
  

Proceedings 2019, 27, 50; doi:10.3390/proceedings2019027050 www.mdpi.com/journal/proceedings 

Proceedings 

Thermoelastic Stress Analysis and Dissipated  
Energy Evaluation Using Infrared-Optical 
Synchronous Measurement † 
Daiki Shiozawa 1,*, Yuji Uchida 2, Kazuki Kobayashi 1, Mitsuhiro Hori 2, Takahide Sakagami 1 
and Shiro Kubo 1 

1 Department of Mechanical Engineering, Kobe University, Kobe 657-8501, Japan;  
181t332t@stu.kobe-u.ac.jp (K.K.); sakagami@mech.kobe-u.ac.jp (T.S.); kubo@mech.eng.osaka-u.ac.jp (S.K.) 

2 Fuji Engineering Co., Ltd., Fukuoka 830-0073, Japan; yuj@ergovision.co.jp (Y.U.);  
holy@ergovision.co.jp (M.H.) 

* Correspondence: shiozawa@mech.kobe-u.ac.jp; Tel.: +81-78-803-6303 
† Presented at the 15th International Workshop on Advanced Infrared Technology and Applications  

(AITA 2019), Florence, Italy, 17–19 September 2019. 

Published: 5 December 2019 

Abstract: On the infrared thermography image, a false temperature change caused by the relative 
displacement between moving object and infrared camera is obtained. This paper shows the motion 
compensation system with the infrared-optical synchronous measurement. Displacement 
information of the specimen is calculated from the series of visible light image using the digital 
image correlation method (DIC). The displacement information on the visible image is reflected to 
the infrared image by the homography transformation. The random white pattern which can’t be 
detected by the infrared camera was drawn on the measured surface for DIC process. The developed 
motion compensation system was applied to the thermoelastic stress analysis and dissipated energy 
measurement. It was confirmed that a false temperature change and edge effect can be removed by 
using developed motion compensation system.  
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1. Introduction 

When cyclic loading is applied to the materials, temperature change caused by the thermoelastic 
effect was measured by infrared thermography. The measured temperature change makes it possible 
to analysis the magnitude and distribution of stress in non-contact condition [1]. In addition, the 
temperature change due to energy dissipation which caused by micro-plastic deformation can be 
measured [2]. The fatigue limit rapidly estimation based on the measurement of energy dissipation 
has been studied by a lot of researcher [3–8]. When the loading is applied to the materials, an 
interested point in the measuring object moves in the view of infrared thermography by the rigid 
body movement and deformation of an object. This relative moving is measured as a fake and 
apparent temperature change. This false temperature change is a noise component in thermoelastic 
stress analysis or dissipated energy evaluation. In order to improve accuracy of thermoelastic stress 
analysis and dissipated energy measurement, the motion compensation system with the  
optical-infrared synchronous measurement was developed. This paper described the motion 
compensation system and the effect of this system on the thermoelastic stress analysis and energy 
dissipated measurement. 
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2. Thermoelastic Effect and False Temperature Change 

In the thermoelastic stress analysis, the change of the principal stress Δσ on the material can be 
determined from the temperature change ΔTE based on the thermoelastic effect as shown in the 
following equation: 

ET kT σΔ = − Δ , (1)

T and k indicates the absolute temperature of the materials and thrmoelastic coefficient, respectively. 
The temperature rise due to irreversible energy dissipation ΔTD occurs at the maximum tensile stress 
and at the maximum compressive stress. Thus, the measured temperature change T(t) on the surface 
includes ΔTE and ΔTD. Therefore, temperature change due to dissipated energy ΔTD can be obtained 
as the component having double frequency of the load signal using basically Fourier analysis [3,8]. 
ΔTD is related to the fatigue damage, so that the fatigue limit of the materials can be estimated by the 
rapid estimation method based on the dissipated energy measurement. Since rigid body movement 
and deformation occur by the applied force, an interested point of measuring object moves in the 
field of view. The observation point on a certain pixel moves to next pixel in the next frame, so that 
the measured temperature change is a false temperature change of the observation point.  

