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Abstract: This article proposes a line scanning chromatic confocal sensor to solve the problem of
limited chromatic confocal measurement due to the small measurement range and low measurement
efficiency in the industrial inspection process. To obtain an extensive dispersion range, the
advantages of a simple single-axis structure are combined with the advantages of a large luminous
flux of a biaxial structure. Considering large-scale measurement, our sensor uses off-axis rays to
limit the illumination path and imaging path to the same optical path structure. At the same time, the
field of view is expanded, and a symmetrical structure is adopted to provide a compact optical path
and improve space utilization. The simulation and physical system test results shows that the sensor
scanning line length is 12.5 mm, and the axial measurement range in the 450 nm to 750 nm band is
better than 20 mm. The axial resolution of the detector is =1 pm combined with the subpixel centroid
extraction data processing method, and the maximum allowable tilt angle for specular reflection
samples is £7°. The thicknesses of transparent standard flat glass and the wet collagen membrane are
measured. The maximum average error is 1.3 pm, and the relative error is within 0.7%. The
constructed sensor is of great significance for rapidly measuring the three-dimensional profile,
flatness, and thickness in the fields of transparent biological samples, optics, micromechanics, and
semiconductors.
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. micromachined integrated circuits, and all fields
1. Introduction , ) _
require products with a flat surface and a uniform

Many fields require measuring the surface
topography and thickness of products, such as the
industrial manufacturing of glass, rolled metal,
semiconductors, or

optical components,

Received: 17 October 2023 / Revised: 4 January 2024

thickness. Standard measurement technologies can
be divided into two categories: contact measurement
and noncontact measurement. Contact measurement
can easily cause damage to the workpiece’s surface
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during the measurement process and is extremely
sensitive to external interference [1, 2]. Due to these
shortcomings, it is unsuitable for continuous and
rapid inspection of production lines. In contrast, the
noncontact detection technology with nondestructive
measurement  characteristics ~ shows  unique
advantages. The chromatic confocal measurement
technology [3—5] has been widely used in defect
detection, surface testing, and thickness detection
due to its excellent resolution characteristics and
stray light suppression capabilities. This technique
has been widely used for applications such as

roughness three-dimensional

topography
measurement, and thickness measurement [7]. The

measurement,
reconstruction  [6],  displacement
chromatic confocal measurement technology is

derived from laser confocal microscopy and

overcomes the problem of low measurement
efficiency caused by the laser confocal microscope
scanning layer by layer in the axial direction [8].
This chromatic confocal measurement technology
fully uses the chromatic expansion characteristics of
it reflects the

topography of the measured surface based on the

the dispersive objective lens,

measured surface’s reflection (or transmission)
wavelength information.
can achieve faster

Line scanning systems

sampling speed than point-scanning chromatic
confocal systems that require a two-dimensional
displacement stage. The line scanning chromatic
confocal microscopy system utilizes the slit
scanning confocal microscopy technology, and two
types of systems have been developed: the
single-axis [9-16] and biaxial [17-22]. With the
development of the semiconductor technology and
materials science, the emergence of high-speed
detectors, supercontinuum light sources, and other
devices has made it possible to further improve the
performance of chromatic confocal measurement
systems [23, 24]. To pursue the measurement goals
of an extensive dispersion range and high dispersion

linearity, scholars have conducted much research on
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the dispersion objective lens in the core of the
system and proposed many new design strategies
and possibilities. In 2017, Cui et al. [25] designed a
dispersive objective lens using the concept of
separating dispersion and focusing functions. By
matching different focusing objectives, the
measurement ranges of 1 300 pm and 225 pum were
obtained, and the corresponding axial resolution was
2 pm and 0.4 pm, respectively. In 2021, Yang et al.
[26] proposed a design model for quantitative
anti-dispersion objective lenses, which concealed
the multiple structures that controlled axial linear
dispersion in a single structure and unified the
reference plane for image quality evaluation;
additionally, the dispersion linear determination
coefficient of the dispersion objective lens was
0.999 8. In 2021, Zhang et al. [27] proposed a
theory of classifying doublet lenses according to
optical power distribution and divided the doublet
lenses into the L-type and S-type. They concluded
that S-type doublet lenses were suitable for
designing objective lenses of larger numerical
apertures, and the L-type was more suitable for
designing objective lenses with a broader dispersion
range. In 2022, Liu et al. [28] designed a chromatic
confocal measurement system based on the Fresnel
zone plate (FZP). The axial measurement range of
the system exceeded 16 mm, the axial resolution
reached 0.8 um, and the displacement measurement
accuracy was excellent at 0.4%. In recent years, the
spectral confocal measurement technology studies
have been flourishing. Although the point-based
spectral confocal measurement system has high
resolution, its measurement range is limited, and the
measurement time is long, so it cannot meet the
requirements of the online detection of large area
Although

