen, the optical profilometer can lead to somewhat higher Rz-values than the 
mechanical measurements. The reason for this can be the different resolutions and methods. 
Instead, good coincidence between the Ra-values was obtained. However, most important for 
the characterization of the surface behaviour for different speed and materials is the 
qualitative agreement obtained, namely an increase in surface roughness with increasing 
speed for all cases of each of the two materials. This is a clear base for a monitoring strategy, 
in which this consequent increase of surface roughness with speed (for each material) shall be 
monitored on-line through a similarly behaving signal. Beside qualitative agreement as a goal, 
the quantitative increases can be expressed in a relative manner. 

The surfaces in Fig. 6 show a characteristic pattern, namely a different periodicity at the top 
and bottom region, with a transition region in between. The reason for this pattern can be the 
nature of a cutting tool composed of two cutting edges, see Fig. 3, one acting as the main 
cutting tool, the other processing an additional less deep pattern.  

Signal analysis
The obtained signals are of periodic nature. In addition they contain the start and stop 
transients, refer to the processing geometry, Fig. 4. Suitable signal post-processing and 
analysis is required for handling the signal in a proper way and for extracting clear monitoring 
information. It was chosen to derive a smoothened positive curve f2(t) (low pass filter) 
through continuous integration of the acquired signal curve f1(t) over a certain time interval 

t:
tt

t

N

dttf
t

tf
t

tf 112
11  (1) 

For the three force signals N = 200 (or t = 12,12 ms) was sufficient, while for the 
accelerometer and velocity signals N = 3000 (or t = 181,8 ms) was chosen, the latter 
leading to more smoothening. The choice of this integration length was not critical, but a 
compromise together with the deviation band width f to be defined. The band width 
determines the length of the interval in which the sampled data are regarded as representative 
as being sufficiently constant, while (signal processed) data outside this interval determine a 
transient region not regarded as suitable for monitoring of the surface roughness. Two values 
for the deviation band width of the smoothened signal were chosen (for comparison): 

f5 = 5 % and f10 = 10 %. Each of these band widths leads to a corresponding (maximum) 

Peter Norman Paper V : Monitoring machining 99



valid monitoring interval  = 2- 1, being a measure of how stable or transient the acquired 
signals is. Only a sufficiently constant signal is suitable for monitoring. 
Note that during this computer processing step also the sampling rate was reduced from 
originally 16,4 kHz (61,0 s) during measurement by a factor of 100 to 164 Hz (6,10 ms). 
This reduction is not necessary, but it increases the computation speed and lowers the amount 
of data. 
As example the six original signals and their derived curves are shown in Fig. 8 for the steel 
case at its lowest feed rate (2600 mm/min).  

(a)  (e)

(b)  (f) 

(c) (g)
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(d) (h)

Fig. 8: Sensor signals (black areas) and derived filtered curves (white) for steel machined at 
2600 mm/min: (a) force signal Fx(t), (b) force signal Fy(t), (c) force signal Fz(t), (d) stable 5% 
and 10% intervals for the filtered signal Fx2(t), (e) accelerometer signal ax(t), (f) 
accelerometer signal ay(t), (g) LDV signal v(t), (h) stable 5% and 10% intervals for the 
filtered signal ax2(t) 

Note that many of the signals are not symmetric but often slightly shifted to the negative 
values (here: Fx, Fy, v). For the force signal this is explained by an average directed force 
continuously acting during the process, superimposed by the oscillating mechanism. 
Significant transient regions can be seen, limiting the interval providing a useful constant 
signal. Two reasons for varying signals are (i) the start and stop regions of the machining 
process, being comparably significant due to the short processing time in total (here about 2 s) 
and (ii) the rotational cutting path of the workpiece leading to non-constant, inclined product 
and process geometry from the sensor point of view, particularly affecting the Fz-signal, see 
Fig. 8(c). Also the Fx-signal often shows a monotonous declination, see Fig. 8(a). A 
correction for this inclination could be considered in the post-analysis, provided the relation is 
linear. Due to the first reason the non-constant regions become larger for higher speed. In 
addition the finite integration length t ( N) leads to a phase shift of useful data at the start 
and stop periods and should therefore be kept little. 

