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Abstract For economical reasons it is necessary to

reduce the machining time and to increase the process

automation. This leads to the need for fast machine tools

with high process stability in order to enhance the material

removal rate. However, the machine often does not limit

the process stability but the tool because of its compliance.

This paper presents a new possibility of expanding the

stable process range of long and slender end mills with an

adaptronic spindle system. The system is able to position

the spindle dynamically in the range of microns with three

piezo actuators. In order to disturb the regenerative effect,

which leads to an instable process, the chip thickness is

modulated by a dynamic spindle actuation. This is realized

by a superposition of vibrations of the tool in feed direc-

tion. In milling tests the degree of stabilization is verified

for different superpositions. Hence, the stable process

range could be improved for spindle speeds up to

5,000 rpm.

Keywords Machine � Milling � Spindle � Stability �
Adaptive control

1 Introduction

The increasing economic pressure caused by the global-

ization forces machine tool manufacturers to develop new

concepts. In addition, the conflict between precision and

productivity requires new technology solutions for machine

tools [1]. Beside the demand of high material removal rate

and increased precision, the availability of a machine tool

is of particular economical importance. In order to reduce

costs, it is necessary to increase the degree of automation.

Thus, monitoring of the machine conditions and process

stability is essential for a reject-free mechanical production

[2].

Machine tools often operate at their physical constraints

in order to achieve maximum productivity. However, the

machine often does not limit the material removal rate and

machining speed, but the tool. During milling, especially

long and slender end mills quickly tend to cause instable

process conditions and inaccuracies in the form of tool

deflections because of its high compliance.

In order to fulfill these requirements, the integration of

mechatronic components into the machine tool structure

becomes more and more a main research field. The inte-

grated sensors can be utilized for monitoring.

In this paper an adaptronic spindle system is presented,

which can actively actuate a milling spindle. With a new

approach the appearance of instable process conditions,

especially for milling processes with long and slender end

mills, can be delayed up to higher metal removal rates by a

superposition of vibrations in milling direction. Thus, the

stability range can be enhanced and the productivity of the

machine can be improved. The superposition of vibrations

is achieved by an active tilting of the spindle with a specific

frequency and amplitude.

1.1 State of the art

1.1.1 Stabilization of milling processes

Milling belongs to the class of multi-point machining

operations where the cut is intermittent and periodic with

tooth passing intervals [3].
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In the past years, a lot of research has been done on

modeling and prediction of the process stability, particu-

larly due to its importance in high speed cutting. In Altintas

et al. [3] listed up the fundamental theories of modeling of

cutting processes. The simulation and prediction of cutting

processes, their stability and the appearance of chatter are

objects of verification in [4] and [5].

A milling process is defined as instable if chatter

vibrations rise up. The appearance of chatter leads to tool

and machine wear. In order to avoid that, the material

removal rate has to be reduced.

The most common and detrimental phenomenon, which

leads to chatter vibrations, is the effect of regenerative

vibrations. Surface marks left at the previous path produce

the self-excitation of a natural frequency of the machine

tool system. This leads to a modulation of the chip thick-

ness and therefore causes a self-excitation of the process [7,

8] as shown in Fig. 1.

The appearance of chatter depends on the static and

dynamic stiffness of the machine tool and the milling

parameters [9]. The process is affected by the tool geom-

etry, the influence of inner and outer modulation, the run-

out and non-linearities such as tool jumping out of cut and

past multiple-regeneration waviness caused by all teeth [3].

The stability of a cutting process can be determined in

stability lobe diagrams. Based on experimentally measured

compliance frequency response functions, the stability can

be calculated in dependence of the milling parameters, tool

geometry and other boundary conditions as shown in [9].

These diagrams show the chatter stability of a machining

system as a function of the cutting depth and spindle speed.

As well as the prediction of chatter, the passive pre-

vention of chatter is researched. There are several

approaches to prevent the regenerative effect and therefore

extend the stable process range. The amplification of

regenerated vibrations in milling processes can be avoided

by an unequal feed per tooth. In [10] this approach is

realized with a continuous spindle speed variation. Other

attempts to improve the stability of milling are spindle

speed regulation [11], a variable helix tool [12] and vari-

able pitch cutters [13]. All of these approaches increase

the stable stock removal volume for certain milling

parameters.

1.1.2 Mechatronic systems for machine tools

For the active optimization of machine properties, mech-

atronic components are developed for machine tools. In

[14] a milling spindle with an additional magnetic bearing

between the tool and the conventional bearing is presented.

