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ARTICLE INFO ABSTRACT

Handling editor: R. Leach The demand for wearable device applications has continuously grown in recent years, especially with the sig-
nificant rise of augmented and virtual reality technologies. Freeform optics plays a crucial role in these devices
by enhancing optical performance, shortening the light path, and reducing the weight, all while allowing for
smaller, lighter systems with higher efficiency. The independent fast tool servo (FTS)-based diamond-turning
method stands out as a highly effective technique for fabricating freeform shapes with high accuracy and pro-
ductivity. However, microsecond-order time delays occur within the system, significantly impacting form ac-
curacy as machining speeds increase. This study explores the sources of form errors in freeform surface
fabrication associated with the FTS diamond-turning process, with particular attention to the effects of clocking
angle errors caused by the time delay. These errors were found to greatly affect form accuracy, especially at
higher machining speeds. The FTS position data were analyzed, and time delays under various operational
conditions due to servo control were confirmed. To precisely identify the extent of the time delay, a cylindrical
surface was machined under high-speed conditions, and the clocking angle error was measured using a non-
contact chromatic probe. Results showed that time delays originating from the machine platform had a signif-
icant effect on form accuracy. By accurately identifying and compensating for these time delays, the clocking
angle error was eliminated. To validate the effectiveness of the time-delay compensation strategy, a cylindrical
freeform surface was machined after the compensation, and the clocking angle error was minimized down to
0.00014° evaluated by on-machine measurement. The form accuracy of the freeform machining result after
compensation was achieved at 0.85 pm PV. This study establishes a methodology for identifying and compen-
sating for time delays in an independent FTS system, contributing to improved form accuracy in freeform optics
fabrication.
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1. Introduction

In recent years, technologies utilizing advanced optical components
have rapidly developed across various fields, from space applications to
devices that support daily life. These optical components are driven by
the technical requirements of each product, such as telescopes for space
observation [1,2], light detection and ranging (LiDAR) devices for
autonomous vehicles and fast-moving drones [3,4], and augmented re-
ality (AR) and virtual reality (VR) applications. These applications
typically demand high-resolution imaging quality with an effective light
path for imaging devices, detection of specific wavelengths using unique
optical materials for sensing devices, and lightweight components for
wearable devices. In particular, for AR/VR applications, because head-
sets still maintain a box-like form factor, pancake optics designs and
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polarization-based optical folding have been developed to reduce the
size of near-eye displays, while various combiner optics designs aid in
achieving smaller form factors [5,6]. To meet the stringent demands for
size and performance, complex surface designs are increasingly used to
reduce the light path and correct astigmatism in optical devices,
enhancing performance [7,8].

Freeform optics offer exceptional optical efficiency and reduce the
need for multiple optical elements due to their flexible shape design.
Freeform surface designs provide significant advantages over conven-
tional optics, enabling more compact and simplified systems, expanding
the field of view, and improving image resolution [9,10]. These designs
often involve complex surfaces described by equations such as the
Alvarez lens, which adjusts focal length through transverse shifts of two
surfaces and is expressed by XY-polynomials [11,12], and the Zernike
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polynomial for describing wavefront aberrations [13,14], to control
light paths and wavefronts more precisely and efficiently. Such in-
novations have led to the increased integration of freeform optics into
head-mounted displays (HMDs) for VR and AR applications [15,16].

Ultra-precision diamond turning is a well-established process for
fabricating high-precision optical components, particularly rotationally
symmetric ones such as spherical or aspherical optics. In recent years,
this process has expanded through the introduction of C-axis control in
the work-holding spindle. Synchronization between the C-axis and other
linear axes has enabled the fabrication of non-rotationally symmetric
surfaces, including complex freeform shapes and lens arrays, using a
method known as slow-tool servo (STS) diamond turning [17]. Freeform
surface fabrication with STS diamond turning has demonstrated form
error compensation, achieving errors of less than 1 pm [18,19]. For
example, Nagayama et al. used STS diamond turning to fabricate mi-
crostructures on single-crystal silicon with nanometer-scale accuracy
[20]. However, despite its high accuracy, the machining speed remains
insufficient for meeting high-productivity demands seen with
axis-symmetric components. In contrast, fast-tool servo (FTS) diamond
turning uses a specially equipped control axis capable of high-frequency
movement. FTS systems are typically driven by piezo actuators, voice
coil motors, or Maxwell’s electromagnetic force methods. FTS is widely
used for fabricating surface structures such as microprisms, lens arrays,
toroids, and off-axis aspherics with small sagittas [17]. The mechanical
stroke limitation of conventional FTS, driven by piezoelectric materials,
is commercially available up to 100 pm, which restricts its application in
producing high-precision freeform optics with millimeter-scale sagitta.