All signal mean values resulting from the experiments and signal analysis are listed in Tab. 2.  
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Tab. 2: Signal mean values for each of the six machining cases and for each of the six sensor 
signals, for the two signal deviation band width definitions 5% and 10%

Material Feed rate 
[mm/min]

Band
width f

Fx
[N]

Fy
[N]

Fz
[N]

ax
[m/s2]

ay
[m/s2]

vy
[m/s]

       

Steel 2600 10% 30,14 30,43 7,58 13,15 28,44 0,054
5% 31,39 31,12 7,63 12,99 28,46 0,055

Steel 3800 10% 18,23 38,08 6,66 12,71 29,50 0,056
5% 17,57 39,25 6,96 12,40 29,95 0,057

Steel 6000 10% 18,83 37,16 8,52 13,03 30,67 0,062
5% 18,41 35,69 10,44 12,73 31,20 0,060

       

Alu 6200 10% 3,39 9,12 3,02 14,81 33,15 0,06
5% 3,14 9,10 2,96 14,86 33,25 0,06

Alu 11 500 10% 4,27 12,34 5,40 116,51 35,28 0,08
5% 4,52 11,89 5,57 118,91 24,03 0,08

Alu 13 300 10% 4,60 13,17 3,33 59,10 52,24 0,157
5% 7,01 13,23 3,21 58,71 50,87 0,159

Those values are defined as representative for the processed signals and are used later for the 
evaluation of the process monitoring capability of each sensor. 
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Correlation signal shape vs. surface profile
The magnified signal that can be related in space (via the feed rate) to the measured surface 
profile is shown in Fig. 9 for the case of machining of steel at its middle feed rate of v2 = 3800 
mm/min.  

(a)

(b)

(c)

Fig. 9: (a) Measured surface profile, ref. Fig. 5(c),  and corresponding (b) force sensor signal 
Fy(t) and (c) accelerometer signal ay(t) (case: steel, feed rate v2 = 3800 mm/min) 

Figure 9(a) shows the measured surface profile (OP). Note the characteristic second peaks 
generated by action of the second cutting insert, ref. Fig. 3(a), generated due to unavoidable 
slight radial asymmetry. The corresponding Fy-signal interval is plotted in Fig. 9(b) while Fig. 
9(c) shows the ay-signal of the corresponding length. The larger number of peaks and 
oscillations in the accelerometer signal is explained by the higher dynamic capability of the 
sensor compared to the force sensor. The accelerometer shows high frequency oscillations 
obviously generated by the complex oscillating system workpiece/tool/spindle, as the 
accelerometers are located at the spindle housing at remote distance from the process. The 
force sensor in Fig. 9(b) purely shows the fundamental oscillation corresponding to the impact 
(signal peak) of the two different cutting inserts and the subsequent springback of the tool 
(signal valley) during the periods where the inserts do not interact with the cutting front of the 
material. Note that the force sensor signal showed higher order oscillations for some cases.  

Peter Norman Paper V : Monitoring machining 103



The roughness and both sensor signals are governed by the same main frequency (4800 rpm = 
80 Hz  12,5 ms per rotation or 6,25 ms per cutting insert) or spatial periodicity (0,79 mm per 
rotation or 0,396 mm per cutting insert) determined by the spindle rotating speed along with 
the feed rate, namely in the present case . While the lower impact of the second cutting insert 
can be easily seen in the surface roughness measurement, it can only sometimes be revealed 
in lower levels of the acquired signals. 

