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Abstract 

In this paper, we introduced a dynamic digital holography, which simultaneously acquirs the object 
surface profile and temperature in real time. We constructed a digital holography interferometer with 
surface heating experiment system. Unlike typical off-axis dynamic IR digital holography using 10.6 
μm wavelength IR, this method used a visual wavelength with Nd:YAG laser source. Then 
geometrically match the complex amplitude from reconstructed digital holography with the thermal 
image from IR camera. Thus, we could reconstructed the 3D temperature distribution by quantitative 
phase and thermal image at same time with high resolution. The numerically reconstructed 3D thermal 
dynamic digital holography has 5.23 μm lateral resolution with preserving the thermal sensitivity of the 
IR camera. 
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1 Introduction 

Optical image measurement is an eidetic tool of non-destructive testing system. The holography was 

devolped by Dennis Gabor in 1948. This technique could perform an all wavefront image analysis 

where between object to recorded plane. The first hologram is capture in the photographically recorded 

interference pattern between a wavefield scattered from the object and reconstructed coherent 

background, called the reference wave. [1] Then Yaroslavskii et al. initiated numerical hologram 

reconstruction processing, at the early 1970s. They used digitized conventional holograms, which were 

reconstructed numerically. U. Schnars and W. Juptner introduced a digital recording device, charge 

coupled device (CCD), to record the digital holography.  [2, 3] It has a significant advantage such as 

numerically acquires the amplitude and the phase information of the objects. Digital holography has 

more possibilities than photographical hologram in many fields such as applications in deformation 

analysis and shape measurement, particle tracking and microscopy, measurement of refaractive index 

distributions within transparent object and so on. [4, 5, 6, 7] However, digital holography could not 

analyzethe inner structure of a nontransparent object t because the light wave could not pass through. 

Infrared (IR) thermography is a suitable method for non-destructive measurements when visible light 

cannot penetrate a target. According to the principle of black body radiation, all objects with 

temperature greater than absolute zero emit IR radiation. IR thermography detects radiation in the 



15th Asia Pacific Conference for Non-Destructive Testing (APCNDT2017), Singapore. 

 [ID212]  2 

infrared range of the electromagnetic spectrum (roughly 700 nm to 1 mm) and produce images of that 

radiation. [8, 9] The result of the thermographic recording is an image or a sequence, which corresponds 

to the intensity of the thermal radiation of the measured object. Thermographic systems with high-speed 

and high-sensitive IR camera expand the possibilities as an inspection method on the failures such as 

cracks, defects, voids and cavities. Recently, a digital holographic technique has an extended 

measurement range with IR wave, which called IR digital holography. IR digital holography has been 

widely applied in different fields, such as infrared optics, infrared transmitting materials. [10, 11, 12] 

However, typical IR digital holography acquire the interference pattern high power coherent source in 

the mid IR range like a 10.6 µm wavelength CO2 laser. Therefore, IR digital holography cannot expect 

high resolution as conventional visible light digital holography.  

In this paper, we combined digital holography and thermography optical measurement system for 

analysis 3D surface deformation and thermal information of a resolution target. We obtained quantified 

phase maps and focused images using off-axis digital holography reconstruction techniques. Then we 

used 3D texturing method to create the 3D surface temperature map. This method could conserve the 

high resolution of visible digital holography and sensitivity of thermal detector.  

2  Principle 

2.1 Off-axis digital holography 

The basic concept of digital hologram recording illustrated in Fig.1.1. A plane reference wave and the 

wave reflected from the object are interfering at the surface of a CCD. The resulting hologram 

electronically recorded and stored. The object is in general a three dimensional body with diffusively 

reflecting surface, located at a distance d from the CCD. This process is described mathematically as 

follows 

( ) ( ) ( )( ), , exp ,oO x y o x y i x yϕ=   

( ) ( ) ( )( ), , exp ,rR x y r x y i x yϕ=  
(1) 

O is the complex amplitude of the object wave with amplitude o and phase oϕ . R is the complex 

amplitude of the reference wave with amplitude r and phase rϕ . Both waves interfere at the surface of 

a CCD. This interference pattern intensity is described by the square of the sum of the complex 

amplitude, which calculated by 
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where * denotes the conjugate complex. In off-axis digital holography, Eq. (2) express the four complex 

amplitude terms that express the spatial frequency domain. The fist and second terms by 

( ) ( )*, ,O x y O x y  and ( ) ( )*, ,R x y R x y  are known as the autocorrelation term. These 

autocorrelation terms are expressed the central part of the spatial frequency domain. The third and fourth 

terms by ( ) ( )*, ,O x y R x y  and ( ) ( )* , ,O x y R x y , are respectively twin and real image of object. 

Twin image is called as virtual image that appears at the original position of the recorded object. To 

reconstruct the real image term only, autocorrelation and twin image terms are removed by spatial 

filtering or phase shifting method. [13 14] These methods improv the reconstruction image quality. In 

this paper, we used spatial filtering method and that result will be discussed in the Section 3. 

 
Figure 1 : Digital holography (1) Recording, (2) Reconstruction with reference wave 

2.2 Digital holography reconstruction 

 The object wave-field comes from diffusively reflecting surface, located at a distance d from the CCD 

as shown in Fig.1.2. The diffraction pattern is calculated at a distance d behind the CCD plane, which 

means it reconstructs the complex amplitude in the plane of the real image. [14] This diffraction of a 

light wave is described by the Fresnel-Kirchhoff integral as Eq. (3) 
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where ( ', ')ξ ηΓ  is a reconstructed wave field, ( , )h x y is complex amplitude on the CCD, which called 

hologram function, and 2 2 2' ( ') ( ')x y dρ ξ η= − + − +  is the distance between a point in the hologram 

plane and a point in the reconstruction plane. The reconstructed digital holography has also complex 

amplitude which acheived by numerical wave propagation. Digital holography can be adjust by the 

image focusing in the reconstruction process because of this unique property that reconstructed digital 

holography can be calculated the intensity as well as the phase. To solve Eq. (3), we used angular 

spectrum reconstruction method, also known as plane wave expansion method [15].  

