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A B S T R A C T   

With significant technological progress in optics fields, such as VR and 3D sensing technologies, the demand for 
optical components with complex shapes (e.g., freeform surfaces) has expanded significantly in recent years. 
Ultra-precision diamond turning is one of the common manufacturing methods used for freeform optics. There 
are two tool-motion mechanisms for freeform diamond turning: slow tool servo (STS), which moves the entire 
tool rest, and fast tool servo (FTS), which only drives the diamond tool. In particular, high-frequency and long- 
stroke FTS units driven by a separate control system from the machine tool controller have recently been 
developed as a new trend in FTS-based diamond turning. However, this type of independent FTS control system 
causes a time delay between the machine tool instruction and the FTS tool motion. Even a millisecond-scale time 
delay can cause a considerable angular misalignment owing to the high rotation rate of the spindle, resulting in a 
micron-scale form error on the workpiece surface. In this paper, a novel method for precisely measuring the time 
delay from the machined workpiece surface and compensating for the misalignment based on the measured time 
delay was proposed. To measure the time delay, spherical dimples were machined on the workpiece surface by 
using STS and FTS. Subsequently, the angular misalignment and time delay were obtained by comparing the 
measured surface profiles at specific positions of the spherical dimples. Thus, the time delay can be measured 
with microsecond-scale accuracy. Based on the measured time delay, the shifted tool position along the spindle 
axis by the time delay was compensated to the ideal tool position by considering the cutting velocity. Conse
quently, the angular misalignment was completely eliminated, and submicron-level form accuracy was achieved. 
This calibration method of angular misalignment for an independent FTS unit is expected to significantly 
improve the accuracy of ultra-precision machining of freeform optics.   

1. Introduction 

Technological developments in optical element manufacturing in 
recent years have enabled the fabrication of lenses, mirrors, and molds 
with complex shapes, such as aspherical and freeform surfaces [1–3]. 
Freeform lenses can achieve high optical efficiency and reduce the 
number of optical components owing to the flexibility of their shape 
design. High-precision freeform lenses have many advantages over 
spherical and aspherical lenses, such as cost reduction, downsizing and 
simplification of the optical system, expansion of the field of view, and 
improvement of imaging resolution [4–6]. Freeform lenses have been 
used as components of head-mounted displays in VR and AR technolo
gies in recent years [7–9]. Improvements in the accuracy and production 
efficiency of freeform lenses can contribute more to these fields. 

The optical performance of freeform lenses generally depends on 

their form accuracy and surface properties [10,11]. Therefore, 
machining methods for freeform lenses that achieve a higher form ac
curacy and better surface properties are required. Lithography and 
ultra-precision cutting are main processing methods for freeform lenses 
[12–14]. However, lithography is only useful for certain specific mate
rials, and the achievable feature size is small. In addition, the consis
tency of machining accuracy and process controllability is poor 
compared to ultra-precision cutting [15,16]. 

Ultra-precision cutting for the fabrication of freeform surfaces is 
commonly performed by milling and turning diamond tools [17,18]. In 
ultra-precision milling, material removal is conducted by moving a 
rotating tool on a fixed workpiece, and the tool raster motion is 
controlled to match the designed lens shape. In general, rater milling is 
time-consuming compared to turning [19]. Freeform surface turning is 
performed by driving a diamond tool using slow tool servo (STS) or fast 
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tool servo (FTS) mechanisms [20]. In STS-based diamond turning, the 
tool rest of a lathe moves back and forth during workpiece rotation, 
where the large mass of the tool rest causes significant following (or 
tracking) errors during machining. To reduce the following error, the 
oscillation frequency of the tool rest must be extremely low. However, in 
FTS-based diamond turning, the FTS unit is mounted on the tool rest, 
and only the tool, which has a small mass, is moved back and forth with 
negligible following errors [16,21,22]. Consequently, the oscillation 
frequency of an FTS is much higher than that of an STS, which enables 
very high machining efficiency. 

Conventionally, piezoelectric elements have been used to realize FTS 
tool motion, where the stroke of the tool oscillation is limited to a few 
tens of microns. In recent years, as a new trend, independent FTS units 
equipped with voice coil-driven air bearings have been developed 
[23–25]. Using a voice coil, the driving stroke was improved to a few 
millimeters while maintaining the same response performance as that of 
a piezoelectric FTS unit [26]. Ultra-precision diamond turning using an 
independent FTS unit equipped with a voice coil enables the high-speed 
and high-precision machining of high-aspect-ratio freeform lenses with 
steep surfaces. 