Recently, a new type of long-stroke FTS, driven by a voice coil motor
and high-frequency servo control technology with high-resolution
positioning, has become commercially available [21]. This FTS system
allows for the fabrication of a wide range of designs, from
micrometer-scale structures to millimeter-scale sagittal freeform sur-
faces, including sine waves, dual sinusoidal patterns, and large freeform
shapes, with increased productivity [22-24]. One of the key limitations
in FTS control is the signal processing speed capability of the CNC
controller, particularly in high-speed operations, which is critical for
ensuring optimal surface quality. To achieve this, the command gener-
ation rate for the FTS should be at least 20 times higher than the fre-
quency response of the positioning system [25]. Therefore, a
piezoelectric-driven FTS or voice-coil motor-driven FTS is controlled
by an independent control system that is separate from the base machine
controller to utilize the high-speed features of the FTS. However, despite
the precise control in high-speed reciprocation of the FTS actuator, a
certain amount of time delay exists within the system. From a control
theory perspective, motion control systems typically experience a delay
between the command signal and the actual motion. This time delay
introduces a clocking angle error in the high-speed FTS diamond turning
process, directly impacting the form accuracy of the optical component.
The error becomes more significant as the surface slope increases or the
spindle rotation speed rises. Therefore, to meet the recent demands for
higher accuracy and productivity in freeform optics using the
long-stroke FTS system, it is crucial to understand the system charac-
teristics that contribute to clocking angle error.

Tanikawa et al. highlighted angular misalignment problems in the
diamond-turning process using independent FTS [26]. They proposed a
calibration process for identifying time delays by machining dimples
and measuring their locations to determine angular misalignment er-
rors. However, the reasons for these time delays and related factors
remain unclear, and system behavior regarding time delays has not yet
been fully examined. Additionally, their experiments involved identi-
fying time delays in FTS systems with micrometer-scale strokes. To
fabricate freeform surfaces with millimeter- or 10-mm-scale sagitta with
sufficient accuracy, time-delay identification under long-stroke condi-
tions is necessary. Developing a strategy to correct clocking angle errors
through time-delay identification and compensation in independently
controlled FTS systems is crucial. This study investigates the form errors
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introduced by long-stroke FTS diamond turning, focusing specifically on
the impact of time-delay-induced clocking angle errors. The influence of
clocking angle errors on freeform surface fabrication was analyzed by
simulating the machining of a cylindrical surface, revealing that clock-
ing angle errors significantly affect form accuracy and is related to the
signal processing delay, particularly in high-speed FTS diamond turning.
Time delays in the FTS system were investigated by analyzing position
data and decomposing the delay sources. The time delay caused by servo
control under various operational conditions was examined. To pre-
cisely identify the time delay, a cylindrical surface was machined under
high-speed conditions, and the clocking angle error was measured using
a non-contact chromatic probe. It was found that time delays originating
from the machine platform significantly affected form accuracy. The
identified time delay was directly compensated for, and the clocking
angle error in cylindrical surface fabrication was eliminated. Finally,
using the identified time delay for compensation, high-speed machining
of cylindrical freeform surfaces was demonstrated, where the residual
clocking angle error was minimized. This study establishes a method-
ology for identifying and compensating for time delays in FTS systems,
contributing to improved form accuracy in the high-speed production of
freeform optics using independently controlled FTS systems.

2. Theoretical analysis on the impact of clocking angle error on
form accuracy

To describe the positional deviation in the z-axis direction Az, when
a freeform surface is rotated by a clocking angle ¢ as illustrated in Fig. 1,
we start with the equation in Cartesian coordinates, where the freeform
surface shape is represented as z = f(x,y) and the rotated freeform
surface 2 = g(x, y). The deviation is given by Equation (1) and by
mapping the displacement Az in both circumferential and radial di-
rections, the form error associated with the clocking angle error ¢,
which can be characterized,

Az=z—2 =f(x,y) —g(x,y) . (@)
In this context, we consider the local slope component in the
circumferential direction. This local slope angle component, S,, repre-
sents the partial derivative with respect to 0 around the 6 axis of the
freeform surface equation z = f'(r, 0), which is transformed into polar
coordinates, as shown in Fig. 2, and is described as follows:
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Clocking angle error

Fig. 1. Form error induced by clocking angle error on a freeform surface: (a)
before rotation, (b) after rotation with a clocking angle error of .
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z=f'(r,0)

Fig. 2. Local surface converted to

polar coordinate.

slope calculation of the given

displacement in the Z-axis direction between the design value and the
rotated value at any point on 2 = f'(r, 6) is expressed using the local slope
angle component Sy, and the clocking angle ¢ as follows:

3

4

Az= ﬂr-@-sg,
the maximum height at this location was determined by calculating the
difference between the maximum and minimum values of Az incorpo-
rating the radial distance r, which is from the rotational center of the
sample surface to the point of interest, the clocking angle ¢ and the local
slope angle Sy. The absolute value of this maximum height indicates the
form error Er resulting from the error in the clocking angle.

