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บทคดัย่อ 

วิทยานิพนธฉ์บบันี� ไดเ้สนอวิธีการตรวจสอบแบบไม่ทาํลายดว้ยเทคนิกดิจิตอลโฮลกราฟี 

โดยมีตวัอย่างที�นาํมาทาํการตรวจสอบทั�งหมดสามชนิด ได้แก่ ลายนิ�วมือ ขวดแกว้ และโฟโตรี

แฟรคทีฟเกรตติงของผลึกแบเรียมไททาเนตชนิดเจือด้วยซีเรียม โดยทุกการติดตั�งอุปกรณ์เพื�อ

ตรวจสอบนั�นจะใชเ้ลเซอร์ไดโอดที�มีความยาวคลื�น 635 นาโนเมตรเป็นแหล่งกาํเนิดแสง และใช้

กลอ้งถ่ายรูปที�มีเซ็นเซอร์ชนิดซีมอส (CMOS) เป็นตวัรับภาพอนัดบัแรกในการตรวจสอบความชื�น

ของนิ�วมือนั�น วิทยานิพนธนี์� ไดท้าํการรวมเทคนิกการถ่ายลายนิ�วมือดว้ยหลกัการสะทอ้นกลบัหมด

และดิจิตอลโฮโลกราฟีแบบสะทอ้นเขา้ดว้ยกนั ผลของการถ่ายแผ่นทดสอบที�มีเส้นทึบหนา 200 

ไมโครเมตร ดว้ยเทคนิกดิจิตอลโฮโลกราฟีแบบส่งผ่านกบัแบบสะทอ้นแสดงให้เห็นว่าทั�งสองวิธี

ใหผ้ลของการสร้างภาพโฮโลแกรมที�เหมือนกนัดงันั�นเทคนิกที�คิดคน้ขึ�นนี� จึงถกูนาํมาใชก้บัการถา่ย

ลายนิ�วมือที�มีความชื�นต่างกนัดงันี�  39% 54% 69% และนิ�วมือที�เปียกต่อมาทาํการตรวจสอบขวด

แกว้ดว้ยดิจิจตอลโฮโลกราฟี ซึ�งสิ�งที�ตรวจสอบไดแ้ก่รัศมีความโคง้และจุดบกพร่องในเนื�อแกว้ ใน

การตรวจสอบหารัศมีความโคง้นั�นจะใชแ้สงขนานส่องผา่นแผน่ทดสอบที�มีเสน้ดาํทึบไปยงัผิวโคง้

ของแกว้ จากนั�นแสงสะทอ้นที�ประกอบดว้ยภาพของแผ่นทดสอบเส้นทึบจากผิวแกว้จะถูกบนัทึก

ลงบนกลอ้ง รัศมีความโคง้ของขวดแกว้สามารถคาํนวณไดจ้ากสมการกระจกโคง้ โดยใชร้ะยะภาพ

ที�ไดจ้ากการสร้างภาพดว้ยดิจิตอลโฮโลกราฟี ในส่วนของการตรวจหารอยบกพร่องจะใชแ้สงขนาน

ส่องผา่นรอยบกพร่องในขวดแกว้และทาํการบนัทึกภาพ เมื�อทาํการสร้างภาพดิจิตอลโฮโลแกรมจะ

พบรอยบกพร่อง ในการตรวจสอบสิ�งสุดทา้ยคือโฟโตรีแฟรคทีฟเกรตติงภายในผลึกแบเรียมไททา

เนต ในการสร้างเกรตติงในผลึกจะทาํการแบ่งแสงจากฮีเลียมนีออนเลเซอร์ที�มีกาํลงั 10 มิลลิวตัต ์
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เป็นสองลาํใหต้กกระทบบนผลึกเป็นมุมต่างๆ จากนั�นทาํการหามุมที�ทาํใหแ้สงเลี�ยวเบนมีความเขม้

สูงสุด ซึ�งเป็นมุมที�ทาํใหเ้กรตติงมีความแข็งแรงที�สุดดว้ย จากผลการสังเกตพบว่า ที�มุมตกกระทบ 

20 องศาจะให้แสงเลี� ยวเบนมีความเข้มสูงสุด ในการสังเกตเกรตติงภายในผลึกจะใช้แสงจาก

เลเซอร์ไดโอดส่องผา่นไปยงัผลึก และใชเ้ลนส์ช่วยขยายขนาดของเกรตติงก่อนทาํการบนัทึกภาพ 

จากนั�นจึงทาํการสร้างภาพดิจิตอลโฮโลกราฟีของเกรตติงภายในผลึกเพื�อวดัความกวา้งของเกรตติง 

 

คาํสําคญั: ดิจิตอลโฮโลกราฟี, การตรวจสอบแบบไม่ทาํลาย, ลายนิ�วมือ, วสัดุผวิโคง้, โฟโตรีแฟรค-

ทีพ, การเลี�ยวเบนดว้ยตวัเอง 
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ABSTRACT 

In this thesis, digital in-line holography (DIH) has been used as a tool for nondestructive 

testing technique. Three different samples i.e. fingerprint, glass bottle, and photorefractive grating 

inside Ce:BaTiO3 crystal have been investigated by using this technique. All our DIH 

nondestructive systems have been composed of a laser diode with 635 nm and a CMOS camera. 

First, the moisture effect in fingerprint scanner based on total internal reflection which is the 

important concept in optical finger print scanner has been explored. The reflected and transmitted 

DIH have been set up and compared the results by using positive resolution test target with line 

width of 200 µm. From the experimental results, the reconstructed image of reflected DIH is as 

perfect as the image of transmitted DIH. Due to the advantage for opaque object imaging of 

reflected DIH, reflected DIH based on TIR has been selected to investigate moisture effect of the 

fingerprint.  The fingerprints with different moistures of 39%, 54%, 69%, and soaked up finger 

have been observed. Second, the technique for investigating the quality of glass bottle by using 

DIH has been proposed. The collimated beam laser diode incident on a glass bottle then the image 

bearing reflected beam consisting of quality profile of the glass bottle has been recorded on a 

CMOS camera. By using the experimental results and numerically reconstructed images, the 

defects inside the glass bottle can be detected and the curvature radius of the bottle can be directly 

calculated by putting the reconstructed distance into mathematical model of a mirror equation. 