However, the back-and-forth movement of the tool in the indepen
dent FTS unit is controlled by a dedicated control system that is separate 
from the machine-tool controller [26,27]. Therefore, there is a time 
delay between the two control systems because the FTS tool movement 
is controlled after obtaining the instruction signal data of the machine 
tool controller. Because this time delay causes an angular misalignment 

of the spindle rotation and, in turn, induces a form error on the work
piece, there is an urgent need to precisely measure the time delay and 
compensate for the misalignment. 

In this study, a novel calibration method for angular misalignment in 
independently controlled FTS-based diamond turning was proposed. In 
this method, the angular misalignment and time delay were measured 
by comparing the surface profiles at specific positions of a set of 
spherical dimples using STS and FTS, respectively. The effectiveness of 
the proposed calibration method was validated by measuring the time 
delay and compensating for it in a series of cutting experiments. 

2. Theory and method 

2.1. System control flow 

As shown in Fig. 1, the X-, C-, and Z-axes are driven by the machine 
tool controller, and the W-axis is driven by an independent FTS unit 
controller in accordance with the movement of the X- and C-axes. The 
diamond tool is fixed by the FTS unit and moved along the W-axis by an 
independent control system, which realizes fast oscillation motion. The 
voice coil inside the FTS unit illustrated in Fig. 1(b) realizes a fast and 
precise movement. As shown in Fig. 1(c), the electric current in the coil 
generates a magnetic field and the coil bobbin moves back and forth by 
the magnetic action of the generated magnetic field and the attached 
magnet. 

Fig. 2 illustrates the control program flow of FTS turning. 

Fig. 1. (a) Machining control flow of FTS-based diamond turning and (b) overview and (c) side view of voice coil in the FTS unit.  
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Independent FTS-based diamond turning requires two machining pro
grams: a program to control the X-, Z-, and C-axes (toolpath program for 
STS: TPS) and a program to move the diamond tool installed on the FTS 
unit along the W-axis following the movement of the X- and C-axes 
(toolpath program for FTS: TPF). The tool position coordinates of the X-, 
C-, and Z-axes controlled by the TPS were output to the control system of 
the independent FTS unit. TPF calculates the tool position along the W- 
axis based on the output tool position coordinates during processing. In 
TPF, the main program determines the W-axis coordinate value by 
referring to the control point clouds of the header file based on the 
designed surface and conducting two-dimensional interpolation, as 
shown in Fig. 2 (a). After obtaining the X- and C-axis tool position 
values, a search was performed for the four points data closest to the tool 
position in the control point cloud data. Then, two-dimensional inter
polation is performed based on the searched points to determine the W- 
axis command tool position w, as shown in Fig. 2(b). 

w=(1 − t)(1 − u)wi,j + t(1 − u)wi+1,j + tuwi+1,j+1 + (1 − t)uwi,j+1, (1)  

where t and u cover a range between 0 and 1 and are given as 

t=
(ρ − ρi)

(ρi+1 − ρi)
, (2-a)  

u=
(θ − θi)

(θi+1 − θi)
. (2-b) 

Based on the calculated W-axis coordinate value, the PID controller 
of the FTS unit drives the diamond tool to move accurately and at high 
speed. Thus, independent FTS-based diamond turning can achieve the 
fast and precise machining of a freeform surface. 

2.2. Angular misalignment caused by time delay 

Although independent FTS-based diamond turning allows for effi
cient manufacturing, the problem is that a time delay occurs between 

the machine tool controller and the control system of FTS unit. In high- 
speed FTS machining, even a little time delay can cause a large angular 
misalignment. The effects of the spindle rotation rate s and time delay Δt 
on the machining angle deviation Δθ can be calculated using the 
following equation: 

Δθ= 6sΔt (3) 

If the rotation rate and time delay are 500 rpm and 100 μs, respec
tively, an angular misalignment of 0.3◦ occurs. Assuming that the 
workpiece size is φ60, an angular misalignment of 0.3◦ causes a 
maximum machining position misalignment of 157 μm. This FTS- 
induced angular misalignment leads to a higher form error propor
tional to the size of the workpiece. 

2.3. Surface design for time delay measurement 

A surface was designed for STS and FTS machining to accurately 
measure the time delay from the machined sample surface (Fig. 3). The 
outer small and large spherical dimples were machined using STS and 

Fig. 2. (a) Overview of the FTS tool-path program and (b) determination of the 
W-axis tool position by bilinear interpolation. 

