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Abstract

Line confocal sensors provide non-contact, high-resolution, and high-efficiency measure-
ment and can be integrated into optical measurement systems such as Photon for three-
dimensional topography measurement of complex surfaces. However, installation-induced
tilt-pose errors of the sensor can couple height information with lateral position, thereby
reducing the accuracy of profile reconstruction. To address this issue, this paper proposes
a calibration-block-based tilt-pose error identification and compensation method for line
confocal sensors. Using the known geometric features of the calibration block, the proposed
method establishes a mapping relationship between sensor tilt-pose errors and measured
profile distortion. Sensitivity analysis is performed to identify the dominant error com-
ponents, and the tilt-pose errors are estimated in a single identification process, enabling
quantitative compensation of the measured point cloud. Experimental results show that,
after calibration and compensation, the maximum Z-direction height difference in the
overlapping profile region of the calibration block is reduced from 12.782 µm to 0.307 µm.
The proposed method requires no complex external alignment devices and provides an
effective approach for high-precision integrated applications of line confocal sensors.

Keywords: line confocal sensor; surface topography measurement; tilt-pose error calibration;
error compensation

1. Introduction
With the rapid development of semiconductor packaging, new energy batteries, and

functional surface manufacturing, microstructures such as solder balls/bumps, bonding
wires, microgrooves, electrode coatings, and precision curved surfaces have been widely
used in device manufacturing and performance regulation [1–3]. These structures are
typically characterized by small feature sizes, subtle local topographical variations, and
complex material reflectance characteristics, and the accuracy of their surface topography
directly affects device performance. Therefore, high-precision, non-contact, and rapid
three-dimensional (3D) detection technologies for complex microstructure surfaces have
become essential in advanced manufacturing quality control.

Line confocal measurement acquires surface profile information through line scanning
and offers the advantages of non-contact operation, high resolution, and high efficiency.
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It has therefore been widely applied to precision measurements of various surface fea-
tures. The Photon optical measurement system developed by LMI Technologies uses a
line confocal sensor to measure surface morphology with submicron axial measurement
resolution and can achieve high-speed and high-precision 3D detection of various surface
types, including mirror, transparent, semi-transparent, curved, concave–convex, and soft
surfaces [4]. LMI technical documentation indicates that the sensor itself is factory cali-
brated. However, in practical measurement processes, the installation pose error of the line
confocal sensor is also an important factor affecting measurement accuracy. In particular,
sensor tilt-pose errors cause the measurement optical axis to deviate from its ideal direction,
coupling the height information of the measured surface with lateral position and thereby
introducing systematic measurement errors [5]. This error may further lead to profile
distortion and feature-dimension evaluation errors, especially at step edges, microgrooves,
inclined surfaces, curved surfaces, and local height discontinuities.

For the calibration and compensation of tilt-pose errors in optical sensors integrated
into measurement systems, existing methods typically use planes, spheres, cylinders, ball
bars, or other geometric standards to calibrate the external parameters between the sensor
coordinate system and the motion coordinate system [6–8]. Che and Ni [9] proposed a
ball-target-based method for the extrinsic calibration of a 3D, multiple-axis, structured-
light (laser-stripe) scanning system, reducing the ball-radius-based shape distortion from
1.44 mm to 0.04 mm over an 18.93 mm range. Santolaria et al. [10] developed a one-step
calibration method for a laser-triangulation sensor integrated into a joint-arm coordinate
measurement system, enabling simultaneous estimation of the laser plane, CCD sensor, and
camera, as well as the extrinsic relationship between the sensor and the joint-arm coordinate
system. Wang et al. [11] further proposed a pose calibration method for a line-structured
light probe in a cylindrical coordinate measurement system based on a standard ball-bar
target, reducing the deviations in the fitted sphere centers and radii to within 0.009 mm
after probe installation error compensation. In addition to ball-target and ball-bar methods,
cylindrical-target and planar-target calibration methods have also been widely investigated.
Liu et al. [12] proposed an on-site calibration method using a movable parallel-cylinder
target and achieved a calibration accuracy of 0.07 mm over a measurement distance of
700 mm. Sun et al. [13] used a free-placed single cylindrical target for line-structured-light
vision sensor calibration, improving the flexibility of target placement and achieving a
measurement accuracy of 0.056 mm at a measuring distance of 400 mm. Gao et al. [14]
proposed a spatial-geometry-based light-plane calibration method, reducing the RMS error
to 0.011 mm, compared with 0.031 mm and 0.075 mm obtained by two reference methods.
Zhang et al. [15] developed a simple planar-target-based calibration method for a line-
structured light vision system using two placements of a planar target, achieving RMS
errors of 0.035 mm for length measurement and 0.054 mm for height measurement.

