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ABSTRACT 
This paper provides a review of active materials in the context of applications to manufacturing 

machining processes. The important concepts and background of active materials are briefly 

introduced.   After which, the applications of these materials are discussed as applied to relevant 

themes in machining processes.  A brief overview of research work on experimental and 

theoretical studies on various process monitoring and control is considered, and several research 

papers on these topics are cited. This paper concludes with a discussion of future research areas 

and a suggested path forward. 

 

1. INTRODUCTION 

Given the importance of machining for most industries, there exists a wealth of research focusing 

on improving the performance of the machining process. In particular, some of this literature can 

be categorized into the area of process monitoring and control, which is well-summarized by 

Schellekens and Rosielle (1997) and Liang et al. (2004).  In general, the implementation of any 

methodology for process monitoring and control requires some form of measurement.  These 

measurements are usually mechanical in nature (e.g., strain, acceleration, and acoustic emission), 
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but they can include other sensing techniques, such as optical, magnetic, thermal, and pressure.  

Accordingly, a wide range of sensing technologies has been used in the research and practice of 

process monitoring and control of machining processes.   

 

New sensing techniques are also being implemented because of recent developments in 

machining technology and machine tool design. A critical element to achieving manufacturing 

automation with high productivity and improved precision and control is the ability to measure 

and estimate the process variables that impact the product’s quality with reliable sensing 

techniques and associated signal processing and analysis technology. Furthermore, innovative 

actuation technology is required in machining process control due to the following constraints 

that are imposed upon the process: (1) fast dynamic response, (2) relatively high force with fine 

resolution, (3) high stiffness and frequency bandwidths, and (4) space restriction.  

  

This paper is intended to provide an overview of recent research that adapts and implements 

active materials technology into manufacturing machinery for process monitoring and control.  

Active (or smart) materials is the name given to a class of materials that exhibit the ability to 

change mechanical force and motion into other forms of energy.  Unlike a simple transducer, 

many of these materials are able to transform energy into motion and mechanical motion into 

energy, which can provide many new and creative sensing and actuation possibilities.   

 

The conventional use of instrumentation is often obtrusive and cumbersome and therefore 

interferes with the normal operation of the structure or machine under study.  These 

measurements may further require multiple instrumented locations to ensure robust and 

repeatable sensing capabilities.  Active materials improve these situations by allowing actuation 

and sensing to become fully integrated into a structure or machine tool in an unobtrusive manner.  

Examples of such materials are those that exhibit piezoelectric effects, magnetostrictive effects, 

as well as materials such as shape memory alloys, magnetorheological and electrorheological 

fluids, and ionic polymers. Some advantages of these devices are their compactness, light-

weight, low-power consumption, ease of integration into critical structural areas, ease of 

activation through electrical signals, higher operating frequency, and low cost.  Initially, a 

limited number of researchers looked at the engineering application of a small set of active 
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materials and devices to provide performance payoffs. In the last several years, dozens of 

materials and devices have been invented with unbounded potential for engineering applications.  

Accordingly, the use of smart materials in structures and machines remains active because of the 

ability of these materials to create highly integrated sensing, actuation, and control functions into 

engineering systems.   There are many well-documented examples in the open literature on the 

use of active materials in structural dynamics problems, including structural health monitoring, 

active and passive vibration control, energy harvesting, and shape control (Srinivasan and 

McFarland 2001, Chopra 2002, Inman 2003, Sodano et al 2004, Hurlebaus and Gaul 2006).  

However, the applications of active materials with respect to machining processes have not been 

summarized.     As a result, this literature survey attempts to fill this much needed gap.   

 

This paper reviews several research areas that have utilized active materials for sensing and 

actuation devices to improve the performance of various manufacturing processes. The majority 

of the literature summarized in this paper will be concerned with the use of piezoelectric 

materials applied to machining processes (and in particular turning operations).  However, 

applications of magnetostrictive materials and mageneto-, electro-rheological fluids relevant to 

machining processes will also be summarized.  Finally, future research topics will be proposed in 

order to help transition the current state-of-the-art to full-scale industrial adoption. 

 

2. PIEZOELECTRIC MATERIALS 

Piezoelectric materials produce an electric charge when mechanically stressed and a strain when 

an electric field is applied across them.  This electromechanically coupling property is extremely 

useful in mechanical systems because they can serve both as a sensor and as an actuator.  An 

important characteristic of active materials is that they provide an unobtrusive, integrated, and 

distributed way to add actuation and sensing to a structure or machine.  This characteristic is a 

perfect match for use in manufacturing machinery where space constraints are critical.  In this 

section, we will describe the applications of piezoelectric materials in the area of machining 

processes.  

 

Piezoelectric materials acting in the direct manner produce an electrical charge when stressed 

mechanically.  The direct piezoelectric effect has been most commonly used in sensors such as a 
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piezoelectric accelerometer. Conversely, a mechanical strain is produced when an electric field is 

applied to this material.  With the converse effect, piezoelectric materials apply localized strains 

and directly influence the dynamic response of the structural elements when either embedded or 

surface bonded into a structure.   

 

Piezoelectric materials have been widely used in structural dynamics applications because they 

are lightweight, robust, inexpensive, and come in a variety of forms ranging from thin 

rectangular patches to complex shapes being used in MEMS fabrications.  A full description of 

the piezoelectric effect and the methods used to model the behavior of these materials is beyond 

the scope of this paper; however, a significant number of journal papers and conference 

proceedings have focused on the development of accurate models and discussed the 

fundamentals of these materials in great detail (Crawley and de Luis 1987, Crawley and 

Anderson 1990, Hagood et al 1990, Smits and Choi 1991, Sirohi and Chopra 2000a, 2000b, 

Niezrecki et al 2001). There are also numerous books published on this topic (Gandhi and 

Thompson 1994, Ikeda 1996, Banks et al 1996, Culshaw 1996, Clark et al 1998, Srinivasan and 

McFarland 2001).  Furthermore, the applications of piezoelectric materials in structural 

dynamics are too numerous to mention and readers are advised to refer to the aforementioned 

references.  In machining processes, piezoelectric materials are usually used in the form of a 

stack configuration acting as an actuator for the implementation of a fast tool servo (for reducing 

unwanted vibrations in manufacturing machinery) and in ultrasonic assisted machining.  

However, the use of piezoelectric patches and polymers has been also reported as sensors for 

measuring dynamic responses from the process or as vibration absorbers in chatter suppression. 

Each of these areas will be discussed in further detail in the following sections. 

 

Fast Tool Servos for Diamond Turning 

The development of piezoelectric actuator-based fast tool servos (FTSs) for precision machining 

has been studied extensively by many researchers.  FTSs refer to auxiliary servos that are 

specially adopted to control a fast-acting tool holder with high resolution and fast dynamic 

response for ultra-precision turning or facing operations.  Piezoelectric materials, in the form of a 

stack configuration, are very suitable for FTSs because of their high frequency bandwidth (up to 

kHz ranges), high dynamic stiffness (greater than 100 N/µm), compact size, and the capability of 
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producing relatively high force (greater than 10 kN ranges). The piezoelectric actuator-based 

FTS has been successfully used for active vibration reduction, dynamic machine error 

compensation, and axis-asymmetric machining. The primary benefits include improved surface 

integrity and increased geometrical accuracy.  Consequently, these FTSs have seen increasing 

use in micro-machining applications and are considered a fairly mature technology with some 

commercial realization.  A review of some of the more noteworthy efforts follows.  