measurement has improved scanning speed, it still

objects. line-scan spectral confocal
cannot meet the multiple requirements of the high
linearity, large measurement range, high integration,
low cost, and stability.

Combining the advantages of uniaxial and
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biaxial structures, in this study, an off-axis
large-range line scanning color confocal sensor
(LSCCS) is designed. For the phenomenon of low
light energy utilization caused by the small luminous
flux in the existing linear scanning single-axis
optical path structure, the difficulties of triangular
and high

equipment construction cost in the biaxial optical

optical path structure installation,
path structure, the symmetrical dispersion objective,
which is separated from the illumination path and
the imaging path, is designed without using the
beam splitter while maintaining the uniaxial
common optical path structure. The off-axis beam
solves the problem of energy loss, reduces the signal

crosstalk, and compact the system structure.

2. Line scanning chromatic confocal
sensor measurement principle and
performance indicators

The measurement principle of the chromatic

confocal sensor is to introduce the spectral
dimension-color-coding technology based on laser
confocal microscopy. The sensor uses light of

different wavelengths to produce axial dispersion of
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sufficient distance after passing through the
objective lens. Then, it analyzes the spectrum of the
emitted light to achieve an axial depth measurement
of the sample. Furthermore, to solve the problem of
low single-point measurement efficiency, slits are
used to replace pinholes, and area array sensors are
used to replace line array sensors. This is the

LSCCS.
2.1 Optical path structure

The line
measurement system is shown in the left picture of

scanning  chromatic  confocal
Fig. 1. The light emitted by the broad spectrum light
source passes through the optical fiber bundle and
the cylindrical lens to form a line light source, which
is incident on the slit. The light emitted from the slit
enters the dispersive objective lens. The dispersion
objective lens’s specially designed axial chromatic
to obtain the

distribution along the optical axis. Different depths

aberration is used dispersion
on the sample surface reflect light of different
wavelengths, and the morphology of the sample
surface is reversed through the spectral analysis of
the reflected light.
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Fig. 1 Line scanning chromatic confocal sensor with different optical path structures: (a) single-axis optical path structure based on
the splitter prism type and (b) triangular two-axis optical path structure.
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Line scanning chromatic confocal measurement
systems adopt the two structures shown in Fig. 1.
The single-axis structure in the left picture of
Fig. I(a) is based on the laser confocal system,
which directly replaces the pinhole with a slit. In
contrast to the laser confocal system, the incident
light and outgoing light have different wavelengths.
In the line scanning chromatic confocal
measurement system, the reflected light has the
same wavelength range as the incident light. If the
incident light and the outgoing light use the same
optical path, the light energy entering the detector
will be significantly reduced due to the spectroscope;
the crosstalk between the optical paths will be
severe, thus reducing the measurement accuracy.
Therefore, the biaxial chromatic confocal sensor has
a dual optical path structure in which the incident
light and outgoing light are separated (as shown on
the right side of Fig. 1(b). However, this inevitably
introduces two sets of optical path structures, which
increases the system volume and cost, and causes
difficulties in its assembly and adjustment. In this
study, the simplicity of the single-axis structure is
combined with the high throughput of the dual-axis
structure. An off-axis single optical path structure is
proposed, as shown in Fig. 2. The off-axis beam
separates the incident and outgoing light in the
single-axis optical system, ensuring significant
luminous flux detection while achieving confocal

measurement.
N
Detector \ White light
L
l | ‘ ‘ Objective lens
\..___/
Specimen

Fig. 2 Off-axis single optical path structure.
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2.2 Performance indicators