Finally, the grating period of photorefractive anisotropic self-diffraction inside Ce:BaTiO3 has 

been investigated by using DIH technique. To write grating inside the crystal, a beam with 
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wavelength of 632.8 nm and power of 10 mW from a He-Ne laser has been separated into two 

beams and then incident on the crystal with different angles. The highest efficiency of diffraction 

beams have been founded when the angle between both beams is 20 degrees. To observe the 

gratings inside the crystal, the transmitted probe beam with opposite polarization of the writing 

beams has been expanded and incident on the crystal. The transmitted beam has been recorded on 

a digital camera. To explore the grating periods, both phase and amplitude of the images were 

reconstructed by numerical process using a computer. Then, the grating periods in photorefractive 

anisotropic self-diffraction have been measured.  

Keywords: digital in-line holography, nondestructive testing, fingerprint, curvature surface, 

photorefractive, self-diffraction. 
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 CHAPTER 1 

INTRODUCTION 

 

1.1  Background and motivation 

In this thesis, the digital in-line holography, which is the one of optical characterization, has been 

applied to nondestructive testing technique. Therefore, there are mainly five articles have been 

described in this topic: nondestructive testing, digital holography, fingerprint scanner, glass bottle 

inspection, and photorefractive grating.  
 

1.1.1  Nondestructive testing 

The measurement is the important process in various fields, i.e. industrial factory, medical 

profession, forensic science, general laboratory, and so on. There are two analysis techniques to 

investigate the properties of material, component or system; the method that invasively evaluate 

the systems called destructive testing (DT) and the method that non-invasively evaluate the 

systems called nondestructive testing (NDT). NDT techniques have been widely applied to 

various fields such as industrial factory, aerospace field, medical imaging, and so on [1]. NDT 

can be mainly classified into five major methods; radiological testing, acoustical/vibration testing, 

electromagnetic testing, thermal/infrared testing and visual/optical testing. Each method has some 

limitations to use. For example, radiographic testing method is the technique that uses ionizing 

radiation (X-ray and -ray) investigates material or system. Due to the high energy of ionizing 

radiation, users must have radiograph license and wear an individual direct reading pocket 

dosimeter and either a film badge or thermo luminescent dosimeter while doing their work [2]. 

Acoustical testing technique use mechanical wave to investigate mechanical properties inside 

material or system. This technique makes vibration that may annoy some system that not needs 

the vibration such as optical system. 

Visual/optical testing methods are the fastest-growing NDT technique. They can evaluate 

both micro and macro scales. Because they are non-contact testing, they can investigate irregular 
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object and non-planar surfaces. This method can be developed to observe object in three 

dimensions (3D) via holography or digital holography technique [3-15]. However, a lot of 

systems are not still evaluated by using digital holography technique. In this research, the NDT 

using digital in-line holography (DIH) has been proposed. There are three samples have been 

investigated; fingerprint, properties of glass bottle, photorefractive grating inside BaTiO3.   
 

1.1.2  Digital holography and its configurations 

Holography, the imaging technique recorded and reconstructed image in three dimensions was 

invented by Gabor [3-5]. The recording process is required the interference of object beam and 

reference beam on photographic film. Then, it uses the reading beam shine on the photographic 

film to see image in three dimensions. This process is called reconstruction.  Due to the 

conventional holography waste photographic film, digital holography was developed. The image, 

which consists of phase and amplitude, is recorded on electronics devices such as charge couple 

devices (CCDs) or complementary metal oxide semiconductors (CMOS). The three dimensional 

image is numerically reconstructed by using computer [6]. Digital holography would be typically 

classified into two type i.e. an off-axis and an in-line configuration. The digital in-line holography 

(DIH) is the simplest configuration to record hologram. There are various configurations of DIH 

such as transmission, reflection, and total internal reflection (TIR). Transmission DIH (TDIH) 

could record and reconstruct interferogram, which place difference plane [7]. An example of 

TDIH, the particle was characterized by shining the collimated light through it and then the 

transmitted beam was recorded and reconstructed [8-12]. However, TDIH configuration has some 

limitation. It may not use in investigation the surface of opaque object, so the reflected DIH 

(RDIH) has been developed. As normal holography, RDIH need the interference of object beam 

and reference beam to complete the recording process. By using the reference-delayed technique, 

however, the system could record hologram with only one input beam. In this configuration, two 

reflected beam from object, which consist of phase difference, were interfered and recorded on 

CCD camera [13]. As describe above, DIH is the simplest configuration, therefore the system can 

be setup in small area and it may be easy assemble as the compact measured device. Hence, all of 
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the experimental setup based on DIH. Moreover, in this thesis, the RDIH configuration has been 

developed to record with only one beam. This system is simpler than the past and it can useful. 

The fingerprint is the sample tested with this new RDIH technique. The detail of this technique 

will be described in chapter 3. 
 

1.1.3  Optical fingerprint scanner 

By using the technique of TIR holographic microscopy, recently, some properties of biology cells 

have been explored [14, 15]. They shined the collimated light to the leg of right angle prism. The 

object beam undergoes TIR at hypotenuse of right angle prism then interferes and record on 

camera. The cells that have non-homogeneous of index of refraction provide phase difference in 

digital hologram. In addition, the basic concept of TIR was widely applied in fingerprint scanner 

application [16, 17]. The early system, however, provided unsharp patterns. A number method 

has been invented for resolving this problem.  For example, the holographic plate which placed 

on prism was used to correct the distortion of pattern [18, 19]. Another example, asymmetrical 

aspheric lens was invented to get the better contrast of fingerprint pattern [20]. Recently, the 

fingerprint patterns were explored using digital holography technique based on angular spectrum 

method [21], based on Michelson interferometer.   In our previous work, the digital hologram 

patterns of fingerprint pattern were obtained by using reflection from glass slide [22]. There were 

interference pattern from top and bottom occurred and distributed in recorded images. 

