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Abstract: This study proposes a 2D contour measurement system at the tool center point (TCP) that
consists of a Blu-ray pickup head and position sensitive detector (PSD). The TCP displacement is
equivalent to the relative position between the tool and workpiece. When the machine tools operate
the machine part along the desired contour, the TCP displacement affects the machining geometric
accuracy. To evaluate the TCP displacement, the contour errors are measured by the cross-grid
encoder (KGM) in practice. However, it is difficult to install KGM as it is large and expensive. In
this study, an optical measurement system (OMS) is constructed to measure the TCP displacement,
named TCP-OMS. A Blu-ray pickup head was installed on the spindle as a tool, and a PSD was
installed on the table as a workpiece. To enhance the measurement signal’s resolution and precision
of TCP-OMS, the noise was reduced by an AC voltage stabilizer, a DC regulator, and a low-pass
filter. The experimental results show that the resolution of displacement measurement was less than
1 µm, and the linearity regions of the X-orientation and Y-orientation were ±3 mm. The motion
test on the circular paths were performed on an actual machine tool, and the repeatability tests of
this measurement system were verified. The measurement data of circular paths were collected by
TCP-OMS and KGM and the results were then compared. When the feed rate of the circular paths
increased, the circular deviations were magnified, simultaneously. The axis reversal spikes were
observed at the quadrants of a circular path. These measurement results of TCP-OMS matched with
the measurement results of KGM. The TCP-OMS developed in this study is characterized by simple
installation, compactness, and a low price. It is suitable for 2D contour measurement at the tool center
point of machine tools.

Keywords: tool center point; optical measurement; circular tests

1. Introduction

In the machining operation, relative motion is engaged, that is, a primary motion
(cutting speed), and a secondary motion (feed). These motions by the machine tool cause
relative motion between the tool and workpiece. With these motions, the desired shape
and surface texture of a part can be produced. Therefore, the displacement of the tool
center point (TCP) is the relative motion between the tool and workpiece in the machining
process. The machining performance is dependent on the TCP displacement along the
toolpath. In a recent study on the milling of a blade, Prof. Zhu proposed four topics
to discuss: milling process planning, milling force of turbine blades, machining errors,
and vibration and surface quality [1–3]. In terms of vibration and surface quality, one
of the problems was caused by the TCP position deviation. Therefore, the TCP dynamic
behavior had a signification impact on the vibration and surface quality. In order to
measure the contour of the toolpath at the TCP displacement of machine tools, there
are two kinds of the common measuring instruments which can be divided into contact
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and non-contact types. The contact measurement equipment is a double ball bar (DBB).
However, a DBB only measures the contour of a circular path, and the radius of a circular
path is limited to the instrument specification. DBB cannot perform high feed motions.
Since the cross-grid encoder (KGM) performs the non-contact optical measurement, the
advantages of KGM are its high resolution, high feed motion, and wide measuring range.
More importantly, it measures the contour in arbitrary paths. However, a KGM is difficult to
install, large, and expensive. The gap between its detector and the grad plate is only 1 mm.
Damage can easily occur during installation, leading to high maintenance costs. Hence,
TCP displacement measurement equipment is developed in this study, which is able to
perform non-contact optical measurement. The Blu-ray pickup head and position-sensitive
detector (PSD) performed contour measurement with a high feed motion. The optical
measurement system of TCP displacement (TCP-OMS) is characterized by 2D arbitrary
path measurement, compactness, simple installation, and low cost.