3. Motion Compensation System with the Infrared-Optical Synchronous Measurement 

Various motion compensation methods have been proposed to remove a false temperature 
change. Sakagami et al. [9] have proposed a method of position correction by DIC (digital image 
correlation) using feature pattern in infrared images. Daoyun Chen et al. [10] and W. Wang [11] 
developed a motion compensation using images captured by visible light camera and infrared 
thermography. In this method, the visible image and infrared image are obtained at different timings, 
or these image are obtained at different surface of same object, respectively.  

To correct the displacement and deformation of object, the movement vector of each pixel 
(optical flow vector) of the object should be detected using DIC. However, it is difficult to detect 
optical flow vector in infrared image with high accuracy, because the spatial resolution of infrared 
thermography is low and there is no fine future pattern in infrared image for DIC. Therefore, visible-
light camera was used to obtain an optical flow vector for each pixel in infrared thermography. The 
speckled pattern on specimen was drawn with a paint not affecting infrared thermography, and it 
was taken with visible-light camera to acquire an optical flow vector. 

In the proposed method, visible images and infrared images are obtained at same timings for 
same surface, synchronously. A schematic illustration of the recording system is shown in Figure 1. 
The infrared thermography and the visible-light video camera are driven by the shutter pulse 
supplied from the synchronized shutter pulse generator, so that synchronous imaging becomes 
possible. The load signal from the controller of fatigue testing machine is recorded at same timings. 
The loading signal waveform can be used as the time stamp of visible image and infrared image.  

 
Figure 1. Schematic illustration of optical-infrared thermography synchronous measurement system. 
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There is a parallax difference between visible-light camera and infrared thermography camera, 
so that the optical flow vector obtained by optical image cannot be directly reflected to the 
thermography image. A homography transformation convert the optical flow vector in the  
visible-light image to the infrared image. The advantage of homography transformation is that it is 
possible to obtain homography transformation matrix H from the captured image without knowing 
the position, posture, focal length, etc. of each camera. The homography transformation matrix H is 
calculated by acquiring four pairs of coordinates on the two images where the same point of the 
object, as shown in Figure 2. 

  
(a) (b) 

Figure 2. Four pairs of coordinates for obtaining a homography transformation matrix: (a) Visible 
image, (b) Infrared thermography. 

4. Experiment Results 

An aluminum alloy (A5052) with circular hole with a diameter of 11 mm was used in the 
experiment. The loading condition was a sinusoidal stress waveform with stress ratio R = −1 and 
loading frequency f = 5 Hz, and the nominal stress amplitude was set to σa = 50 MPa. As the 
measurement conditions, the frame rate of the visible-light camera and infrared thermography were 
set to 100 Hz and the photographing time was set to 10 s.  

The sum of principal stress distribution and the dissipated energy distribution are shown in 
Figures 3 and 4, respectively. Displacement of about 120 μm occurred in the lower part of the circular 
hole by DIC in visible-light image. From the sum of principal stress distribution in the case where the 
position correction is not applied, it was found that high stress appears in the edge portion of the 
lower portion of the circular hole. On the other hand, in the case where the position correction is 
applied, high stress due to the edge effect does not appear. Similarly in the dissipated energy 
distribution, high dissipated energy which seems to be an edge effect does not appear due to position 
correction. In the distribution of the dissipated energy, the dissipated energy in the vicinity of the 
circular hole is reduced by applying the position correction. It was considered that noise components 
of dissipated energy due to apparent temperature change can be removed. 

  
(a) Without motion compensation (b) With motion compensation 

Figure 3. Distributions of measured stress amplitude (σa = 50 MPa). 
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(a) Without Motion compensation. (b) With Motion compensation. 

Figure 4. Distributions of dissipated energy (σa = 50 MPa). 

5. Conclusions 

The motion compensation system with optical-infrared infrared synchronous measurement was 
developed. In this study, the visible-light image and infrared image are taken for same face in sync, 
and the optical flow vector obtained in visible-light image was reflected to the infrared image. There 
is a parallax difference between visible-light camera and infrared thermography camera, so that a 
homography transformation convert the optical flow vector in the visible-light image to the infrared 
image. As a result of measuring with developed system, it was found that it is possible to remove the 
edge effect and the false temperature change. 
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