However, from the point of view, the imaging technique of fingerprint has been still 

valued for continuing to explore.  In this thesis, digital holographic fingerprint scanner based on 

combination of RDIH and TIR have been presented.  In this configuration, instead of using two 

input beam as previous systems, only one input beam is used so the system may be cheaper and 

more compact. The reflected field, which is diffracted at the edge, of the fingerprint pattern is 

interfered with nondiffracted field.   In chapter 3, there also show that the reconstructed of RDIH 

provide the same results as TDIH.  By using this technique, the results of some various moistures 

on fingerprint have been explored and shown. 
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1.1.4  Glass bottle inspection 

Generally, there are mainly two configuration to measure shape; multi illumination point method 

and multi wavelength method [23, 24]. Phase shifting digital holography technique is the one of 

multi illumination point methods that used mirror mounted on piezoelectric transducer (PZT) to 

shift stepwise the phase of reference wave [25]. Due to the sensitive to external disturbances of 

conventional phase shifting digital holography technique, Doppler phase shifting technique was 

developed [26]. The time variation of intensity at a pixel of digital hologram from the mirror 

movement with perturbed table was extracted by Fourier transform into frequency domain. By 

picking the actual frequency peak to reconstruct process, the clearly shape under perturbation was 

obtain. The phase shifting technique can be measure shape and also the radius of curvature. 

However, the phase shifting technique generally needs at least three interferograms with mutual 

phase shifting to reconstruct image. In this thesis we propose the method to investigate radius of 

curvature and defect inside glass bottle using digital in-line hologram (DIH) configuration by 

using only one interferogram. By using geometrical optics; lens and mirror equations, the radius 

of curvature are easy to obtain with reconstructed distance. Moreover, the defects inside glass 

bottle, bubble and line scratch are clearly to detect. 
 

1.1.5  Photorefractive grating 

Photorefractive effect was the dynamic grating which found by Askin et. al. The refractive index 

of LiNbO3 and LiTaO3 were changed by optically induced and called “optical damage” [27]. 

Several years later, this phenomenon has been studied on BaTiO3 by using holographic storage 

technique [28].  Because the properties and applications of BaTiO3 have value to study, there 

were several researches try to observe these properties such as intensity dependence, phase 

conjugate, and so on [29-32]. Kukhtarev et al. first found that polarization of incident beam and 

diffracted beam of BaTiO3 crystal were perpendicular each other and called “anisotropic self 

diffraction (ASD)” [33]. Then Temple and Warde found that higher order anisotropic diffraction 

can be occurred on other photorefractive crystals such as BaTiO3, SBN and BSKNN [34]. After 

that, there were some applications of ASD with BaTiO3 have been studied by several authors [35, 
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36]. They show that the index of refraction of BaTiO3 can be change by the change of 

temperature. So, the change of index of refraction directly affect to the diffraction angle of higher 

order. This concept was applied to temperature measurement. Moreover, the wavelength 

absorption coefficient of BaTiO3 crystal depends on impurity doped in crystal. Changxi Yang et. 

al. shown that the Cerium doped level cause the properties of BaTiO3 change, i.e. responsible 

wavelength shifted to red wavelength [37]. On the other words, Cerium doped Barium Titanate 

(Ce:BaTiO3) can be operated with red light (undoped BaTiO3 is good response in blue light). The 

wavelength dependence of Cerium doped Barium Titanate (Ce:BaTiO3) has been essential 

investigated [38].  

However, it was hardly to observe photorefractive effect inside material with non-

destruction and there were still few study dynamic grating on LiNbO3 photorefractive crystals 

[39, 40]. In this thesis, digital holography has been applied for nondestructive testing technique to 

investigate photorefractive grating of higher order ASD in Ce:BaTiO3.  
 

1.2 Objectives of thesis 

1.2.1 To study the principle and configuration of DIH. 

1.2.2 To applied DIH for nondestructive testing technique to investigate fingerprint, glass 

bottle and photorefractive grating inside a Ce: BaTiO3 crystal.  

1.2.3 To study the condition of ASD grating inside Ce: BaTiO3 crystal.  
 

1.3 Scope of work  

The scope of this research is focused on the application of DIH for nondestructive testing. Firstly, 

the different moistures of fingerprint by using fingerprint scanner based on DIH technique have 

been investigated. Then, the DIH technique has been applied to measure the radius of curvature of 

glass bottle and detect defect inside glass bottle. Finally, ASD in Ce: BaTiO3 crystal has been 

explored and then the grating inside the crystal has been observed by using DIH.  
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1.4 Thesis outline 

Chapter 1 provides background (literature review) and motivation, object, scope, and outline of 

the thesis. The background and motivation have been divided into five topics: nondestructive 

testing, digital in-line holography, moisture effect in optical fingerprint scanner, glass bottle 

inspection, and photorefractive grating. 

Chapter 2 will present the theory of diffraction and Fourier optics, holography and digital 

holography, the configuration of digital holography, photorefractive nonlinear optics. The 

diffraction and Fourier optics are the basic principle to describe that how digital holography 

works. In this chapter will describe the difference of conventional holography, digital holography 

and their configuration. The two kinds of reconstruction methods; Huygens convolution and 

angular spectrum, will be compare here. The phenomenon of photorefractive effect will be 

described by band transport model. Finally, the principle of anisotropic self diffraction in a 

photorefractive Ce: BaTiO3 crystal, the one of photorefractive effect, will be described. 

Chapter 3 will show that RDIH developed in this thesis will be applied to digital 

holographic fingerprint recording. The moisture effect of optical fingerprint scanner will be 

investigated by digital holography in this chapter.  