These studies quantitatively demonstrate that geometric-standard-based calibration
methods can effectively improve the calibration and measurement accuracy of optical line
sensors [16,17]. However, most existing studies are mainly intended for line-structured
light, laser-stripe, or laser-triangulation sensors, and their calibration objectives are gener-
ally the light plane, camera parameters, or the extrinsic transformation between the sensor
and the motion system. These methods usually rely on standard artifacts such as spheres,
ball bars, planes, spherical surfaces, or cylindrical surfaces, whose geometric constraints
mainly serve light-plane calibration or coordinate-transformation estimation. For line
confocal sensors, surface topography is reconstructed through line scanning and multi-
profile stitching. Standard artifacts such as spheres and ball bars have surface normals
that vary continuously with position, making it difficult to simultaneously constrain the
three-axis tilt-pose errors of a line confocal sensor. Moreover, their error observations are
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difficult to directly associate with distortion features in stitched profiles, such as height
differences, slope displacement, and in-plane misalignment. Therefore, these methods are
difficult to apply directly to the identification and compensation of installation-induced
tilt-pose errors in line confocal sensors. In addition, existing studies online confocal sensors
have mainly focused on wavelength–height calibration, spectral peak extraction, axial
response calibration, and the influence of surface tilt on the confocal response [18,19]. In
contrast, relatively few studies have addressed the installation-induced tilt-pose errors that
occur after line confocal sensors are integrated into measurement systems, especially the
quantitative relationship between three-axis tilt-pose errors and stitched profile deviations.

To address the above issues, this paper proposes a calibration-block-based tilt-pose
error identification and compensation method for line confocal sensors. A calibration
block with a “plane–slope–plane” feature structure is used to provide multiple explicit
geometric constraints for the simultaneous identification of three-axis tilt-pose errors.
By establishing a quantitative mapping relationship between sensor tilt-pose errors and
stitched profile distortion, the method reveals the mechanism by which the dominant
sensitive error components affect profile distortion. The tilt-pose errors are then obtained
through a single identification process, enabling direct quantitative compensation of the
measured point cloud. This method can effectively reduce systematic measurement errors
introduced by sensor installation pose deviations, thereby enabling high-precision surface
topography measurement of complex microstructures. The proposed method requires no
complex external alignment devices and provides an effective approach for high-precision
integrated applications of line confocal sensors.

2. Materials and Methods
2.1. Measurement Principle

The principle of the calibration-block-based tilt-pose error identification and com-
pensation method for line confocal sensors is shown in Figure 1. The Photon optical
measurement system mainly consists of a line confocal sensor, an X/Y motion stage, a
Z-axis guide rail, a marble pedestal, and a data acquisition module. During measurement,
the calibration block or test sample is fixed on the X/Y motion stage, while the line confocal
sensor is mounted on the Z-axis guide rail. The relative height between the sensor and the
measured surface is adjusted through the Z-axis guide rail so that the height variation in
the measured surface falls within the effective measurement range of the sensor.

The line confocal sensor adopts the spectral confocal measurement principle. After
a broadband light source passes through a chromatic dispersion objective, light beams of
different wavelengths are focused at different axial positions. When the measured surface is
located at a specific axial position, only the corresponding wavelength satisfies the optimal
focusing condition on the surface and is reflected back to the spectral imager. By extracting
the peak wavelength of the returned spectral signal and using the internally established
wavelength–height calibration relationship, multiple height values along a single profile
line of the measured surface can be obtained. The X/Y motion stage then drives the sample
to scan in the X- and Y-directions, and the continuously acquired line-profile data are
stitched to reconstruct the 3D profile of the measured surface.