The primary purpose of the LSCCS is to
measure the surface shape and thickness of the
sample. Therefore, the first important performance
indicator is the measurement range. Lz is the
measurement range in the depth direction of the
LSCCS; it is the core parameter of the system design.
Its size is determined by the working band of the
light source and the dispersion capability of the
light from the
wide-spectrum light source passes through the

confocal optical system. The
dispersion objective lens and is dispersed in the
direction of the optical axis. The measurement range
is the physical distance between the minimum

wavelength and the maximum wavelength (4, to

... ) on the optical axis [Fig. 3(a)]. Lz is expressed
as follows:

Ly = 1" (Ae) =" Ain) (1
where /’(1) is the image distance. Different from
the general lens design, the dispersion objective lens
group of the LSCCS needs to retain the axial
chromatic aberration and provide a linear
relationship of the axial chromatic aberration with
respect to the wavelength. Specifically, this is
defined as (2):

dlI'=1'"(A+dA)—1"(A)=KdA )
where K is a constant and equivalent to the linear
coefficient. Since the

dispersion relationship

between the refractive index of glass and
wavelength is nonlinear for a lens made of a single
material, the dispersive objective lens must adopt a
design structure that combines lenses of multiple
materials to meet the linear requirement between the
axial chromatic aberration and wavelength. When
the dispersive objective lens is composed of N
lenses, using the axial dispersion between F light
(A=486.1 nm), D light (4=587.6 nm), and C light
(A=656.3 nm) as an example, record dl/. =1/ 1!
and dl,. =1, —1.:

dfe = Bl = (=YY (e fv,) )

where (3=1'/l represents the lateral magnification
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of the optical system; / and [’ are the object
distance and image distance, respectively;  is the

power of the
©, :<”D, —1)ACi is the power of the D light of

dispersive  objective  lens;

the ith lens, where n  1is the refractive index of

O
the (-) light of the ith single lens and AC; is the
curvature difference between the front and rear
surfaces of the ith single lens;

Up, = (n,, —=1)/(n, —n) is the Abbe number of

the ith lens. The theoretical result of the axial
chromatic aberration can be analyzed according to
the above formulas [29].

From the analysis of the above equation, the
more types of glass materials that make up the
dispersive lens group, the easier it is to achieve the
high linearity chromatic aberration. However, the
excessive axial chromatic aberration will also lead to
an increase in the length of the system. Therefore,
the design of the dispersive objective lens group
needs to use appropriate glass materials and
reasonable optical power.

Source Auin—max

L L

¥!—’/

Measuring range

Amax |
(a) (b)
Fig. 3 Parameter diagram of line scanning spectral color
confocal sensor: (a) measuring range and (b) maximum tilt
angle.

The second key indicator, linearity, refers to the
degree of linear correlation between the wavelength
and displacement within the measurement range.
High linearity ensures consistent measurement
accuracy at each wavelength. The system’s linearity
is typically assessed using the regression analysis,
with the least squares method to linearly fit the
wavelength and displacement. The correlation
coefficient R* is used for evaluation. When the
correlation coefficient R? is closer to 1, the better

linearity and more accessible subsequent signal
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analysis and image processing are obtained.

The third performance indicator is the maximum
tilt angle. The criterion for determining the depth
information of the sample surface by the chromatic
confocal system is the wavelength information of
the light reflected back from the sample. If the
detection end cannot receive the light reflected back
from the sample, it cannot be measured. As shown in
Fig. 3(b), when the sample surface is not tilted, the
light incident at a normal angle can be reflected back
to the dispersive objective lens. However, the
sample surface has a tilt angle of «, the light cannot
be reflected back to the dispersive objective lens,
and the detection end will not be able to obtain the
signal, so the surface information of the sample
cannot be obtained. To get accurate and practical
results of the sample to be tested, sufficient light
energy should be ensured to enter the detection end.
As the tilt angle of the sample increases, the light
energy that the dispersive objective lens can receive
decreases. Therefore, the angle, at which the sample
is to be measured cannot reflect the incident light
into the dispersive objective lens, is defined as the
maximum tilt angle.

