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Abstract: 

A tool adaptor with built-in active vibration damping device to dynamically stabilize the turning process is 

presented in this paper. It can be used in standard CNC-lathes and allows the usage of off-the-shelf tool heads. 

The vibration compensation system is based on a multilayer piezoactuator that is in collocation with a 

piezoelectric force sensor. An analogue controller based on the integral force feedback method is used for active 

damping. 

 

 

Introduction 

 

In turning operations, vibrations are a common 

problem as they affect productivity and performance 

of the machine tool. Due to the occurring vibrations, 

the geometrical accuracy as well as the surface 

quality are reduced. Furthermore severe acoustic 

noise is emitted and the tool life is reduced 

depending on the amount of vibration. 

It is well known that vibration problems are 

correlated to the dynamic stiffness of the machine 

tool structure and the work material [1, 2]. The 

vibration problems can be reduced to some amount 

by proper machine design which stiffens the 

machine structure. This is most often correlated with 

an increase of mass which is in contradiction to the 

demand for small and light structures [2]. Smart 

actuators and intelligent structures receive a 

considerable interest in the fields of machining, in 

order to realise new or more efficient functions than 

passive structures. In these fields, there are needs for 

actuators that offer high mechanical energy density 

(product of stroke and force divided by the volume), 

a low power consumption, a resistance to severe 

environment as well as other case by case needs: 

High resolution (micro-machining), fast response 

(active control of structures shape, active damping 

of vibration)… 

Because multilayer piezo ceramics for actuators 

(MLAs) [3] offer many advantages compared to 

other active materials [4], they are increasingly used 

in various smart actuator applications and contribute 

to the development of the new field of intelligent 

structures [5], [6]. These materials offer an 

expansion deformation roughly proportional to the 

voltage, up to about 0.1% (1µm/mm) at typically 

150V. Active vibration control has been investigated 

in many applications and much research has been 

performed to control the tool position in machining 

operations for the purpose of process improvement. 

In [7] a tool holder shank with integrated 

piezoactuator is presented that allows active 

damping of tool vibrations in cutting force direction. 

Sturos et al. [8] have designed an active tool holder 

to control the tool tip position in radial direction by 

means of a magnetostrictive actuator. 

In this paper a tool adaptor with interchangeable tool 

head is presented that features a built-in piezo 

actuator and force sensor for active vibration control 

in passive force direction. 

 

Investigations of the machine tool behavior 

 

In order to find the optimum position, the frequency 

bandwidth and the stroke for the active vibration 

control device, the machine tool has been 

investigated by modal analysis and cutting tests. 

The investigated machine tool is a CNC-lathe with 

double revolver and double spindle. Several modes 

in the frequency range from 62-800 Hz have been 

identified by modal analysis that can be lead back 

for example to the dynamic elasticity of the guidings 

of the carriages. It was found that the lower modes 

are highly damped and that the introduction of 

active damping would not bring a great benefit. By 

using the modal analysis method, the dynamic 

behavior of the machine can only be measured at 

standstill. When the machine slides are moved 

during cutting operations, the distribution of masses, 

springs and levers changes. At the same time, the 

mechanical guidings are being pre-stressed when the 

tool is in contact with the work. This leads to 

increased natural frequencies compared to machine 

tool standstill. 

Several cutting tests have been made with a 

recessing tool that is advanced radially to the work. 

By this the chatter stability of lathes can be 

investigated. A tri-axial accelerometer has been 

mounted onto the tool to measure the vibration of 

the tool during machining. The machine was driven 

to chatter vibrations after approx. 2 mm depth of cut. 

The frequency spectra of the tool vibration in 
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passive force direction is shown in Fig. 1. The 

vibration level in cutting force direction shows a 

lower amplitude but appears at the same 

frequencies. It becomes evident that the highest 

vibration level of the tool appears in passive force 

direction at a frequency of 350 Hz. There are 

harmonic peaks at 700 Hz and 1050 Hz with lower 

magnitudes. 
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Fig. 1: Frequency spectra at chatter conditions 

The active tool adaptor has been designed 

considering the obtained data from the modal 

analysis and the cutting tests. 