The global coordinate system O-XYZ and the sensor measurement coordinate system
Os-XsYsZs are established. Suppose that the line confocal sensor measures the i-th profile
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sampling point at the j-th scanning position. The theoretical spatial coordinates of the
measurement point P0

ij can be expressed as

P0
ij =

x0
ij

y0
ij

z0
ij

 =

 xi + xstage

yj + ystage

zs,ij + zstage

. (1)

where xi is the sampling position along a single profile acquired by the line confocal sensor,
yj is the position of the motion stage along scanning direction, xstage, ystage and zstage are
the positions of the three motion axes of the measurement system, respectively, and zs,ij is
the height value of the measured surface obtained by the line confocal sensor.

Figure 1. Principle of three-dimensional profile measurement of the calibration block.

When the measurement direction of sensor is inconsistent with that of the measure-
ment system, the measured height is coupled with the lateral sampling position, resulting
in nonphysical profile inclination, local misalignment, and geometric distortion in the
measured profile. In this study, the known geometric features of the calibration block are
used to establish a tilt-pose error model for the sensor. Through a single identification
process, the tilt-pose errors of the sensor around the three axes are obtained, and the 3D
topography measurement accuracy of the line confocal sensor in the Photon system is
improved through error compensation.

2.2. Sensor Tilt-Pose Error Modeling

During practical assembly and alignment, a slight tilt inevitably exists between the
sensor measurement coordinate system and the global coordinate system, resulting in
deviations between the actual and the theoretical coordinates of the measured points. Let
δα, δβ, and δγ denote the tilt-pose errors of the line confocal sensor with respect to the
global coordinate system around the X-, Y-, and Z-axes, respectively. The actual spatial
coordinate of the measured point Pij can then be expressed as

Pij = R
(
δα, δβ, δγ

)
P0

ij + T, (2)
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where R(δα, δβ, δγ) is the rotation matrix corresponding to the sensor tilt-pose errors, and T
is the translational installation error of the sensor.

Although the eccentricity of the sensor emission point introduces a translational offset,
this offset is mainly constant and can be absorbed by subsequent point-cloud registration.
In contrast, angular errors are amplified by the effective lever arm L between the sensor
mounting reference and the measurement point. For a small angular error δ, the induced
error is approximately Lδ, which is usually much larger than the residual influence of a
fixed translational offset. Moreover, the angular error varies with position and may cause
profile inclination, height mismatch in overlapping regions, and in-plane misalignment.
Therefore, this study focuses on rotational tilt-pose errors, which are more critical for
stitched profile reconstruction.

The rotation sequence is defined as X–Y–Z. For column vectors, this sequence corre-
sponds to

R
(
δα, δβ, δγ

)
= RZ(δγ)RY

(
δβ

)
RX(δα), (3)

where

RX =

1 0 0
0 cos δα − sin δα

0 sin δα cos δα

, RY =

 cos δβ 0 sin δβ

0 1 0
− sin δβ 0 cos δβ

, RZ =

cos δγ − sin δγ 0
sin δγ cos δγ 0

0 0 1

, (4)

For small angular tilt errors in actual installation and adjustment, sinδ ≈ δ and cosδ ≈ 1.
Therefore, the rotation matrix can be approximated as

R
(
δα, δβ, δγ

)
=

 1 −δγ δβ

δγ 1 −δα

−δβ δα 1

, (5)

The calibration block consists of multiple known geometric features, with its core
measurement region forming a “plane–slope–plane” composite structure. The calibration
block is assumed to include a first reference plane S1, a slope surface S2, and a second
reference plane S3. Among them, S1 and S3 are planar regions with different heights, while
S2 is the sloped region connecting the two planar areas, providing multiple geometric
constraints for identifying the sensor tilt-pose errors. Let Ωk denote the set of measured
point-cloud data belonging to the k-th geometric region of the calibration block, where k =
1, 2, 3 correspond to the first reference plane, the slope surface, and the second reference
plane, respectively. The mapping relationship between the sensor tilt-pose errors and the
measured profile distortion of the calibration block can then be expressed as

eij,k(δ) = nT
k R−1(δ)

(
P0

ij − T
)
+ dk, (i, j) ∈ Ωk, (6)

where δ = [δα, δβ, δγ]T is the tilt-pose error parameter vector to be estimated, nk is the
unit normal vector of the k-th theoretical geometric surface, and dk is the corresponding
plane constant.

