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Abstract: The development of the fast tool servo (FTS) for precision machining was investigated. The micron machining 
performance of a piezoelectric-assisted FTS on copper alloy was evaluated. The results indicate that the quality of the microstructure 
depends mainly on two important factors: the cutting speed (or spindle speed) and the driving frequency of the FTS. The excessive 
driving frequency increases the formation of burrs. The effect of the clearance angle of the diamond tool on the microstructure 
machining precision was also investigated. 
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1 Introduction 
 

Copper alloys, widely used in diverse applications 
due to their excellent thermal and electrical conductivity, 
are also used in micro-lens arrays in advanced optical 
products. Ultra-precision diamond turning with a fast 
tool servo (FTS) is one of the leading techniques for 
producing metal mirrors for high-power lasers and 
non-conventional optics. The FTS requires the use of a 
high-precision lathe system, tool position controls with a 
long stroke, large bandwidth, and nanometer resolution. 
The development of piezoelectric actuator-based FTSs 
for micro-structured precision machining has been 
studied extensively by many researchers [1−6]. There are 
two main applications of the FTS to diamond turning. 
First, the FTS eliminates the repetitive errors that come 
from resonances in the turning machine (i.e., spindle 
imbalance or bearing noise). In one particular case of this 
application, when an FTS was used to control the cut 
depth to compensate for waviness in the machined 
surface, the results revealed that the peak-to-valley 
waviness profile decreased from 3.3 µm to 0.3 μm [7]. 
Second, the FTS can be used with diamond turning to 
produce complex machined geometries on a specimen. In 
this application, a spindle-position estimator provided 

better accuracy and resolution of the spindle-angle 
feedback, which significantly improved the FTS 
trajectory generation in both 1-D and 2-D sinusoidal 
surface turning [8]. A long-stroke FTS can be used to 
fabricate free-form surfaces. For example, a copper 
free-form mirror with diameter of 50 mm was produced 
with a form accuracy of 0.15 μm peak-to-valley ratio [9]. 
GAO et al [10] fabricated a large-area sinusoidal grid 
(150 mm in diameter); however, research also revealed 
that thermal deformation of the workpiece (1 °C over the 
13 h-period) was an issue during the fabrication process. 
In most previous studies on FTS machining of 1-D 
sinusoidal surfaces, the microstructure surface quality 
and influence of the machining parameters on the 
microstructure were not discussed in detail. In this work, 
the fabrication and evaluation of a microstructure were 
described using a piezoelectric-assisted FTS prototype 
on a copper-alloy specimen. The complexity of the 
machined features and resulting surface quality of the 
microstructure depend mainly on the behavior of the FTS. 
The results revealed that the machined surface was 
affected by two main factors: the cutting speed (spindle 
speed) and the FTS driving frequency. Additionally, the 
clearance angle of the diamond tool should also       
be considered for the machined microstructure 
configuration. A more precise microstructure was 
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achieved by keeping the clearance angle in appropriate 
value. 
 
2 Performance analysis of FTS 
 

Figure 1 shows the configuration of the FTS used 
for microstructure fabrication in this investigation. The 
FTS was composed of the main body, a moving part, a 
tool holder, a capacitive displacement sensor and its 
housing, and a piezoelectric actuator. A single diamond 
tool was connected to the main body with two sets of 
parallel leaf springs. The symmetry of the designed 
structure inherently balanced the flexure mechanism to 
prevent coupled-interference motion. A piezoelectric 
actuator drove the stretch and retraction–flexure 
mechanism at a frequency of several kHz in response to 
the control signals provided by a high-voltage amplifier. 
The control voltages ranged from +3 V to +1100 V; the 
average output power was 30 W. The overall dimensions 
of the FTS were 155 mm (length) × 80 mm (width) ×  
15 mm (height). 