Fig. 3. (a) Ideal surface of the proposed designed surface to measure time 
delay. (b) Actual machined surface where only the FTS spherical dimples were 
shifted to the rotation direction by time delay. 
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FTS, respectively. The designed surface consists of spherical dimples 
machined by FTS and STS at an angular space of 45◦ in the outer region 
of the workpiece and a spherical dimple machined by STS in the 
workpiece center. On the designed surface, the spherical dimples were 
aligned in line A, as illustrated in Fig. 3(a). However, on the actual 
workpiece surface, only the FTS spherical dimples were shifted in the 
rotational direction owing to the time delay, as illustrated in Fig. 3(b). 
The angular misalignment of the FTS spherical dimples can be calcu
lated by comparing the positions of the STS spherical dimples. When the 
position coordinates of the spherical dimples in the workpiece center 

and the outer region machined by FTS and STS are expressed as (x0, y0), 
(xf , yf ), and (xs, ys), respectively, the angular misalignment of the FTS- 
machined spherical dimple can be obtained as follows: 

Δθ= tan− 1
(

yf − y0

xf − x0

)

− tan− 1
(

ys − y0

xs − x0

)

, (4)  

where Δθ is the angular misalignment of the FTS spherical dimple po
sition compared with the center and STS spherical dimple positions. 
Based on the calculated angular misalignment, the time delay is ob
tained as follows: 

Δt =
Δθ
6s

. (5) 

By conducting these calculations, the average shifted angle and time 
delay values for independent FTS-based diamond turning can be 
obtained. 

2.4. Spherical surface fitting 

To accurately calculate the time delay, the center of the machined 
spherical dimples must be precisely detected. To determine the center 
position of each spherical dimple from the machined workpiece surface, 
the shape of the measured spherical dimples was acquired as point cloud 
data, and spherical fitting was performed using the least-squares 
method. The objective function for the spherical fitting to the point 
cloud data of the measured spherical dimples is as follows: 

S(xc, yc, zc, r)=
∑m

i=1
((xi − xc)

2
+ (yi − yc)

2
+ (zi − zc)

2
− r2)2

, (6)  

where (xi, yi, zi) is each measurement points with numbers of m. (xc, yc,

zc) and r are the detected center positions and best-fit curvature values of 
the fitting result, respectively. When the objective functions S(xc, yc, zc,

r) are minimized, the optimal center position and radius of the fitting 
sphere can be obtained. The objective function in Equation (6) is 
expressed as follows:   

The value of each variable that minimizes the objective function is 
determined by finding a solution that is zero through partial differen
tiation of each variable, as in the following equation: 

∂S
∂R

=
∂S
∂Xc

=
∂S
∂Yc

=
∂S
∂Zc

= 0 . (8) 

From Equations (7) and (8), the partial differentiation of each vari
able can be summarized by the following matrix: 

⎡

⎢
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⎣
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(9) 

The center position of the spherical dimple and the radius of cur
vature of the best fit can be obtained by performing the calculations in 
Equation (9) on the measured point cloud data and deriving the values 
of R, Xc, Yc, and Zc. 

2.5. Measurement accuracy of time delay 

As shown in Fig. 4, the center coordinates of each sphere can be 
detected from the machined workpiece surface via spherical fitting. 

Fig. 4. Schematic diagram of misalignment between the ideal spherical dimple 
center and center position detected by sphere fitting of the actual 
machined surface. 

Fig. 5. Schematic diagram of the shifted angle change by the spherical 
fitting error. 

S(xc, yc, zc, r)=
∑m

i=1

(
x2

i + y2
i + z2

i − Xcxi − Ycyi − Zczi − R
)2
,

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Xc = 2xc

Yc = 2yc

Zc = 2zc

R = r2 − x2
c − y2

c − z2
c

. (7)   
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However, in the actual machined workpiece surface, the sphere center 
coordinates detected by the fitting process are slightly shifted from the 
ideal sphere center coordinates owing to the form error of the actual 
machined workpiece surface. These sphere-center detection errors 
eventually lead to time delay measurement errors. Sphere-center 
detection errors occur at the FTS and STS dimples in the outside re
gion of the workpiece (Fig. 5). For spherical dimples at the workpiece 
center, the sphere center detection error is close to zero because the form 
error appears on the axis object based on the center of rotation. These 
sphere center detection errors cause changes in the positional relation
ships of the FTS and STS spherical dimples, leading to errors in the time 
delay measurement. Because the sphere center detection error is related 
to the measurement error of the time delay, the influence of the detec
tion error must be suppressed by adjusting the dimple size and 
arrangement. 