 

In the mid-1980s, Patterson and Magrab (1985) proposed a design scheme of FTS using a 

piezoelectric stack actuator (6 mm in diameter, 12.5 mm long, 1.27 µm free stroke) with a 

cylindrical shell supported by two diaphragm flexures fixed to a cylindrical support.  The FTS 

was tested for both static and dynamic repeatability. While its peak displacement distortion was 

found to be less than 0.71 µm over a 0-100 Hz frequency range, the results with respect to 

machining applications were not reported.  Kohno et al. (1989) proposed the concept of a 

“Workpiece-Referred Form Accuracy Control System,” in which the system performs direct 

control over the machining process based on the use of in-process measurements and a piezo-

stack actuator. Although process performance improvement was clearly observed (0.25 µm 

surface roughness with 0.2 µm spindle turning error), the control system could not compensate 

for high frequency vibration present in the cutting process due to the lower frequency response 

bandwidth (50 Hz) of the FTS.   

 

In 1990, Okazaki (1990) reported on the “Piezo Tool Servo” design for diamond turning 

machines to achieve a surface finish with high resolution. Okazaki’s servo employed a 10 mm 

diameter by 6 mm long actuator that produced a 9 µm free displacement under a maximum 

applied voltage of 400V.  The displacement of the FTS was however reduced to 7 µm because of 

the stiffness of the flexure.  To eliminate the hysteresis in the piezoelectric actuator, two control 

strategies, including pole-zero cancellation with a notch filter and a proportional-integral-

derivative (PID) feedback control with a state observer, were applied to the tool post.  The depth-

of-cut resolution was reported to be smaller than 25 nm.  The frequency bandwidth for this 

system was 200 Hz, which was limited by the resonance of the tool post.  
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Research at the North Carolina State University (NCSU) set the foundation for using the piezo-

stack actuator for diamond turning of micro-surface applications (Falter 1990, Fornaro et al 

1990, Dow et al 1991, Miller et al 1994, Moore et al 1995, Jared et al 1996, Garrard et al 2005).  

Their FTS design utilized (Dow et al 1991) a piezoelectric ring-type stack actuator (25 mm OD, 

18 mm long, 20 µm free stroke) and a pair of high-bandwidth capacitance sensors. The high-

bandwidth capacitance sensors were responsible for measuring the motion of the tool relative to 

the cutting arm and for measuring the relative position of the arm and a reference surface 

attached to the workpiece. Their unit produced approximately 5 µm of full stroke at 1 kHz with a 

usable bandwidth of over 2 kHz.   The results of the FTS on a parallel axis ultraprecison lathe 

indicated that it could actively correct thermally induced spindle error motions by 85%, maintain 

the error of the tool position with respect to the reference signal to within 2% of the input 

amplitude, and reduce surface roughness by 78%. The system utilized a PI control algorithm, 

which rejected the disturbances of unmodeled hysteresis (of the actuator) and parasitic 

vibrations.  Their research revealed that the dynamic thrust forces caused by cutting had little 

effect on the quality of the resulting surface.  Follow-on work from this group produced several 

prototypes of the FTS, shown in Figure 1, which have been used by other researchers as a base 

design.  

 

Using the FTS developed by NCSU (operation range 100 µm and up to 100 Hz) and illustrated in 

Figure 2, Cuttino et al.. (1999) optimized the cutting and control parameters to enhance the 

performance of the FTS. Two independent tests were performed with the goal of (1) improving 

the control gains and (2) adding a hysteresis compensation module for a piezo-actuator. 

Improving the controller gain reduced the effects of the actuator hysteretic losses by 51% at an 8 

kHz sampling speed.  Adding a hysteresis module compensates the error by 43% for full-range 

travel, and by 80% for a travel range of 70 µm.  However, they reported some side effects from 

these compensations, including sharp anomalies in surface finishing.  It was also shown that the 

performance of the FTS improves with slower spindle speed, while the feedrate seems to have 

very little effects on the results.  

 

Kim and Kim (2003) and Kim et al (2004a) designed a PI feedback control system for a fast tool 

servo driven by a piezoelectric stack actuator (18 mm diameter, 45 mm in length). A feedforward 
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controller was implemented based on a simple feedforward predictor to improve tracking 

performance (up to 0.15 µm peak-to-peak error level).   Crudele and Kurfess (2003) published 

the design of integrating a piezo-based FTS servo with repetitive control for facing applications.  

In repetitive control, a controller is designed to identify certain periodic patterns in a process. 

Based on these patterns, the controller’s output is a function of the expected pattern coupled with 

any errors from the previous cycles.  This technique is particularly applicable to machining 

where the material and tool conditions change relatively slowly and the process is relatively 

repeatable.  The benefit of the repetitive controller was the tracking ability of surface waviness. 

A piezo-actuator with a nominal expansion of 60 µm was used, and a substantial reduction in 

waviness, up to 62%, was observed.  The authors further discovered that traditional polynomial 

control was somewhat detrimental to the waviness.   

 

Rasmussen et al (1994) designed a piezo-driven cutting tool system capable of dynamically 

controlling the depth of cut that can be used to machine slightly non-circular workpieces.  With 

an amplification mechanism, the tool was able to produce 52 µm of travel with a bandwidth of 

200 Hz. Tool motion error less than 0.5 µm was achieved using a repetitive controller. The 

authors also proposed that the same device could be used for an active damping element for 

improving the surface finish.   Kim and Nam (1997) and Kim and Kim (1998) developed a 

piezo-based micro-depth control system that does not rely on an external position sensor.  

Instead, they utilize the piezoelectric voltage feedback signals from the actuator as an indicator 

of position.  Based on the self-sensing actuation concept (Dosch et al. 1992), the applied voltage 

to the actuator was subtracted by a reference voltage using a differential subtract circuit to 

extract the net-sensing voltage. However, details on how to provide an accurate reference voltage 

to achieve the rigorous self-sensing actuation were not provided.  The authors reported improved 

stability and decreased response time as compared to using an external gap sensor.  Gao et al 

(2003) constructed a FTS using a piezoelectric tube actuator with a bandwidth of 2.5 kHz and a 

total tool displacement of several nanometers.  This FTS was used for machining a sinusoidal 

grid surface with a wavelength of 10 µm and an amplitude of 100 nm over a diameter of 150 mm 

area.  The effectiveness of the FTS was confirmed, however, the authors noted that the thermal 

deformation of the workpiece during machining adversely affected the overall accuracy of the 

surface finish. 
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While the FTS is traditionally used as an independently operating positioning device, several 

researchers have attempted to combine the FTS with standard motion systems in order to obtain 

large motion with high positioning accuracy.  In such a way, the advantages of both servos can 

be fully utilized, while compensating for their drawbacks.  Lee and Kim (1997) developed a dual 

(global and micro) servo stage mechanism.  The global stage produced coarse three-dimensional 

motions using three linear motors, while the micro stage compensated for the position errors of 

the global stage using three piezoelectric actuators. The dual mechanism employed a PID 

controller and was capable of a positioning reproducibility to within 20 nm over a working area 

of 200x200 mm. Ku et al (1998) designed a nano positioner in which a piezo-based FTS and a 

conventional lead-screw mechanism were combined. A neural network based control algorithm 

was used to compensate for the large friction in the lead-screw tool, while the FTS was used to 

further reduce the tracking error by over a factor of 10.  Pahk et al (2001) developed a combined 

ultraprecision positioning system, including a ball screw based servo motor for the global stage 

and a piezo-actuator for the micro stage. In order to smoothly link the two motions from the 

global and micro stages, a dual servo loop control algorithm was implemented.  In order to reject 

vibration and noise present in sub-micrometer range, a Chebyshev digital filtering technique was 

employed to improve the positioning accuracy.  An accuracy of 10 nm over the 200 mm stroke 

was reported.   