Chapter 4 will show the technique to measure radius of curvature using DIH based on 

geometrical optics (lens and mirror equation). Then we will show that DIH is also applied to 

detect defect inside glass bottle. 

Chapter 5 will present the measurement of PR grating inside Ce:BaTiO3 crystal. First, the 

optimum angle that provides the strongest grating will be investigated. Then this grating will be 

measured using DH technique. 

Chapter 6 will present the summaries and the future work of this thesis. 



CHAPTER 2 

THEORY 

 

This chapter presents the theory which is important to this thesis. We begin by describe the 

propagation of light wave which follow Maxwell equation and plane wave equation. The 

diffracted wave from the object is described by two methods. One is Huygens convolution 

method (HCM) and the other is angular spectrum method (ASM). Moreover, these two methods 

also are applied to reconstruct the digital hologram. Then, the diffracted simulation and 

reconstructed images by using these two methods are compared. The flow chart of reconstruction 

algorithm that we used in this thesis also shows in this chapter. Then the configuration of digital 

holography will be described. In the end, the band transport model, which is the basic of the 

photorefractive effect, has been discussed. Here, the photorefractive effect is the basic phenomena 

that generate the ASD grating observed by DIH. 
 

2.1  Diffraction and Fourier optics 

Diffraction and Fourier optics are the essential theory in description of digital holographic 

process. The propagation of optical fields of light from object plane to hologram plane and the 

reconstructed hologram fields at image plane can be mathematically described by these theories. 
 

2.1.1  Light wave 

By following Maxwell equation, the propagating of light can be described by the wave equation 

in vacuum 

 
2

2

2 2

1
0

E
E

c t


  






 (2-1) 
 

where E


 is the electric fields, c is speed of light in vacuum and 2  is the Laplace operator which 

defined as  

 
2 2 2

2

2 2 2x y z

  
   

  
 (2-2) 
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The vibration of electric fields E


 can vibrate in any direction which perpendicular to 

propagated direction. However, the wave vibrates in single plane in many light application and 

called linear polarized light. Often in optics, it is sufficient to consider light using scalar wave 

equation. Let E  be the scalar of electric fields. Therefore, Eq. (2-1) is rewritten in scalar wave 

equation 

 
2

2

2 2

1
0

E
E

c t


  


 (2-3) 

 

Then, the simplest solution of Eq. (2-3), plane wave solution, is given by  
 

 ( , , , ) exp[ ( )]

ˆ ˆ ˆexp[ ( )]

  

   

 
E x y z t j t k R

j t x y z



   
 (2-4) 

 

where 2 f  , ˆ ˆ ˆ  

R xx yy zz , and ˆ ˆ ˆ  


k x y z   are angular frequency, position 

vector, and wave vector, respectively ( x̂ , ŷ , and ẑ  denote the unit vector in x , y , and z  

direction). The ratio of k named wave number is calculated by 
 

 2
k k




 


 (2-5) 

 

2.1.2  Diffraction of light 

Diffraction of light is the phenomenon that the light wave hits an obstacle, ahole, or a slit. This 

characteristic behavior will occur with the condition that the wavelength of incident plane wave 

must be in the range of obstacle or slit. The diffraction can be classified into two type by consider 

with the length of diffraction.In near field of diffraction, the diffracted wavefront is considered as 

spherical wave called Fresnel diffraction as shown in Fig 2.1. On the other hand, as illustrate in 

Fig 2.2 the diffracted wave front is considered as plane wave at far field of diffraction called 

Fraunhofer diffraction.  

 Diffraction, the bending of wave around the edge of slit or obstacle, can be explained 

with Huygens’ principle (as illustrate in Fig. 2.3): 

 Every point of a wavefront can be considered as a source point for secondary spherical 

waves. The wavefront at any other place is the coherent superposition of these secondary waves. 
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Figure 2.1 Fresnel diffraction. 

 

 
Figure 2.2 Fraunhofer diffraction. 

 

 
Figure 2.3 Huygens’ principle 

 

By consider that the light propagates along z-direction as show in Fig. 2.4, when the light 

propagates through aperture or hit on edge of obstacle, it will be diffractedby the edge of aperture 

or obstacle. This called diffraction from 2D aperture.  
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When the light propagated through Fourier plane ( , )  such as lens, grating or obstacle, 

the approximation solution of wave equation can be given by 
 

 1 exp( )
( , , , ) ( , )diff

tran

jk
E x y z t E dxdy

j


 

 
   (2-6) 

 

where ( , )transE    is the fraction of field that transmit through the aperture and it will be equal to 

zero if any points  and   are block by aperture.  is the distance between aperture plane 

( , )   to observing plane ( , )x y  i.e. hologram plane or recorded plane.   

 
Figure 2.4 Geometry of diffraction from 2D aperture. 

 

2.1.3  Fourier transformation 

In electrical system which concerned signal as function of time, one dimensional (1D) Fourier 

transform is applied to solve the problem in the system. On the other hand, in optic, i.e. image or 

optical field, there are two spatial variables x and y must be consider. Hence, the two dimensional 

(2D) spatial signal can be considered using Fourier transform and defined as 
 

   ( , )exp[ 2 ( )]x yf f x y j f x f y dxdy
 

 

   F  (2-7) 

The corresponding inverse 2D Fourier transformation is defined as 
 

  1 ( , )exp[ 2 ( )]x y x y x yF F f f j f x f y df df
 



 

  F  (2-8) 

The function ( , )f x y  and ( , )x yF f f  are called Fourier transform pair 
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2.1.4  Convolution theorem 

Due to the some part of numerical reconstructed process in this thesis used convolution method, 

this topic will describe the definition of convolution.The 2D convolution of two functions 

( , )f x y and ( , )g x y  can be defined as 
 

 ( , ) ( , ) ( , ) ( , )f x y g x y f g x y d d     
 

 

      (2-9) 

 

where the   is the convolution operation. The convolution theorem can apply with Fourier 

transformation. If     , ,x yf x y F f fF and     , ,x yg x y G f fF , then 
 

 { ( , ) ( , )} ( , ) ( , )F   x y x yf x y g x y F f f G f f  (2-10) 
 

2.2  Holography and digital holography 
 

2.2.1  Holography 

The basic principle of holography, which record and reconstruct image in 3D, consists of two 

processes; record and reconstruction. The recording process based oninterference ofthe reflected 

or transmit wave from obstacle called object wave and the wave which is not reflect from 

anything called reference wave is shown in Fig. 2.5. To reconstructed hologram, the other 

reference wave is shined on the recording medium or hologram to see the image which consists of 

phase and amplitude as shown in Fig. 2.6.  