The measurement error of the time delay, Δtε, caused by the sphere 
center detection error can be expressed (Fig. 5). 

Δtε =
Δθ′ − Δθ

6s
, (10)  

where Δθ′ is the amount of shift in the cutting direction of the FTS 
dimple when a sphere center detection error occurs. In this case, the 
maximum possible value of the measurement error, Δtε− max, is expressed 
as follows: 

Δtε− max =
sin− 1

(
εf
lf

)
+ sin− 1

(
εs
ls

)

6s
, (11)  

where lf and ls are the distances of the spherical dimples of FTS and STS 
from the center spherical dimple, respectively, and εf and εs are the 
detection errors of spherical dimples machined by FTS and STS, 
respectively. The above equation shows that the maximum measure
ment error Δtε− max is determined by the five variables: lf , ls, εf , εs, and s. 
By considering these five variables in determining the detailed condi
tions, a highly accurate measurement of time delays can be achieved. 

2.6. Time delay compensation 

By correcting the measured time delay during machining using an 

independent FTS unit, ultra-precision machining without angular 
misalignment is possible. To compensate for the time delay, a program 
that redefines the detected C-axis coordinate value of the tool position 
based on the measured time delay was applied to the FTS controller. As 
shown in Fig. 6(a), before the time delay compensation, the detected 
tool position and moving tool position are different, and the W-axis 
coordinate value is calculated based on the detected tool position. 
Therefore, the calculated tool position at the detected position is shifted 
to a different position (Moving position in Fig. 6(a)), which is the cause 
of the angular misalignment. However, by compensating for the detec
ted C-axis tool position according to the following equation, the exact W- 
axis coordinate value at the position where the tool starts to move can be 
calculated: 

Fig. 6. (a) Detected tool position and moving tool position. (b) Virtual detec
tion position by time delay compensation before determining the W-axis co
ordinate value. 

Fig. 7. (a) Overview, (b) front view, and (c) side view of spherical dimple 
machining by scooping cutting. 
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ccomp = co + ωΔt, (12)  

where ccomp and co are the values before and after compensation of the 
detected C-axis tool position, respectively, and ω is the angular velocity 
of the spindle rotation. 

By applying this correction to the detected C-axis coordinates, a 
virtually detected position is set where the tool starts to move, as shown 
in Fig. 6(b). Further, the command generator calculates the W-axis co
ordinate value based on this virtual detected position. 

Fig. 8. (a) Overview and (b) side view of simple spherical dimple and (c) overview and (d) side view of the torus-shaped spherical dimple for tool acceleration aiding.  

Fig. 9. Simulation results of tool acceleration of (a) simple spherical dimple 
(Fig. 8(a) and (b)) and (b) spherical dimple with torus shape for tool acceler
ation aiding (Fig. 8(c) and (d)). 

Table 1 
Simulation conditions of tool acceleration.  

Simulation conditions Value 

Cutting parameters 
Spindle rotation (rpm) 500 
Cutting area, X-axis (mm) 10 
Cutting area, C-axis (◦) 5 

Designed form parameters 
Curvature of spherical dimple (mm) 10 
Depth of spherical dimple (μm) 2.6 
Radius from the center of torus (μm) 456 
Cylindrical ring width radius of torus (mm) 10 
Height of torus (μm) 2.6  

Fig. 10. Sampling data of ideal and actual tool motion at (a) 6.0 mm and (b) 
11.3 mm spherical dimple curvatures. 
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Fig. 11. (a) Schematic diagram of procedure for machining each spherical dimple; (b) Overview of TPS to machine the proposed designed surface; (c) flat surface 
cutting for FTS machining; (d) overview and (e) point cloud data arranged by isometric method for the center spherical dimple by STS machining; (f) point cloud data 
of one rotation for scooping cutting; and (g) enlarged view of machining for a spherical dimple. 