The residual in Equation (6) represents the point-to-point distance between each mea-
sured point and its corresponding theoretical surface. Therefore, minimizing this residual
means that the transformed measured point cloud is aligned with the known “plane–slope–
plane” geometry of the calibration block. By minimizing the weighted distance residuals
between the measured point cloud and the theoretical geometric model, the sensor tilt-pose
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errors with respect to the measurement system can be inversely estimated. The objective
function can be expressed as

min
δ

F(δ) =
3

∑
k=1

∑
(i,j∈Ωk)

Wk

[
eij,k(δ)

]2
, (7)

where Wk is the weight coefficient of the k-th geometric region and can be determined from
the plane-fitting standard deviation σk of that region, and ε is a small constant used to
avoid division by zero.

Wk =
1

σ2
k + ε

, (8)

The weight coefficient is introduced to account for the different fitting uncertainties
of the three regions. Regions with smaller fitting standard deviations are assigned larger
weights, whereas regions affected by noise or edge-transition effects are assigned smaller
weights. The standard deviation σk is calculated from the point-to-point fitting residuals of
the k-th geometric region as

σk =

√
1

Nk − 1 ∑
i,j∈Ωk

(
eij,k

)2
. (9)

where Nk is the number of measurement points in region Sk.

2.3. Sensitivity Analysis

During sensor mounting, small angular deviations are difficult to completely avoid,
and their magnitude is usually on the order of 0.1◦. Therefore, the representative angular
error of 0.2◦ is selected according to preliminary alignment observations of the integrated
measurement system to illustrate the distortion mechanism caused by each angular com-
ponent. To clarify the influence of tilt-pose errors on the measurement results, the Y-Z
sectional profile distortions of the calibration block are simulated for three representative
orientations, namely 0◦, 45◦, and 90◦. Based on the established sensor tilt-pose error model,
the tilt-pose errors δα, δβ, and δγ are individually set to 0.2◦, and the distorted stitched
profile is compared with the ideal profile. The black dashed line represents the theoretical
Y-Z sectional profile of the calibration block at the corresponding orientation, which should
exhibit a “plane–slope–plane” structure. The blue solid line represents the nonphysical
distorted profile caused by the tilt-pose error.

As shown in Figure 2a, δα mainly induces nonphysical height variation along the
scanning Y-direction, and its influence is weakly dependent on the orientation of the
calibration block. Whether the calibration block is placed at 0◦, 45◦, or 90◦, the distorted
profile exhibits an evident height inclination or height offset relative to the theoretical
profile. As shown in Figure 2b, δβ mainly causes a height deviation in the Z-direction.
When the calibration block is placed at 0◦ and 45◦, the distorted profile mainly shows an
overall height elevation and a shift in the slope position relative to the theoretical profile.
As shown in Figure 2c, δγ does not directly introduce a significant Z-direction height error
in the Y-Z section. Instead, it mainly causes lateral misalignment in the X-Y plane, thereby
affecting the reconstruction of geometric features such as slopes, edges, and grooves. When
the calibration block is rotated to 90◦, the relative relationship between the fixed Y-Z section
and the edge or slope direction of the calibration block changes. As a result, slight local
misalignment or a small step can be observed.
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(a) 

 
(b) 

(c) 

Figure 2. Y-Z sectional profile distortions in the stitched measurement data of the calibration block
placed at orientations of 0◦, 45◦, and 90◦ under a tilt error of 0.2◦ around each axis. (a) Profile
distortion caused by the tilt-pose error δα = 0.2◦. (b) Profile distortion caused by the tilt-pose error
δβ = 0.2◦. (c) Profile distortion caused by the tilt-pose error δγ = 0.2◦.