By consider the kind of recording medium, there are two type hologram; static and 

dynamic hologram. The static hologram use thin medium such as photographic film or image 

sensor (it will describe in the future topic and called digital holography) to record the interference 

of object and reference wave or hologram. When image was recorded in static hologram medium, 

it cannot be changed anyway. Therefore, this called static hologram. By recording hologram in 

thick medium i.e. photorefractive crystals (BaTiO3, LiNbO3, etc), the hologram in this medium 

can be changed. Hence, this called dynamic hologram (sometimes called volume hologram). The 
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dynamic hologram can occur because of the properties of photorefractive material (it will be 

described in future topic). 

 
Figure 2.5 Conventional hologram recording. 

 

 
Figure 2.6 Conventional hologram reconstruction. 
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2.2.2  Holographic term 

By following Fig. 2.7(a), suppose that OE  and RE  are illumination of object field and reference 

field respectively, the intensity of interference field of OE  and RE recorded on hologram 

mediumis calculated by  
 

 
2

2 2

R O

R O R O R O

I E E

E E E E E E 

 

   
 (2-11) 

 

where
OE  and 

RE  are the conjugate pair of object field and reference field respectively. For 

reconstruction, the reference field RE  (reading beam) illuminated again on the hologram then the 

transmitted field is 
 

 2

2 2 2 2

R

R R O

R R R O R O R O

E E I

E E E

E E E E E E E E



 

   

 (2-12) 

 

The firsttwo terms represent the nondiffracted wave pass through the hologram 

calledzero diffraction order. The third term is the reconstructed object wave which forms the 

virtual image on the same side as the object. The fourth term is the distorted real image generated 

by spatial varying complex factor 2

RE . These last two terms are the complex object field and its 

conjugate called first order twin image.The hologram term is illustrates in Fig. 2.7(b). 

To eliminate the distorted real image, the undistorted real can be generated by using 

conjugated reference beam 
RE as describe 

 

 
2

2

2 2 2

R

R R O

R R R O R O R O

E E I

E E E

E E E E E E E E






  



 

   

 (2-13) 
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(a) 

 
(b) 

 
(c) 

Figure 2.7 The holographic term; (a) hologram recording, (b) hologram reconstruction with 

reference wave RE , and (c) hologram reconstruction with conjugate of reference wave
RE . 

 

2.2.3  Digital holography 

The concept of digital holography is the recording on anelectronic image sensor, i.e. CCD or 

CMOS, instead of the conventional one which record on photographic film. By record with 

electronic devices, the digital hologram profiles are kept in digital files, i.e. JPEG, PNG, TIF etc, 

which can be opened by digital electronics devices or computers. There are many advantages of 

the electronic recoding. First, digital recorded holograms have long life time because they are 

kept in digital storage such as hard disk drive, flash drive, and memory stick, and moreover, the 

digital image can be duplicated and save in any location or directory. The second advantage, the 

digital recording use only one recorded sensor, therefore it is not waste the recording medium like 
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the convention holography which use a film as recording medium. Third, the digital hologram is 

easier to read than the conventional one. There is not the process called “photographic film 

development” which acts in dark room. Moreover, digital image can be digitally process (such as 

scale measurement, brightness and contrast adjustment) by computer. 

As shown in Fig. 2.8(a), the light propagated through the object and then recorded on 

recorded plane. The image recorded on this plane has blur pattern like out of focus image due to 

the diffraction along propagated distance. After insert the numerical lens instead of recorded 

media on recorded plane, the image will be focus as shown in Fig. 2.8(b). So this is the regime of 

digital holography. 

 
(a) 

 
(b) 

Figure 2.8 Concept of digital holography. 
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2.2.4  Methods of reconstruction 
 

2.2.4.1  Huygens convolution method 

HCM is the reconstructed method that based on Fresnel diffraction principle and convolution 

theorem. Suppose that ( , )h x y represents the two dimensional diffracted optical field, which 

propagated along z direction to the recorded plane (hologram plane) as shown in Fig. 2.9. By 

using Huygens – Fresnel principle [42] which explains the diffraction of light via aperture in 

rectangular coordinates, the diffracted optical field can be expressed as 
 

 
2

exp( )
( , ) ( , )

z jk
h x y O d d

j


   

 
   (2-14) 

 

where ( , )O    is optical field at object plane,  2 2 2 1/2[ ( ) ( ) ]z x y       is the distance 

from any point on object plane ( , )   to hologram plane ( , )x y  , z is the propagation distance, 

and 2 /k     is the wavenumber with the wavelength . By using the convolution method, 

the hologram function can be rewritten as 
 

 
 1( , ) [ ( , )] [ ( , , , )]h x y O g x y    F F F  (2-15) 

 

 

where the kernel ( , , , )g x y  is given by 
 

 

 
2

exp
( , , , )

jkz
g x y

j


 

 
  (2-16) 

 

Due to the pixels size of recorded media (CMOS or CCD) is very small when compare 

with propagated distance, the parameter 2 can be reduced to 2z . Thus the kernel is rewritten as  
 

  exp
( , , , )

jk
g x y

j z


 


  (2-17) 

 

The optical field at the image plane ( ', ')R    can be reconstructed by using inverse 

Fourier transform of filtered Huygens – Fresnel as: 
 

 
 1( ', ') [ ( , )] [ ( , , , )]R h x y g x y    F F F  (2-18) 
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Figure 2.9 Coordinating systems for numerical reconstruction. 