 

Design of the active tool adaptor 

 

A solid model view of the active tool adaptor is 

shown in Fig. 2 with a quarter cut-out in order to 

reveal the inner setup. The total length of the tool 

adaptor including the tool is 125 mm. The outer 

diameter is 62 mm. It is equipped with a standard 

VDI-3425 interface to fit into the turret of a CNC-

lathe. The tool interface is an industrial standard 

clamping system, which allows the use of 

exchangeable tool holders, depending on the turning 

application (eg. longitudinal turning, grooving, 

facing). For the measurement of radial cutting forces 

and as input source for the controller, a single-axis 

piezoelectric force sensor is mounted between the 

tool interface and the guiding unit. The guiding unit 

consists of a sleeve that is mechanically connected 

via two membranes with the outer case. The 

membranes allow almost linear displacement of the 

tool in radial direction to the work which is the 

direction of the passive force in the turning process. 

Furthermore they provide stiffness perpendicular to 

the advance direction which is the direction of the 

cutting force. The finite element method has been 

used to calculate the right diameter and deformation 

zone in order to find a good compromise between 

compliance in advance direction and rigidity 

perpendicular to the advance direction. By limiting 

the compliance to one degree of freedom, cutting 

force components cannot induce harmful shear 

stress on the actuator. The membranes, serving as an 

external spring stiffness to the actuator, cause a 

reduction of displacement compared to a load free 

setup. The membranes provide a stiffness in advance 

direction of cm = 22 N/µm. 

Piezo actuator

Force sensor

Guiding membrane

Tool holder

Elastic actuator pre-stress

Tool case
Actuated sleeve

VDI-3425
interface

Tool interface

Ha/38242 © IFW

cutting

feed

passive

Piezo actuator

Force sensor

Guiding membrane

Tool holder

Elastic actuator pre-stress

Tool case
Actuated sleeve

VDI-3425
interface

Tool interface

Ha/38242 © IFW  

Fig. 2: Solid model view of the active tool adaptor 

The active tool adaptor incorporates a parallel-pre-

stressed low voltage piezo actuator with a 

mechanical stiffness of cp = 87.5 N/µm that is 

primarily determined by the cross section of the 

ceramics that is 1cm2. At blocked free conditions, it 

generates a maximum stroke of x0 = 40 µm. The 

blocked force is 3.5 kN. The membrane has to be 

considered as an additional spring mounted in series 

regarding the displacement. Regarding an outer 

force that acts on the tool tip, membrane and 

actuator stiffness are in parallel. The axial 

mechanical stiffness of the tool adaptor is 

110 N/µm. 

The resonance frequency of the active tool adaptor 

can be calculated using the following equation: 

+ =  π  +
0
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p m
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c c
f

m m

   (1) 

With an effective actuated mass meff of the tool 

adaptor and the guiding unit of 250 grams and a 

mass of the piezo actuator of 89 grams, the first 

natural frequency in advance direction can be 

calculated to 3150 Hz. It corresponds to the 

frequency found by modal analysis and could also 

be determined in the transfer function of the tool 

adaptor. The relevant vibrations in machine tools 

where machine parts are vibrating so that the surface 

quality of the work is affected, are typically below 

1000 Hz. Therefore the bandwidth of the tool 

adaptor is sufficient to control vibrations in a range 

up to 1000 Hz. 

A common problem at piezo-actuated applications is 

their nonlinearity in displacement when being driven 

by a voltage amplifier. It results in a hysteresis that 

becomes more significant the higher the driving 

voltage is. Due to this fact, actuators are most often 

driven in closed loop control for high precision 

positioning applications.  

cutting

feed

passive
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At a driving voltage of +/- 20 V the maximum 

hysteresis is +/- 0.4 µm. At +/- 80 V, the maximum 

hysteresis is +/- 3.2 µm. 
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Fig. 3: Hysteresis at different driving voltages 

The actuator PPA40L that is implemented in the 

active tool adaptor, is typically driven at low input 

voltages of up to 10 Vpp for vibration damping. 