Sensitivity analysis of various tilt-pose errors is conducted with respect to the height
error in the overlapping profile region and the misalignment error in the X-Y plane. Based
on the established sensor tilt-pose error model, the angular error range of 0–0.5◦ is selected
as a conservative small-angle, assembly-error interval for sensitivity evaluation. This range
is used to cover possible installation deviations under practical assembly conditions and to
compare the relative influence of different angular error components on the reconstructed
profile. The profile measurement errors introduced by each individual error component are
simulated, as shown in Figure 3.
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(a) (b) 

Figure 3. Simulation of the influence of tilt-pose errors varying within [0◦, 0.5◦] on profile mea-
surement results. (a) Height error in the overlapping profile region. (b) Misalignment error in the
X-Y plane.

Figure 3a shows the influence of different tilt-pose errors on the Z-direction height
error. The simulation results indicate that the tilt-pose errors around the X-axis, δα, and the
Y-axis, δβ, both cause significant Z-direction height errors, and the induced error increases
approximately linearly with the tilt angle. In contrast, the tilt-pose error around the Z-
axis, δγ, has little influence on the Z-direction height error and can almost be neglected.
Therefore, for height reconstruction, δα and δβ are the dominant sensitive error components.
Figure 3b shows the influence of different tilt-pose errors on the misalignment error in the
X-Y plane. It can be seen that the tilt-pose error around the Z-axis, δγ, causes obvious in-
plane misalignment in the X-Y plane, and the misalignment error increases approximately
linearly with the tilt angle. This may affect the stitching and positioning of geometric
features such as slopes, edges, and grooves. In contrast, δα and δβ have only a minor
influence on the misalignment error in the X-Y plane.

Therefore, for profile reconstruction aimed at surface height, δα and δβ are the sensitive
error components. For measured surfaces containing geometric features such as slopes,
edges, and grooves, although δγ does not directly introduce first-order height errors, it
affects the in-plane registration relationship between the measured point cloud and the
theoretical model. Therefore, it still needs to be jointly estimated.

The three point-cloud regions S1, S2, and S3 are selected according to the known
“plane–slope–plane” structure of the calibration block, and points near edge-transition
boundaries are excluded before fitting. The nonlinear least-squares method is then used to
jointly estimate the tilt-pose errors of the sensor in three directions. The initial value of the
tilt-pose error vector is set as δ(0) = [0, 0, 0]T. Let e(r) and J(r) denote the residual vector and
the Jacobian matrix obtained after the r-th iteration, respectively. The parameter increment
can be expressed as

∆δ(r) = −
[(

J(r)
)T

W J(r) + λI
]−1(

J(r)
)T

We(r), (10)

The tilt-pose error parameters are then updated iteratively as

δ(r+1) = δ(r) + ∆δ(r), (11)

The iteration is terminated when the increment in the error parameters is smaller than
the angular convergence threshold εδ.∥∥∥∆δ(r)

∥∥∥
2
≤ εδ. (12)
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The nonlinear least-squares iteration is terminated when the termination condition is
satisfied, or when the maximum number of iterations Nmax is reached. In this study, εδ is
set to 10−11, and Nmax is set to 1000. After the termination condition is satisfied, the optimal
estimates of sensor tilt-pose errors in three directions can be obtained. These estimated
parameters are then incorporated into the established error model to achieve calibration
and compensation of the sensor tilt-pose errors.

3. Results
3.1. Measurement System

As shown in Figure 4, a Photon optical measurement system developed by LMI was
used to perform 3D scanning measurements of both the test workpiece and the calibration
block according to the proposed method.

 

Figure 4. LMI Photon optical measurement system and the calibration block.

