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Abstract:

This paper presents the development of a rotation free linear actuator: The use of highly dynamic actuator in the
rotating frame, such as piezo actuator, required dedicated devices to transmit the electrical power from the static
frame to the rotating one. Slip rings and rotating transformers are able to provide this function. However the
integration of such components required invasive operations.

The purpose of this study is to propose a versatile mechanism able to provide a linear actuation when coupled to
a rotating motion without any need of slip rings or other additional electrical transmission system. The
motorisation is based on magneto-active technology. It provides 150um of stroke up to 400Hz and supplies 8kN
of force. This actuator is designed in a way that withstands large parasitic forces and torques in static and
dynamic operations. As a result, it is an excellent candidate for applications such as drilling assistance through
vibration, sonic milling and steering welding...

The paper also presents the development of a vibrating tool holder equipped with this rotation free linear
actuator for drilling assistance: The result is a “plug & play” tool holder that demonstrates chips size reduction

in real machine tool conditions.
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Background

In drilling operations, the need for axial vibrations
combined with the rotation of the spindle becomes
necessary to improve the quality and the cost of the
process [5], [6].

Such approach is addressed by mechanical devices
producing an axial oscillation when coupled to
rotating motion [1], [2]. The main drawback of
such mechanical vibrating heads comes from the
impossibility to change the oscillation profile, its
frequency, and its amplitude in real time during the
drilling process. Indeed the oscillation is set
mechanically and its frequency varies with the
spindle rotation speed.

The use of piezoelectric actuators, directly coupled
to the spindle, allows to produce controllable axial
vibrations [4]. In this case, the oscillation profile
(frequency and amplitude) can be tuned electrically
in real time. However the piezo-active component
required dedicated devices to transmit the electrical
power from the static frame to the rotating one. Slip
rings and rotary transformers are able to provide
this function. However the integration of such
components required invasive operations around
the spindle head.

Piezo-magnetic actuators are also used and already
integrated into machine tool for the generation of
axial oscillations in milling and grinding operations
[3]. Since these actuators only work at resonance
frequency they cannot be tuned in frequency but
only in amplitude. Elsewhere, their use remains
quite sensitive to mechanical loads.

The purpose of this study is to develop a rotation
free linear actuator that combines controllability

aspects of piezo actuators with the “plug n play”
feature of mechanical vibrating heads without any
additional slip rings.

Design and modelling

Magnetostrictive actuators have the natural ability to
deform under magnetic field. Beyond this intrinsic
property, Terfenol D rods own a magnetic polarity
direction that set the orientation of excitation. When
a given magnetostrictive rod rotates along its axis of
polarisation, it keeps its ability to oscillate under
appropriate magnetic field.

The design of linear rotation free actuator uses this
property: A magnetic coil located on the stationary
frame excites a rotation free magneto-active actuator.
Both linked together by suitable mechanical
arrangement to allows rotation and axial oscillations.

Performances of magnetostrictive actuators have
strong dependencies to the mechanical preload.
Figure 1 and Figure 2 show analytical models of
active material performances under preload.
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Figure 1, Magnetostrictive actuator performances
versus preload; Young modulus & deformation
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Figure 1, shows the possibility to get high
deformation under large preload. For instance,
32MPa of preload allows to get larger deformation
than standard piezo-active component (1350ppm).
However the higher the preload is, the higher the
magnetic field required becomes (80kA/m bias fied
on Figure 2).
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Figure 2, Magnetostrictive actuator performances
versus preload; Bias field & relative permeability
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Therefore, reasonable preload such as 18MPa is
chosen for actuator dimensioning. In this case the
maximum deformation is 1100ppm and the
required bias field is 40kA/m.

Finite Element Method software is then used to
ensure the magnetic field is well established in the
magnetostrictive rod. Both static and magneto-
harmonic computations are performed on a 3D
model. The main output of these simulations is the
validation of geometry and the material used to get
both robust mechanical and magnetic design.

The predicted stroke of the actuator with a given
drive electronic can be drawn on Figure 3.
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Figure 3, Computed actuator stokes, including
losses and driver limitation

This model includes two kinds of stroke limitation:
Firstly the eddy current losses, which occur in the
actuator in dynamic operation, limit the stroke up
to 15% at 300Hz.

Secondly the voltage limitation of the driver at
300Hz makes the stroke decrease significantly. In
this study the driver supplies 11kVA (550V;
20Amp).

Theoretically an additional stroke limitation occurs
after the Eigen frequency: The computation gives a
-40db slope per decade starting after mechanical
resonance at 818Hz.
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Actuator integration and tests

The mechanical integration of the preloading actuator
takes place in excellent conditions (Figure 4): the
mechanical housing is designed in a way that protects
the active material against external loads (torques
and forces) and eases the motion of axial vibrations.

Figure 4, Rotation free linear actuator prototype

The device is then equipped with its dedicated
excitation coil for testing in quasi-static operation.
With a total length of 120mm and a stroke measured
at 153um, the actuator displays 1275ppm of
deformation.

