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Chromatic confocal sensors are widely used in chip processing, high-precision instrument manu-
facturing, industrial testing and other fields because of high-precision displacement recognition-
capabilities. This research combines a chromatic confocal device with resistance temperature
detector for dynamic deformation measurement of heating pipeline. The system is suitable for the
measuring range of  300 µm and resolution can reach 0.3 µm. Using finite element method to sim-
ulate thermal deformation of aluminium with a thickness of  2 mm, and obtaining simulation trends
and results. The end face of aluminium is heated continuously and uniformly in experiment, re-
cording the data of spectral, laser triangular displacement sensor, and temperature sensor at 10°C
intervals, respectively. And using Gaussian fitting algorithm to obtain spectral peaks, the corre-
sponding thermal deformation is obtained through the relationship between wavelength and axial
displacement. The results show that the experimental data of the chromatic confocal sensor is con-
sistent with the laser triangular displacement sensor basically, with a maximum standard deviation
of 1.06. In addition, simulation and experimental trends are consistent. 

Keywords: chromatic confocal sensor, laser triangular displacement sensor, thermal deformation measure-
ment, finite element method.

1. Introduction

Pipelines have been applied in various fields and are important transportation tools for
oil, natural gas, and various petroleum products with the development of production
technology [1]. However, long-term use and the complex environmental conditions
have a significant impact on its deformation [2]. In case the malfunctions occur, they
may still lead to productions losses, fires, casualties, and ecological pollution. The “ther-
mal expansion” caused by temperature is one of the most inevitable causes of pipelines
deformation [3], and it is also urgent to be solved in the measurement of pipelines sur-
face deformation.

The thermal deformation of pipelines can be evaluated by measuring the strain.
While the traditional installation method of electric strain gauges is complex and
greatly affected by factors such as electromagnetic and temperature [4], which cannot
meet the requirements of pipelines deformation measurement at high temperatures,
currently. In recent years, many scientists have proposed methods based on finite el-
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ement method (FEM) to calculate the stress and deformation of pipelines under dif-
ferent temperature loads and boundary conditions [5-7]. They used FEM to study the
deformation of pipelines, which have significance for practical measurements. In ad-
dition, measurement methods of non-contact optical deformation are also widely used,
such as optical coherence tomography [8], laser interferometry [9], electronic speckle
pattern method [10], laser displacement method [11], grating interferometry [12], etc.
However, the above methods have strict requirements for optical systems, environment
and there are defects such as operational hazards. In response to the above issues,
a non-contact surface thermal deformation measurement based on chromatic confocal
sensor (CCS) is proposed.

CCS establishes the correspondence between distance and wavelength through the
principle of optical dispersion, which is one of the most promising methods in displace-
ment measurement [13]. It has been widely used in thickness, morphology, displacement
and other detection fields [14-18]. COX et al. proposed the method of confocal thickness
to measure thin transparent coatings on optical disks [19]. ZHOU et al. used CCS to
measure the thickness of a flat-water falling film, which indicated a good agreement
with theoretical results [20]. ZSCHENDERLEIN et al. measured the elastic expansion defor-
mation of thin films under dynamic pressure in the high-temperature range of 150°C
with chromatic confocal technology (CCT) [21]. LIU et al. constructed an accurate con-
tour and thickness measurement device based on CCT [22], while TANG et al. developed
a target inner surface contour measurement system based on CCT, achieving precise
measurement of surface contour in the target inner [23]. Obviously, the application
range of CCS is gradually expanding due to unique axial response and high-precision
displacement recognition ability. However, using CCS to measure pipeline thermal
deformation and analyse temperature changes have rarely been researched.

In this paper, we propose a CCS combined with platinum resistance temperature
detector (Pt RTD) to measure surface deformation in a heating environment, by intro-
ducing a thermal deformation temperature model and simulating the thermal deforma-
tion process to be analysed comprehensively. The measurement results of CCS are
compared with laser triangular displacement sensor (LTDS), and we discuss the fea-
sibility of the experimental method.