3. Design and analysis of dispersive
objective lenses

The axial dispersion capability of the LSCCS not

only determines the dispersion range and
measurement capabilities but also restricts the
measurement accuracy and sensitivity of the system.
Since general biological materials are highly
transparent and low-refractive materials, if the
imaging axis is perpendicular to the object’s surface
to be measured, the reflected light will be feeble,
resulting in a low signal-to-noise ratio and affecting
the measurement performance of the system.
Therefore, an off-axis optical path design is used to
separate the imaging path from the illumination path.
Since a slit is used in the optical path to realize line
scanning, to take into account the entire line field of
view and ensure that all the light emitted from the

slit can enter the dispersive objective lens, the
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effective aperture of the dispersive objective lens is
more considerable. A large-diameter lens also means
that the radius of the lens is large, so the radius of
curvature cannot be too small. Otherwise, the
focusing and divergence capabilities of the lens will
be reduced. In addition, large dispersion objective
lenses will introduce more significant aberrations.
According to the axial dispersion formula given by
(3) and the previous analysis, this article uses a
spherical lens combination of easy-to-process high
dispersion refractive materials to design the
dispersion objective lens. The objective lens is
designed by adding the multi-lens combination
design to meet the performance requirements of the
LSCCS. At the same time, to make the optical path
structure compact, improve space utilization, and
avoid a large and complex system, the field of view
is expanded while taking into account a considerable
measurement range, and a symmetrical structure is
adopted to limit the illumination path and imaging
path to the same optical path structure, which not
only solves the problem of receiving reflected light
but also makes full use of the large aperture lens
group.

The simulation design is carried out in ZEMAX
optical design software, and the final designed
structure of the dispersion objective lens group is
shown in Fig. 4. Specifically, the entire dispersive
lens group consists of 14 lenses; here, 1-7 lenses
form the first-stage dispersive objective lens group,
and 8-14 lenses form the second-stage dispersive
objective lens group. When optimizing the design of
the objective lens to limit the angle of incident light
in the dispersive objective lens, reduce the assembly
difficulty of the actual system, and effectively filter
out the interference light in the non-detection
surface, thereby improving the imaging quality, the
apertures are added to the lens group. The apertures
Al, A2, and A3 are respectively located in front of
the first-stage dispersion objective lens group,
between the two sets of dispersion objective lens
groups and behind the second-stage dispersion
objective lens group. The two-stage dispersion
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objective lens groups are coaxially arranged. The
aperture has two channels for light input and output,
and the three apertures are circular light-shielding
diaphragms that are symmetrical about the optical
axis. The linear light emitted from the slit at an
inclination angle of 15° passes through aperture Al,
enters the light entrance of aperture A2 from one
side of the first-stage dispersion objective lens group,
and then passes through one side of the second-stage
dispersion objective lens group. After that, it reaches
the entrance channel of aperture A3 and finally
reaches the surface of the object under test. The light
reflected by the object’s surface to be measured will
exit through the symmetrical side opposite to the
dispersion objective lens group as mentioned above
and the light outlet of the diaphragm of Al, and
finally be transmitted to the spectroscopic system
through the slit again.

A3

Fig. 4 Structure and optical path diagram of dispersion
objective lens.

The axial chromatic aberration of the large-range
dispersion objective lens group is 20 mm. The spot
diagram is an essential standard for measuring the
performance indicators of optical systems. Figure 5
shows the spot diagram at the focus positions of
450 nm, 600 nm, and 750 nm in the central and edge
fields of view. The black circle represents the Airy

disk.
Central field S o 8 ’/f\ 8
of view = ( > = e | =

®)

600 nm

Marginal field S
of view =

10.00
10.00

450 nm

Fig. 5 Spot diagrams at different wavelengths.
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At the wavelengths of 450 nm, 600 nm, and
700 nm, the radii of the Airy disk are 2.16 um,
2.88 um, and 3.60 um. The root-mean-square (RMS)
radii of the dispersion spot at the central field of
1.553 pm, 1.302 um, and 1.605 pm,
respectively, and the RMS radii of the dispersion

view are

spot at the marginal field of view are 1.658 pm,
1.515 pm, and 1.678 um. The simulation results
show that
wavelength is equivalent to the diameter of the Airy

the root mean diameter of each

disk, and the light spot is controlled by the size of
the Airy disk, which means that the basic aberration
correction is close to the diffraction limit.

The relationship between the focusing position
and wavelength of the dispersive objective lens
group is linearly fitted. The linear determination
coefficient R? between each wavelength and the
focusing position within the working band range is
0.96. The system’s design parameters are in the
450 nm—750 nm band range, with 600 nm as the
central wavelength. The performance parameters of
the designed dispersive lens are shown in Table 1.