The additional magnetic bearing can apply damping forces

to enhance the stability of the process. A similar approach

is described in [15]. Here, spindle-integrated piezo actua-

tors are positioned at the bearing close to the Tool Center

Point (TCP) to actively damp and stabilize the milling

process. In [16] an approach of a milling spindle with a

motor-integrated embedded electromagnetic actuator to

actively reduce chatter vibrations and to increase the pro-

ductivity is analyzed.

An adaptive spindle support with piezo actuators

externally attached to the milling spindle is presented in

[17]. Here, the parallel kinematic design of the piezo

actuators allows a precise quasistatic and dynamic posi-

tioning in five degrees of freedom for the active position

correction of the tool.

References [18–20] present mechatronic workpiece

holder systems, which actively compensate chatter vibra-

tions by using piezoelectric actuators. Further mechatronic

systems to improve the properties of machine tools are

presented in [1] and [21].

1.2 Adaptronic spindle system

The Institute of Production Engineering and Machine

Tools (IFW) at the Leibniz Universität Hannover devel-

oped an adaptronic spindle system (AdSpin) for milling

machines. The objective is a dynamical hybrid positioning

of a conventional spindle in the range of microns in order

to compensate static and dynamic tool deflection and

vibrations of long and slender end mills.

For the active spindle positioning, three piezo actuators

are arranged around a conventional milling spindle in aFig. 1 Formation of chatter by regenerative vibrations [6]
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parallel kinematics configuration (Fig. 2). This allows a

dynamic positioning of the spindle (up to 2,000 Hz) in

three degrees of freedom within a range of ±100 lm

depending on the tool length. The parallel kinematics

configuration enables a high static and dynamic stiffness

that is mandatory for stable cutting processes [3]. Figure 2

shows a CAD model of the adaptronic spindle system.

The piezo actuators are preloaded by three preload

systems consisting of disk springs to protect them from

tension. The spindle is mounted at the bottom of the three

actuators along a tensioning ring. A steel membrane, which

is fixed on the frame in the middle of the spindle, holds the

torque around the z-axis but allows small rotations around

the x- and y-axis. Thus, the tool tip can be moved inside a

prismatic space. For machining tests AdSpin is mounted in

a vertical three-axis milling machine (Fig. 4).

In addition to the strain gauges on each piezoelectric

actuator, which allow a closed-loop position control, the

sensor system is extended by three quartz load washers to

measure the forces during a milling process. Further

information on the assembly, the sensor system and the

results of the research on the AdSpin concerning tool

deflection compensation and vibration damping are pub-

lished in [22] and [23].

The tool deflection of an end mill with an overhang

length of 65 mm could be compensated significantly by

more than 80 % [24, 25]. Furthermore, vibrations of up to

1,500 Hz could be damped [25, 26] by generating specific

counter-vibrations.

The existing sensors of the AdSpin can be used for

process monitoring as well. By measuring the process

forces, tool wear can be monitored and instable process

conditions can be detected [27, 28].

2 Active process stabilization

Previous mechatronic systems attempted to increase the

stability by active damping. In contrast, the described

methods in Sect. 1 increase the stability by an interruption

of the regenerative effect by varying the feed per tooth.

Hereby, the feed per tooth can be varied only within certain

limits.

A new approach for an active variation of the feed per

tooth is given by the adaptronic spindle system. The idea is

to superpose vibrations in feed direction to vary the feed

per tooth and thereby to avoid chatter. The feed per tooth

can be varied in a large range because of a tool movement

of about ±100 lm. This possibility to stabilize a milling

process has been analyzed.

To verify the active process stabilization, preliminary

slot milling tests were carried out with an end mill with the

following specifications: diameter 12 mm, three blades,

material HSS PM/F, k = 30�, c = 15�, overhang length

65 mm. The feed rate was 500 mm/min at a rotational

speed of 5,000 rpm. These milling parameters correspond

to a nominal feed per tooth of 33 lm. Thereby, the material

AlMg4,5Mn was machined. Experimental investigations

showed that at a depth of cut of about 0.2 mm the process

becomes instable. To verify the active process stabilization,

a cutting depth of 0.75 mm is selected. At this depth of cut

the process is clearly in an instable range without

stabilization.

2.1 Control of superposed vibrations

For the active process stabilization, a control has been

developed and integrated into the control system of AdSpin

[24]. The control calculates the frequency of the super-

posed vibrations in dependence of the spindle speed n and

the number of teeth z. The amplitude of the superposed

vibrations can be varied up to 100 lm. Simulations of the

blade movement point out that the continuous variation of

the feed per tooth without a permanent overcharge of single

blades can be achieved with a frequency according to

formula (1).

f ¼ n

60
� z

zþ 1
ð1Þ

Figure 3a shows the movement of the tool teeth during a

milling process with the mentioned parameters (feed rate of

500 mm/min, rotational speed of 5,000 rpm).