2. Theoretical a’nalysis

2.1. Principle of chromatic confocal measurement

Schematic diagram of chromatic confocal system is shown in Fig. 1. The light emitted
from the light source is modulated into a point source by the illumination pinhole. Due
to the dispersion effect of the dispersion objective, the polychromatic light entering
the system will focus at different axial positions after passing through the dispersion
objective. When the light is reflected from the original path of the object surface, only
the part focused on the focal plane can pass through the detection pinhole to enter the
detector, other light is blocked by the pinhole. The confocal method mainly according
to the wavelength of the light focused on the surface of the object changes with the
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displacement of the surface, and the detector receives the reflected light focused on
the focal plane. Here, the focal points of the light source, detector and object space are
conjugated.

The linear relationship between wavelength λi and its focal position f (λi) is [24]:

(1)

According to the dispersion characteristics, the light intensity at the confocal pin-
hole can be represented by the following equation [25]:

(2)

Where u can also be defined as:

(3)

In Eq. (3), u is the normalized axial optical coordinate, a is the aperture of the im-
aging lens, λ is the wavelength of the incident light, f is the focal length of the imaging
lens, and Δz is the axial defocus. Thus, the axial displacement of the object can be ob-
tained by collecting the peak value of the reflected light on the surface of the object
and establishing a linear relationship according to Eq. (1). When the axial displacement
of an object is Δ l, it can be expressed as:

(4)

In this case, λ1 is the focus wavelength of the initial position, λ2 is the focal wavelength
after the displacement of the object.

2.2. Theoretical analysis of thermal deformation

When an object undergoes thermal deformation, the internal structure will expand or
contract accordingly, resulting in stress generation due to mutual constraints among

Fig. 1. Schematic diagram of chromatic confocal system.
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internal components. The experiment adopts an aluminium pipeline with dimensions
of  98 mm×55 mm and thickness of  2 mm, which is fixed radially. Uniform tempera-
ture field heats the end face of the pipeline as illustrated in Fig. 2.

Assuming that the selected aluminium pipeline is uniform, continuous, and isotropic,
with the same material elastic modulus, which satisfies Hooke’s law that strain and stress
are proportional [26]. The end face of the pipeline can be seen as an axisymmetric object
according to the actual medium parameters. Any plane passing through this axis is sym-
metrical, regardless of shape, constraints, or external forces. So, all stresses, strains,
and displacements are symmetrical about that axis. This is axisymmetric problem, and
the equilibrium equation of a spatially axisymmetric object can be expressed as [27]:

(5)

Due to the external constraints and internal mutual constraints, the free deformation
cannot occur in the object. For uniformly isotropic objects, temperature only causes
positive strain and does not produce shear strain under free expansion or contraction
conditions. Therefore, the formula can also be transformed into a function of strain
and temperature difference to represent stress [28]:

(6)

Fig. 2. Schematic diagram of thermal deformation. 
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where:

 

 

Due to the small aspect ratio of the end face of pipeline in the experiment, it can
be approximated as a plane problem in elasticity. The temperature field uniformly heats
the end face of the pipeline, where w, u are only a function of r and the temperature T
is a function of r, z. Therefore, we can obtain:

T  = T(r, z ) (7)

By substituting the expression given by Eqs. (6)–(7) into Eq. (5), it can be con-
cluded that:

(8)

It is evident that the axial deformation of the pipeline end face caused by the tem-
perature change can be determined, if the distribution function of temperature is
known. However, it is generally not easy to solve in reality. There are various distur-
bances, we must use the stress function and thermoelastic displacement potential to
address this issue.

3. Methods

3.1. Finite element numerical simulation

FEM was used to simulate the aluminium tube based on the thermal deformation theory
analysis introduced in the second section. A pipeline model with the same size as the
real one was created, the thickness of surface to be measured is 2 mm and the other
side was connected to air, as shown in Fig. 3 (a). The default is that the thermal ex-
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Fig. 3. Pipeline diagram. (a) Real pipeline diagram, and (b) surface mesh division diagram.
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pansion coefficient of aluminium is constant under low temperature simulation at
around 120°C. In order to simplify the model and improve the computational efficiency
of FEM, the mesh division of the pipeline structure is shown in Fig. 3 (b). 

The sides of aluminium pipeline were fixed and placed in a static environment.
A heat source diameter of  90 mm was applied on the inner surface of the end face,
which heated the pipeline continuously. According to Eq. (8), the axial thermal defor-
mation of the end face was related to the position of the measurement point. Figure 4
shows the curves of temperature and centered displacement of aluminium pipeline end
face during the heating process of uniform temperature field calculated by using FEM.
From the fitting results, the axial displacement increases linearly with the temperature
of the aluminium tube end face, which is consistent with the theory of thermal defor-
mation. 