To estimate the TCP’s dynamic behavior of machine tools under high feed motion,
many scholars have aimed to develop novel TCP measurement equipment alongside
conventional measurement instruments, such as DBB and KGM. Shang et al. [4] adopted a
DBB to measure the contour errors of the K1 path through the function of a rotational tool
center point (RTCP) in a five-axis machine tool. Liu et al. [5] developed a TCP measurement
instrument which was similar to DBB. In this measurement instrument, both ends of a
bar are provided with balls. The ball at one end of the bar is installed on the tool holder
of the spindle, whereas the ball at the other end of the bar is combined with a rotary
encoder and installed on the table. This bar is equipped with a linear transducer. The TCP
displacement measurement is based on linear displacement and rotational angle. Iwai and
Mitsui [6] proposed a TCP measurement instrument composed of rotary encoders and a link
mechanism, named a rotary encoder and link mechanism (RELM). The relative positions of
the spindle and table are analyzed by three rotary encoders and the given link mechanism.
Weikert [7] and Bringmann and Maglie [8] used linear measurement instruments with
probes for TCP displacement measurements. The tool holder of the spindle clamped the
ceramic ball, and the linear measurement instruments were installed on the table. In
order to measure the displacements on the three directions of TCP simultaneously, Weikert
and Bringmann employed three and four linear measurement instruments, respectively.
The installation orientation of the linear measurement instruments are different from the
Cartesian coordinates of machine tools. The measured data are collected in order to obtain
the three axial directions displacement of TCP by coordinate transformation. However, the
TCP measurement systems proposed in these studies are of the contact type, which cannot
perform a high feed motion. To enhance the machining accuracy, some studies utilized
non-contact measurement instruments to obtain the dynamic behavior of TCP under high
feed motion. Lee et al. [9] and Nagoka and Matsubara [10] proposed the mechatronic model
of machine tools, where KGM was employed for 2D contour measurement to verify their
mechatronic model under high feed motion. Sato et al. [11] and Tseng et al. [12] presented
the accelerometer for TCP displacement measurement. An accelerometer measures the
three axes signals simultaneously. It is small-sized and easy to install on machine tools.
However, the measuring data of an accelerometer are an acceleration signal that must be
integrated twice to obtain the position signal. This procedure leads to the amplification
of noise during measurements and the poor precision of the position signal. Therefore,
the accelerometer can be applied to the TCP response measurement but is not suitable for
the contour measurement at a high feed motion. Shanzhi et al. [13] and Tang et al. [14]
proposed the TCP displacement measurement for a circular test by a laser interferometer.
The X-axis and Y-axis displacements of TCP were measured on the optical interference
principle. Jywe et al. [15,16] installed a laser head on the spindle and a PSD on the table.
The TCP displacement was obtained when the PSD received laser light. The resolution of
PSD signals was 1.5 µm. Gao et al. [17,18] used a surface encoder to the measure biaxial
position. The principle is that the p-polarized laser light as a light source penetrates through
the polarizing beam splitter and quarter-wave plate (λ/4 plate). It reaches the grid surface
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and is reflected. The polarizing beam splitter reflects it to the four quadrant photoelectric
sensors through the lens, and then the position can be obtained. Flores et al. [19] developed
a measurement system composed of a 2D angle grid and two 2D slope sensors, named
the dual-mode surface encoder. Park et al. [20] developed a TCP measurement system
using visual images. First, a small cuboid is used as a measurement window, and the target
point’s color and the pixel value are recorded using a 2D matrix. Subsequently, the center
point of the target object is selected, and the position of the target point in 2D coordinates
is determined. Finally, the target’s movement is scanned using the measurement window
to find the minimum and maximum values of the X-axis and Y-axis. The maximum value
of the X-axis is expressed as 2, and the maximum value of Y-axis is expressed as 1. The
minimum value of the X-axis is expressed as 4, and the minimum value of the Y-axis is
expressed as 3. The purpose of this is to find the target center point. When the target moves,
the target center point is looked for again and stored. Some scholars showed that they were
able to recognize the position from a circular light spot that formed on the four-quadrant
sensor based on a Blu-ray pickup head [21,22]. Lin and Sun [23] adopted a laser diode
to generate elliptic laser light. This is because the vertical deviation angle is larger than
the horizontal deviation angle when the laser diode is excited. Two cylindrical lenses are
regarded as horizontal beam expanders that transform the elliptic light into symmetrically
circular light. The light passes through the collimator lens, and then the light is transformed
by a horizontal beam expander into parallel light. It is focused on the test plane through
the objective lens and reflected onto the original path. It is reflected by the beam splitter
and passes through the cylindrical lenses. The astigmatism is generated before it reaches
the sensor. Ivan et al. [24,25] and Li [26] applied a PSD to a position measurement system
and introduced the position computing method. Huang et al. [27] proposed the position
compensation method for the PSD measurement. This study described that the farther the
PSD was from the center during position measurement, the larger the error was between
the measurement result and the actual and measured positions. The authors proposed a
compensation method to solve the error. The current signal is converted into a voltage
signal, and the voltage signal is filtered and amplified by the operational amplifier. Then,
the analog signal is converted into a digital signal, which is imported into the single-
chip microcomputer to calculate the actual position. Several studies presented the novel
methods based on the optical sensors and the optical principles [28–30]. However, these
studies focus on the flatness error and the workpiece surface texture.