4

considering a cylinder with a diameter of 50 mm and a radius of
curvature (ROC) of 100 mm, the local slope map in the concentric di-
rection was calculated, as shown in Fig. 3. The calculation results of
form errors caused by clocking angle errors of 0.001°, 0.01°, and 0.015°

Er =|max(Az) — min(Az)|,
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Fig. 3. Calculation result of local slope, 100 mm ROC cylinder surface with 50
mm diameter, (a) height distribution map, (b) local slope angle map.
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are shown in Fig. 4, illustrating how form errors increase as the clocking
angle error rises. The relationship between the form error and clocking
errors based on the radius of the cylinder surface is depicted in Fig. 5.

According to repetitive control theory in servo control, time delays
are unavoidable due to the time required for sensing and control signal
transmission [27,28]. The relationship between the clocking angle error
and time delay at a spindle rotational speed of 1000 rpm is shown in
Fig. 5. The smaller ROC, the larger the slope angle in the circular di-
rection, leading to a proportional increase in the clocking angle error.
The clocking angle error originates from the time delay T, in seconds,
which can be derived using the rotational rate N in rpm and the clocking
angle error ¢ in degrees. The cumulative rotation angle dy in a second
from the spindle rotational speed of N is described in Equation (5). The
unit of the Oy is degrees per second. Therefore, to derive the time delay
T4 using the spindle rotational speed and the clocking angle error, it can
be described in Equation (6) as follows:

On =360 -(N / 60), )

Ta=¢/0n, ©

considering the relationship between the shape of a freeform surface
and the required form accuracy, the acceptable value for the clocking
angle error is determined using Equations (2) and (3). The time delay
error is calculated based on the desired spindle rotation rate using
Equation (6). For a form accuracy within 1 pm PV on a 100 mm ROC
cylinder with a 50 mm diameter, for instance, the time delay from the
control system needs to be within 1.67 ps or less. This shows that the
clocking angle error, influenced by the time delay, has a significant
impact on form accuracy in high-speed machining operations.

3. Experimental system
3.1. Machine tool and FTS system

An ultraprecision diamond-turning machine, Nanoform X (AMETEK
Precitech Inc., USA), with XYZBC five-axis simultaneous control, was
used as the ultraprecision platform in this study. The lathe features an
air-bearing work spindle with high-resolution positioning control for the
C-axis and oil hydrostatic linear stages for the X-, Y-, Z-, and B-axis ro-
tary tables, all with full closed-loop feedback control for sub-nanometric
feedback resolution. This machine employs an independent fast-tool
servo (FTS5000, AMETEK Precitech Inc., USA) as an additional axis
(W-axis), allowing synchronized position control, calculated based on
the X- and C-axis encoder data. The independent FTS features an air-
bearing piston with a 5 mm full stroke. Its position control utilizes a
fully closed feedback system with a glass-scale linear encoder for
nanometric feedback, driven by a voice coil motor for reciprocating
motion, along with a counterbalance acting as a mass damper. This FTS
system can achieve 2000 ¢ m amplitude sinusoidal motion at 100 Hz,
with 40G peak acceleration and 25G continuous acceleration [21].

A non-contact chromatic confocal optical probe (CHRocodile 2 S,
Precitec GmbH) was integrated with the machine to evaluate the
machined surface as an on-machine metrology system. This probe offers
nanometer-level axial resolution and a high-speed data collection
capability of up to 10 kHz. The machine layout is shown in Fig. 6(a). The
FTS, functioning as the W-axis, is positioned on the B-axis and aligned
parallel to the Z-axis. A diamond tool is mounted on the tool snout at the
actuator’s nose. The optical probe is installed on the B-axis next to the
FTS (W-axis) to measure the clocking angle error post-machining
without removing the workpiece from the vacuum chuck. Fig. 6(b)
shows the machine setup used for the experiment. The workpiece was
placed on the C-axis spindle nose with a vacuum chuck and had a
reference flat for alignment, which was set to the C-axis reference po-
sition of the diamond-turning machine and FTS.



T. Hashimoto and J. Yan

Precision Engineering 93 (2025) 515-527

Clocking angle error Clocking angle error Clocking angle error
0.001° 0.010° 0.015°
(a)
2 2
ROC 50 mm
0 0
2
-2'-, -2".
20 20 .
20 g0 0 20 g0 0 20 Ty 0 -
PV =0.23 um PV=233 um PV=3.49 um 0 g
b >
(®) 2 2 2, A
ROC 100 mm i
0 0 0
20 2 20 -2
20 20 ™\ 20 .
0 o Héo 0 ™\ D ""20 0 N ""20
2 T 0 2 T 0 20 T 0
PV =0.11 um PV=1.10 pm PV=1.65pum
Fig. 4. Simulation results of form error due to variations in clocking angle error across two designs: (a) 50 mm ROC cylinders, (b) 100 mm ROC cylinders,
respectively.
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Fig. 5. Relationship of form error and clocking angle error (time delay amount
at 1000 rpm spindle speed) and ROC cylinders, 50 mm diameter.