T a b l e 1. Thermal and physical parameters of aluminium pipeline. 

Density 
Elastic 
modulus 

Poisson’s 
ratio

Thermal expansion 
coefficient

Aluminium 2700 kg/m3 7.0×1010 Pa 0.33 2.3×10–5 K
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Fig. 4. Curve of central axial displacement and temperature.

T a b l e 2. Simulation results of aluminium pipeline. 

Temperature [°C] Displacement [mm]

46 0.0357

53 0.0462

65 0.0635

75 0.0800

86 0.0956

95 0.1104

106 0.1243
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The experimental rules are easy to grasp due to the relatively large expansion co-
efficient of aluminium, thus the stress state of the calculation model heated to around
120°C is sufficient. The simulated results of the deformation of the aluminium pipeline
end face are shown in Table 2, and the colour of the ring represents the size of the dis-
placement. According to Table 2, the axial displacement of the aluminium tube end
face shows a phenomenon of large centre displacement, small edge displacement, and
radial variation. Therefore, we can ignore the small displacement of the edge and focus
on measuring the central position to predict deformation in the actual study.

3.2. Experiment and analysis

3.2.1. Experimental device

The thermal expansion experiment of the aluminium pipeline was carried out in the
device shown in Fig. 5, which was established on a stable optical platform. The first
part of the system is for heating and controlling the temperature of the aluminium pipe-
line, the second part is the chromatic confocal system, which is the core of the whole
system to measure the thermal deformation of the end face. The third part is the LTDS,
which is helpful to verify the feasibility of the chromatic confocal system method by
comparing the results measured in the second part. The experimental optical source
system utilizes Thorlabs’ MWWHF2 fiber-coupled light source, Y-shaped optical fiber
with a numerical aperture of 0.22 used as illumination pinhole to filter the white light
source and the port in front of the spectrometer serves as the detection pinhole to shield

Fig. 5. Experimental device to measure the deformation. (1) Light source, (2) spectrometer, (3) calibration
gasket, (4) Y-shaped optical fiber, (5) collimating lens, (6) dispersive lenses, (7) aluminium pipeline,
(8) platinum resistance temperature detector, (9) laser triangular displacement sensor, (10) motorized
stage, and (11) temperature controller.



252 XIAOXIAO MAO et al.
the defocused light. The collimating lens of SMA905 interface is used to collimate the
light.

During the experiment, heating elements were pasted on the end face of the alu-
minium pipeline, and the two aluminium pipelines were heated at the same time.
The thermal deformation is measured on one side by LTDS (LK-H050 Keyence), with
a repeatability of 0.025 µm, an accuracy of 2–3 µm, and a measurement range of
±10 mm. Meanwhile, the other side was measured by self-developed chromatic con-
focal system. The visible band of objective is 450–650 nm, with a focal distance of
25 mm, and a linear range of  0.3 mm. The external surface temperature of the pipelines
can be obtained with Pt RTD, which were attached to the centre and the edge of the
pipeline end face, respectively.

3.2.2. Calibration experiments

Due to the processing error of dispersive objective lens, mechanical assembly and other
problems, the actual experiment and the theoretical results are different. Therefore, it
is necessary to obtain an accurate calibration curve for measuring the end face defor-
mation of pipeline. A standard stainless-steel gasket with high reflectivity is placed
on the electronic control translation platform (GCD-402050M), as shown by the red
wireframe in Fig. 5. Firstly, the gasket was placed in a suitable position, and the stepper
motor drove at intervals of 50 µm, with a step accuracy of  2.5 µm. Then a spectrometer
was used to record the spectral signals at different positions. The repeatability of the
motorized translation stage is 1µm in the measuring range of  50 mm, and both the
measuring range and motion accuracy meet the experimental requirements.

In order to reduce errors at each CCS position, spectral data were acquired 10 times
and averaged. The peak wavelengths were extracted based on Gaussian fitting algo-
rithm, and the wavelength and axial displacement data are linearly fitted in Fig. 6. 