Although the detailed signal is expected to contain a direct context to the produced surface 
quality, in the present study the overall signal and its integrated mean value behaviour were 
investigated in more detail instead, as bearing some promising information. The main 
frequency of the detailed signal corresponds to the rotational speed of the spindle, while its 
higher harmonics compose the overall signal, as was confirmed by FFT-analysis. The 
accelerometer signals and LDV signals show higher frequencies than the force sensor signals 
due to the higher dynamic capability of the latter sensor types. Interesting would be the 
identification of the two different patterns and the corresponding second surface profile 
peaks/valleys (observed by the profilometer) by the signal. However, no apparent such 
characteristics could be found in the signals, except the above mentioned different signal 
levels for the two cutting inserts. 

Identification of stable signal intervals
The full length signal f1(t)in its signal-processed manner f1(t) initially needs to be studied with 
respect to signal stability. From the deviation band width boundaries f5 = 5 % and f10 = 

10 % corresponding interval lengths result in which a sufficiently constant signal was 
acquired, as shown in Tab. 3 in numbers relative to the measurement period T for each case: 

Tab. 3: Time intervals relative to the measurement length T containing a stable, constant 
signal for a deviation band width f of 5% and 10%, respectively, for the 6 cases and 6 
sensor signals, respectively (marked as black box if less than 25%) 

     Fx Fy Fz ax ay vy
Material Feed rate

[mm/min]
T [s] f

/ T / T / T / T / T / T
       

Steel 2600 3600 10% 81% 88% 28% 90% 94% 92%
5% 35% 42% 5% 68% 93% 83%

Steel 3800 2463 10% 66% 54% 16% 56% 53% 58%
5% 21% 27% 1% 25% 45% 47%

Steel 6000 1560 10% 43% 36% 15% 38% 40% 40%
5% 20% 9% 2% 29% 34% 31%

       

Alu 6200 1550 10% 52% 93% 37% 88% 87% 88%
5% 7% 64% 11% 85% 85% 86%

Alu 11 500 836 10% 46% 74% 67% 50% 57% 54%
5% 24% 45% 33% 38% 39% 47%

Alu 13 300 723 10% 32% 81% 45% 65% 85% 74%
5% 18% 77% 25% 58% 57% 65%

       

 Minimum 10% 32% 36% 15% 38% 40% 40%
 Minimum 5% 7% 9% 1% 25% 34% 31%
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From Tab. 3 the suitability of the different sensor signals can be validated with respect to 
sufficient intervals of constant signal. As can be seen from the last two rows showing the 
shortest intervals, the Fz-sensor can lead to very short intervals and seems therefore not 
suitable for process monitoring. The signal intervals for the accelerometer and LDV signals 
were less sensitive to the deviation bandwidth than the force sensor signals and are therefore 
more suitable from this point of view. However, sufficiently long intervals are a necessary but 
not sufficient criterion. The Fz-sensor has to be eliminated due to the above findings. 

Correlation signal value vs. surface roughness value
Eventually the derived signal mean values f  (accompanied by their maximum deviation 
bandwidth f) are compared to the measured roughness values of Fig. 7. As this study aims at 
process monitoring rather than measuring, in other words towards a qualitative correlation 
rather than exact quantitative measurements, no particular efforts were put towards calibration 
of the sensor signals or physical interpretation. Instead the empirical correlations achieved 
between the signals and the surface roughness (as the value to be monitored) were compared, 
studied and discussed. One particular difference between monitoring and measurement is the 
possibility to focus on relative qualitative changes for the former. Due to lack of quantitative 
correlations and in spite of a clear qualitative trend for the surface roughness as a function of 
the feed rate, such relative comparison is encouraged. According to Fig. 7 the roughness 
always (i.e. in all four cases) increased with speed for both materials. If the same monotonous 
behaviour can be found for one of the sensor signals, it indicates to be suitable for process 
monitoring. More determined, if the signal of a certain sensor does not follow this trend, the 
sensor is not suitable for process monitoring of the roughness with the above method. 

Using the lowest speed for each material as the reference condition, Tab. 4 lists and Fig. 10 
illustrates the relative change in roughness and signal value for the different sensors 
(numbered as case no. 1-4 and no. 5-16, respectively).  