This paper proposes a TCP contour measurement system that performed non-contact
optical measurement, named TCP-OMS. This optical measurement system is original,
with a compact structure, simplified installation process, and low cost. Before the actual
machining operation, the TCP contour performance can be evaluated by TCP-OMS. First,
the basic principles of Blu-ray pickup heads, PSD, and signal processing were introduced.
Subsequently, the TCP-OMS was verified for light intensity, PSD signals correction, system
resolution, and linearity. Finally, the TCP-OMS was installed on an actual machine tool to
validate the performance of the 2D contour measurement of TCP. The contour measurement
performed circular paths with different feed motions. The experimental result shows that
TCP-OMS has a similar motion trend to KGM.

2. Construction of the TCP-OMS

The architecture of the TCP-OMS proposed in this study is shown in Figure 1. The
mains supply was supplied to the PSD after the AC voltage stabilizer and DC regulator. The
light spot was focused onto the PSD by the Blu-ray pickup head. The PSD generated the
corresponding voltage to the output signals based on the light spot position. The low-pass
filter filtered the output signals with the high-frequency noise. The analog signal was
converted by data acquisition (DAQ) into the digital signal. A human machine interface
(HMI) was designed using LabVIEW software on a personal computer (PC) to observe the
condition of the motion trajectory.
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Figure 1. Architecture of the TCP–OMS in this study.

2.1. Blu-Ray Pickup Head

The optical pickup head comprises a laser diode, grating, polarizing beam splitter,
reflector lens, λ/4 plate, collimator lens, focusing lens, and four quadrant photoelectric
sensors. The optical path principle of an optical pickup head is shown in Figure 2. The
emission beam of the laser diode passed through the grating. The light was split into
0th-order and ±1st-order lights. After the light entered the polarizing beam splitter, a
p-polarized light was reflected. The light was changed into circular polarized light when it
passed through the λ/4 plate, the reflector lens changed the light direction, and the focusing
lens focused the light on the optical disc to form a small light spot. The 0th-order light
was used to decide whether the light spot was focused on the optical disc. The ±1st-order
light was used to verify the data read by the optical disc. The crater reflection of the small
light spots on the optical disc was recorded. The reflected light returned along the original
light path and passed through the λ/4 plate. It was changed to an s-polarized light, which
penetrated through the polarizing beam splitter. The light entered the astigmatic lens,
leading to astigmatism. The four quadrant sensors transferred the light signal from the
optical system to the photodetection device, then, the light signals were converted into
electronic signals as readable data. According to the optical path principle of the optical
pickup head, the TCP-OMS adopted a PSD to replace the optical disc in this study. A PSD
was installed as a workpiece on the table of the machine tool. The optical pickup head was
installed as a cutting tool on the machine tool’s spindle. The laser of the optical pickup
head was transmitted to the PSD, and the light spot on the PSD was the TCP position.
Therefore, when the machine tool performed the toolpath motion, the motion trajectory of
TCP was measured by the TCP-OMS.
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2.2. Position Sensitive Detector

The PSD is a common photoelectric displacement sensor. Figure 3 shows how a
one-dimensional PSD (1D-PSD) obtains the current signal from the light spot position.
The PSD center point is the origin. When the incident light irradiates Point A of PSD, the
photocurrents captured by the two lateral electrodes in the same orientation are Ix1 and Ix2,
respectively. If the PSD surface resistivity is uniform, the light spot position is inversely
proportional to the photocurrent and is expressed as

Ix1

Ix2
=

Lx
2 − XA

Lx
2 + XA

(1)

where Lx is the X-direction measurement range of PSD and XA is the X-direction distance
from Point A to PSD origin. To measure the motion path of a 2D contour, a two-dimensional
PSD (2D-PSD) is employed, as shown in Figure 4. The position-sensing principle of 2D-PSD
was the same as 1D-PSD but there were additional photocurrents, Iy1 and Iy2, of the
two lateral electrodes in the Y-direction. According to Equation (1), the X-direction and
Y-direction of the light spot position can be expressed as

XA =
Lx

2
Ix2 − Ix1

Ix1 + Ix2
(2)

YA =
Ly

2
Iy2 − Iy1

Iy1 + Iy2
(3)

where Ly is the Y-direction measurement range of PSD and YA is the Y-direction distance
from Point A to PSD origin. Generally, a resistor is used in the sensor of PSD to convert the
current signal into voltage signal. The voltage signal can be directly read by the DAQ device.