Prior impedance measurement, special care is taken
to validate the bias field. Indeed from simulation the
bias field is set at 40kA/m whereas the
characterization gives 37kA/m. The impedance
measurement can begin at high level (20 Amperes),
centered on bias field (Figure 5).
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Figure 5, Actuator impedance Vs frequency

The result is better than expected since the
impedance values are lower than simulations. For
instance, at 265Hz the measured impedance is equal
to 35 ohms against 49 ohms from simulations. Same
status at 322Hz: 42 ohms measured against 58 ohms
from simulations.

As a conclusion, the voltage required to drive the
actuator in dynamic operations is decreased by 35%.
The harmonic response is drawn at maximum stroke
(Figure 6). Two different drive electronics are used
in this test. The first one provides SkVA the second
11kVA.
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Real stroke Vs frequency & drive electronics
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Figure 6, Actuator stroke measurement versus
frequency and drive electronics

The saturation in voltage occurs at 200Hz for the
SkVA electronics whereas the 11kVA one displays
a linear response until 400Hz. The stroke gain is
relatively linear with respect to the frequency of
excitation: 7.65um/ Ampere. As a conclusion the
eddy current losses are not significant: only 2% of
stroke reduction at 350Hz.

Vibrating tool holder integration and tests

Once characterized at sub system level, minor
modifications are performed to change the actuator
in a vibrating tool holder:

On the one hand, collet is mounted for cutting drill
interfacing (ER32 standard). On the other hand a
dedicated basement is screwed for machine tool
interfacing (HSK 63 standard). The result is the
rotating part of the vibrating tool holder (Figure 7).

Figure 7, Rotor part of the vibrglting tool holder

The excitation coil and its accessories are then
integrated into a dedicated static housing. Both
stator and rotor parts are assembled in a single
device called vibrating tool holder (Figure §8).

The device is equipped with a dedicated cooling
system that allows permanent use in dynamic
operation: from experimentation, the use of the
vibrating tool holder and its cooling system at full
scale of stroke and 365Hz does not exceed 99°C in
permanent regime. Such a cooling system only
required an air blowing inlet with 5 bars of
minimum input pressure.
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Figure 8, “Plug n Play” vibrating tool holder

The vibrating tool holder is then ready to be tested in
real machine tool conditions for vibration drilling.
Two project partners are willing to characterize the
device: ARTS (Figure 9) and CETIM (Figure 10
and Figure 11) in France.

Figure 9; Vibrating tool holder integration into
machine tool for drilling operations, courtesy ARTS

The integration of the overall vibrating tool holder
into the CN machine tool takes less than 10 minutes
without any invasive modifications.

Two work pieces are chosen to perform drilling tests
in vibrating conditions.

The first one is made of titanium. The cutting drill is
made of HSS steel in diameter 6.8mm. The rotation
speed is set to 1000 Rpm and the feeding advance to
0.04mm/ Rev. On Figure 10 one can see the chips
resulting from drilling with and without vibration
assistance. Without vibration the chip is continuous
whereas with vibration the chips are broken. In this
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test the frequency is set to SOHz and 90um. It
corresponds to 3/2 oscillations per cutting edge

Figure 10, Chips resulting from titanium drilling,
no vibration (left); with vibrations (right)

The second workpiece is made of aluminum. The
cutting drill is also made of HSS steel in diameter
4.9mm. The rotation speed is set to 2500 Rpm and
the feeding advance to 0.2mm/ Rev. On Figure 11
one can see the chips resulting from drilling with
and without vibration assistance. Without vibration
the chip is relatively continuous whereas with
vibration the chips are broken. In this test the
frequency is set to 125Hz and 100pum. It also
corresponds to 3/2 oscillations per cutting edge
revolution.

P

Figuré 11, Chips resulting from aluminum drilling,
no vibration (left); with vibrations (right)

These two tests in real machine tool conditions,
shows the successful generation of axial vibrations,
leading to chips break. The overall final
performances of the vibrating tool holder are
gathered on Figure 12.

Vibrating tool holder performances

Stroke (um) 153
Force (N) 8031
Eigen frequency (Hz) 818
Max frequency with FS

stroke and 11kVA (Hz) 400
Dimensions (mm”3) B165%205
Weight (kg) 17
Max axial load (N) 10 000
Max radial load (N) 100
Max torque (N.m) 110
Rotation speed (Rpm) 6 000

Machine tool interface HSK63
Cutting tool collets size ER32

Figure 12, Vibrating tool holder final performances
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Conclusions

The development of an innovative rotation free linear
actuator opens interesting perspectives in drilling
assistance thought vibrations.

Firstly the performances of the actuator allows large
vibrations generation on a large bandwidth. Secondly
experimentations show successful chips size
reduction at the early stage of development. Finally
the vibrating tool holder displays a “plug n play”
feature that does not require any machine tool
modification for interfacing.
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