3.2. System signal flow

Fig. 7 shows an overall view of the signal flow in this system,
including the FTS and the on-machine evaluation probe. The FTS system
was connected to the machine platform by receiving the X- and C-axis
encoder signals. These signals from the machine platform enter the FTS
command generator to generate the W-axis command for controlling the
actuator at the tool tip position. The signal from the optical probe for on-
machine measurement is collected simultaneously with the machine-
axis encoder information to describe the machined surface using the
machine-axis coordinates as discrete data. Fig. 8 shows the signal flow
inside the FTS system in detail. The X- and C-axis encoder signals are
sent to the command generator from the base machine in the FTS sys-
tem. Inside the command generator, the W-axis command position,
based on the part program of the desired shape, was calculated and sent
to the controller for W-axis control. The actual position of the W axis was
monitored using a glass scale in the FTS actuator for position feedback
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Fig. 6. (a) Machine setup layout, (b) machine setup picture of this experiment.

control. The commands and actual position information were simulta-
neously acquired from the controller using a data analyzer.

4. Experimental procedures
4.1. Experimental conditions
The design surface information is presented in Table 1. A concave

cylindrical surface design was selected as the non-rotationally sym-
metric surface in this study. The ROC of the cylindrical surface was 110
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Fig. 7. System signal flow.

mm, and the workpiece diameter was 50 mm. From this design, the
maximum sagitta height was 2.879 mm, and the maximum slope in the
circumferential direction was 6.538°. A 360 brass was chosen as the
workpiece material to minimize material-originated errors in the testing
results. A single-crystal diamond tool with a 0.49 mm nose radius,
0° rake angle, and 10° clearance angle was used to avoid interference
between the clearance face of the tool and the machined surfaces. The
cutting conditions used in the experiments are summarized in Table 2.

4.2. On-machine clocking angle error measurement

The clocking angle error after machining was evaluated using a non-
contact optical probe on the machine without removing the workpiece
from the spindle. To assess the clocking angle error, the C-axis was
aligned with the same reference used during machining, and the refer-
ence flat was aligned parallel to the X-axis. As illustrated in Fig. 9 (a),
two profiles of the machined surface were scanned in the Y-axis direc-
tion using the optical probe. To eliminate the influence of tool-height
errors on the cylindrical surface fabrication process, the scanning loca-
tions were selectively chosen on one side of the surface. Fig. 9(b) and (c)
show the method of clocking angle error calculation. The clocking angle
error Ag can be expressed as follows:

Precision Engineering 93 (2025) 515-527

peak locations. The on-machine evaluation conditions are presented in
Table 3.

4.3. FTS signal delay identification

The potential delay components should be decomposed and analyzed
separately to identify the sources of time delay in the system. The
analysis revealed three primary sources of delay. These are: i) servo
delay, ii) communication delay, and iii) encoder signal-processing delay
(Fig. 10). The total time delay in the system AT can be described by
Equation (8):

AT = AT +AT, + AT5 . 8

First, servo delay due to the closed-feedback mechanism is typically
observed as a system response, denoted as AT; in Fig. 10. This delay can
be identified by acquiring the command and actual position data from
the system’s data acquisition function. The acquisition duration is 1.5 s,
with a 20 kHz update rate, resulting in a 50 ps sampling period. To
calculate the position feedback delay, these signals were logged while

Table 1
Design shape information.

Design shape Value

Surface design Concave cylinder

ROC (mm) 110
Diameter (mm) 50
Maximum sagitta (mm) 2.879
Maximum concentric slope (°) 6.538
Workpiece

Material 360 Brass

Table 2

Cutting conditions.

Cutting conditions Value

Cutting tool

Ap=tan™! (y Y2

L

).

Tool material
Nose radius (mm)

Single-crystal diamond
0.49

where y; is the profile peak location on the Y-axis at Location 1, y- is the
profile peak location on the Y-axis at Location 2, and L is the distance
between Locations 1 and 2. For the scanning locations, points 1 mm and
24 mm off-center were selected with a scanning length of 6 mm. The
scanning speed was set to 50 mm/min, and the data sampling frequency
was 32 Hz. Because the collected data were discrete, the captured data
were fitted using a second-order polynomial to accurately determine the

) Rake angle (°) 0
Clearance angle (°) 10
Cutting parameters

Spindle rotation rate (rpm) 1000

Feed rate (mm/min) Rough: 10
Finish: 2

Depth of cut (um) Rough: 5
Finish: 2

Coolant Oil mist

—1 FTS Position feedback }—

W-axis linear encoder signal

W-axis actual position

We-axis command position

v

Controller

Data analyzer

y 3

W-axis command signal

v

FTS actuator

| Linear encoder :

W-axis command

X-axis encoder signal

C-axis encoder signal

Rotary encoder

Base machine

Command
generator

Fig. 8. Signal flow in detail inside FTS system.
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Probe scan
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Scanned profile
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Peak 17
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o~ Peak 2
y2

Surface position

Y axis

Fig. 9. On machine measurement procedure and data analysis method. (a)
measurement location by non-contact probe, (b) clocking angle error calcula-
tion procedure method, (c) schematic of scanned profiles for peak detection.