   

Kim et al (2001) also proposed the use of a dual-stage servo for precision machining, in which 

they applied a two-parameter robust repetitive control design to a dual stage FTS.  A 

piezoelectric actuator was installed inside the hollow piston of an electrohydraulic actuator.  The 

error from the first stage electrohydraulic actuator was fed to the second stage piezoelectric 

actuator as an input.  The interaction between the two actuators was assumed to be negligible. A 

75% reduction of maximum error in surface finish was observed.  In order to achieve even larger 

error reduction, Krishnamoorthy et al (2004) used a dual-stage FTS consisting of an 

electromagnetic linear actuator and a piezo-actuator with 20 µm stroke. The feedforward and 

robust repetitive control for the electromagnetic actuator produced less than 10 µm errors. Their 

ongoing effort is to further reduce the error by using the piezoelectric actuator. Elfizy et al (2004, 

2005) developed a model-based controller for a dual-stage feed drive, which is composed of a 
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linear motor and a piezo-stack actuator. This is illustrated in Figure 3.  The model based 

feedforward controller incorporated both a disturbance observer module and an anti-windup 

module. They reported significant improvement in the performance of the coarse stage using the 

linear motor as compared to using PID control.  A switching control technique was also 

investigated to accommodate changes in system dynamics and associated uncertainties relative to 

the piezo-actuator.      

 

 

While the traditional application of piezo-based FTS has focused on diamond turning 

applications which requires relatively small chip loads and small cutting force disturbances, Zhu 

et al (2001) and Woronko et al (2003) addressed the use of a piezo-based fast tool servo for 

precision shaft machining in conventional CNC turning machines.  They employed an adaptive 

sliding-mode controller to compensate for uncertainties due to cutting disturbances and 

hysteresis in the stack actuator. A stack actuator with a maximum displacement of 40 µm was 

mounted on a flexure frame with 1.5 times of displacement amplification.  The author’s 

motivation was to provide rough, semi-finish, and ultra-precision cutting using a conventional 

CNC machine. The rough and semi-finish operations were performed on a tool with a 

conventional CNC machine and the ultra-precision cutting was accomplished by the same 

machine with a piezo-based FTS on the CNC turret. The approach is illustrated in Figure 4. A 

significant improvement on the surface quality was obtained that cannot be attainable with 

traditional CNC machine (Zhu et al 2001).  Woronko et al (2003) further improved the 

performance, achieving a cut position accuracy of 20 nm under an average radial cutting force of 

6 N.  For the piezo-based FTS operation in a conventional CNC machine, the final finishing 

depth of cut is executed solely by the actuator within the actuator stroke with no change of the 

CNC radial position.  Ultimately, the effects of CNC radial axis backlash and friction were 

eliminated.     

 

A commercialized solution for a piezo-based FTS is reported by Kinetic Ceramics, Inc (2006) 

and is illustrated in Error! Reference source not found.. Their systems are capable of 

producing 400, 500, and 600 µm stroke (depending on the design) with a 600 Hz bandwidth. 

Currently, their systems cannot achieve both the maximum stroke and frequency bandwidth 
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simultaneously.  A pair of triangular PZT stacks is used to create push and pull motions, and a T-

lever mechanism is used to amplify the mechanical stroke.    

 

As described, piezoelectric stack actuators are widely used in FTS, although the sensing, 

mechanical design, and control algorithms vary depending on the applications.  The majority of 

sensors used in piezoelectric-based FTS are capacitive gap sensors with nanometer resolution. 

However, the use of laser interferometers (Miller et al 1994, Ku et al 1998, Pahk et al 2001, 

Woronko et al 2003), high-resolution strain gauges (Rasmussen et al 1994, Elfizy et al 2004), 

self-sensing piezoelectric voltage (Kim and Nam 1997) and eddy current probes (Crudele et al 

2003) are also reported.     

 

Ultrasonic Assisted Machining 

Although it is important to limit vibrations in a machine tool to avoid producing unacceptable 

surface finish conditions, ultrasonic vibration has been utilized to improve machined surface 

quality. Ultrasonic-assisted machining is a non-conventional material removal process to 

promote the improvement of machining quality through the utilization of ultrasonic vibration in 

the cutting tool at a fixed amplitude and frequency.  The approach is founded upon the principle 

of transforming a conventional turning process into a high frequency vibro-impact process which 

results in an increase in the dynamic stiffness of the lathe-tool-workpiece system and improves 

the accuracy of turning (Babitsky et al 2003). Astashev and Babitsky (1998) further explain that 

the ultrasonic vibration transforms the elasto-plasticity process into visco-plasticity one, and 

hence, results in the fluidizaton of dry friction.  Additional observations include decreased noise, 

tool wear, and heat radiation, and improved chip breaking capabilities during ultrasonic cutting.  

Although ultrasonic machining has been widely used for brittle and ductile materials, the surface 

quality of some conventional materials, including steels and aluminums, were also improved 

using this technology. Thoe et al (1998) published a literature review of ultrasonic machining in 

various applications.  

  

Active materials, and in particular piezoelectric or magnetostrictive materials, are suitable for 

ultrasonic vibration generators because they can easily convert high frequency electrical energy 

into mechanical vibration, which can provide efficient ultrasonic vibration to the tool assembly.  
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Consequently, piezoelectric materials have been a popular choice as an ultrasonic generator and 

numerous books have been published on this topic. Readers are advised to refer to the literature 

survey by Thoe et al (1998) for more information.  This paper will focus only on recent research 

work performed in the last ten years.   

 

Typically, ultrasonic cutting is applied to small diameter workpieces or slow rotational speeds. 

This is due to the ultrasonic vibration commonly being applied to the radial or tangential 

direction with respect to the workpiece orientation which thereby limits the cutting speed to the 

rotational speed of the workpiece.  However, Babitsky et al (2003) applied ultrasonic vibrations 

along the feed direction in order to improve the cutting speed and to achieve high productivity. 

The piezo-stack actuator used in this study was able to produce a 20 µm peak-to-peak 

displacement at 17 kHz. By applying the vibration in the feed direction, the effectiveness of the 

ultrasonically assisted vibration was extended to high-speed machining processes. Babitsky et al 

(2004) further utilized the piezo-stack actuator with a self-tuning autoresonant control for 

ultrasonically-assisted cutting in order to tune the piezoelectric-based ultrasonic system at 

resonance for maximum vibration effects. This is illustrated in Figure 6. The authors reported 

significant improvements in surface quality as compared to conventional methods. 