 

 
Fig. 1 Schematic diagram of fast tool servo (FTS) 
 

A series of tests were carried out to evaluate the 
performance of the FTS. The piezoelectric actuator used 
in the test had a displacement up to 120 μm, an axial 
stiffness of 20 N/μm, and a maximum driving force of 
2400 N. A capacitive displacement sensor was used for 
position measurement, with a displacement signal range 
from −250 μm to +250 μm and resolution of 2.9 nm. The 
bandwidth of the capacitive displacement sensor was set 
to 5 kHz in response to the maximum frequency required 
for fast tracking performance of the FTS. Figure 2 shows 
the FTS test system, which includes the FTS, a 
LabVIEW computer, a high-voltage amplifier, a 
capacitive displacement sensor, and a high-speed 
data-acquisition board. The FTS received driving signals 
from the LabVIEW computer. These signals were 
amplified 100 times to produce the voltage signals to 
drive the piezoelectric actuator. A 16-bit A/D converter 
then collected the displacement signals of the moving 
part measured by the capacitive displacement sensor. 

The experiments were carried out on a passive 
microvibration table, which reduced the environmental 
noise by about 3 nm. 
 

 
Fig. 2 Block diagram of FTS performance testing 
 

The hysteresis curve of the FTS with open-loop 
control was obtained by applying increasing and then 
decreasing voltages to the piezoactuator at 30 V intervals, 
from 0 to 180 V (Fig. 3). The lower curve represents the 
expansion process, and the upper curve represents the 
retraction process. When a 180 V control voltage was 
applied to the piezoelectric actuator, the maximum 
displacement of the FTS was approximately 21.4 μm. It 
is noted that the displacement curve of the expansion 
process was different from that of retraction process; the 
maximum difference was about 2.72 μm. Under 
closed-loop control conditions, the hysteresis can be 
reduced, and the linearity of the FTS can be improved. 
 

 

Fig. 3 Hysteresis loop generated by FTS in open-loop control 
 

Although the resolution of the piezoelectric actuator 
itself was smaller than 1 nm, the FTS generally had 
reduced resolution due to environmental factors and the 
quantization error of the D/A converter. The resolution 
of the FTS was obtained by applying a stair-step control 
voltage (in 0.3 V steps) to the piezoelectric actuator. The 
resulting displacement of the FTS was recorded by the 
capacitive displacement sensor, as shown in Fig. 4. A 
resolution of 10 nm was determined for the FTS; 
however, strict control of the environmental noise 
significantly improved the resolution. 
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Fig. 4 Resolution testing with stair-step control voltage 
 

3 Results and discussion 
 

To evaluate the effectiveness of the piezoelectric- 
assisted FTS, diamond-cutting tests were performed. 
Copper-alloy specimens were machined on a precision 
lathe. The lathe consisted of x-, y-, and z-axes and a 
rotation table. The rotation table was mounted to an 
isolator to prevent external vibration while maintaining 
high structural stiffness. The x-axis used an air guide and 
a linear motor with 100 nm-resolution. The y- and z-axes, 
which were responsible for positioning, also used linear 
guides equipped with a ball-screw, needle-roller bearing 
stepping motor with 10 nm- resolution. 

The quality of the machined microstructure was 
evaluated by optical microscopy (OM), scanning electron 
microscopy (SEM), and atomic force microscopy (AFM). 
Figure 5 shows the results for three cutting tests 
examined under low magnification. In the cases shown in 
Fig. 5, the tool was driven by a sinusoidal oscillation at 
cutting speed of 60 mm/min, with frequencies of 100, 50, 
and 10 Hz corresponding to Figs. 5(a)−(c), respectively. 
Each single oscillation is clearly distinguishable in the 
images, and the microstructure is free from breakage.  
 

 
Fig. 5 OM photographs showing microstructures formed at 
cutting speed of 60 mm/min, cutting depth of 4 μm and driving 
frequency of 100 Hz (a), 50 Hz (b), and 10 Hz (c) 

The machining parameters used for the workpiece in  
Fig. 5 were the result of several test series. 

Figure 6 shows SEM images of the copper-alloy 
specimens, which were machined with the same cutting 
speed and driving frequency as the samples in Fig. 5. 
Burr formation and piling are clearly evident, as shown 
in Figs. 6(a) and (b), respectively. The length of the burrs 
in Fig. 6(a) is approximately 3 μm. The highest value of 
the three samples was discussed in this paper. Because 
they obstruct the visibility of the groove bottom and 
degrade the optical properties of the machined surface, 
the formation of burrs should be avoided. However, no 
visible burrs are evident in Fig. 6 (c). The valleys 
generated by the FTS motion are clearly distinguishable 
in Fig. 6(d) (side view of Fig. 6(c) under high 
magnification); where, the sample was machined at  
driving frequency of 10 Hz. At the same cutting speed of 
60 mm/min, the burr formation was minimized using a 
smaller driving frequency. 