 

2.2.4.2  Angular spectrum method 

ASM, the mathematical technique, is used to describe the optical field of the plane of propagated 

light and also is used to reconstruct the digital hologram. This method uses Fourier transformation 

and inverse Fourier transformation to reconstruct digital hologram as the HCM, but it has the 

advantage in reconstructed distance. ASM can rightly reconstruct the digital hologram in nearer 

distance when compare with HCM, and will be shown in the next topics. 

Suppose that at plane 0z   is the object plane ( , )  , as shown Fig. 2.9, the field of 

object plane ( , )O    has a two-dimensional Fourier transform that given by 
 

 

    , ;0 , ,0

( , ,0)exp[ 2 ( )]

f f O

O j f f d d

 

 

 

      
 

 



   

O = F

 (2-19) 
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and the inverse Fourier transform of its angular spectrum can be given by 
 

 

    1, ,0 , ;0

( , ;0)exp[ 2 ( )]

O f f

O f f j f f df df

 

     

 

  



 

 



   

O = F

 (2-20) 

 

where f  and f are the components of spatial frequency. By consider as plane wave propagating 

with direction cosines as illustrated in Fig. 2.10, the component of spatial frequency can be given 

by 
 

 f  f     
2 2

1 f f       (2-21) 
 

Hence, the Eq. 2-19 becomes 
 

 
, ;0 ( , ,0)exp[ 2 ( )]O j d d

   
      

   

 

 

 
    
 

 O  (2-22) 

 

After propagation over distance z , the component in exponential will acquire a factor
2

exp j z





 
 
 

. The angular spectrum of object field can be expressed by 

 

 

2
, ; ( , ,0)exp[ 2 ( )]exp( )

2
( , ,0)exp( )

z O j j z d d

O j z

    
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    
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

 
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 
     
 

 
  

 

 O

F

 (2-23) 

And its inverse Fourier transform is 
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2
, , ( , ;0)exp[ 2 ( )]exp( )

2
( , ;0)exp( )

z O j j z d d

O j z
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(2-24) 
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Due to the wave propagate from object plane ( , )   to hologram plane ( , )x y over a 

distance z , the optical field on hologram plane can be expressed 
 

 

   

  

1

1

, , , ,

2
( , ;0)exp[ 2 ( )]exp( )
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 (2-25) 

 

Similarly, the optical field on reconstruction plane ( ', ')R   can be written in inverse 

Fourier transform form of hologram field 
 

 
    1 2

, , , ,0 exp( )R z h x y j z


  


  
    

 
F F  (2-26) 

 

 

Figure 2.10 The wave vector k


. 
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2.2.5  Comparison of methods 

Previously, the concepts of reconstruction method were described. In this topic, the reconstructed 

images of two methods are compared. We will show that the ASM has more advantage than 

HCM. 
 

2.2.5.1  Simulation of diffraction 

We simulate the diffraction pattern of two method which shown in Fig. 2.11. The wave length of 

light source in this simulation is 635 nm. The distance of diffracted simulation has been varied 

from 0 mm to 500 mm. The simulated results at each plane are shown in Fig. 2.12. HCM has 

good simulated diffracted imaged at distance over 150 mm as shown in Fig. 2.12(a). On the other 

hand, it cannot simulate the diffraction at short distance (less than 150 mm). Moreover, the 

diffracted simulation of HCM at 0 mm give the over bright image because of 1/ z  factor. By 

input the distance 0z  , the intensity of image will increase to infinite value. In contrast to the 

HCM, ASM can simulate the diffraction with all distance (also include zero) as illustrated in Fig. 

2.12(b). The difference between HCM and ASM in Eq. 2-18 and Eq. 2-26 is the replacement of 

[ ( , , , )]g x y F with 2
exp( )j z





 . The ASM has no1/ z  factor that make the invalid image 

like HCM, this is the reason that why ASM can simulate the diffraction at all distance. 
 

 
Figure 2.11 Diagram of the diffracted simulation. 
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(a) 

 

 
(b) 

Figure 2.12 Diffracted simulation image at each distance of; (a) HCMand (b) ASM. 
 

2.2.5.2  Reconstruction 

The diagram of experimental setup for comparing the reconstruction method has been shown in 

Fig. 2.13. The collimated beam with wavelength of 635 nm has been shined through the letter 

“K” and then recorded on CMOS. The recording distance has been varied from 50 mm to 500 mm 

(50 mm, 100 mm, 150 mm, 300 mm, and 500 mm). The recorded digital holograms are shown in 
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Fig. 2.14(a). Figure 2.14(b) shows the reconstructed image at each distance of HCM. The 

recorded images at distance below 150 mm cannot be completely reconstructed. This mean the 

HCM has limitation to reconstruct image at near distance. On the other hand, the ASM can 

reconstruct at all distance without any limitation as shown in Fig. 2.14(c). 

 
Figure 2.13 Diagram of experimental setup for comparing the reconstruction method. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 2.14 The set of digital hologram; (a) recorded images, (b) reconstructed images with 

HCM, and (c) reconstructed images with ASM. 
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From the results of reconstruction, the ASM has more advantage than HCM; therefore 

ASM has been used to reconstruct digital hologram in this thesis. A schematic flow chart diagram 

of the digital hologram reconstructed process is shown in Fig. 2.15. There are three mainly step 

processes in this digital hologram reconstructed algorithm. First, compute the Fast Fourier 

Transformation (FFT) of hologram (FFT is the one function in MATLAB® program), then 

multiply the results from FFT by kernel 2
( ) expg z j z






 
  

 
. Last, the reconstructed digital 

hologram is obtained by computing with Inverse Fast Fourier Transformation (IFFT) of the 

multiplied result. 