The roughness trend, namely increasing roughness for increasing feed rate v, determines the 
anticipation for the signal trend in order to monitor the roughness, namely the need for a 
consequently increasing signal mean value for increasing speed (separately for each material). 
The sensor signals which do not follow this rule are marked in Tab. 4 and Fig. 10, namely 
cases 5-12. Those sensors, namely the three force sensors Fx, Fy and Fz and the accelerometer 
sensor ax did not succeed in qualitatively monitoring the trend of the roughness change. The 
accelerometer sensor ay and the LDV measurement (measuring the same y-motion) followed 
the trend and are therefore not excluded from acting as a monitoring sensor. We remember 
from Tab. 1 that the additional exclusion criterion for too short stable time intervals merely 
concerned Fz, and to some extent Fy and Fy, thus again only the force sensors. However, the 
above rules are a necessary requirement that only becomes sufficient if proven for the whole 
range of parameters to be applied. In contrast this also means that the Fx- and Fy force sensors 
are still suitable when limiting their range of applications to aluminium, as their trends were 
only false for steel. 
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Tab. 4: Relative increase in the measured roughness (case no. 1-4, m...mechanical, o...optical 
measurement) and in the mean value of the acquired signals (case no. 5-16, deviation band 
width f 10% and 5%) for increasing the original feed rate v1 to v2 or v3, respectively, for 
steel and aluminium 

 Case No. m No. 1 3 10% 5 7 9 11 13 15 
  o 2 4 5% 6 8 10 12 14 16 
   
Mat. Feed rate 

[mm/min]
R Ra Rz f Fx Fy Fz ax ay vy

   
Steel v2: 3800 m 197% 143% 10% -40% 25% -12% -3% 4% 4% 

(v2/v1: 46%) o 15% 18% 5% -44% 26% -9% -5% 5% 4% 
Steel v3: 6000 m 345% 268% 10% -38% 22% 12% -1% 8% 15% 

(v3/v1: 131%) o 97% 101% 5% -41% 15% 37% -2% 10% 9% 
   
Alu v2: 11 500 m 28% 28% 10% 33% 35% 79% 687% 6% 33% 

 (v2/v1: 85%) o 71% 68% 5% 36% 31% 88% 700% 2% 33% 
Alu v3: 13 300 m 41% 78% 10% 36% 44% 10% 299% 58% 162% 

(v3/v1: 115%) o 185% 105% 5% 123% 45% 8% 295% 53% 165% 
   

False (out of 4) m 0% 0% 10% 50% 25% 50% 75% 0% 0% 
False (out of 4) o 0% 0% 5% 50% 25% 50% 75% 0% 0% 

An understanding of the context between the sensor signals and the roughness is desirable in 
order to facilitate developing a monitoring system. Moreover, beside a qualitative agreement 
of trends a quantitative coherence of the trends or even of the absolute values (measurement 
level) is desirable. However, the context between the sensor signal and the process and 
resulting product surface quality is highly difficult. First attempts have been made by the 
authors, e.g. by studying the context between process and product vibrations [20] and by 
modelling the dynamics of the spindle as a transition element between the process and sensor 
[11].
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(a)

(b)

Fig. 10: Relative increase in the measured roughness (case 1-4, ref Tab. 4) and in the mean 
value of the acquired signals (case 5-16, ref Tab. 4) for increasing the original feed rate v1 to 
v2 or v3, respectively, for (a) steel and (b) aluminium; (U denominates trend up, D down, UD 
first up then down, DU first down then up) 

Although the above results are difficult to explain, in particular why only measurement of the 
y-motion (ay and LDV-sensors) remains suitable, while all other signals fail, a brief 
theoretical discussion shall be tried. 
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Theoretical discussion
The different behaviour of the six sensors and their suitability for process monitoring can be 
partially explained by regarding the theoretical context. The cutting process, viewed from the 
spindle axis is illustrated in Fig. 11(a) for the instant of activity of one insert. The cutting 
insert follows a certain loop trajectory composed of the rotational and translational motion 
that in turn results in the surface roughness at the cut edge. During this period the insert 
creates a force on the workpiece that can be divided into three force components, the 
horizontal ones illustrated in Fig. 11(b). The vertical force results from the inclination of the 
insert, ref. Fig. 3(a).