Table 3
On-machine evaluation conditions.

On-machine evaluation conditions Value

Non-contact surface probe

Surface detection method Chromatic confocal

Working distance (mm) 4.5

Measuring range (um) 300

Axial resolution (nm) 2
Scanning parameters

Scanning direction Y-axis

Scanning speed (mm/min) 50

Sampling rate (Hz) 32
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executing the part program on the machine without any machining
processes. From this logged data, a segment of one rotation was
extracted from an arbitrary point in the profile. The retrieved signals are
illustrated in Fig. 11(a).

To enhance calculation resolution, cubic spline interpolation is
applied with a factor of 200, generating intermediate points that reduce
the data point interval from 50 ps to 0.25 ps. This point spacing defines
the calculation’s resolution. Fig. 11(b) demonstrates the methodology
for quantifying time delays within a servo system using an error-
minimization approach. It illustrates two primary curves: the com-
manded trajectory and the actual trajectory of the servo system over the
sampling period. Due to the inherent time delay in the servo mechanism,
a noticeable lag is observed between these two trajectories.

To analyze this delay, the actual profile is systematically shifted
backward in time to determine the delay from the commanded trajec-
tory. For each shift, the absolute difference in tool position between the
commanded trajectory and the shifted actual trajectory is calculated and
summed across all points. An error function E is defined to compute the
sum of the absolute differences between the interpolated command
position and the time-shifted actual position, expressed as follows:

E=Y " |W(t;) — Wa(t:— AD)], ©
where t; represents the time indices of the interpolated data, and At in-
dicates the time shift of the actual position data Wy(t;). The actual tra-
jectory data W,(t;) is shifted from O ps up to 500 ps in determined
intervals. The optimal time shift At that minimizes the error function E
is identified using:

Atope = argminy, E,

subject to : 0 us < At < 500 us, (10)
employing this fitting approach allows for the precise determination of
time delays.

Second, regarding the W-axis command generation process, it is
crucial to consider the time required to generate the W-axis command,
denoted as AT, in Fig. 10. Given that the clocking cycle for updating the
position is 20 kHz, the required processing time is 50 ps. Additionally,
the latency—defined as the time needed to transmit data to the process
component—is also set at 50 ps for accurate signal processing. There-
fore, the total response time within the command-generating process
consists of 50 ps for position calculation and 50 ps for transmission
stability, resulting in an intentional delay of 100 ps within the system.
This delay is designed to ensure precision and can be treated as a
constant.

Third, an optical encoder system on the spindle detects the C-axis
position information. The signal from the read-head detector is sent to
the interpolator, which processes the signals before they are forwarded
to the command generator in an independent FTS system. This inter-
polation also requires processing time, described as ATs in Fig. 10.
However, because this delay occurs prior to reaching the independent
FTS system, it cannot be captured by collecting signals from the FTS
system. As a result, this quantity depends on the platform used. Conse-
quently, the FTS system delay, calculated as AT; + AT», serves as the
time compensation amount, while the time delay from the machine
platform, AT3, can be identified from the results of machining
experiments.
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4.4. Time delay compensation strategies

To compensate for this residual delay, Tanikawa et al. [26] utilized
FTS angular misalignment calibration by calculating the time delay,
which involved redefining the C-axis position in the programming.
However, redefining the C-axis position for the compensation process
necessitates re-evaluating the compensation amount in the part program
whenever the cutting conditions, particularly the spindle speed, change.
The use of direct compensation amounts over time is a more flexible
approach to improve the time-delay compensation process. Therefore, a
correction amount inserted directly over time into the system was pro-
posed, as illustrated in Fig. 12.

First, the X- and C-encoder signals were converted into position in-
formation using their respective scale factors. The C-axis information
was then entered into a speed detector, which calculated the spindle
rotation speed in RPM. Using the spindle rotation speed and the time
compensation input, the C-axis correction amount is determined using
Equation (6) as the C-axis compensation position information. Conse-
quently, this compensation amount is added to the original C-axis po-
sition, resulting in the updated C-axis position, C + Ccomp. Thus, the
updated C-axis position information is utilized as a function of the
design information to generate the W-axis command.