 

Du et al (2004) designed a cutting tool with a piezo-actuator driven ultrasonic vibration system.  

A matching circuit was used to reduce the piezoelectric capacitive reactance at high frequency 

ranges. The authors reported improvements in the surface quality and the dimensional tolerance.  

Zhong and Lin (2005) developed a low-cost ultrasonic vibration device with a piezo-stack 

actuator that can be mounted onto a conventional CNC machine.  The actuator used in this study 

was capable of a 23 µm displacement under 450 V applied voltage.  A significant improvement 

in the surface quality was also observed. However, they found that varying the depth cut and 

cutting speed affected the results considerably.  

 

Xu and Han (1999) designed a cutting tool system equipped with both active error compensation 

(such as those used in FTS) and ultrasonic assisted vibration by integrating two piezoelectric 

actuators. The actuator used in the error compensation produced a 7 µm stroke with a frequency 

bandwidth of 50 Hz, while the actuator used in the ultrasonic vibration actuator generated a 10 
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µm at a fixed frequency of 20 kHz.  Using just error compensation during cutting, the authors 

reported improvement of the roundness of the workpiece by 27% with no improvement in 

roughness.  When both the error compensation and the ultrasonic vibration were activated, the 

authors reported improvement in both roundness and roughness by 42% and 16%, respectively.  

 

As shown in this section, piezoelectric stack actuators have been effectively used in ultrasonic-

assisted vibration. It should be noted that relatively smaller sizes of stack actuators were usually 

employed in this application in order to relax the power requirement.  

  

 

Active and Passive Vibration Control  

Unwanted vibration in precision manufacturing machinery is a major source of poor surface 

finish, increased tool wear or failure, and poor dimensional accuracy.  There are several sources 

of vibrations in machining processes, such as self-regenerated vibration within a process 

(referred to as chatter), rigid body dynamic motions of the machine caused by the internal 

process including spindle rotations or dynamic cutting process, and externally induced vibration 

from the foundation or acoustic coupling. These vibrations are usually smaller in magnitude and 

higher in frequency than those typically found in other mechanical systems. Numerous vibration 

reduction techniques have been proposed in the past relying on vibration-awareness design, 

changing machining parameters during operation, or altering structural dynamics via active or 

passive damping treatments.  The use of piezoelectric transducers falls into the last category, as 

they have been increasingly used to reduce the vibrations in both a passive and an active manner.   

 

Among the several sources of vibration, the suppression of chatter has been extensively 

investigated by many researchers.  Chatter is the self-excited vibrations caused by the 

modulation of the cutting force to changes in the uncut chip thickness which results in adverse 

variations in the uncut chip thickness during the next operating cycle.  It is also explained by the 

hysteresis relationship between cutting force and workpiece deflection by the dynamic instability 

of the process caused by the interaction of the cutting force and vibration.  Chatter usually comes 

with relatively high amplitude of regenerated vibrations compared to other machining vibrations. 

The mechanism of chatter is relatively well understood (Fabris and D’Souza 1974, Jemielniak 
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and Widota 1989, Marui et al, 1995, Chiou and Liang, 1998).  Chatter is considered one of the 

critical sources of vibration which adversely affects the productivity of high speed manufacturing 

processes.  Chatter can generally be avoided by proper selection of the cutting parameters, 

including depth of cut and spindle speed in conjunction with an appropriate model, called a 

chatter stability lobe diagram.  However, the selection of such parameters may not be suitable for 

automated and improved productivity.  In addition, many machine tools may not be designed to 

operate in such modes. Therefore, many researchers have investigated alternative approaches to 

reducing chatter, namely active or passive vibration suppression techniques, that control the 

vibration of the cutting tool.   

 

Martinez et al (1996) demonstrated the feasibility of piezoelectric stack actuators in chatter 

reduction.  Their experimental setup employed a surrogate machine tool structure composed of a 

positive position feedback (PPF) filter and a cantilever solid bar.  By combining finite element 

analyses and experimental results, the authors were able to demonstrate that the stability of 

cutting process was significantly improved. Eshete and Zhang (1996) used an electrostrictive 

(Lead-Magnesium-Niobate piezoelectric) stack actuator to actively reduce the tool vibration with 

a neural network-based control algorithm.  Choudhry et al (1997) also proposed an on-line tool 

vibration control system with a piezoelectric stack actuator mounted on the tool post.  The 

improvement in surface quality was confirmed in both of these studies.  Several simulation 

studies or experiments on machine-representative structures also demonstrated the feasibility of 

piezoelectric materials in vibration or chatter suppression in various turning or milling operations 

(Nagaya et al 1997, Mayhan et al 2000, Yan and Al-Jumaily 2002, Chiou et al 2003, Harms et al, 

2004, Rashid 2005).  

 

Fung and Yang (2001) used a forecasting compensatory control (FCC) technique with a two-

dimensional piezo-actuated tool motion system to compensate for spindle error motion.  For 

FCC, the future errors are estimated using a time-series AR or ARMA model from the past and 

current response, and the control signal is applied to compensate the estimated errors before the 

cut is made. The authors reported an improvement of 47% for the roundness error in the taper 

turning operation.  Pan and Su (2001) and Wang and Su (2003) used a piezoelectric actuator 

mounted on to a tool holder for chatter suppression during turning.  The piezoelectric actuator 
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regulates the tool displacement with a robust adaptive controller which accounts for the 

hysteretic nonlinearity and results in a significant reduction in chatter.   

 

Dohner et al (2004) applied an active control approach for mitigating chatter in milling 

operations.  Unlike turning,  implementing sensing and control of a milling process includes 

additional complexity due to operating in multiple coordinate systems.  In particular,  the sensors 

and actuators are typically located in the same stationary coordinate system of the machine tool, 

while the workpiece remains in the moving coordinate system. Two PMN stack actuators were 

embedded within the housing of the machine, as illustrated in Figure 7. The actuators were 

capable of producing lateral motion of the tool. A linear quadratic Gaussian (LQG) control 

approach was implemented, and strain gauges at the root of the rotating tool were used to sense 

the bending motion in two lateral directions. The authors reported an increase in the stability of 

the milling machine by up to an order of magnitude.  

 

Tarng et al (2000) and Lee et al (2001) used a piezoelectric inertia actuator acting as a passive 

tuned vibration absorber to suppress chatter in turning operations.  They demonstrated that the 

cutting stability is increased six times using this approach. The authors further suggest that, in 

order to be effective, the resonance of the absorber must be equal to that of the cutting tool.  This 

passive control provides certain advantages, as compared to active control methods, including 

easy implementation, low-cost, and no need for complicated electronics.  Pettersson et al (2001) 

embedded a miniaturized piezo-stack actuator into a tool holder, forming the concept of an 

“active tool holder.”  The bending deformation of the tool holder was actively compensated by 

the actuator using an adaptive FIR filter.  A substantial reduction of the first mode (40 dB 

reduction at 3.4 kHz) was achieved resulting in a significant improvement in chatter suppression 

and surface finish.   