Therefore the occuring hysteresis is of minor 

importance. 

 

Parallel pre-stressed piezo actuator 

 

As underlined by ceramic manufacturers [9] the 

tensile strength of piezo-ceramics is low. In bending 

conditions, in vibration environment and in dynamic 

applications where high transient stresses are met, 

this is often a source of failure. At last, such stacks 

do not offer a very practical mechanical interface. 

For all these reasons, in spite of their high energy 

density, the MLA ceramics are not really suitable, in 

their raw form, for fulfilling the needs of machine 

tool builders’ applications. To overcome these 

limits, Cedrat Technologies has proposed different 

innovative concepts of piezo actuators [10]. First of 

all, to overbear the tensile stress limit, the well 

known solution consists in applying a compressive 

pre-stress on the ceramic. This solution is used in all 

the actuators at Cedrat Technologies, noting that as 

an additional benefit, a compressive pre-stress 

improves the piezo deformation. To offer a practical 

mechanical interface and a protection, all these 

actuators are used encapsulated in a frame (generally 

metallic) that offers end interfaces, such as threaded 

holes. A first new efficient and low-cost solution is 

the parallel pre-stress actuator (PPA) Fig. 4. In these 

actuators, piezo-ceramic stacks are inserted into a 

parallel frame providing an optimal compressive 

pre-stress while being compliant for allowing the 

deformation. This frame acts as a spring made of 

several small shell arches, each one of them de-

forming in an extensional mode. It is close to one 

single shell structure while being more compact. 

The ratio of piezo stack stiffness to the actuator 

stiffness is about 95%, meaning that the full actuator 

stroke is only diminished by 5%. 

View of PPA 80L, 60L & 40LView of PPA 80L, 60L & 40L
 

Fig. 4: Parallel pre-stressed low voltage actuators 

As these actuators are lighter than the conventional 

ones and as there is no moving part, they can be 

efficiently operated in dynamic conditions. The PPA 

actuator from Cedrat Technologies shows significant 

improvement in terms of output energy per actuator 

mass or per actuator volume, compared to 

conventional technology [11]. 

 

Integral force feedback for vibration damping 

 

The integral force feedback method is a control 

strategy that provides active damping to mechanical 

structures in order to increase their dynamic 

stability. With a collocated actuator sensor 

arrangement, these control systems are said to be 

robust even at large parameter variations [12]. 

Furthermore there is no need for a model. This is 

important as the dynamic behavior of the machine 

changes during the machining of different parts. 

Looking at the dynamic flexibility of a one-

dimensional system it can be described as follows. 

2
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Here x(s) is the amplitude, Fd(s) the disturbing force, 

mm the mass, dm the damping and cm the spring 

stiffness of the structure. The transfer function of the 

controller Gd is: 

d
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The transfer function of the closed loop is: 

2
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  (4) 

It becomes obvious that in addition to the original 

mechanical damping of the system dm another 

coefficient gv is added. This provides an 

electronically adjustable damping force that is 

proportional to the velocity. The schematic of the 

controller that is used for vibration damping is 

shown in Fig. 5 
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Fig. 5:  Controller schematic 

First tests have been made where the active tool 

holder was in contact with a cylindrical shaft that is 

chucked at one side in the spindle serving as work. 
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Fig. 6:  Transfer function at the work with active 

damping switched on and off 

A decrease of 16 dB in amplitude was found in the 

bending mode of the shaft at 500 Hz at active 

damping switched on by modal analysis. 

 

Conclusions 

 

The efficiency of the active tool adaptor for 

vibration damping will be tested and evaluated by 

cutting tests in the next project step. Furthermore an 

adaptive controller for vibration cancellation will be 

implemented on the active tool adaptor. This 

algorithm has already been evaluated for vibration 

cancellation of an active beam demonstrator with 

good results. 
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