Machines 2022, 10, 1199 5 of 18 
 

 

Figure 2. Optical path principle of the optical pickup head. 

2.2. Position Sensitive Detector 
The PSD is a common photoelectric displacement sensor. Figure 3 shows how a one-

dimensional PSD (1D-PSD) obtains the current signal from the light spot position. The 
PSD center point is the origin. When the incident light irradiates Point A of PSD, the pho-
tocurrents captured by the two lateral electrodes in the same orientation are 𝐼௫ଵ and 𝐼௫ଶ, 
respectively. If the PSD surface resistivity is uniform, the light spot position is inversely 
proportional to the photocurrent and is expressed as 𝐼௫ଵ𝐼௫ଶ = 𝐿௫2 െ 𝑋஺𝐿௫2 ൅ 𝑋஺ (1) 

where 𝐿௫ is the X-direction measurement range of PSD and 𝑋஺ is the X-direction dis-
tance from Point A to PSD origin. To measure the motion path of a 2D contour, a two-
dimensional PSD (2D-PSD) is employed, as shown in Figure 4. The position-sensing prin-
ciple of 2D-PSD was the same as 1D-PSD but there were additional photocurrents, 𝐼௬ଵ 
and 𝐼௬ଶ, of the two lateral electrodes in the Y-direction. According to Equation (1), the X-
direction and Y-direction of the light spot position can be expressed as 𝑋஺ = 𝐿௫2 𝐼௫ଶ െ 𝐼௫ଵ𝐼௫ଵ ൅ 𝐼௫ଶ (2) 

𝑌஺ = 𝐿௬2 𝐼୷ଶ െ 𝐼௬ଵ𝐼୷ଵ ൅ 𝐼௬ଶ (3) 

where 𝐿௬ is the Y-direction measurement range of PSD and 𝑌஺ is the Y-direction distance 
from Point A to PSD origin. Generally, a resistor is used in the sensor of PSD to convert 
the current signal into voltage signal. The voltage signal can be directly read by the DAQ 
device. 

 
Figure 3. Position sensing principle of 1D−PSD. Figure 3. Position sensing principle of 1D-PSD.

The PSD used in this study has four sets of output signals, which are the voltage
signals of the X-direction light intensity (Vx−sum), the voltage signals of the Y-direction light
intensity (Vy−sum), the voltage signals of the X-direction light spot position (Vx−di f f ), and
the voltage signals of the Y-direction light spot position (Vy−di f f ). The light spot position
of PSD is expressed as

Xposition = K ×
Vx−di f f

Vx−sum
(4)

Yposition = K ×
Vy−di f f

Vy−sum
(5)

where K is a proportional constant, defined as the ratio of PSD position voltage to light
intensity. This is because the light intensity influences the position voltage of PSD. The light
intensity must be first corrected to make the K is constant value and obtain stable output
signals during measurement. Therefore, the measurement system proposed in this study
shot a laser source at the PSD. When the machine tool performed the feed motion on a 2D
plane, the motion trajectory of TCP was measured according to the displacement of PSD,
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and the dynamic behavior of TCP under high feed motion was observed. Therefore, the
TCP-OMS proposed in this study shot a laser at the PSD. When the machine tool performed
a feed motion on a 2D plane, the motion trajectory of TCP was observed by the measured
PSD position.

Machines 2022, 10, 1199 6 of 18 
 

 

 
Figure 4. Position sensing principle of 2D−PSD. 