 

Zhang and Sims (2004) used piezoceramic patches as a sensor and as an actuator for milling 

chatter suppression.  The piezoelectric transducers were surface-mounted on the back side of the 

flat workpiece.  A PPF filter was used to provide an active damping to the workpiece during the 

milling operation with these transducers.  Sims et al (2005) proposed the use of surface-mounted 

piezoelectric transducers for the prediction of milling tool stability lobes.  Two piezoelectric 



LA-UR-06-7063,  International Journal of Machine Tool and Manufacture,Vol. 47 (15), 2189-
2206, 2007. 

 15

patches were mounted on the surface of the tool in which one patch provides an excitation as an 

actuator and the other patch measures the dynamic response of the tool as a transducer.  The 

experimental results showed good agreement with traditional stability tests, which require an 

impact hammer and an accelerometer.  This method is particularly suitable for miniaturized 

milling tools which impose difficulties in performing traditional modal testing. Furthermore, the 

method has a potential for automated chatter testing requiring little user involvement. 

 

As described in this section, piezoelectric materials have been successfully employed in 

providing vibration suppression at frequency ranges that are often outside of the effective range 

of traditional damping materials. Furthermore, compared to traditional passive damping 

treatments such as viscoelastic dampers, which introduce an appreciable weight penalty and offer 

limited frequency ranges, the results indicate that piezoelectric-based dampers provide superior 

performance resulting in improved machining quality.   

 

Boring Applications 

Traditional boring operations create cylindrical grooves and enlarge holes or cavities made by a 

previous process.  In order to produce cylindrical surfaces of high aspect ratios or deep holes, 

longer boring bars are increasingly demanded. However, boring bars are subjected to various 

loadings, including spindle motions and machine tool and workpiece vibrations.  Reducing these 

vibrations in boring bars with high length-to-diameter (L/D) ratios is critical to avoiding chatter 

and preventing a deviation from the desired surface accuracy.  Several active vibration control 

techniques have been implemented for boring operations with piezoelectric actuators.  Compact 

piezoelectric-stack actuators are very suitable because the compactness and sufficient actuation 

authority of the materials does not interfere with the bar’s clearance requirement.   

 

Barney et al (1997) utilized a piezo-stack’s self-sensing actuation capability for active vibration 

control of a model of a boring bar.  They used a traditional bridge network circuit to achieve a 

self-sensing signal. The damping of the bar was increased by up to 20 times in the first and 

second mode using the self-sensing actuator with a PPF filter. However, in order to compensate 

for the hysteresis of the actuator and the imbalance of the bridge circuit caused by environmental 

condition changes, the implementation of more advanced nonlinear, frequency-dependent control 
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techniques was suggested.  Browning et al (1997) designed an active clamp system that houses 

four piezoelectric stack actuators with a resulting geometry of 5 cm in diameter and 3 cm long.  

The actuators were paired on opposite sides so that the actuation could be performed 

independently in two directions.  The active clamp with an adaptive vibration controller enabled 

a boring bar with L/D ratio of 11 to operate free of chatter. 

 

Chiu and Chan (1997) published the design of a piezoelectric controlled boring bar.  The forced 

displacement of the boring bar was actively corrected by piezoelectric actuation acting on the bar 

holder. A PID controller was used, and the maximum compensation movement of the actuator 

was equivalent to 6 µm of tool deflection.  Chiu et al (2002) and Gao et al (2002) further 

enhanced the performance of the original design by implementing an AR-model based FCC. The 

corrective action of a piezo-actuator is schematically described in Figure 8. The deflection of the 

boring bar was suppressed through the corrective action of the piezoelectric actuator with an 

improvement of 40% in roundness errors.  Hanson and Tsao (1998) developed a piezoelectric 

boring bar servo capable of on-line compensation of cylindrical errors by rapidly varying the 

depth of cut. By using a flexure hinge, a maximum tool travel of 120 µm was achieved. Katsuki 

et al (2000) developed a laser-guided, deep-hole boring tool using a piezoelectric actuator to 

prevent axial hole deviation. A boring bar with reduced bending and torsional rigidity was used 

for better controllability of the tool motion. Controlled boring was possible up to a depth of 700 

mm, which was the maximum machinable length of the machine tool.  

 

A new boring bar, referred to as a “smart tool” and shown in Figure 9, utilizing a piezoelectric 

actuator to isolate the tool vibration and actively reject cutting tool disturbances was developed 

and substantially investigated by O’Neal et al (1998), Koren et al (1999), O’Neal et al (2001), 

and Min et al (2002).  The smart tool is composed of two position optical detectors, a compact 

electronics package of controllers, a piezoelectric stack actuator with a lever to amplify the 

displacement, and a power and data transmitter. This system represents a truly self-contained 

boring system.  The tool is also equipped with two cutting inserts, a rough cutter and a finish 

cutter.  The rough cutter is directly mounted to the boring bar, while the finish cutter is attached 

to the end of the lever enabling its motion relative to the tool body. An integrated mechatronic 
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and optimal structural and control methodology was implemented, and the smart tool 

successfully demonstrated positional errors less than 1 µm.  

 

 

Other Applications 

Piezo-driven precision position tables are now considered a mature technology and tables with 

nanometer resolution can be implemented using commercial off-the-shelf products.  The 

characteristics of fast dynamic response with high resolution, compact size, and high conversion 

efficiency make piezoelectric materials an ideal candidate for use in high precision positioning 

tables.  In order to amplify the small displacement of piezoelectric actuators, several mechanisms 

including mechanical, hydraulic, or other novel kinematic designs have been implemented. The 

simplest way to increase the displacement of an actuator is to use a mechanical lever arm with a 

flexure-hinged mechanism (Change et al 1999, Koratkar and Chopra 1999), although increases in 

displacements result in decreases in force outputs. A double lever arm amplification mechanism 

was also created by Lee and Chopra (1999).  The flextensional amplification mechanism, which 

converts the longitudinal output of the actuator into motion of transverse direction, is also used in 

micropositioning (Le Letty et al. 1997, Pokines and Garcia 1998). Several other amplification 

mechanisms, including the use of both flexural hinges and slider-crank mechanism (Chang and 

Du 1998), linear piezo-motor techniques (Moriwaki and Shamoto 1996, Ni and Zhu 2000), and a 

“walking drive” mechanism utilizing six piezoelectric elements (Shamoto and Moriwaki 1997) 

were also implemented.  As in the FTS design, there have been several efforts focused on 

integrating piezoelectric actuators with other mechanical driving systems to overcome the small 

piezoelectric displacement.  These efforts have investigated combining piezoelectric actuators 

with servo motors (Moriyama et al, 1985), piezo-hydraulic actuators (Kallio et al 1998, Nasser 

and Leo 2000), piezo-pneumatic actuators (Liu and Higuchi 2001), and piezo-stepping 

mechanisms (Versteyhe et al 1999).  Liu et al (2004) provided substantial details on the use of 

piezoelectric actuators in precision positioning tables.    