Fig. 12. (a) Overview and (b) arranged point cloud data of a single spherical dimple designed to be placed at a constant angle and distance. (c) Overview of TPF for 
machining eight outer spherical dimples by FTS machining. 
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2.7. Scooping cutting method 

As described in Section 2.5, the error in determining the center po
sition of the spherical dimple using the fitting process has a significant 
effect on the measurement accuracy of the time delays. Therefore, it is 
necessary to reduce the detection error. To suppress the detection error, 
spherical dimples must be machined as small as possible while main
taining high accuracy. To machine such spherical dimples, a scooping 
cutting method was proposed in this study. When an arc-nosed tool is 
used, a small spherical dimple can be machined by precisely moving the 
tool in the Z-axis direction in line with the tool radius (Fig. 7). Each 
cutting depth zn for scooping cutting at an equal angle θcons is deter
mined as follows: 

zn(c)= rcurv − d −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

rcurv
2 −

(
rpos(cπ − θcons(n − 1))

180

)2

,

√

n= 1, 2⋯
(

360
θcons

+ 1
)

,

(13)  

where rcurv, rpos, d, and c are the curvature radius of the spherical dimple, 
scooping position radius from the center of the workpiece, maximum 
depth of the spherical dimple, and c-axis angle position, respectively. 
Each zn value was set to zero when the value was greater than zero, and 
the c-axis value was outside the range of the following equation: 

− rcurv <
rposπ
180

(c − θcons(n − 1))< rcurv . (14) 

By determining the Z-axis coordinate value that circle on the surface 
of the workpiece along the introduced flow, it is possible to perform 
scooping cutting of spherical dimples placed at equal angles. 

The spindle rotation rate must be reduced to process spherical 
dimples accurately via scooping cutting. Because the spindle rotation 
rate also affects the accuracy of the time delay measurement, as 
described in Section 2.5, this scooping method cannot be used for 
spherical dimples machined by FTS, which requires high-speed rotation. 
Therefore, scooping cutting was applied to machine the outer eight STS 
spherical dimples. 

3. Experimental procedures 

3.1. Decision of FTS machining conditions 

To precisely measure the time delays by machining the proposed 
surface in Section 2.3 with FTS-based diamond turning, the cutting 
conditions and designed form parameters were selected. In particular, 
the spindle rotation rate, distance from the center of the workpiece 
where the STS and FTS spheres are placed, and radius of curvature of 
each sphere affect the measurement accuracy in time delay measure
ments, as described in Section 2.5. 

First, the amount of spindle rotation during the FTS machining was 
determined. From Equation (3), the amount of angular shift in the cut
ting direction owing to the time delay is proportional to the amount of 
spindle rotation, assuming that the time delay is constant. When the 
sphere center detection error is constant, a high spindle rotation rate 
reduces the time delay measurement error from Equations (10) and (11). 
In this study, to utilize the time delay measurement results for other 
general machining of FTS, a spindle rotation rate of 500 rpm, which is 
widely used for FTS machining with a high spindle rotation rate, was set 
as the spindle rotation rate for the machining of FTS spherical dimples 
[22]. 

After the rotation rate was determined, the spherical dimple design 
parameters were derived to reduce the sphere center detection error. 
The small curvature radius of the spherical dimple reduces the spherical 
fitting errors. However, too much small spherical dimples cannot be 
machined precisely because the tool cannot follow them during high- 
speed rotation, such as 500 rpm. In particular, if the tool is moved ac
cording to the designed spherical dimple shape shown by the theoretical 
3D topographies in Fig. 8(a) and (b), a sudden change in the tool ac
celeration occurs at the beginning and end of the cutting, resulting in a 
large following error. To suppress this sudden change in tool accelera
tion, a torus shape was applied to the spherical dimples machined by 
FTS, as shown in Fig. 8(c) and (d). The general torus shape can be 
expressed as follows: 
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅

x2 + y2
√

− rd

)2
+ z2 = rw

2, (15)  

where rd and rw are the radii from the center of the torus shape and the 
cylindrical ring width radius, respectively. By combining the torus shape 
with the spherical dimple shape as a tool aid, the change in tool accel
eration and tool-following error is expected to be significantly reduced. 

Fig. 13. Photograph of the main section of the experimental setup for FTS- 
based diamond turning. 

Table 2 
Cutting conditions.   

FTS Center STS 

Cutting parameters 
Spindle rotation rate (rpm) 500 25 0.4 
Feed rate (mm/s) 0.001 0.001 0 

Rough: 2.6 Rough: 2.6 
Depth of cut (μm) Fine: 1 Fine: 1 Fine:1 
Radius of cutting area (mm) 15~17 0~0.1 18 
Coolant Oil (kerosene) mist 

Cutting tool 
Tool material Single-crystal diamond 
Nose radius (mm) 0.19 
Rake angle (◦) 0 
Clearance angle (◦) 7 

Workpiece 
Material Oxygen-free copper 
Diameter (mm) 50  

Table 3 
Designed form conditions.   