4.5. Off-machine measurement and analysis

The off-machine measurements were conducted using a non-contact
3D laser autofocus system (NH-3SP Mitaka Koki Co., Ltd.) to collect
surface information in 3D through raster scanning. The samples were
then placed on the XY stage of a metrology platform. The reference flat
of the workpiece was aligned parallel to the Y-axis, and raster scanning
was performed along the X-axis, as illustrated in Fig. 13(a). The scanning
speed was set at 100 mm/min, with data spacing in the X-axis direction
of 0.1 mm and a stepover in the Y-axis direction of 2 mm.

To determine the clocking angle error from the raw measurement
data, a data fitting process was applied to align the measured data with
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Fig. 13. Clocking angle error detection procedure by off-line measurement. (a)
probe scan procedure by off-line non-contact probe, (b) translation and rotation
directions for fitting process of measured data.

an ideal surface, allowing for six degrees of freedom, as shown in Fig. 13
(b). In this study, the Levenberg-Marquardt fitting algorithm was uti-
lized to minimize the distance between the measured raw data and the
ideal surface using translation and rotation matrices. To assess the form
accuracy of the surface, a cylindrical form removal process with a
designed radius was applied following the translation and rotation
fitting processes. The deviations of the peak-to-valley and RMS values
after removing the designed cylinder from the aligned measurement
data were used to evaluate form accuracy. For surface roughness eval-
uation, a Coherence Scanning Interferometry (CSI) optical profiler
(NexView NX2, Zygo Corporation, USA) was employed to assess the
machined surfaces with nanometer-level surface topography in three
dimensions. The measurement area had a field of view of 350 pm? with a
lateral resolution of 0.35 pm. A fourth-order polynomial form removal
process was applied to analyze the surface roughness parameters.
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5. Results and discussion
5.1. Servo delays under various operational conditions

The servo delays under different operational conditions were inves-
tigated using the method described in Section 4.3. The results are pre-
sented in Fig. 14(a) to 14(c). Fig. 14(a) illustrates the influence of
spindle speed differences on the servo delay. Data were sampled 24 mm
from the center while executing a program for a cylindrical surface with
a ROC of 110 mm. The peak-to-valley value of the circumferential tra-
jectory was 2.635 mm, forming two cycles in one rotation. The tested
spindle speeds were 250, 500, 750, and 1000 rpm. At this location, the
maximum velocities of the FTS actuator ranged from 0.070 m/s to 0.279
m/s, and the maximum accelerations ranged from 3.7 m/s? to 59.3 m/s?
at 1000 rpm. Fig. 14(b) shows the influence of different mass conditions
at the FTS nose on the servo delay. The tested conditions included no
tool on the nose, 0 g, 5 g, 10 g, and 15 g. The trajectory shown in Fig. 14
(c) was used and tested at 1000 rpm. At this location, the maximum
velocity of the FTS actuator was 0.738 m/s, and the maximum accel-
eration was 59.3 m/s2.

Fig. 14(c) illustrates the influence of different input shapes on the
servo delay. The investigated shapes included a tilt flat with a 5 mm
height difference, cylindrical surfaces with ROC of 110 mm and 80 mm,
and a polynomial freeform shape with multiple cycles of varying am-
plitudes. The cycles in one revolution ranged from one to four, at 24 mm
from the center. At this location, maximum velocities ranged from
0.246 m/s to 0.738 m/s, and maximum accelerations ranged from 25.7
m/s? to 223.3 m/s? at 1000 rpm. According to these results in Fig. 14,
the servo delay remained constant across each condition at 223.5 ps
under the varied acceleration conditions in this experiment. The FTS
counterbalance design effectively canceled out the inertial effects while
operating within the performance capacity, particularly under an ac-
celeration limit of 392.7 m/s? (40 G). The servo delay of the FTS actu-
ator is treated as a constant amount in this experiment. In summary, the
FTS system delay AT; + AT, was 223.5 ps + 100 ps = 323.5 ps + 0.25 s,
which is a constant amount in this study.

5.2. Clocking angle error evaluation after time delay compensation

In the previous section, the FTS delay was calculated to be 323.5 ps
under various operational conditions. Table 4 presents the results of the
clocking angle error after applying a time compensation of 323.5 ps
under the cutting conditions specified in Table 2. The average residual
clocking angle error was found to be 0.0684° across eight machining
tests. Converting this error to a time delay at a spindle speed of 1000 rpm
corresponds to an average time delay of 11.40 ps. Regarding the
reproducibility of the machining results, the angle error demonstrated a
peak-to-valley value of 0.0015° and a standard deviation of 0.0005°. At
a spindle speed of 1000 rpm, the reproducibility of the time delay
measured 0.25 ps peak-to-valley and 0.075 ps standard deviation.