The measurement system is equipped with an LCI 401 line spectral confocal sensor,
with a measurement range of 8.0 mm and a depth of field of 1.1 mm, enabling submicron
scanning accuracy. The calibration block contains four calibration regions, each consisting
of a “plane–slope–plane” structure. The height differences between the two planes in
these four regions are 4.0 mm, 2.0 mm, 1.0 mm, and 0.5 mm, respectively. Due to the
limited depth of field of the sensor, the fourth region is selected as the calibration region
in this study. For the proposed tilt-pose error identification method, the key metrological
parameter of the calibration block is the height difference between the two reference planes,
because this value directly defines the reference geometry used in the plane–slope–plane
constraint. The height difference in the calibration block was calibrated by the National
Institute of Metrology, China. The main parameters of the calibration block are shown in
Table 1. The experimental conditions were a temperature of 23.0 ± 2.0 ◦C and a humidity
of 51% ± 10% RH.
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Table 1. Main parameters of the calibration block.

Material
Number of
Calibration

Regions

Nominal Height
Differences

Height Differences
Measurement

Uncertainty (k = 2)

Flatness of the
Reference Planes

Surface
Roughness

Stainless steel 4 4.0 mm, 2.0 mm,
1.0 mm, 0.5 mm 0.1 µm 1 µm Ra 0.5 µm

3.2. Sensor Tilt-Pose Error Calibration and Compensation Experiment

The calibration block was used as the test workpiece and fixed on the worktable.
Based on the bottom plane of the calibration area, the Z-axis was driven until the bottom
plane was located within the measurement range of the sensor. The Y-axis was then driven,
and the sensor was used to perform line scanning of the surface features in the calibration
region of the calibration block. The complete surface topography was obtained by stitching
the acquired line profiles.

The measured surface topography of the calibration block before sensor tilt-pose error
calibration is shown in Figure 5a. Due to the sensor tilt-pose errors, obvious distortion can
be observed in the stitched surface profile of the calibration block. The measured surface
topography after sensor tilt-pose error calibration is shown in Figure 5b. The angular errors
around X-, Y-, and Z-axes were solved using the proposed error model as δα = +0.2033◦,
δβ = +0.0111◦, and δγ = −0.2410◦, respectively. As shown in Figure 5c, before calibration,
obvious height inconsistency can be observed between adjacent stitched profiles in the
overlapping regions. The maximum Z-direction height difference between the two profiles
in the overlapping area after profile stitching was 12.782 µm. After the identified tilt-pose
error values were incorporated into the model, the height mismatch in the overlapping
regions was significantly reduced, as shown in Figure 5d. The maximum Z-direction height
difference in the overlapping area was reduced to only 0.307 µm. The dashed lines indicate
the overlapping regions between adjacent profile pairs. This result demonstrates that the
proposed method can effectively suppress profile distortion caused by sensor installation
tilt-pose errors.

To evaluate the repeatability of the proposed calibration procedure, the calibration
block was removed and repositioned on the worktable before each calibration trial. The
sensor and motion system were kept fixed during the repeated tests. A total of five
independent calibration trials were conducted. In each trial, the selected calibration region
was scanned, the tilt-pose error parameters δα, δβ, and δγ were identified, and the measured
point cloud was compensated using the identified parameters. The maximum Z-direction
height difference in the overlapping profile region after compensation was used as the
indicator of compensation accuracy. The results of repeated calibrations are shown in
Table 2.

Table 2. Repeated calibration results of tilt-pose errors.

No. δα (Deg) δβ (Deg) δγ (Deg) Max. ∆Z After Compensation (µm)

1 +0.2052 +0.0188 −0.2425 0.288
2 +0.2036 +0.0102 −0.2438 0.295
3 +0.2032 +0.0185 −0.2411 0.292
4 +0.2044 +0.0155 −0.2394 0.302
5 +0.2018 +0.0128 −0.2405 0.310

Mean δα (deg) +0.2036 δα measurement repeatability (deg) 0.0013
Mean δβ (deg) +0.0152 δβ measurement repeatability (deg) 0.0037
Mean δγ (deg) −0.2415 δγ measurement repeatability (deg) 0.0017
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(a) (b) 

  
(c) (d) 

Figure 5. Three-dimensional topography measurement results of the calibration area of the calibration
block. (a) Measurement result before calibration. (b) Measurement result after calibration. (c) Height
difference in the overlapping profile area before calibration. (d) Height difference in the overlapping
profile area after calibration.