FTS Center STS 

Spherical dimple 
Curvature radius (mm) 11.3 1.13 0.19 
Depth (μm) 2.6 2.6 1 
Radius of location (mm) 16 0 18 
Number of dimples 8 1 8 

Torus shape 
Radius from the center (μm) 485 –  
Radius of cylindrical ring width (mm) 11.3   
Height (μm) 2.6    
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Fig. 9 shows the simulation results of the tool acceleration for a simple 
spherical dimple shown in Fig. 8(a) and (b), and a spherical dimple with 
a torus shape shown in Fig. 8(c) and (d). The simulation conditions are 
listed in Table 1. The results presented in Fig. 9 show that the range of 
maximum change in acceleration is reduced from 11363 m/ s2 to 141 m/

s2 (98.8% reduction) when the torus shape is applied, confirming that 
the torus shape is appropriate as a tool aid. 

The radius of curvature of the spherical dimple was selected by 
comparing the obtained tool following errors of various radii of curva
ture with a fixed depth of the sphere dimple at 2.6 μm. The following 
errors were obtained when the tool passed through the center of the 
spherical dimple, where the tool motion was the largest. The two ac
quired errors at curvature radii of 6 mm and 11.3 mm are shown in 
Fig. 10. The blue line in the graphs shows the ideal tool path calculated 
via the TPF, and the red line shows the actual tool path moved by the PID 
controller of the independent FTS unit. When the radius of curvature 
was set to 6 mm, the spherical dimple was too small for the tool to follow 
at a high-speed rotation of 500 rpm, and the actual tool motion was 
significantly different from the commanded motion, resulting in an 
overrun of 1.10 μm, as shown in Fig. 10(a). However, when the radius of 
curvature was set to 11.3 mm, the accuracy of the tool motion moved by 
the tool path command improved, as shown in Fig. 10(b). The overrun 
was reduced to 0.24 μm, which was less than one-tenth of the 2.6 μm 
depth of cut. From the error data, the radius of curvature of the spherical 
dimple to be machined with FTS in this study was determined to be 11.3 
mm. 

3.2. Toolpath program 

The machining procedure for each kind of spherical dimple is illus
trated in Fig. 11(a). First, a flat surface is machined using STS, while 
spherical dimples are machined using FTS. Next, a spherical dimple is 
machined in the center of the workpiece using STS. Finally, the outer 
spherical dimples are machined using STS scooping. 

The prepared point cloud data for the three TPS toolpath programs to 
machine each spherical dimple are summarized in Fig. 11(b). Fig. 11(c) 
shows the STS toolpath program for the area where a spherical dimple 
was machined with FTS. The turning machine moves according to this 
point cloud, with the entire tool rest moving evenly in the X-axis di
rection while the spindle rotates, and the Z-axis movement remains 
constant at the zero position. The turning machine controls the C-, X-, 
and Z-axes based on the point cloud data, and the tool position of each 
axis of the tool rest is detected in real time by encoders and output to the 
independent FTS unit, which determines the W-axis coordinate value to 
machine the design shape based on the FTS tool-path program described 
below. Fig. 11(d) and (e) show the toolpath program for the sphere to be 
machined in the center of the workpiece. The toolpath program con
sisted of point cloud data arranged equiangularly in a spiral shape, with 
a constant horizontal width of the point cloud of 1 μm and a constant 
angle of 1◦. The sphere was machined by moving the tool according to 
the Z-axis value of the point cloud data. The point cloud data were 
corrected based on tool radius compensation to obtain a more precise 
spherical dimple shape of the machined surface [28,29]. Fig. 11(f) and 
(g) show the toolpath program for machining STS spherical dimples via 
scooping cutting. Spherical dimples can be machined by scooping cut
ting, in which the tool moves according to the same curvature as the tool 
radius at an angular space of 45◦, using the point cloud data for one 
rotation. 

The TPF was created using C language and point cloud data for FTS 
machining. The independent FTS unit used in this study allows tool 
movement to be controlled by the C language. In the widely used spiral 
point cloud data with constant horizontal width and angle, the density of 
the point cloud becomes sparser toward the outside, and it is difficult to 
process precise spherical dimples using constant angle point cloud data. 
To process a spherical dimple with high form accuracy at 16 mm along 
the X-axis, point cloud data representing only one spherical dimple was 
prepared, as shown in Fig. 12 (a) and (b). This spherical dimple was 
processed at an angular space of 45◦ by a C language program, as shown 

Fig. 14. Observation and measurement results of a machined surface: (a) optical image and (b) enlarged view by laser microscopy.  