The PSD used in this study has four sets of output signals, which are the voltage 
signals of the X-direction light intensity (𝑉௫ି௦௨௠), the voltage signals of the Y-direction 
light intensity (𝑉୷ି௦௨௠), the voltage signals of the X-direction light spot position (𝑉௫ିௗ௜௙௙), 
and the voltage signals of the Y-direction light spot position (𝑉୷ିௗ௜௙௙). The light spot posi-
tion of PSD is expressed as 𝑋௣௢௦௜௧௜௢௡ = 𝐾 ൈ 𝑉௫ିௗ௜௙௙𝑉௫ି௦௨௠  (4) 

𝑌௣௢௦௜௧௜௢௡ = 𝐾 ൈ 𝑉௬ିௗ௜௙௙𝑉௬ି௦௨௠  (5) 

where 𝐾 is a proportional constant, defined as the ratio of PSD position voltage to light 
intensity. This is because the light intensity influences the position voltage of PSD. The 
light intensity must be first corrected to make the 𝐾 is constant value and obtain stable 
output signals during measurement. Therefore, the measurement system proposed in this 
study shot a laser source at the PSD. When the machine tool performed the feed motion 
on a 2D plane, the motion trajectory of TCP was measured according to the displacement 
of PSD, and the dynamic behavior of TCP under high feed motion was observed. There-
fore, the TCP-OMS proposed in this study shot a laser at the PSD. When the machine tool 
performed a feed motion on a 2D plane, the motion trajectory of TCP was observed by the 
measured PSD position. 

2.3. Signal Processing 
To improve the resolution and precision of the TCP-OMS, the supply voltage of this 

system and the influence of external electromagnetic wave noise must be reduced. This 
study constructed AC voltage regulation, DC voltage regulation, and the low-pass filter 
to decrease the influence of signal noise. The general utility power was 60 Hz AC, and the 
supply voltage quality and stability were enhanced by using an AC voltage stabilizer and 
a DC regulator. The AC voltage stabilizer was a P5 Power Plate produced by PS Audio. 
Because the supply power of the PSD was the DC voltage, the AC to DC voltage converter 
was adopted for DC voltage conversion and 24 V voltages supplied. The voltage output 
was stabilized at ±15 V by a DC regulator that designed a DC voltage stabilizing circuit. 
The low-pass filter circuit was designed in this study to reduce the high- frequency noise 
of PSD output signals. The transfer function of the low-pass filter is 

Figure 4. Position sensing principle of 2D-PSD.

2.3. Signal Processing

To improve the resolution and precision of the TCP-OMS, the supply voltage of this
system and the influence of external electromagnetic wave noise must be reduced. This
study constructed AC voltage regulation, DC voltage regulation, and the low-pass filter to
decrease the influence of signal noise. The general utility power was 60 Hz AC, and the
supply voltage quality and stability were enhanced by using an AC voltage stabilizer and
a DC regulator. The AC voltage stabilizer was a P5 Power Plate produced by PS Audio.
Because the supply power of the PSD was the DC voltage, the AC to DC voltage converter
was adopted for DC voltage conversion and 24 V voltages supplied. The voltage output
was stabilized at ±15 V by a DC regulator that designed a DC voltage stabilizing circuit.
The low-pass filter circuit was designed in this study to reduce the high-frequency noise of
PSD output signals. The transfer function of the low-pass filter is

H(ω) =

{
1 ∠0◦ ω < ωc
0 ω > ωc

(6)

where ω is the input frequency and ωc is the cutoff frequency of the low-pass filter. If
ω < ωc, the input signal processed by the low-pass filter is the same as the output signal.
If ω > ωc, the input signal processed by the low-pass filter and the output signal is 0. As
the toolpath motion bandwidth of the TCP contour measurement was within 100 Hz, the
cutoff frequency was set as 1 kHz to avoid the distortion of output signals. Therefore, the
sampling frequency of the TCP-OMS was set as 10 kHz.

3. Verification of the TCP-OMS

The TMS-OMS was calibrated and verified and corrected in this section. First, the
fixtures of the Blu-ray pickup head and PSD were designed. Then, the signals of the Blu-ray
pickup head and PSD were corrected, and the precision of the TCP-OMS was verified.
The actual verification result shows that the peak-to-valley value of PSD output signals
was about 1.6 µm. The digital filter processed the output signals, and the peak-to-valley
was less than 1.0 µm, as shown in Table 1. Subsequently, the resolution of the TCP-OMS
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was verified by a nano-moving table, and the system resolution was 1 µm. Finally, the
linear movements were performed on an actual machine tool. The measured data of the
TCP-OMS and linear scale on machine were compared, and the linearity of the TCP-OMS
was verified. The measuring linearity regions of the X-direction and the Y-direction were
within ±3 mm in the TCP-OMS.

Table 1. PSD output signals processed by digital filter.