Figure 3b shows an example of the tool teeth movement

with superposition of a vibration in milling direction by the

AdSpin with a frequency of 62.5 Hz and an amplitude of

25 lm.

The feed per tooth amounts 33 lm without superposi-

tion. With superposition, it varies between 0 and 66 lm.

The chip thickness would be modulated actively with the

superposition of vibrations in feed direction. The effect on

the emergence of chatter and the global stability limit with

this superposition was verified in milling tests.

Fig. 2 Adaptronic spindle system (AdSpin)
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2.2 Experimental stabilization results

To verify the influence of the control of superposed

vibrations on the stability of milling processes, the struc-

ture of the AdSpin was mounted to a three-axis milling

machine in order to carry out milling tests (see Fig. 4).

The preliminary slot milling tests show, that by acti-

vating the superposition of the vibration (see Fig. 3), the

process could be stabilized. During the milling tests, the

tool vibrations orthogonal to the feed direction were mea-

sured with an eddy current sensor on a small aluminum

hull, which was mounted on the end mill as a counter

surface (see Fig. 4). To clarify the effect of active process

stabilization, the control was switched off after 8 s at half

of the workpiece. Figure 5 presents the magnitude and the

frequency components of the tool vibrations.

It clearly points out the effect of the active process

stabilization on the stability of the slot milling test. After

switching off the control, the amplitude of the chatter

frequency at 1,325 Hz rises significantly and the process

becomes instable.

A different kind of surface finish was visible on the

milled tool path. The moment the control was switched off,

chatter marks built up on the surface finish. The analysis of

the roughness shows that the surface quality decreases due

to the chatter marks. The Ra value with control is

Ra = 1.9 lm and without control Ra = 2.3 lm. The dif-

ferent surface qualities are shown in Fig. 6.

3 Analysis of the stability limits

In this chapter, the effect of the active process stabilization

on the stability limits will be analyzed. Therefore, the

compliance of the test set-up is measured and the stability

limit for a slot milling process is calculated theoretically.

Afterwards, the calculated stability limit is validated

experimentally. The experimental validation is then

Fig. 3 Blade movement simulation without (a) and with superposi-

tion of a frequency in milling direction (b)

Fig. 4 Test set-up in a three-axis milling machine

Fig. 5 Frequency analysis of tool vibrations normal to the feed

direction during milling with control on and off
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repeated with the active process stabilization to verify the

effect on the stability limit.

3.1 Measurement of compliance of the test set-up

The tool tip was excited by an impulse hammer and the

tool vibrations were measured by a triangulation sensor at

the tool tip. The results of the measured compliance fre-

quency response at the tool tip and the correlated model of

a two-mass oscillator are shown in Fig. 7.

The measured compliance frequency responses for both

directions are almost identical and show a dominant

eigenfrequency at 1,340 Hz with a peak of about 28 lm/N

(Fig. 7). It is assumed that this eigenfrequency is the first

bending mode of the end mill.

In order to compare these results, the compliance fre-

quency response is also measured at a spindle of another

milling machine with the same end mill. The comparison

of both compliance frequency responses points out that the

first eigenfrequency and its compliance are almost equal.

This confirms the assumption that the biggest compliance

results from the tool.

3.2 Stability limit of the test set-up

Object of verification in this chapter is a slot milling pro-

cess of Al7075 with the same end mill (diameter 12 mm,

three blades, material HSS PM/F, k = 30�, c = 15�,

overhang length 65 mm). The feed per tooth is fz = 15 lm.

This feed per tooth is conforming to the manufacturer

instruction of the tool. To calculate the stability lobe dia-

gram, the cutting force coefficients were adopted from [29]

(tangential: Ktc = 794 N/mm2, radial: Krc = 109 N/mm2).

With consideration of the identified model parameters, end

mill geometry, cutting force coefficients and milling

parameters, the stability limit was calculated for a slot

milling process (Fig. 8). Due to the high compliance of the

end mill, the stability limit only shows a globally stable

cutting depth of about 0.05 mm. This results show that the

calculated stable process range is very low.

To verify the calculated stability lobe diagram, a series

of milling tests was performed. For certain rotational

speeds, milling tests with a ramp-shaped increasing cutting

depth were carried out. It was thereby analyzed at which

depth of cut the milling process becomes instable. There-

fore, the tool vibrations were measured with the eddy

current (see Fig. 4). The process was described as instable

when chatter occurred in the form of a dominant frequency

close to of the eigenfrequency of the tool. The results in

comparison to the calculated stability are shown in Fig. 8.