According to the results after compensating for the time delay in the
FTS system, the residual time delay from the machine platform, denoted
as ATs, was found to be 11.40 ps with a standard deviation of 0.075 ps.
This indicates that the signal processing and transfer times for the ma-
chine platform were 11.40 ps. Therefore, the total time delay of the
system, including that of the machine platform, was 334.9 ps. The
breakdown of the system time delay is as follows: i) 223.5 ps from the
servo system, ii) 100 ps from the FTS command calculation, and iii) 11.4
ps from the machine platform. The residual clocking angle error results
obtained after machining, compensating for the total delay, are listed in
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Table 4
Result of the clocking angle error after time delay compensation in FTS
machining.

Number of tests Measured angle (°) Converted to time at 1000 rpm (ps)

1 0.0693 11.55
2 0.0687 11.45
3 0.0682 11.37
4 0.0685 11.42
5 0.0683 11.38
6 0.0678 11.30
7 0.0684 11.40
8 0.0681 11.35
Average 0.0684 11.40
Peak to valley 0.0015 0.25
Standard deviation 0.0005 0.075

Table 5
Comparison results of the clocking angle error before and after time compen-
sation process.

Additional time correction ~ Clocking angle error ~ Converted to time at 1000

(us) ©) rpm (ps)
3235 0.0684 11.40
334.9 0.00014 0.023

Table 5. The clocking angle error was reduced to 0.00014° with a cor-
responding residual time delay of 0.023 ps at 1000 rpm. The clocking
angle error was effectively eliminated by identifying the time delay and
compensating for it directly in the FTS system using the appropriate time
values. These results confirm that the time delay outside the indepen-
dent FTS system significantly impacts high-speed freeform machining. If
the 11.4 ps time delay is not considered in FTS machining at a spindle
speed of 1000 rpm, the estimated form error would be 6.8 pm peak-to-
valley for the tested sample shape, which does not meet the appropriate
form accuracy required for optical components. Therefore, accurately
determining this amount from the machine platform is crucial for the
total time-delay calculation process.

In this experiment, the machine platform featured an optical encoder
system on the spindle that detected the C-axis position. First, the read
head detects the position of the C-axis from the gratings on the rotary
encoder. Subsequently, the signal enters the interpolator to be smoothed
or filtered for noise reduction before being sent to the FTS command
generator. These processes require processing time [29,30] and cannot
be detected by the independent FTS, resulting in a time delay described
as ATs in Fig. 10. This indicates that a machining process is necessary to
verify the total time delay, as the delay amount relies on the detection
system, signal conversion, and interpolation used. Understanding the
time delay from the machine platform and precisely calibrating the total
delay are essential for effectively utilizing an independent FTS system
for high-speed freeform fabrication.

5.3. Surface accuracy evaluation by off-line measurements

Fig. 15 illustrates the estimated form accuracy based on the obtained
clocking angle error and the measurement results of form accuracy using
an offline instrument. Fig. 15(a) and (b) present the offline measurement
results before and after the additional time correction. Before the
correction, the clocking angle error and form accuracy were 0.0700° and
6.6 pm PV, respectively. After the additional delay correction, these
values improved to 0.0002° for the clocking angle error and 0.85 pm PV
for form accuracy. By converting the measured clocking angle error to
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Fig. 15. Offline measurement comparison results before and after total time
delay on FTS machining system. (a) before additional time delay compensation,
(b) after additional time delay compensation.

the residual time delay using Equation (6), the residual time delay error
was calculated to be 0.035 ps, indicating that the additional correction
was effective, as confirmed by the offline metrology instrument.
Regarding form accuracy, Fig. 16 shows the estimated form accuracy
calculated with the clocking angle error obtained in Table 5 using
Equation (4). Fig. 16(a) and (b) present the results before and after the
additional compensation, respectively. The machining results indicate
that the actual form accuracy was greater than the calculated values
when comparing the results in Fig. 15(a) and (b). To address form ac-
curacy after eliminating the time delay, the servo behavior must be
considered; thus, further investigation into the elimination process is
necessary.

The results of the surface roughness measurements are shown in
Fig. 17(a). The surface roughness values of Sa and Sq in this experiment
were 1.8 nm and 2.9 nm, respectively, indicating that the surface finish
met the general requirements for the component. In comparison, the
surface roughness of the brass flat, which had no FTS motion under the
same cutting conditions as the cylinder machining, measured 1.8 nm Sa
and 2.4 nm Sq, as shown in Fig. 17(b). This suggests that the surface
roughness resulting from FTS cylinder machining was comparable and
that correcting the time delay did not adversely affect the surface
roughness.

Fig. 17(c) displays the surface outlook of the samples. Additionally,
grain structures were observed in the surface roughness results,
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Fig. 16. Form error estimation by calculating the clocking angle error (a)
before additional clocking angle compensation, (b) after additional clocking
angle compensation.

indicating that the material characteristics played a significant role in
determining surface roughness. Therefore, it is possible that these sur-
face roughness results represent the achievable limitations of this
material.