2.3 3D texturing technique 

 As we mentioned, our goal is to combine thermal image and digital holography. Before combining 

theses two images, we should geometrically match the reconstructed image and thermal image from IR 

camera. These two kinds of image could be represented in a 3-dimensional image T, using texturing 

function surf  as Eq. (4) 

( )( )
exp( )

exp( ) ,
H H

H Th

A i

T surf U i A

ϕ

ϕ

Γ = −

= −
 (4) 

where Γ is reconstructed object plane wave-field from digital holography which measured by CCD,   

included amplitude HA  and phase Hϕ . We unwrapped reconstructed object phase by 2D least square 

phase unwrapping function U. This unwrapped phase contained object surface deformation. ThA  is 

thermal amplitude which focused on the surface by IR camera. This 3D textured image simultaneously 

represented object surface deformation and temperature distribution.  

3  Experiment results 

 The schematic of our off-axis digital holographic microscopy system is shown in Fig.2 1. A linearly 

polarized Nd:YAG laser (2 W, 532 nm) beam is collimated and divided into the object and the reference 

beams. Our digital holography interferometery is based on Mach-Zehnder interferometer. The reference 

beam is reflected from a flat mirror. The object and the reference beams are combined by a beam splitter 

placed in front of a CCD camera (Pointgrey Gresshopper 3, 2048 × 2048 pixels, 5.5 µm × 5.5 µm pixel 

size, 16 bits, 60 frame per second). We acquired the interference pattern of the USAF resolution target 
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(Newport) that shown as Fig. 2.2. The thermography is acquire from IR camera. The full field of view 

of the system is 3 mm × 3 mm. Also we simultaneously heated object by halogen lamp and acquired 

thermal image using IR camera (FLIR SC5500, 320 × 256, mid Infrared waveband 2.5 μm ~ 5.1 μm, 

temperature accuracy ±1 %, 240 frame per second) which shown as Fig.2.3. We recorded IR image and 

digital holography as 60 frame video image during 20 sec. Video files are the same as the result of 

listing image in time sequence. Thus, the combination of two image-sets can analyze a three-

dimensional thermal image at the same time. 

   
Figure 2: (1) Schemic of off-axis digital holography setup. (2) Interference pattern, which used digital holography 

function from CCD. (3) Thermography from Infrared camera. 

To reconstruct the real image term only, we analyzed the 2D Fourier spectrum of interference image 

shown as Fig.3.1. Fourier spectrum of interference pattern shows the autocorrelation, real and twin 

image term. For improve the reconstruction image quality, we removed autocorrelation and twin image 

term by spatial filtering as Fig.3.2. We recorded misfocused holograms intentionally in order to show 

the numerical focusing of digital holography. This misfocused digital holography could reconstructed 

by Fresnel anglular spectrum (Plane wave expension) method as Fig.3.3. The focused wave-plane is 

16.5 cm away from CCD.  

 

  
Figure 3: Digital holography reconstruction process. (1) Fourier spectrum of interference pattern as Figure.2.2 

(2) Filted Foureir spectrum image. We filted except the real image term in red circle of Figure.3.1 
 (3) The amplitude of reconstructed digital holography. The red box is phase of reconstructed  

( ) ( )*, ,O x y R x y

( ) ( )* , ,O x y R x y

( ) ( ) ( ) ( )* *, , , ,R x y R x y O x y O x y+

(1) (2) (3) 
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We anaylzed the resolution of the reconstructed digital holography. The lateral resolution is 2.5 µm 

using the group 2, element 3 in the resolution target. The axial resolution is 0.75 µm that determined by 

clean surface phase distribution. For combining with thermography, we should matching the 

reconstructed digital holography to thermography using the amplitude of reconstructed digital 

holography. The reconstructed digital holography scaled down of 87% and tilted 0.4 degree in counter 

clockwise direction. Then, we superposed thermal image with unwrapped phase. This image could 

simultaneously show the surface deformation and temperature of resolution target as Fig.4.2. 

Comparing convert the 2D thermal image  and our method as shown Fig.4 confirm the surface defect 

points, which cannot be detected by conventional 3D thermography. We adapted our method to all of 

60 frame video images shown as Fig.5. This result could distinguish the thermal information of the 

aluminum-coated surface and the Si substrate through the surface height information, and it is confirmed 

that the 3D thermal image can be analyzed dynamically. 

  
Figure 4: (1) Conventional 3D thermoaphy which 2D thermography.  
(2) The result of superposed thermal image with surface deformation. 

 

 

Figure 5: The result of superposed thermal image with surface deformation using dynamic holography. 
This image-set represents 3D thermal information at interval of 1.5 sec. 

(1) (2) 
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4  Conclusion 

The results superposed thermal image with digital holography image could express the surface 

deformation with simulated thermal information. With this method, we could achieve amplitude, phase 

and temperature information of surface and dynamically produce a 3D thermal information that 

matched object surface. This method could expect the higher lateral and axial resolution than 

conventional IR digital holography because this method conserved the optical digital holography 

resolution. This non-destructive hybrid digital holography could suggest a novel micro thermography, 

which require a research of the 3D surface deformation. Our next research is to inspect the hidden 

damage using this technique. We expect our method to investigate the effect of exothermic phenomena 

on cracking of the target surface.  
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