Fig. 15. Form error map of the (a) machined center spherical dimple by STS and eight outer spherical dimples machined by (b) STS and (c) FTS.  
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in Fig. 12(c). To machine a spherical dimple at an angular space of 45◦

using the prepared point cloud data of a single spherical dimple, the W- 
axis coordinate value was determined based on the excess value of the 
detected C-axis value divided by 45. The spherical dimples are processed 
by referring to the prepared point cloud data only when the post- 
processing C-axis value is less than 4◦. When the value is greater than 
4◦, the program is set the W-axis coordinate value to 2.6 μm, which is the 
maximum height value of the point cloud data. When the X-axis value is 
outside the point cloud data range (x < 15.5 mm and 16.5 mm < x), the 
W-axis coordinate value is set to zero. 

3.3. Cutting setup and conditions 

The time delay was measured and corrected by machining the 

designed surface for the fast tool servo FTS-5000 (AMETEK Precitech 
Inc.) attached to the NanoformX (AMETEK Precitech Inc.) ultra- 
precision diamond turning machine (Fig. 13). This independent FTS 
unit acquires the position value of the tool moved by NanoformX during 
machining and determines the W-axis coordinate value based on TPF. 
Linear motors that can be controlled by a PID controller are used to 
move the tool at a high speed and with high accuracy relative to the 
calculated amount. The FTS unit used in this study had a maximum 
stroke of 5 mm and maximum frequency of 440 Hz. When machining the 
FTS and STS spheres, the Z- and W-axis were fixed, respectively. A 
round-nosed single-crystal diamond tool with a nose radius of 0.19 mm, 
rake angle of 0◦, and clearance angle of 7◦ was used in the experiment. 
An oxygen-free copper cylinder with a diameter of 50 mm was used as 
the workpiece. The designed surface parameters and conditions of the 
cutting experiment are summarized in Tables 2 and 3. The cutting 
experiment was conducted twice: before and after the time delay 
compensation. In the first experiment, the time delay was measured, and 
the compensation process described in Section 2.6 was applied in the 
second experiment based on the measured time delay. A digital micro
scope VHX1000 (Keyence Co., Ltd.) and an ultrahigh accurate 3-D 
profilometer UA3P 5000H (Panasonic Co., Ltd.) were used to measure 
the machined surface. 

4. Results and discussions 

4.1. Before time delay compensation 

Fig. 14 shows an overall view of the processed sample and an 
enlarged view of the machined surface observed under a microscope. By 
comparing the positions of the spherical dimples machined by FTS and 
STS, it was confirmed that the position of the FTS spherical dimple was 
visually angularly shifted by a time delay. Fig. 15 shows the form error 
map of the machined spherical dimples measured using a 3-D profiler. 
The average peak-to-valley (P–V) values for the spherical dimples of the 
center, STS, and FTS were 129, 96, and 564 nm, respectively, indicating 
that ultra-precision cutting was performed. In the form error pattern of 
the FTS in Fig. 15(c), it was confirmed that a crescent-shaped pattern 
appeared in the cutting direction in all cases. This was caused by the 
tool-following error shown in Fig. 10(b), which increased proportionally 
with the cutting depth. 

The angular positions of the spherical dimples machined by STS and 
FTS were calculated relative to the spherical dimple of STS at 0◦, and the 
amount of shift from the ideal position for each calculated angular po
sition is shown in Fig. 16. The results in Fig. 16(a) indicate that the time 
delay during machining causes a large angular misalignment in FTS 
machining, and the average angular shift is 1.149◦. A comparison of the 
FTS and STS plots showed similar plot patterns, as shown in Fig. 16(b) 
and (c). The time-delay measurement itself was not significantly affected 
by this plot pattern because similar plot patterns appeared in STS and 
FTS machining. The causes of the appearance of these sine-wave-like 

Fig. 16. (a) Measurement results of the shifted angle from the ideal position 
based on the detected center position of 0◦ and each enlarged graph of (b) FTS 
and (c) STS. 

Fig. 17. Time delay calculation results based on the measured shifted angle.  

Fig. 18. Enlarged view of the machined surface with time-delay compensation.  
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shapes are discussed in Section 4.2. 
The angular misalignment of the spherical dimples of each FTS was 

determined by comparing the angular misalignment with the spherical 
dimples of the STS at the same angle. The time delay is calculated from 
the angular misalignment value. The results for the time delays are 
presented in Fig. 17. The mean value of the acquired time delay was 
383.1 μs, with a standard deviation of 0.461 μs. By theoretical calcula
tion and adjustment of parameters related to measurement accuracy, an 
accuracy of less than 0.5 μs standard deviation was achieved. 