The results show that the identified angles have good repeatability, and the compen-
sated maximum height difference remains at the sub-micrometer level.

3.3. Three-Dimensional Topography Measurement Experiment
3.3.1. Three-Dimensional Topography Measurement of the Standard Step Sample

To verify the feasibility of the proposed method, a standard step sample with a period
of 100 µm was used as the test workpiece and fixed on the worktable for 3D surface
topography measurement. The Z-axis was driven until the surface to be measured was
located within the measurement range of the sensor. The Y-axis was then driven, and the
sensor was used to perform line scanning of the measured surface, after which the complete
topography was obtained by stitching the acquired profiles.

The measured topography of the step sample before error compensation is shown in
Figure 6a. After the identified sensor tilt-pose errors were compensated in the measured
point-cloud data, the corrected 3D topography was obtained, as shown in Figure 6b. To
further show the microstructural features of the measured sample, the central region of the
compensated topography is locally enlarged, as shown in Figure 6c. The enlarged view
clearly reveals the periodic grating structure of the measured sample. The two-dimensional
profile extracted at the center is shown in Figure 6d. The measurement results indicate
that, before error compensation, the measured period of the standard step sample was
120.2 µm, and obvious profile discontinuities can be observed at the stitching positions.
The red dashed line indicates the data stitching seam between two adjacent scan regions.
After calibration and compensation of the sensor tilt-pose errors, the profile distortion of
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the measured topography was significantly suppressed, and the measured step period
decreased to 102.0 µm, which is closer to the nominal period of 100 µm.

  
(a) (b) 

  
(c) (d) 

Figure 6. Three-dimensional topography measurement results of the standard step sample. (a) To-
pography measurement result before error compensation. (b) Topography measurement result after
error compensation. (c) Enlarged view of the compensated topography. (d) Two-dimensional profile
extracted from the center of the measured sample before and after error compensation.

To verify the stability of the proposed method, ten repeated measurements were per-
formed on the standard step sample. The period measurement results of the standard step
sample before and after error compensation are listed in Table 3. After error compensation,
the mean measured period of the standard step sample was 102.2 µm, and the period
measurement repeatability was 0.5 µm (3σ).

Table 3. Period measurement results of the standard step sample before and after compensation.

No. Period Before
Compensation (µm)

Period After
Compensation (µm) No. Period Before

Compensation (µm)
Period After

Compensation (µm)

1 120.3 102.1 6 120.5 102.5
2 120.2 102.0 7 120.2 102.2
3 120.5 102.2 8 120.4 102.1
4 120.2 102.3 9 120.3 102.1
5 120.2 102.2 10 120.6 102.5

Mean measured period after
compensation (µm) 102.2 Period measurement repeatability

(3σ) (µm) 0.5

The experimental results demonstrate that the proposed method can effectively iden-
tify the installation tilt-pose errors of the line confocal sensor with respect to the mea-
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surement system and significantly reduce the profile distortion and height measurement
deviations caused by these errors. Consequently, the accuracy and stability of the line con-
focal sensor in surface topography measurement of complex microstructures are improved.

3.3.2. Three-Dimensional Topography Measurement of the Standard Thickness Sample

To further verify the measurement accuracy of the proposed method, a 3D topography
measurement experiment was performed using a standard thickness sample. The standard
thickness sample was calibrated by the National Institute of Metrology, China, and its
standard depth value is 1.982 µm. During the experiment, the standard thickness sample
was fixed on the worktable, and the Z-axis position was adjusted to ensure that the sample
surface was within the measurement range of the line confocal sensor. Subsequently, the
Y-axis was driven to move, and the line confocal sensor was used to acquire the surface
profile data of the sample. The 3D point cloud of the standard thickness sample was
obtained by stitching multiple profiles, and the identified sensor tilt-pose errors were then
compensated in the measured point-cloud data.