 

 
Figure 2.15 The flow chart of reconstruction algorithm. 
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2.3  Digital holography configurations 

As describe in chapter 1, there are two mainly configurations of digital holography, off axis and 

in-line configuration. 
 

2.3.1  Digital off-axis holography (DOH) configuration 

As shown in Fig. 2.16, the off axis configuration,the reference and object wave are interfere with 

angle  . The maximum angle max can be calculated by (W. Jueptner, chapter 3, 2005)[43] 
 

 
max 2arcsin

4 2x x

 


 
  

  
 (2-27) 

 

where  and x  are wavelength of recording light and resolution of recording medium. The 

angle   in this configuration can be up to 180 degree by using photographic film as the recording 

medium with the resolution x up to 0.2 µm. However, the maximum resolution of imaging 

sensor (CCD or CMOS) is in order of 5 µm. Therefore, the maximum angle in this case (the 

wavelength of light source in this thesis is 635 nm) is about 3.6 degree.  

 
Figure 2.16 Off axis configuration. 

 

2.3.2  Digital in-line holography (DIH) configuration 

The recording angle of digital holography is factually close to 0 degree and called in-line 

configuration as shows in Fig. 2.17. Moreover, there are the other one configuration called Gabor 

configuration, which is invented by D. Gabor, who the first invent holography technique. As 

shown in Fig 2.18 the light illuminate to obstacle and there are two consider wave this 

configuration. First, the light diffract at the edge of obstacle called object wave. Second, the other 
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part of light that not scatter on obstacle called reference wave. These two waves interfere on 

sensorlike the other configurations. However, in this thesis called Gabor configuration as in-line 

configuration because most of research call this configuration as in-line [7-12]. 
 

 
Figure 2.17 In-line configuration. 

 

 
Figure 2.18 Gabor configuration 

 

 Figure 2.19 shows the multi plane in-line configuration. The collimate light illuminate 

through five letters (K, M, I, T, and L) which place difference plane by 100 mm. Figure 2.20 

shows record image which very poor pattern (a lot of diffraction pattern, out of focus image). The 

numerical reconstruction at distance 150 mmgive first letter which place nearest the sensor, K, is 

focus as shown in Fig. 2.21 (a). Then reconstructed image at distance 250 mm, 350 mm, 450 mm, 

550mmthe MITL will be focus simultaneously as shown in Fig 2.21 (b), (c), (d), and (e). 
 

 
Figure 2.19 Multi plane DIH configuration. 
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Figure 2.20 Recorded digital hologram 

 

 
(a) 

 

 
(b) 
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(c) 

 

 
(d) 

 

 
(e) 

 

Figure 2.21 Reconstructed digital hologram; (a) at plane z = 150 mm, (b) at plane z = 250 mm, 

(c) at plane z = 350 mm, (d) at plane z = 450 mm, and (e) at plane z = 550 mm. 
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2.4  Photorefractive nonlinear optics 

Generally, the refractive index of medium depends on the arrangement and distribution of atoms 

and electrons. In linear optics, the index of refraction of medium is depending on the wavelength 

of the incident light but it independent with the intensity of light beam.This occurs because the 

electric field of the light beam is smaller compare with the intra-atomic electric field. Perversely, 

the index of refraction is dependent with the intensity of light, if the electric field is comparable 

with the intra-atomic electric field. This is the concept of nonlinear optics.  
 

2.4.1  Photorefractive effect 

Photorefractive effect is the one phenomenon of nonlinear optics that the index of refraction can 

be changed by the spatial variable of intensity of light. This phenomenon can be explained by 

band transport model as illustrated in Fig. 2.22. Thephotorefractive crystals, i.e. LiNbO3, BaTiO3, 

SBN, and BSO, normally have donor band and acceptor band between valence band and 

conduction band due to the impurities in the crystal. When the electrons in donor band is excited 

by incoming light, they will ionized to conduction band and leaving the empty state behind. 

Therefore they can be trapped again by donor band. The rate equation for the density of donor 

ionization can be express as 
 

 ( )
i

i iD
D D R D

N
sI N N NN

t



  


 (2-28) 

 

where s  is cross section for photo-excitation, I  is light intensity, DN  and i

DN  are density of 

donor impurity and ionization, R  is electron-ionized trap recombination rate, and N  is electron 

density. The first term describe the rate of electron generation which is depended the intensity of 

light, whereas the second term is the rate of trap capture.Because he electron density may be 

affected by electron transport insidephotorefractive crystal, the rate equation for electron density 

DN and i

DN has been concerned and defined as 
 

 1i

DNN
J

t t q


  

 


 (2-29) 
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where q  is the electron  and J


 is current density which defined by the consists of contributions 

from the drift of charge carrier due to the electric field and the diffusion due to the gradient of 

carrier density as Eq. (2-30) 
 

 BJ qN E k T N   
 

 (2-30) 
 

 

where  , E


, and bk T  are the mobility tensor, electric field, and the product of the Boltzmann 

constant and temperature respectively. By following Poisson equation, the electric field can be 

written as 
 

 ( )

( )i

A D

E r

q N N N

  

   

 
 (2-31) 

 

where  , ( )r
 , and AN  are dielectric tensor charge density, acceptor impurity density 

respectively. The Eq. (2-28) – (2-31) have been called Kukhtarev’s equation. 

 
Figure 2.22 Band transport model. 

 

Under the non-homogeneous illumination, the electrons density in this area is not 

uniform too. As shown in Fig. 2.23, the electrons, which migrate from the bright area to dark 

area, affect the electron density in bright area is lower than the electron in dark area. Therefore, 

the refractive index under bright illumination is lower than dark illumination. 
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Figure 2.23 The distribution of charge under illuminating region.  