4.2. After time delay compensation 

The results of the machined surface observed by a microscope are 
shown in Fig. 18. Compared with Fig. 14, it can be seen that the 
machining deviation has improved. Fig. 19 shows the form error map for 
each spherical dimple. The average P–V values were 216, 155, and 517 
nm for the spherical dimples of the center, STS, and FTS, respectively. 

Compared with the experimental results of the FTS dimple spheres 
before compensation (Fig. 15(c)), there was no significant change (8.3% 
reduction) in the average P–V values, and a similar crescent-shaped 
pattern was observed in the form error map after time delay compen
sation. This result confirms that the proposed compensation process 
does not affect the deterioration of the machining accuracy. 

Fig. 20 shows the results of the angular position deviation of each 
sphere from its ideal position based on the spherical dimple of STS at 0◦. 
The average angular misalignment of the FTS before compensation was 
1.149◦; then, it was reduced to 3.47 × 10− 4 ◦ after time delay compen
sation, confirming the effectiveness of the proposed compensation 
method for angular misalignment caused by time delay. This result in
dicates that the machining position error in the rotational direction was 
reduced to 97 nm from 321 μm (99.97% reduction). 

Similar plot patterns were observed for both the STS and FTS results 
in Fig. 20, as before compensation (Fig. 16(b) and (c)). This plot pattern 
is considered to be affected by the detection error of the encoder that 
recognizes the C-axis coordinate value. The spindle encoder error data 
for diamond turning are shown by the black line in Fig. 20. A compar
ison of the encoder error data with the measured shifted angle of the 
spherical dimple in Fig. 16(b) and (c) and Fig. 20 confirms that a similar 
sine wave-like pattern appears in the detection error of the spindle 
encoder. From this comparison, the detection error of the spindle 
encoder is considered to be affected by the plot pattern of the angular 
deviation measurement results. In this study, to simplify the machining 
conditions, a correction program for the detection error of the spindle 
encoder in the diamond turning and FTS was turned off. 

Fig. 21 shows the results of the time delay calculation based on the 
measured angular deviation results. The mean value of the residual time 
delay after compensation was − 0.1 μs, successfully correcting the time 
delay with an accuracy of less than 1 μs. The experimental results 
confirm that the proposed measurement and compensation for the time 
delay is an effective method for improving the angular misalignment 
caused by the time delay in FTS-based diamond turning. 

5. Conclusions 

A novel method for measuring the time delay from the actual 
machined workpiece surface and compensating for the angular 
misalignment based on the measured time delay was proposed. The 
main conclusions are summarized as follows:  

(1) Precisely measuring the time delay, machining a set of spherical 
dimples in the workpiece center and outer region of the work
piece using STS and FTS, respectively, and comparing their pro
files are effective methods.  

(2) Theoretical calculations clarified that the values of the spindle 
rotation rate, dimple placement position, and center position 
detection error are related to the time delay measurement 
accuracy. 

Fig. 19. Form error map of the (a) machined center spherical dimple by STS and eight outer spherical dimples machined by (b) STS and (c) FTS with the proposed 
time delay compensation. 

Fig. 20. Measurement results of the shifted angle from the ideal position based 
on the detected center position of 0 ◦with time delay compensation and 
detection error data of the spindle encoder. 

Fig. 21. Time delay calculation results after time delay compensation.  
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(3) The experimental results revealed that the independent FTS unit 
used in this study had a mean time delay of 383.1 μs and a 
standard deviation of 0.461 μs.  

(4) To compensate for the time delay, an additional program was 
developed to change the value of the detected C-axis tool position 
to a time-delayed position. Determining the W-axis coordinate 
value based on the changed C-axis position value successfully 
reduced the angular misalignment.  

(5) The results after time delay compensation showed that the mean 
values of the residual time delay and the machining angular de
viation were 0.1 μs and 3.47 × 10− 4 ◦, respectively. The 
machining position error in the rotational direction was suc
cessfully reduced from 321 μm to 97 nm. 

This study demonstrates the possibility of measuring and compen
sating for time-delay-induced angular misalignment in FTS turning. The 
proposed method is expected to improve the accuracy of ultra-precision 
machining via FTS-based diamond turning and contribute to the 
advanced manufacturing of optical components. As the time delay varies 
with cutting conditions, as a future task, the authors will focus on the 
prediction of time delay from cutting conditions based on the mea
surement method proposed in this study. 
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