Table 1 Performance parameters of the designed dispersive
lens.

Parameter Value
Wavelength (nm) 450-750
Volume numerical aperture 0.13
Maximum measuring angle (°) +7
Axial measuring range (mm) 20
Average axial resolution (pm) 0.9
Linearity R? 0.96
Optical length (mm) 330

4. Results and analysis

4.1 Line scan chromatic confocal sensor

The physical system is shown in Fig. 6. The light
source is a high-brightness and high-power light
emitting diode (LED) light source. A light guide
with multiple optical fibers evenly distributed is
connected to the end of the light source to provide
highly light
illumination. All visible light bands are included.

uniform and seamless linear
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The LSCCS consists of a slit and a self-designed
dispersion objective lens. The LED light source is
integrated and condensed through the optical fiber
into a linear light source with a higher light density.
After that, it will enter the slit at a certain angle and
emerge through the slit in the X-axis direction. A
linear light with the length of 12.5 mm and a width
of 15 pum is formed, and then the measurement light
emitted from the slit will be incident on the
dispersion objective lens.

Spectrometer

Light source

Dispersion
100mm . . .
g 5 objective

Fig. 6 Line scanning chromatic confocal sensor.

The different colored lights emitted from the
dispersive objective lens carry information regarding
the surface and thickness of the measured sample,
return to the objective lens, and finally enter the
spectroscopic system. The spectroscopic system
mainly consists of plane reflectors, collimating
lenses, prisms, focusing lenses, and complementary
metal oxide semiconductor (CMOS) cameras. The
reflected light that is emitted from one side of the
dispersive objective lens and contains the reflection
spectrum information of the surface of the object to
be measured is transmitted to the collimating lens
through the action of the plane mirror, modulated
into a parallel beam and then passes through a
prism-grating combination spectroscopic device;
here, the grating is a volume phase holographic
grating with high diffraction efficiency. Finally, the
dispersed reflected light is focused and imaged by
the focusing lens and received by the CMOS
detector. By analyzing and decoding the spectral
data obtained by the CMOS detector, the height
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position information of the object’s surface to be

measured can be obtained.
4.2 System calibration

The spectral wavelength of the LSCCS is
calibrated using the AvaSpec-ULS4096CL-EVO
spectrometer. The sensor’s range, the correlation of
the pixel sequence position with the object’s depth,
and the scanning line length are calibrated using a
plane mirror as the object to be measured. The plane
mirror’s reflectivity for visible light from 450 nm to
750 nm is relatively uniform, and the reflection is
over 95%. The specific calibration process is as
follows: the reflector is placed on the height
displacement initial

stage, starting from the

calibration position, the displacement stage
approaches the dispersion objective lens along the
optical axis and continuously moves the reflector
within the working range of the system, with a step
size of 0.5mm for each movement; this

measurement 1is repeated 100 times for each
calibration point, and the spectral peak wavelength
data and displacement value are recorded at this
time.

The results from the lowest and highest points
that the sensor can measure in the axial range are
shown in Figs. 7(a) and 7(b), and the displacement is
shown as 20 mm. The range of signals that CMOS
cameras can capture is slightly wider than the
spectral range of 450 nm to 750 nm. And in practical
testing, the longitudinal measurement range of the
LSCCS is over 20 mm. To obtain the measurement
range of the transverse line scan of the sensor,
obstructions are placed on the leftmost and
rightmost sides of the reflector, such that a gap is
formed in the imaging part, and the measured lateral
distance of the system is obtained, as shown in
Figs. 7(c) and 7(d). The moving distance of the
obstruction is 13 mmy; thus, the lateral measurement
range of the system is 13 mm. The experimental
between the

results of the correspondence

displacement of the displacement stage and the
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spectral wavelength are shown in Fig. 8. The linear
correlation coefficient between the displacement and
the wavelength is R*=0.96. The maximum allowable
tilt angle of the system is determined by using an
angular displacement stage at the same height by
changing the tilt of the plane mirror. The
experimental results show that the maximum

allowable tilt angle of the sensor is +7°.