The two-dimensional height measurement result of the standard thickness sample
surface morphology after error compensation is shown in Figure 7a. The measurement
result indicates that the local micrometer-scale depth features of the standard thickness
sample can be clearly distinguished. To extract the true depth feature of the sample, a
Y-Z two-dimensional profile was extracted at the central section, as shown in Figure 7b.
Tilt removal was then performed on the extracted two-dimensional profile, as shown in
Figure 7c. The average depth of the test sample was calculated to be 2.133 µm. Compared
with the standard average depth value provided by the National Institute of Metrology,
China, the measurement deviation was 0.151 µm.

 
(a) 

 
(b) (c) 

Figure 7. Three-dimensional topography measurement results of the standard thickness sample.
(a) Two-dimensional height measurement result after error compensation. (b) Y-Z two-dimensional
profile extracted at the central section. (c) Tilt-corrected two-dimensional profile.
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The experimental results show that the proposed method can achieve high-precision
3D topography measurement of a micrometer-scale standard thickness sample, further
verifying its applicability to samples with different microstructural features.

3.4. Uncertainty Analysis

To evaluate the measurement reliability of the proposed method, the uncertainty of the
compensated measurement result is analyzed based on the repeated period measurements
of the standard step sample. The standard uncertainty components mainly include repeated
measurement error, system measurement error, and calibration-block geometric error. These
factors jointly affect the dimensional measurement results.

3.4.1. Repeated Measurement Error

The standard uncertainty component u1 introduced by repeated measurement of the
standard step sample is evaluated from 10 repeated measurements, and the experimental
standard deviation is calculated as s = 0.167 µm. Therefore, the standard uncertainty
introduced by repeated measurements is

u1 =
0.167√

10
= 0.053 µm, (13)

3.4.2. System Measurement Error

The standard uncertainty component u2 introduced by the measurement error of the
Photon optical measurement system is evaluated according to the Z-direction repeatability.
The Z-direction repeatability of the Photon system is 0.05 µm. Therefore, the standard
uncertainty introduced by the system measurement error is

u2 =
0.05√

3
= 0.029 µm, (14)

3.4.3. Calibration-Block Geometric Error

The standard uncertainty component u3 introduced by the height error of the cal-
ibration block is evaluated according to the calibrated height difference in the selected
calibration region. The height measurement error of the calibration block is 0.05 µm.
Therefore, the standard uncertainty introduced by the calibration block height error is

u3 = 0.05 µm. (15)

Combining these uncertainties yields ucr as

ucr =
√

u2
1 + u2

2 + u2
3 =

√
0.0532 + 0.0292 + 0.052 = 0.078 µm, (16)

With a coverage factor of k = 2, the expanded uncertainty is

U = k × ucr = 0.156 µm. (17)

Therefore, the compensated period measurement result of the standard step sample
can be expressed as p = 102.2 ± 0.156 µm (k = 2).

4. Discussion
A novel calibration-block-based method for tilt-pose error identification and compen-

sation of line confocal sensors is proposed in this study. By using the known geometric
features of the calibration block, the proposed method establishes a mapping relationship
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between sensor tilt-pose errors and the measured profile distortion of the calibration block.
Sensitivity analysis of angular errors in different directions is performed to determine the
dominant error components, which are then calibrated and quantitatively compensated.
The proposed method can effectively reduce systematic measurement errors introduced by
sensor installation pose deviations. Experimental results show that, after calibration and
compensation, the maximum Z-direction height difference in the overlapping profile area
of the calibration block is reduced from 12.782 µm to 0.307 µm. A 3D topography measure-
ment experiment is also conducted on a standard step sample. After error compensation,
the measured topography exhibited no obvious distortion, and the measured period is
102.0 µm. Furthermore, ten repeated measurements are performed on the standard step
sample. The mean measured period after compensation is 102.2 µm, and the period mea-
surement repeatability is 0.5 µm (3σ). Based on the uncertainty analysis, the compensated
period measurement result can be expressed as p = 102.2 ± 0.156 µm (k = 2), indicating
good repeatability of the proposed method.

In summary, the proposed method enables one-step calibration and compensation of
line confocal sensor tilt-pose errors without relying on external alignment device, providing
an effective approach for high-precision integrated applications of line confocal sensors.
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