 

Holterman and de Vries (2004a, 2004b) proposed the concept of a “smart disc”, which is 

composed of a piezoelectric stack actuator and a collocated piezoelectric sensor, to provide 

robust active damping in a microlithography machine.  Properly installed, the smart disc-based 
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damping system can reduce the amplitude of the dominant vibration mode by 86% and greatly 

enhances the line-width precision of circuit patterns for integrated circuit manufacturing. Unno et 

al (2001) also used a pair of piezoelectric tube-type stack actuators to construct a high-resolution 

driving system for a semi-conductive diamond probe used in nano-scale machining.   This 

driving system demonstrated a resolution of approximately 20 nm.   

 

Research at Los Alamos National Laboratory utilized a thin-film, piezoelectric sensor from 

Measurement Specialties, Inc. to monitor tool vibration dynamics during turning (Hartman, et al. 

2003).  The flexible, thin-film sensor was made from a 28 mm thick piezoelectric polyvinylidene 

fluoride (PVDF) polymer film that is laminated between a 0.125 mm polyester substrate.  The 

film was screen-printed with Ag-ink electrodes that pass voltage up to 70 V due to strains 

induced within the piezopolymer film.  The motivation behind using an inexpensive thin-film 

sensor over a traditional accelerometer was due to the radiological environment that the turning 

process operated in and, hence, the requirement for a “disposable” sensor.  The sensor was 

affixed to the tool holder using 3M’s double-sided Poster Tape 109.  Figure 10 illustrates this 

setup (an accelerometer was also attached to the tool for verification and validation of the thin-

film’s response).  Unlike traditional commercial accelerometers that provide vibration data from 

either single or multiple axes, the thin-film sensor provides a complex vibration signal that is a 

superposition of several strain components (uniaxial extension and compression) plus multiple 

bending modes.  Placement of the sensor was validated through modeling of the boring bar 

assembly (see Figure 11).  The modeling ensured that the sensor was placed in a location in 

which the amount of strain during cutting was maximized.  Through extensive data analysis 

techniques, the authors were able to demonstrate how an inexpensive sensing technique could 

provide a robust and effective method of interrogating tool vibration, monitoring process 

performance, and inferring product quality (Hartman, et al. 2004, 2005).  The prototype system 

was capable of (1) detecting adverse cutting conditions that could potentially lead to non-

conformance part conditions, (2) detecting material property variability, and (3) indicating real-

time cutting conditions (i.e., “acceptable”, “suspect”, and “unacceptable” cutting conditions) for 

operator feedback and intervention (Hartman, et al., 2007). 
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In this section, the use of piezoelectric materials in various machining processes has been 

described.  Among all other active materials, this material is the most widely used and has led to 

several successful commercial products in manufacturing machinery. The advantages of using 

piezoelectric materials in machining processes include the following: i) they are a relatively 

small in size and are easy to control, ii) they can produce relatively large forces and achieve high 

stiffness, iii) they have a relatively large frequency bandwidth (depending on the design), iv) 

they do not have backlash or friction typically found in conventional actuators, and v) they are 

capable of nanometer resolution positioning.  However, there are also some disadvantages. They 

include: i) nonlinear hysteresis behavior, ii) temperature dependence, iii) heat generation when 

operated at high frequencies, which often requires external cooling systems, iv) relatively small 

displacements (in the micron range), v) the need for a specialized (usually custom-designed) 

amplifier for operation.    

 

3. MAGNETOSTRICTIVE MATERIALS 

In contrast to piezoelectric materials, which exhibit a coupling between the mechanical and the 

electrical domain, magnetostrictive materials respond with strain to an applied magnetic field 

(Butler et al 1990, Carman and Mitrovic 1995, Dapino et al 2000, Quandt and Claeyssen 2000, 

Chopra 2002).  The effects can be reversible. Therefore, magnetostrictive materials can serve 

both as a sensor and as an actuator. Formally, this material is defined by the Joule and Villari 

effects. The application of a magnetic field across magnetostrictive materials causes longitudinal 

extension strains accompanied by transverse-compressive strains, referred to as the Joule effect.  

Conversely, an application of stress results in a change in its magnetic field, referred to as the 

Villari effects.  The magnetic field can be applied by using either permanent magnets (for a 

steady bias field) or magnet coils surrounding the materials (for time-varying dynamic magnetic 

field). A popular commercial magnetostrictive material is Terfenol-D (Terbium-Ferrous-Naval 

Ordnance Laboratory-Dysprosium) and comes in the form of rods, thin films, and powder. Clark 

and his research group at Naval Ordnance Lab discovered Terfenol-D in the early 1970s.  Similar 

in characteristics, magnetostrictive actuators have been used in some of the same application 

areas as piezoelectric materials, including ultrasonic assisted machining, FTS design, and 

machine tool vibration suppression.  It should be noted that mechanical hysteresis is also 
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intrinsic to magnetostrictive materials, which causes certain issues in precision control of 

machining processes. 

 

Michler et al (1993) presented a design of a magnetostrictive-based micropositioner for use in 

turning operations.  Their original design was further developed by Liu et al (1998) with the 

implementation of control algorithms and is illustrated in Figure 12. A velocity feedback 

controller was used to augment damping, and a PID controller was implemented to machine non-

circular mechanical parts.  The Terfenol-D actuator used in the study generated a 25 µm stroke 

and a maximum output force of 490 N.   A substantial improvement in surface texture quality 

was observed. Eda et al (1992) also proposed the use of a magnetostrictive actuator with a stroke 

of 2 µm for precise machine tool positioning.  The design was improved by compensating for the 

thermal expansion caused by the heat generation of the actuator (Yamamoto et al 1999) and by 

implementing a hybrid actuator consisting of piezoelectric and magnetostrictive actuators. The 

magnetostrictive actuator covered the lower frequency range while the piezoelectric actuator was 

used at much higher frequency ranges (Eda et al 1999).   

 

Rojas et al (1996) used a Terfonol-D actuator for active vibration control of a boring bar. A PI 

and a least-mean-squares (LMS) bandwidth controller were simultaneously applied to suppress 

the vibration present in the boring bar during machining.  Furthermore, they implemented an 

electrorheological elastomer damping device for vibration reduction in high frequency ranges 

and for improvement of surface quality.   Tang et al (2004) published the design and 

implementation of a micropostioner based on the use of a magnetostrictive actuator (80 mm in 

diameter and 220 mm long).  With a variable structural controller, tool positioning precision of 2 

µm could be achieved. In this study, however, the actuator was used at lower frequency ranges 

and at limited output strok to avoid the hystereric nonlinearity of the actuator. In order to 

overcome hysteresis, Panusittikorn and Ro (2004) implemented a sliding-mode controller with a 

switching gain.  The experimental results were compared to those using a PID controller.  While 

PID could not overcome the influences of hysteresis resulting in significant output delay, the 

sliding mode controller yielded better tracking and robust performance.    
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El-Sinawi and Kashani (2005) designed an active tool holder utilizing a Tefenol-D actuator. A 

Kalman estimator-based, feed-forward control scheme was employed to suppress the vibration of 

the tool.  The results showed that their active tool holder improves the surface roughness of the 

workpiece by an average of 25% over a conventional tool holder.  Al-Zaharnah (2006) used two 

identical Tefenol-D actuators orthogonally located in both radial and feed directions in order to 

apply forces on the cutting tool in both directions independently.  With the implementation of a 

Kalman estimator-based controller, vibration suppression of up to 30% was achieved.  