Based on the calibration module, we further studied the resolution of the system
using the gasket as the measured object. Considering the experimental instrument pa-

Fig. 6. Results of the calibration experiments. (a) Different axial positions correspond to spectra, and
(b) the least squares fitting results.
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rameters, the translation stage was driven along the axis at intervals of 1, 0.5 and
0.3 µm, respectively, and the spectral peak value is extracted based on Gaussian fitting,
as illustrated in Fig. 7. 

From Fig. 7, the system can remain stable at 1.0 µm. Whenthe step size is shortened
to 0.5 µm it still remains stable, but when the step size is 0.3 µm, the curve begins to
appear as a stepped shape. Thus, the resolution in this experiment is at least 0.3 µm.

3.2.3. Experimental results and analysis of thermal deformation

The experiment was located in an optical darkroom, and the right pipeline was slowly
moved to the focus range. After completing the above steps, we collected the spectral
signal at this position as the initial value. The heating elements have a very high heating
power after being connected to the power supply, which results that the temperature
is not uniform. After powering off, the temperature decreases slowly relatively, which
can be considered as the temperature of the heating element being uniform. Therefore,
the experiment collected the deformation during the cooling process. The heating device
stopped heating when position 1 of Pt RTD detected that the temperature at the end
face of the pipeline increased to around 120°C, and when it dropped to about 110°C,
corresponding spectral data of CCS and LTDS was collected with a collection interval
of 10°C.

Typically, we used displacement to depict changes in position. Heating causes the
centre of the pipeline end face to bulge, and as the temperature decreases, the pipeline
returns to its original state, and the degree of deformation gradually decreases. The tem-
perature curves collected by the thermocouples in the heating-cooling process are
shown in Fig. 8(a). It can be seen that the temperature at the centre position of the pipe-
line is higher than that at the edge position. There are two peaks in Fig. 8(b), one of
which is the peak of the light source, and will not be studied in the experiment. The end
face deformation caused by temperature causes the displacement of the second peak
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position of the spectrum, and the axial displacement corresponding to the peak wave-
length of the spectrum is the deformation value. 

The peak value of the measured spectrum was extracted by Gaussian fitting, and
substituted into Eq. (9) to calculate the deformation of each temperature. The compar-
ison of measurement results between CCS and LTDS is presented in Table 3. 

It can be observed from the table that the deformation values of the CCS are es-
sentially consistent with the LTDS, which proves the reliability of the CCS for thermal
deformation measurement. In addition, the axial displacement of the centre point ob-
tained by the experiments within the range of FEM results, and has the same magnitude.
Due to the transient nature of the simulation, the temperature cannot be completely
consistent with the experiment. 

In order to demonstrate the reliability and precision of the experimental results, the
pipeline is tested several times, with each measurement interval long enough to ensure
that the experimental device is cooled to room temperature. The measurement errors
for the four instances of CCS and LTDS are depicted in Fig. 9(a), while Fig. 9(b) il-
lustrates the standard deviations. 

From Fig. 9, it can be observed that as the temperature increases, the measured error
in the results also increases. The maximum standard deviation is 1.06. That is because
with the increase of surface deformation and curvature of the object, the larger the drift
of the spot on the image surface occurs. 

Fig. 8. Results of thermal deformation experiment. (a) Temperature curve collected by thermocouple, and
(b) spectrograms corresponding to deformation of  45 to 105°C.

T a b l e 3. Comparison of LTDS with results from the CCS. 

Temperature [°C] 45 55 65 75 85 95 105

LTDS [µm] 33 45 58 72 87 96 110

CCS [µm] 31.13 43.05 56.18 74.15 84.80 98.45 107.59

Difference [µm] –1.87 –1.95 –1.82 2.15 –2.20 2.45 –2.41
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4. Conclusions

In summary, this paper investigated a non-contact surface thermal deformation meas-
urement based on CCS. The self-developed dispersive objective is combined with
Pt RTD and LTDS to construct a system for measuring surface deformation in a heating
environment. 

The central axial deformation value between 45 and 105°C was obtained by ana-
lysing the axial response curves measured by the spectrometer. Comparing the data of
CCS from the LTDS, the maximum error is 2.45 µm, and it was within the range of
the simulation data. Therefore, the chromatic confocal method is a feasible and effec-
tive method for measuring surface thermal deformation, which can be widely applied
in high-precision detection of mechanical parts, electronic components, and other
fields. 
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