The calculated stability curve coincides roughly with the

measurements. The deviations may result from a variation

of the spindle speed during the milling process because the

used spindle has no speed control. It comes to a slight loss

of rotational speed during milling in dependency of the

depth of cut. In addition, errors may occur from the sim-

ulation because of not exact known parameters.

3.3 Stability limit with active process stabilization

The stability of the test setup for a feed per tooth of

fz = 15 lm was determined in Sect. 3.2. To compare the

enhancement of the stable process range with active

Fig. 6 Workpiece quality with active process stabilization on and off

Fig. 7 Compliance frequency response at the tool tip of the test

set-up Fig. 8 Calculated and measured process stability
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process stabilization by the adaptronic spindle system, the

stability of the test setup was analyzed with active process

stabilization.

In pre-tests other frequency formulas in addition to

formula (1) were analyzed according to their stability

increase. Thereby, only frequency formulas were analyzed,

which varies the feed per tooth and alternately charged all

blades, so that a single blade has not permanently a higher

feed per tooth. It was verified that the following relation

between the frequency f of the superposed vibration and the

milling parameters (rotational speed n, number of blades z)

show excellent stabilization ability:

f ¼ n

60
� z� 1

z
ð2Þ

In further milling tests, it was found out that by

increasing the amplitude of this superposed vibration, the

stable area could be shifted to higher cutting depths. To

determine which stability limits can be achieved, the

milling test to verify the calculated stability lobe diagram,

described in Sect. 3.2, were repeated with the maximum

amplitude of the vibration superposition. Figure 9

summarizes the achieved results of the active process

stabilization.

A comparison of the stability limits without (Fig. 8) and

with (Fig. 9) the active process stabilization clearly points

out that especially the range up to 5,000 rpm can be sta-

bilized significantly by the superposition of vibrations. In

the speed range up to 3,000 rpm, the milling tests could be

stabilized even to a cutting depth up to 0.8 mm. This

represents an improvement factor of 16. In the range of

5,000 rpm and above, the stability could be also increased

significantly at different rotational speeds compared to the

tests without stabilization.

3.4 Analysis of process forces

In order to analyze the influence of the active process

stabilization on the process forces, they were measured by

the integrated force sensors of the adaptronic spindle sys-

tem. Figure 10 shows the time signal of the process forces

of a slot milling process (n = 4,200 rpm, vf = 189 mm/

min, ap = 0.1 mm).

During the phase of material entry, the process became

instable. After 17.5 s the process stabilization was acti-

vated. A vibration with a frequency of 47 Hz (according to

formula (1)) and an amplitude of 70 lm was superposed to

the feed of the tool. Figure 10 shows that the amplitudes of

the forces decrease in the moment of stabilization

activation.

The time-based frequency analysis of the force FfN

(Fig. 11) points out that the chatter frequency at about

1,325 Hz can be eliminated. Figure 11 also shows the

influence of the vibration superposition on the process

force FfN, which is the highest force component in slot

milling processes. The superposition generates an addi-

tional force with a frequency of 47 Hz and amplitude of

25 N. In comparison to the amplitude of the chatter fre-

quency, this force is much lower.

The analysis of the milling forces showed that the

modulation of the feed per tooth increases the milling

forces in comparison to a stable milling process with a

Fig. 9 Stability limit with the active process stabilization

Fig. 10 Process forces of a slot milling process with stabilization on

and off
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constant feed per tooth. But the higher load is distributed

periodically to all edges.

4 Conclusion and outlook

Milling with long and slender end mills is a challenge with

respect to an instable process and inaccuracy in the form of

tool deflections because of the high compliance of the tool.

The AdSpin provides a good way to solve these chal-

lenges by improving the precision and productivity of a

process. A tool deflection compensation, vibration damping

and process monitoring are possible. Additionally, this

paper presents the approach of active process stabilization.

Due to the dynamic hybrid positioning of the tool in the

range of 100 lm, the AdSpin offers a new way of an active

modulation of the chip thickness. The generation of

superposed vibrations in feed direction can disturb the

regenerative effect and suppress the chatter appearance.

The active process stabilization was verified experi-

mentally. It was shown that the presented approach can

significantly improve the stability of a milling process with

a long and slender end mill. Furthermore, the influence of

stabilization on the process forces was analyzed. The sta-

bilization creates an additional frequency force, which is

very low in relation to the eliminated forces occurring at

chatter.

The stabilization results should be transferable to other

end mill geometries and materials. This has to be analyzed

in further milling tests. The effect of the modulation of the

feed per tooth on the wear of the cutting edges should be

examined. Furthermore, analyses concerning the prediction

of stability limits for the presented approach of stabiliza-

tion are planned.
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