Orientation
Peak-to-Valley Deviation (µm)

10 Points 30 Points 50 Points

X 1.15 0.94 0.62
Y 1.23 1.09 0.90

3.1. Fixtures of Optical Equipment Development

In this study, the optical pickup head adopted a Blu-ray pickup head (GBW-H10N,
LG Corp., Seoul, Republic of Korea). The Blu-ray has a shorter wavelength and smaller
focal spot. The PSD was a DL100-7-PCBA3 produced by First Sensor. To perform the actual
measurements of the TCP-OMS, the fixtures of the Blu-ray pickup head and PSD were
designed in this study. Figure 5 shows the position of the Blu-ray pickup head that was
installed beneath the fixture. A ϕ20 mm round bar was arranged above the fixture. The
round bar was clamped by a tool holder and installed on the spindle. Figure 6 shows
the fixture for installing the PSD. Using T-gib, this fixture was mounted on the table of a
machine tool. The counterbore hole in this fixture was designed to prevent the bolt head
from being higher than the PSD after locking. Figure 7 shows the TCP-OMS installed on
the machine tool. The light of the Blu-ray pickup head irradiated the PSD and the TCP.
When the Blu-ray was transmitted to PSD, the output signals of PSD were processed by the
low-pass filter circuit. A DAQ (USB-6281, National Instruments) collected the signals, and
the analog signal was converted into a digital signal. The position signals of the light spots
were observed by the HMI. When the machine tool performed a 2D contour motion, the
position signals of light spot were the motion trajectory of TCP.
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3.2. Correction of Measurement System

There were two stages used to correct the TCP-OMS. In the first stage, the light intensity
control test of the Blu-ray pickup head sensed the PSD. However, the PSD acquisition was
characterized by an allowable maximum light intensity per unit area, and the light intensity
was proportional to the light power. This test determined the optimal control conditions for
the Blu-ray pickup head during the PSD measured. The laser diode driver (505B, Newport
Corporation, Irvine, CA, USA) supplied the current to the Blu-ray pickup head. The laser
power meter (45-545A, Industrial Fiber Optics) measured the light power of the Blu-ray
pickup head to obtain the linear relationship between the current and light power. Figure 8
shows that when the current of the Blu-ray pickup head was 35–65 mA, the light power
was proportional to the current. When the spacing between the Blu-ray pickup head and
PSD was 1.5 mm, the light intensity limitation of the PSD was 2 mW and the required
current of the Blu-ray pickup head was 50 mA. Therefore, the proportional constant K of
position voltage and light power of the PSD was worked out. According to the provided
setting conditions, the K value of the TCP-OMS was 5 mm/V.
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In the second stage, the output signals of the PSD were processed to enhance the
resolution and precision of the TCP-OMS. The laser was transmitted to the PSD, and the
original signal was measured, as shown in Figure 9. The position signals of the TCP-OMS
were limited to under 0.1 sec. Figure 9a,b represents the position signals of the X-direction
and Y-direction, respectively. The peak-to-valley value of the X-direction position signal
was about 161.10 µm, and the peak-to-valley value of the Y-direction position signal was
about 131.95 µm.
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Figure 9. PSD output signals without signal processing. (a) Original signals for the X-direction;
(b) original signals for the Y-direction.

To observe the frequency content of the noise of the original signals, the noise frequency
distribution under 500 Hz was observed by using fast Fourier transform (FFT), as shown in
Figure 10. In the Figures 10–13, the upper and lower graphs represent the position signals
of the X-direction and the Y-direction, respectively. Figure 10 shows the obvious amplitude
from 60 Hz and its frequency multiplication. As the utility power was 60 Hz, the AC
voltage stabilizer was adopted for filtering, as shown in Figure 11. The test results shows
that after the original signal had passed through the AC voltage stabilizer, the 60 Hz of the
utility power and its frequency multiplication were reduced effectively. However, there
were still high-frequency noises after the AC voltage stabilizer had been run. Therefore,
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the low-pass filter processed the position signal of the PSD, as shown in Figure 12. The
test results prove that the low-pass filter was able to effectively eliminate high-frequency
noises, but the low frequency still had 60 Hz and 52 Hz signals. Hence, this study designed
a DC voltage stabilizing circuit to eliminate the 60 Hz, as shown in Figure 13. The influence
of 60 Hz was reduced effectively after the DC regulator was used, but the 52 Hz signal
still existed. However, when the PSD was free of the irradiation of a Blu-ray, there was
no 52 Hz. Therefore, the PSD with/without the irradiation of a Blu-ray was measured,
as shown in Figure 14. Figure 14a,b shows the Vx−di f f and Vy−di f f signals, respectively.
The upper and lower graphs represent light source on turn off and light source on turn on,
respectively. The result proves that 52 Hz was the phenomenon induced by the light source
on turn on/off.
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Figure 12. PSD output signals after the low−pass filter was run.
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Figure 13. PSD output signals based on DC regulator.
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Figure 14. Power on/off of Blu−ray to observe the PSD output signals. (a) PSD output signals for
the X−orientation; (b) PSD output signals for the Y−orientation.