(@ (b)
© (d)

Fig. 7 Images taken by sensors at different positions:
(a) lowest and (b) highest points in the axial range that the
sensor can measure; the measurement range of (c) leftmost
measurement range and (d) rightmost of the sensor along the
shape direction.
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Fig. 8 Depth and wavelength calibration curves.

4.3 Thickness

The standard-thickness glass flat plates are used
as the samples to calibrate the thickness detection of
the sensor, and the original image is shown in Fig. 9.
The axial resolution of the sensor is determined by
two factors: the hardware system and the analysis
software. Therefore, K9 glass (n=1.516) standard

flat samples with 1.0 mm, 1.5 mm, and 2 mm
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thicknesses are selected for testing. The thickness
error of the samples is 1 um. Each standard sample
is tested ten times, and the peak value of the
collected image data is extracted. Combined with
the line extraction algorithm, the highest brightness
subpixel coordinate of 0.2 pixels can be
distinguished. The test results are provided in
Table 2. Therefore, the axial resolution of the sensor
falls between 0.9 um and 1.3 pm, exceeding the
theoretical value of 0.9 um. Because the slit is
15 pm wide, which causes an increase in the full
width at half maximum (FWHM) of the peak
wavelength signal. The slit image broadens and the
further

compressing the slit width can also reduce the

axial resolution decreases; however,

incident light flux resulting in a reduction in the
signal-to-noise ratio.

Fig. 9 Image of the multilayer sample.

Table 2 Measured standard deviation and average absolute
error.

Measured standard Average absolute

Wavelength (nm)
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that the LSCCS can be used to monitor the thickness
of wet collagen membranes. However, for dry
collagen membranes, the monitoring error is
significant due to the membrane’s unevenness, and a
sensor with higher resolution is required.
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Fig. 10 Wet (up) and dry (down) states collagen membrane
[30].

Table 3 Collagen membrane thickness measured standard
deviation and average absolute error.

Collagen membrane Measured standard Average absolute

sample deviation (pm) error (um)
Wet states +1.0@5.0 mm thickness 1.0
Dry states +10.0@0.3 mm thickness 7.0

deviation (pm) error (um)
460 1.3 1.3
600 1.0 1.0
740 0.9 0.9

The LSCCS is used to detect the thickness of
bionic corneal tissue engineering scaffolds. This
bionic corneal tissue engineering scaffold is a
(Fig. 10) [30].
membranes are available in wet and dry states; the

collagen membrane Collagen

test results are listed in Table 3. The results show

5. Conclusions

Based on the principle of chromatic confocal and
dispersion conditions, under uniaxial conditions, an
off-axis dual optical path structure with one side of
the same lens tube for incoming light and one side
for outgoing light can be used to design a pure
spherical dispersion focusing lens group that can
achieve significant axial chromatic aberrations. An
LSCCS is built using this dispersive objective lens.
Based on our experiments, the actual axial
measurement range of the measurement system in
the 450 nm—750 nm working band is better than
20 mm, and the X-direction (linear direction)
scanning measurement range is 12.5 mm. The linear

coefficient of determination is 0.96. Compared to
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the line-scanning spectral confocal measurement
systems designed in [9, 16], the approach proposed
in this paper not only achieves a 1 um axial
resolution but also provides a larger line field of
view and axial measurement range. The system in [9]
had the scanning line length of only 8 mm and the
measurement range of 2.4 mm, the corresponding
resolution in the axial direction, direction of optical
fibers layout, and direction of line scanning are
0.6 um, 10 um, and 5 um. Meanwhile, the system
described in [16], operating within the wavelength
range of 580 nm to 780 nm, achieved a scanning line
length of 16 mm, but with a system measurement
range of only 0.37 mm. Unlike the traditional
point-type chromatic confocal measurement system,
our designed LSCCS has higher scanning efficiency
and measurement speed. In addition, compared with
the existing single-axis chromatic confocal
our LSCCS avoids the
inefficiency of energy loss caused by beam splitting.
Finally, the LSCCS is used to measure the thickness
of transparent flat glass and the collagen membranes

measurement system,

to verify the measurement performance of the
system. The relative errors are controlled within
0.7% compared with the contact measurement
method results. The proposed system optical path
structure design also provides a new concept for
achieving the large-range line scanning spectrum
confocal measurement technology in the application
fields of displacement
topography,

measurement.

measurement, surface

and transparent material thickness
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