 

Magnetostrictive actuators have been also used in ultrasonically-assisted machining as an 

ultrasonic vibration generator, which is well summarized in Thoe et al (1998). These materials 

provide vibration over a wide frequency bandwidth, accommodate tool wear, and demonstrate 

relatively good repeatability over an extended period of time. However, their performance falls 

behind that achieved by piezoelectric devices due to their low energy efficiencies, bulky sizes, 

and high electrical loss resulting in heat generation (Thoe et al 1998).   

 

There are some advantages to magnetostrictive materials in machining processes compared to 

piezoelectric materials, including i) larger strain generation, ii) higher Curie temperature, iii) 

resistant to fatigue failure, iv) low-voltage drives, and v) greater stiffness.  However, the 

performance of this material does not seem to be as promising as that achieved by piezoelectric 

devices mainly because of its high price, heat generation, bulky size, and the lack of a detailed 

database and reliable modeling of magnetostrictive materials for a wide range of applications, in 

particular, for machining processes.   

 

4. MAGNETORHEOLOGICAL AND ELECTRORHEOLOGICAL FLUIDS   

Magnetorheological (MR) or electrorheological (ER) fluids are another class of smart materials 

that have been used in manufacturing machinery systems.  MR and ER fluids are fluids whose 

rheological behavior can be externally controlled through the use of either a magnetic or an 

electric field, respectively.  The application of either an electric or a magnetic field results in a 

change in the effective viscosity and hence, the yield strength of the fluids.   
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MR fluids are usually composed of oil (usually mineral or silicone based) and ferrous particles 

that are on the order of 0.05 - 10 µm in diameter.  Jacob Rabinow at the US National Bureau of 

Standards developed this fluid in the late 1940s (Jolly et al 1998, Wang and Meng, 2001).  When 

it is not activated, a MR fluid behaves like a free flowing liquid, with a consistency similar to 

that of motor oil. In the presence of an applied magnetic field, the ferrous particles become 

magnetic dipoles, which connect to each other along the lines of the magnetic flux, forming 

linear chains parallel to the field. This phenomenon effectively “solidifies” the suspension oil 

and restricts the fluid’s movement, developing yield strength. The degree of change is related to 

the magnitude of the applied magnetic field, and can occur in less than a few milliseconds.  As a 

dual to MR fluids, ER fluids utilize electrically polarized particles to change its viscosity under 

an applied electric field.  Under an applied electric field, an ER fluid can “stiffen” into a semi-

solid, and back, with response times on the order of milliseconds. 

 

In their non-activated or “off” state, both MR and ER fluids typically have similar viscosity.  

However, MR fluids are capable of achieving much higher yield strengths, greater than 60 kPa 

(Gamota and Filisko 1991, Stanway et al 1996, Goncalves et al 2006), than ER fluids.  

Furthermore, ER fluids require high voltage and low current, while MR fluids require low 

voltage and high current. Table 1 summarizes the more salient features of MR and ER fluids 

(Ashour et al. 1996). 

 

Table 1: Comparisons between MR and ER fluids 

Property MR Fluid ER Fluid 

Yield Strength (field) 50-100 kPa (150-250 kA/m)* 2-5 kPA (3-5 kV/mm)** 

Viscosity (no field) 0.2-0.3 Pa-s  @ 25 oC 0.2-0.3 Pa-s @ 25 oC 

Operating Temperature -40 – 150 oC 
10 - 90 oC, ionic, DC 

-25 – 125 oC, non-ionic, AC 

Current Density 
N/a.  Can energize with 

permanent magnets. 

2-15 mA/cm2 (4 kV/mm @ 25 
oC) 

* Field limimted by saturation. 

** Field limited by breakdown. 
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Because the elastic modulus and loss modulus of the fluids can be changed drastically by 

applying a magnetic or electric field, these fluids have been extensively used in electrically-

controlled active or semi-active viscous dampers.  ER fluids have been used in chatter 

suppression by designing tunable-stiffness boring bars, while MR fluids have been utilized for 

high precision polishing.  

 

Lei (1995) first proposed the concept of utilizing ER fluids for chatter control. Two different 

design schemes were proposed including a cutting tool filled with ER fluids that can directly 

change the stiffness or damping of the tool and a flexible machine tool spindle with an ER 

squeeze film damper. No experimental results were presented. Segalman and Redmond (1996) 

utilized ER fluids to actively control the impedance of boring bars to suppress chatter.  This 

approach is similar to a conventional chatter avoidance method, which adjusts the spindle speed 

so that the cutting process stays inside the stability region. However, instead of changing the 

spindle speed, the resonance frequency of the cutting tool was varied through the use of ER 

fluids by applying an electric field.  The ER fluid was inserted between the tool sleeve and the 

cutting tool. A step variation in the electric field showed moderate success in reducing chatter 

vibrations.  However, improved results were obtained through a sinusoidal varying field with the 

half-period of oscillation equal to the time interval between the cutting passes.  The application 

of ER fluids in boring bars for chatter suppression has been substantially investigated by Wang 

and Fei (1999a, 1999b, 2001) and a schematic is illustrated in Figure 13.  The stiffness and 

damping characteristics of a bar with L/D ratio of 5 were varied through the application of an 

electric field to the sleeve filled with ER fluid.   Changes of 20 - 30 Hz in the first resonance 

frequency were achieved by applying an electric field with a strength of 2 kV/mm.   At the lower 

applied electric field (lower than 1.2 V/mm), an increase in the damping of the bar was first 

observed, while, at a higher electric field, changes in the resonance frequency were clearly 

observed. Both lower and upper electric field ranges were utilized for chatter suppression.  The 

need for an on-line adjustment of the electric-field strength applied to the ER fluid was suggested 

to achieve optimal performance.  For the detection of chatter, an artificial neural network-based 

pattern recognition method was employed (Wang and Fei 2001).  It should be pointed out that 

the experiments with ER fluids in chatter suppression have been only performed under 
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laboratory settings.  The performance in actual manufacturing environments with higher cutting 

speeds and larger cut depths still needs to be validated.  

 

The use of MR or ER fluids in high precision grinding or polishing for mechanical parts, 

including lens, mirrors, and optics has been investigated by many researchers.  The principle 

behind these techniques is that the ER or MR fluids are mixed with ultra-fine abrasive particles 

and the acting force and resulting motion of abrasive particles can be controlled by an electric or 

magnetic filed, resulting in ultra-precision polishing. Because the literature concerning this area 

is too broad, this section only provides a concise introductory survey on this topic as an example 

of the successful application of active materials in grinding or polishing.   

 

In MR fluid-based finishing processes, a rotating wheel is used to direct the MR fluid against a 

small portion of the part surface. Material removal takes place in a narrow region between the 

part and the rotating wheel through the shearing action of the abrasives in the fluid against the 

part.  Sometimes, hydrodynamic pressure is applied to improve the material removal rate.  

Various research and platforms in the area of MR finishing have been reported (Kordonski and 

Golini 1999, 2002, Golini et al 2001, Shorey et al 2001, 2004, Kim et al 2004b, Cheng et al 

2005, Schinhaerl et al 2005).   