An AFM was used to evaluate the profile quality of 
the machined microstructure, as shown in Fig. 7. The 
100 Hz-driving frequency produced burrs, as clearly 
shown in Fig. 7(a). The profile of one of these burr 
structures is shown to the right in Fig. 7(a), and its 
position is indicated with a red line on the height map. 
This profile shows a 10 μm-distance between the two 
valleys. In this investigation, the distance between 
valleys depended on the cutting speed and the driving 
frequency of the FTS and was calculated using the 
following equation: 
 
L=v/f                                      (1) 
 
where L is the distance between the two valleys of the 
profile, v is the cutting speed, and f is the driving 
frequency of the FTS. With a cutting speed of 60 
mm/min and driving frequency of 100 Hz, L is 
determined to be 10 μm, which agrees well with the 
experimental value indicated in Fig. 7(a). Figure 7(b) 
shows the microstructure machined with a driving 
frequency of 50 Hz applied to the piezoelectric actuator. 
The formation of burrs is obviously reduced in this case, 
and the distance between the two valleys is 20 μm, which 
is also in agreement with Eq. (1). 

The profiles shown in Fig. 7, however, are not the 
standard sinusoidal waveform. Relative to the value of L 
(10 and 20 μm), the clearance angle of the diamond tool 
is not small enough. The formed sinusoidal structures 
were flattened when the diamond tip cut into the bottom 
of the groove, as shown in the shaded portion of Fig. 8. 
In theory, this phenomenon can be improved by two 
methods. One method uses a diamond tool with a larger 
clearance angle. The other method increases the cutting 
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Fig. 6 SEM images showing microstructures produced using cutting speed of 60 mm/min, cutting depth of 4 μm, and driving 
frequency of 100 Hz (a), 50 Hz (b), 10 Hz (c) and 10 Hz (d) (side view under high magnification) 
 

 
Fig. 7 AFM images of microstructures formed at cutting speed of 60 mm/min, cutting depth of 4 μm, and driving frequencies of  
100 Hz (a) and 50 Hz (b) 
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Fig. 8 Schematic diagram of clearance angle: (a) Clearance 
angle of diamond tool; (b) Relationship between θ and 
machined profile 
 
speed (v) or decreases the driving frequency (f) to 
enhance L. These factors should satisfy the following 
equation: 
 
θ>arctan(2H/L)                               (2) 
 
where θ is the clearance angle of the diamond tool, and 
H is the amplitude of the profile. However, there is a 
limitation on how much the clearance angle of the tool 
can be decreased. After a certain point, the surface finish 
may be deteriorated due to shearing of the metal chips 
and the tool rigidity decreased. Therefore, increasing the 
value of L is the best approach for improving the 
precision in this study. Machining test results indicated 
that the standard sinusoidal profile occurred when L was 
greater than or equal to 100 μm. 
 
4 Conclusions 
 

1) Using a developed piezoelectric-assisted FTS, a 
defined surface microstructure with sub-micron precision 
was produced on a copper-alloy specimen. The effects of 
the machining conditions on microstructure 
configuration were investigated, and the single 
microstructure was analyzed.  

2) The machined surface structure depended mainly 
on two important factors: the cutting speed (or spindle 
speed) and the FTS driving frequency. The dimensions 
of the microstructures (peak-to-valley amplitude and L) 
were calculated and then compared with the SEM and 

AFM results. 
3) Excessively high driving frequency increased 

burr formation for the same cutting speed and depth. 
Additionally, the clearance angle of the diamond tool 
should also be considered for the machined 
microstructure configuration. A more precise 
microstructure was achieved by keeping the clearance 
angle larger than the arctan(2H/L). Future research will 
focus on plane and roller machining using the developed 
piezoelectric-assisted FTS method. 
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