To effectively reduce the peak-to-valley value of signals and enhance the precision of
the position signal, this study proposed processing the original signal, including AC voltage
stabilizer, low-pass filter, and DC regulator. Table 2 shows the results of different signal
processing methods. Obviously, the peak-to-valley values of the signals were reduced
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effectively after signal processing, and the precision of the position signal measurement
was enhanced.

Table 2. Signal processing results for PSD output signals.

Orientation
Peak-to-Valley Deviation (µm)

Original Signals AC Voltage
Stabilizer Low-Pass Filter DC Regulator

X 161.10 16.45 2.50 1.56
Y 131.95 13.05 2.55 1.57

3.3. TCP-OMS Performance

The static correction of the TCP-OMS was performed in Section 3.2. The motion
performance of the TCP-OMS is verified in this section. It aims at the resolution and
linearity during the movement of the TCP-OMS. The resolution of the TCP-OMS was
corrected by using the piezo nanopositioning stage (P-615 NanoCube® XYZ Piezo System,
PI). The resolution of this stage was 1 nm. The PSD was set up at this stage for a 2D
contour motion. One axis was moved by 1 µm each time, with a total stroke of 10 µm,
while the other axis stayed. The X-axis was moved first, and the Y-axis stayed, as shown
in Figure 15a. Afterwards, the Y-axis was moved, and the X-axis remained stationary, as
shown in Figure 15b. In these figures, the upper figure and the lower figure represent the
results of the X-axis and the Y-axis, respectively. The measurement results show that the
resolution of the TCP-OMS could be 1 µm.
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Figure 15. Verification of TCP–OMS resolution. (a) TCP moves along X-axis; (b) TCP moves along
Y-axis.

In the linearity performance of the TPC-OMS, this system was set up on an actual
machine tool, as shown in Figure 7. Figure 16 shows the test path. The origin of the machine
tool (X = 0, Y = 0) was set as the starting point of the table. First, the table remained in the
Y-direction, and the table movements were directed in the +X and −X directions. Then, the
table remained in the Y-direction, and movements were directed in the +Y and −Y directions.
The table movement was kept slow, and the total stroke was 5 mm. This measurement was
repeated three times. Figure 17a,b shows the X-direction and Y-direction movement results,
respectively. The repeated measurement results of single axis direction were fitted. The
X-direction and Y-direction linearity of the TCP-OMS were 0.47% and 1.53%, respectively.
Therefore, the TCP-OMS were in the linear range of X = ±3 mm and Y = ±3 mm, and the
X-direction and Y-direction linearity of this system were less than 1.6%.
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4. Experimental Results

To validate the dynamic path measurement performance of the TCP-OMS developed
in this study, the validation test was performed on a small three-axis vertical CNC machine
tool. To observe the TCP toolpath motion more intuitively, this study designed an HMI
using the LabVIEW software. This HMI displayed the light intensity, the toolpath motion
time, the position signal, and the frequency response, as shown in Figure 18.