 

Akagami et al (1998) and Kuriyagawa et al (1999, 2002) were the first to propose the use of ER 

fluids for the creation and polishing of small three-dimensional components.  Kim et al (2003) 

further investigated the fundamentals of ER fluid polishing.  Zhang et al (2005) published an 

optimized design for maximum material removal and surface roughness based on multi-variable 

linear regression for evaluating the effect of process parameters. Because traditional approaches 

to polishing processes could not offer a flexible, cost-effective option for micromachining in 

advanced optics or micro-mesoscale elements, the use of MR or ER assisted polishing has gained 

increased attention and remains a very active research topic.   

 

ER and MR fluids have certain advantages in machining processes, including wide operating 

frequency ranges, quick response time, and reversibility.  Compared to ER fluids, MR fluids 

have a higher yield stress (50-100 kPa vs. 2-5 kPa) and can be controlled with conventional 
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power sources, such as car batteries.  MR fluids can operate in a temperature range of 40 - 150 

°C, while the usable range for ER fluids is limited to 15 - 90 °C.  MR fluids require bulky 

magnet coils, while ER fluids can rely upon a pair of electrodes to establish an electric field.  ER 

fluids, on the other hand, require much higher electric fields (> kV/mm) for operation.  

 

One of the major issues of using either ER or MR smart fluids is that, after a long period at rest, 

the fluids can become sedimented, leading to degradation in performance and replacement.   

Another drawback to fully embracing these fluids is due to the difficulties in modeling of these 

fluids and their devices. The rheological properties depend on many independent variables, 

including the characteristics of suspended particles, properties of the carrier fluids, additional 

additives, applied electric/magnetic fields, and many others. Empirical modeling techniques have 

been typically employed in the smart material community, but the overall difficulty in modeling 

imposes a serious limitation in optimizing the performance of the smart fluids for machining 

processes.  

 

5. DISCUSSION  

The applications and benefits of active materials are slowly coming into full view of the 

manufacturing community because of their capability in providing highly integrated sensing and 

actuation.  With continual advances in active sensor/actuator technology, signal processing 

techniques, and control algorithms, active materials will continue to attract the attention of 

researchers and field engineers. In this section, future issues of active materials in machining 

processes are summarized.   

 

The use of active materials in machining processes encompasses a wide range of the 

multidisciplinary fields and requires experts from different research communities including 

sensors, controls, active materials, and manufacturing.  However, the research to-date has been 

pursued in a very disjointed manner from different communities, with results published in their 

respective journals, which has led to significant overlaps in effort. A more integrated and 

multidisciplinary approach will be necessary in order to fully to utilize the potential of active 

materials in machining processes. In such a way, the efficiencies and capabilities of active 

materials-assisted manufacturing systems can be maximized.   
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Another shortcoming in this field seems to be the lack of theories and a database for integrating 

active materials into manufacturing systems.  The analytical modeling techniques established in 

the last few decades by the active material community do not appear to be fully utilized in the 

machining industry.  Only fairly simple 1-D or 2-D models have been used, making it difficult to 

identify key parameters necessary to design such active components for machining processes.  

The implementation of improved modeling techniques is also necessary. These techniques 

should incorporate some of the more important machining variables, such as the cutting tool’s 

deflection or the thermal conditions, to help understand the overall effects of active components 

on manufacturing processes and to produce a useful procedure to select sizes, locations, and 

materials of the active components.  Through advanced modeling and extensive mechanical 

testing, the issues of matching the force, stroke, and time constant of active materials can be 

thoroughly investigated.  The data would provide a guideline for selecting the size and capacity 

of the active components for different configurations and operating conditions. The successful 

outcome of this approach would greatly facilitate active material system design for machining 

processes for practical and efficient implementation into manufacturing facilities.  

 

In order to transition the technology into practice, engineers must have a set of design rules and 

data, as they do for conventional sensors and actuators.  However, because of the current 

disjointed research effort, designs incorporating active materials in machining processes are 

usually realized in an ad-hoc fashion.   Considerable efforts are therefore required to design, 

install, and calibrate an active device for manufacturing machinery.  One potential remedy for 

this problem would be the creation of a pre-packaged “design module” that incorporates active 

sensors, actuators, and control strategies with the associated electronics that could be embedded 

into the machining system from the initial design stage.  In such a way, one can fully capitalize 

on the integrated sensing and actuation capability of active material systems. Developing such 

modules demands substantial research efforts in defining the key parameters and predictive 

models in designing efficient active devices components.  Optimization studies are also 

necessary, as this is the field that has received the least attention to-date. The literature still 

contains numerous papers suggesting unrealistic schemes with somewhat impractical energy 

requirements. The development of a design module would provide a rapid diffusion of active 
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material systems to practicing engineers. In particular, attention should also be paid to the use of 

new active materials as they are developed, as this has been a fast moving area in recent years. 

 

6. CONCLUSION     

This paper has reviewed the development and applications of active materials in machining 

processes.  A key feature in prompting the utility of active materials in process monitoring and 

control of machining processes is the unobtrusive and integrated nature of active materials that 

allows actuation and sensing to become fully integrated into the machine tools. The availability 

of a variety of new sensing and actuation capabilities and the advent of new active 

multifunctional materials will have a large impact on the types of algorithms and schemes for 

improved performance in machining process monitoring and control. 
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Figure 1: Piezo-based FTS servo developed by NC state researchers (courtesy of NCSU) 



LA-UR-06-7063,  International Journal of Machine Tool and Manufacture,Vol. 47 (15), 2189-
2206, 2007. 

 43

 

 

 

 



LA-UR-06-7063,  International Journal of Machine Tool and Manufacture,Vol. 47 (15), 2189-
2206, 2007. 

 44

 

Figure 2: Schematic of the FTS used by Cuttino et al (1999) (Cuttino et al 1999) 

 

 
Figure 3: Single axis dual-stage feed drive developed by Elfizy et al 2005 (Elfizy et al 2005) 
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Figure 4: Piezo-based FTS attached to conventional CNC machine (Zhu et al 2001) 
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Figure 5: FTS developed by Kinetic Ceramic Inc 
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Figure 6: Experimental setup of ultrasonic cutting (Babitsky et al 2004) 
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Figure 7: Hardware configuration of smart spindle unit developed by Dohner et al (2004) (Dohner 

et al 2004) 
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Figure 8: Interaction of a boring bar and piezo-actuator corrective action proposed by Chiu et 
al (2002)  (Chiu et al 2002) 
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Figure 9: Structure of smart tool proposed by researchers from University of Michigan (O’Neal et 
al 2001) 
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(a) A close up of cutting tool and sensor (b) Experimental Set up 
 

Figure 10: Sensor orientation and Experimental Setup (Hartman et al 2007) 
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Figure 11: Finite Element analysis of the Boring Bar (Hartman et al 2007) 
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Figure 12: A schematic of magnetostrictive-based FTS proposed by Liu et al (1998)  (Liu et al 
1998) 
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Figure 13: A schematic of tunable stiffness boring bar proposed by Wang and Fei (1999) 
(Wang and Fei 1999) 

 

 

 

 

 