5.4. Freeform surface machining with time delay compensation

The total time delay was calculated based on the previous discussion.
A cylindrical freeform fabrication was conducted as an example, uti-
lizing this time-delay identification within the FTS system. The shape
information is presented in Table 6. The surface definition is described
in Equations (11)—(13), with coefficients as follows: Cx = —0.01, Ax, =
0.009646, Axys = 1.57100 x 107°, Axg = 2.06489 x 107! Axg =
—7.25761 x 107'2, Ay, = —1.0983 x 107. The maximum height dif-
ference in the shape was 2.25 mm. The same machining conditions for
the cylindrical tests were applied, as detailed in Table 2. Fig. 18 (a) and
(b) display the results of the clocking angle error and form accuracy
measured by the offline instrument, while Fig. 18 (c) shows an overview
of the machined freeform sample. By implementing a time compensation
of 334.9 ps in the system, the residual clocking angle error was reduced
to 0.0009°. When converting this at 1000 rpm, the calculated residual
time delay was 0.15 ps. The estimated form accuracy at a clocking angle
error of 0.0009° with the current cutting parameters is 0.063 pm PV



T. Hashimoto and J. Yan

Fig. 17. (a) Surface roughness measurement result of the cylindrical surface,
(b) surface roughness measurement result of the flat surface, (c) appearance of
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the machined cylindrical surface.

Table 6

Cylindrical freeform design information.

Height (nm)

Height (nm)

Design

shape Value

Surface design

Concave cylindrical freeform

Diameter (mm) 50

Maximum sagitta (mm) 2.252

Maximum concentric slope (°) 4.673
Workpiece

Material 360 Brass
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Fig. 18. (a) Cylindrical freeform shape, (b) off-line measurement result of the
fabricated cylindrical freeform, (c) appearance of the cylindrical free-
form surface.

from Equation (4). However, the achieved form accuracy was 0.62 pm
PV. The peak and valley points of the form error were located at the
inflection points of the cylindrical shape. Based on the measurement
results, it can be inferred that servo overshooting occurred at the tra-
jectory change point of the tool direction. Therefore, the observed form
accuracy does not originate from the clocking angle error. This
demonstration indicates that the proposed time-delay correction and
calibration procedure was effective for various shape inputs.
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6. Conclusion

The time delay in independently controlled fast tool servo (FTS)
system significantly affected the clocking angle error. This study eval-
uated the influence of the clocking angle error on freeform diamond
turning using FTS and proposed a compensation method for the time
delay. Non-rotationally symmetric surfaces, such as cylindrical and
freeform surfaces, were machined to verify the time-delay compensation
process. The main conclusions are as follows.

a) In the high-speed FTS diamond-turning process, the clocking angle
error is a crucial factor in form error control. The peak-to-valley form
error was analyzed using the local slope in the circumferential di-
rection of the given surface and the clocking angle error. Based on
this analysis, the local displacement error is described as the product
of the local slope in the circumferential direction, the clocking angle
error, and the distance from the rotation center to the point of in-
terest. Therefore, the delay in the high-speed FTS machining of
freeform surfaces, such as at a spindle speed of 1000 rpm, signifi-
cantly affects the form error.
The time delay of the FTS system was found to be composed of three
significant components: the first was the time delay from the servo
control, the second was the designed processing time to generate the
W-axis command, and the third was the C-axis encoder signal pro-
cessing time within the base machine platform. According to the time
delay results, it was realized that the servo control delay was the
most dominant factor. In this experiment, the delays were identified
as 223.5 ps for servo control, 100 ps for processing time, and 11.4 ps
for C-axis encoder signal processing.

The total time delay of the proposed FTS system was determined to

be 334.9 ps. By compensating for this delay directly in the system

over time, the residual clocking angle error was reduced to 0.00014°

(evaluated by on-machine measurement) and 0.00020° (by off-line

metrology), respectively, with form accuracy achieved at 0.85 pm

peak-to-valley.

d) The C-axis encoder signal processing time delay (11.4 ps) was found
to be more significant than the required time delay control amount
and could not be recognized within the FTS system. Therefore, the
calibration process for the time delay, including that of the machine
platform, is essential.

e) A cylindrical freeform shape was machined using the calibrated
time-compensation amount, resulting in a residual clocking angle
error of 0.0009° (evaluated by off-line metrology) and a residual
time delay of 0.15 ps at 1000 rpm after compensation. This indicates
that the proposed time delay identification and calibration procedure
can effectively be used for machining different freeform shapes using
the FTS system.

b

=~

C

~

This study demonstrated the importance of identifying system time
delays in high-speed freeform diamond-turning using FTS. The meth-
odologies for time-delay identification and compensation were estab-
lished, contributing to the advanced manufacturing of optical
components and enhancing productivity. As a residual form error was
still observed after time-delay compensation, the authors plan to focus
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on further improving form accuracy by considering additional factors
beyond the clocking angle error as a future task.
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