This study used the circular path of the XY plane for this system validation. The radius
of the circular path was 1 mm. The advantage of a circular path was that the X-axis and
Y-axis moved synchronously during the motion and the reversal spikes occurred at the
four quadrantal points during the circular motion. As the travel direction reversed, the
axial motion decelerated to zero and accelerated as the friction of movement was overcome,
leading to reversal spike. Another advantage of a circular path was that the contour errors
of a circular path increased with the feed rate. With the constant circular radius (R) and
increasing feedrate ( f ), the centripetal acceleration (ac) became very high (ac = f 2/R).
Due to the excitement of the greater centripetal acceleration, contour errors between the
actual path and ideal path were caused. The contour errors in this study were circular
deviations (G) and radial deviations (F), according to ISO 230-4. The circular deviation was
the difference between the measured maximum radius of a circle and the minimum radius
of a circle. The radial deviation was the difference between the actual path and reference
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path, including maximum radial deviation (Fmax) and minimum radial deviation (Fmin). A
KGM was used for measuring the same circular tests, and the experimental results of KGM
and the TCP-OMS were compared.
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0.0054 mm, and 𝐹௠௜௡  = −0.0050 mm for KGM. Therefore, the measurement error be-
tween both systems was about 18 μm. Hence, the repeatability tests were performed using 
the same circular path and feed rate thirty times. Figure 21 shows the evaluation of meas-
urement data for each circular test: the arithmetic mean, standard deviation, and standard 
deviation of the mean from top to bottom, respectively. The variation of the arithmetic 
mean was 0.9926–0.9933 mm, which included the contour errors and the reversal spikes. 
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Figure 18. Design an HMI to observe the TCP contour motion based on TCP–OMS.

To observe the contour errors of a circular tests, the experimental feed rates were
1000 mm/min, 2000 mm/min, 3000 mm/min, 4000 mm/min, and 5000 mm/min;
Figure 19a,b shows the measurement results of the TCP-OMS and KGM, respectively.
The experimental results show that the contour errors between the actual path and refer-
ence path increased with the feed rate. Regarding axial reversal spike, the experimental
results of feed rate 1000 mm/min were discussed in order to observe the effect of fric-
tion when the travel direction reversed. Figure 20a,b shows the measurement results
of the TCP-OMS and KGM, respectively. The contour errors were magnified to observe
the reversal spikes at the four quadrants of a circle. The observed reversal spikes are
obvious in both systems. However, the two measurement systems had inconsistent G val-
ues based on the experimental results. The G value of the TCP-OMS was larger than
the G value of KGM. The contour errors of the TCP-OMS and KGM were calculated as
follows: G = 0.0280 mm, Fmax = 0.0076 mm, and Fmin = −0.0204 mm for TCP-OMS and
G = 0.0104 mm, Fmax = 0.0054 mm, and Fmin = −0.0050 mm for KGM. Therefore, the mea-
surement error between both systems was about 18 µm. Hence, the repeatability tests were
performed using the same circular path and feed rate thirty times. Figure 21 shows the eval-
uation of measurement data for each circular test: the arithmetic mean, standard deviation,
and standard deviation of the mean from top to bottom, respectively. The variation of the
arithmetic mean was 0.9926–0.9933 mm, which included the contour errors and the reversal
spikes. The variation of the standard deviation was 0.0060–0.0063 mm, and the variation of
the standard deviation of the mean was 0.98 × 10−4–1.02 × 10−4 mm. These experimental
results demonstrated the repeatability of TCP-OMS. These experimental comparison result
shows that the circular tests of TCP-OMS and KGM had the same trend, but there was a
difference of 18 µm for the two kinds of systems.
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5. Conclusions

In machining operations, the machine tool produces the desired shape of a part based
on the relative motion of the cutting tool and the workpiece. The TCP is the cutting position
between the cutting tool and the workpiece. To evaluate the motion contour performance of
the TCP before actual machining, this study developed an optical measurement system of
TCP, named TCP-OMS. The resolution of TCP-OMS is 1 µm, and the linearity of this system
in the linear range is lower than 1.6%. Moreover, this study performed the circular tests for
validation, and the contour errors and the axial reversal spikes were observed. Like KGM,
TCP-OMS performs non-contact measurement, although the sensitivity of TCP-OMS is not
as high as KGM. However, TCP-OMS adopts a Blu-ray pickup head and a PSD, which offer
the advantages of being compact, being easy to install on a machine, reducing calibration
time, and low price. Furthermore, the compact construction of TCP-OMS is suitable for
measuring dynamic TCP behaviors. TCP-OMS exhibits several favorable features worthy
of further development. First, future research will involve focusing on optimizing the
measuring sensitivity. Second, PSD with higher responsiveness will be able to favorably
reduce non-linearity and enhance sensitivity. Finally, as the power supply and signal
transmission of TCP-OMS are expected to adopt the wireless system, it will be useful to
decrease the signal noise. Therefore, the promising potential for further improvement
makes this measurement system suitable for future practical applications.
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