(a)

(b)

Fig. 11: Schematic illustration of (a) the cutting process based on the trajectory of one of the 
two inserts and (b) the resulting horizontal force components to be detected by the x- and y-
force sensors when the insert is active 

During the period of interaction of the cutting insert with the cutting front this force acts, 
while afterwards until the second cutting insert interacts no force is applied. Instead the 
spindle undergoes a springback oscillation. This periodic cycle corresponds to the main 
oscillations visible in the force sensor signals, connected to the workpiece. From the 
trajectory the idealized cutting process leads to a corresponding surface pattern, while in 
reality the here measured oscillations modulate this behaviour. According to the geometry the 
y-direction is the dominant force component compared, as reflected by the highest forces 
measured, ref. Tab. 2. Therefore the dominant y-direction is also more sensitive to detection 
of the cutting process and in turn of the oscillations determining the surface roughness. For 
increasing feed rate both the roughness and the force on the tool increase, leading to possible 
correlations between roughness and force signal. As the insert motions are transferred to the 
tool, spindle and spindle housing, the behaviour is reflected by the LDV-measurement at the 
spindle ring and by the accelerometer measurements at the spindle housing, however, with the 
additional vibration impact of the system workpiece/insert/tool/spindle, leading to higher 
order oscillations and to less direct connection to the process than the force sensors. However, 
again the feed direction (y) is the dominant, more sensitive component than x, thus the ay-
sensor and the LDV oriented in y are highly suitable for detecting the process and in turn the 
roughness generation behaviour, while the lateral x-component and the vertical z-component
(force) are more sensitive to perturbations. This is of course only a partial and hypothetic 
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explanation of the context between the surface roughness, the process and the signal. Further 
investigations are needed, as is e.g. actually carried out by identifying the dynamic 
characteristics of the spindle via the here presented sensor and analysis platform. 

5. Conclusions 
Six sensors, namely the three force components, the two horizontal accelerometer 
components at the spindle and a corresponding LDV were studied. The sensors were proven 
for monitoring the machined roughness of steel and aluminium at three different feed rates.  

The inhomogeneous impact of the second cutting insert can be seen at the surface 
topography and sometimes in the signals 
The roughness monotonously increases with the feed rate for each material 
The monitoring strategy is based on qualitatively following this trend by a signal 
Post-processing the signals to an integrated mean value was suitable for signal 
analysis 
A stable region of sufficiently constant signal was to be identified, limited to a defined 
deviation of 5% and 10%, respectively, from which a mean signal value results 
Stating a criterion that signals with less than 25% of the measurement period provide a 
suitable constant signal, the Fz-sensor signal clearly needed to be eliminated, while the 
Fx and Fy force signals only succeeded for a 10%-deviation band width, not for 5%
The main criterion that the signal needs to monotonously increase for increasing feed 
rate (separately for each material) led to further eliminations 
The Fz-force sensor and the ax accelerometer sensor did not follow the roughness 
trend for both materials and deviation band widths and are therefore not suitable 
The Fx- and Fy-force sensors did not follow the roughness trend for steel, but did so 
for aluminium, thus they still could be applied with restrictions 
Merely the ay-sensor signal and the corresponding LDV-signal succeeded with all 
criteria and turned out the most suitable among all six sensors proven 
However, the above study is based on necessary criterions, but generalization would 
be required for a sufficient conclusion 
Moreover, although the sensors provide absolute values with an indirect physical 
meaning, the study restricts itself on relative values and qualitative trends 
Further empirical studies as well as a theoretical understanding of the context product 
quality-process-signal are desired 
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