 

2.4.2 Anisotropic self-diffraction (ASD) 

Anisotropic self-diffraction is the phenomena in photorefractive effect that the transmitted wave 

diffracted by itself and changed polarization perpendicular to incident wave. The period of 

photorefractive grating which generated by the interference of incident wave can be explained by 

Fig. 2.24 and calculated by 

 
2sin i




   (2-32) 

 
Figure 2.24 The interference fringe from two incident beam with angle 2 i . 
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In an anisotropic bulk crystal, the phase matching conditions need to be satisfied to create 

the anisotropic self diffraction. As shown in Fig. 2.25, the optical axis is in the direction parallel 

to the plane of incident. 1eK and 2eK are the wave vectors of two writing beams with extraordinary 

polarization. 1oK and 2oK  are the wave vectors of diffracted beams with direction of polarization 

perpendicular to c-axis(ordinary polarization). Thus, the grating wave vector,
gK , can be defined 

by 
 

 
2 1g e eK K K   (2-33) 

 

Now, the wave vectors of the diffracted higher order beams can be written as 
 

 
1 1o e gK K K   (2-34) 

 
2 2o e gK K K   (2-35) 

 

The incident angle outside crystal can be expressed as [35] 
 

 
1/2

2 2
1sin

8

o e
io

n n
 

  
   
   

 (2-36) 

 

where on  is the ordinary refractive index and the en is extraordinary refractive index of the 

crystal. Furthermore, under Bragg condition as shown in Figure 2.25, the incident light 1eK and 

2eK (the zero order beams) not only construct the grating 
gK  but also couple to first order 

beams, 1oK and 2oK , respectively. This is the regime of anisotropic self- diffraction. 

 
Figure 2.25 Wave vector diagram of anisotropic self-diffraction. 



 CHAPTER 3 

FINGERPRINT MOISTURE INVESTIGATION 

 

As describe in chapter 1, generally, total internal reflection (TIR) was the concept of optical 

fingerprint scanner. Due to the scatter and diffraction of light at the edge of the ridge of 

fingerprint, there were some researches try to improve the quality of fingerprint. For example, to 

eliminate the distorting pattern, they resolve the problem by use focusing lens, the holographic 

plate, and digital holography. In fact, the diffraction of light at the edge of pattern is easily 

resolved by using digital holography technique. This technique can reduce the dimension of the 

system when compare with the technique that use focusing lens. In this thesis, the TIR and DIH 

technique have been combined to record fingerprint and called TIRDIH. The total internal 

reflected light with diffract at the edge of the ridge of fingerprint interfere with nondiffracted 

from the valley of fingerprint. This is the concept of TIRDIH that use to record fingerprint in this 

thesis. The detail of this technique will be described in the next topic. However, the moisture can 

directly affect to the fingerprint patterns which are obtained by optical technique. Therefore the 

TIRDIH has been applied to investigate the moisture on fingerprint. 
 

3.1  Optical fingerprint scanner  

The concept of conventional optical fingerprint scanner has been shown in Fig 3.1. The light 

propagates into prism and incident at the side that finger place on. There are two areas obtained 

pattern in fingerprint imaging based on TIR. First, the light undergo with total internal reflection 

from the valley of fingerprint provide bright pattern Second, the other light scatter at the ridge of 

fingerprint provide the dark pattern.  
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Figure 3.1 Concept of optical fingerprint scanner. 

 

3.2  TDIH and RDIH configuration  

Following the DIH configuration as described in chapter 2, the system record the transmitted light 

which consists of the interference of object and reference wave, so it is called transmitted digital 

in-line holography (TDIH). However, this configuration has limitation to apply with opaque 

medium such as fingerprint. Hence, the reflected digital in-line holography has been developed to 

record the opaque object.  

In experimental setup in this thesis (chapter 2 - 5), the laser diode (LDM115G/633/1, 1 

mW, 635 nm) has been used as the light source for recording digital hologram, because it is lower 

cost and smaller size when compare with the other type of laser. Moreover, due to the compact 

size of laser diode, it may be easy to assemble as a prototype of compacted nondestructive testing 

instrument using digital holography in the future. A plano convex lens with focal length of 175 

mm and diameter of 25.4 mm has been used as the expanded and collimated lens laser. 

Furthermore, all of the digital holograms were recorded with CMOS camera (Canon EOS 350D, 

Japan, 3456 x 2304 pixels, and 6.41 µm pixel pitch). 

In this topic, the RDIH configuration has been verified that it can use instead of TDIH 

configuration with the same results. Figure 3.2 shows the experimental setup of TDIH 

configuration.  An expanded beam propagates through the positive pattern test target. Then, it is 
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separated into two beams, i.e. object and reference beams, by thin opaque line of the target. The 

object beam is diffracted by the object pattern; the other one is a reference beam, since it just 

transmitted through the target without any distortion. The holographic interference pattern is 

obtained by the superposition of these two beams and then recorded on CMOS camera. 

 
Figure 3.2 Experimental setup for recording resolution test target by TDIH configuration. 

 

The concept of RDIH is illustrated in Fig. 3.3. The expanded beam is incident on the 

target, which has thin opaque line and then reflects back due to the polished surface. There are 

two different beams reflected at this surface. The first one reflects with diffraction at the edge of 

the opaque pattern; the other one reflects on the clear surface of the target without any diffraction. 

The interference of these two beams was recorded on CMOS camera and then was numerical 

reconstructed as the same way in basic DIH. 

 
Figure 3.3 Experimental setup for recording resolution test target by RDIH configuration. 
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3.2.1  Experimental results of test target hologram 

The experimental results of TDIH and RDIH have been shown in Fig. 3.4 and 3.5.  Figure 3.4(a) 

shows the transmitted hologram, which was recorded in the experimental setup from Fig. 3.2. The 

image recorded on CMOS plane appears as defocused pattern. The numerical reconstruction of 

Fig. 3.4(a) at the plane of z = 270 mm from CMOS is shown in Fig. 3.4(b). At this plane, the 

pattern of test target is focused. The transverse intensity profile of Fig. 3.4(b) is illustrated in Fig. 

3.4(c). The cross section plot have been found corresponding to the standard value of the width of 

resolution test target (200 µm). 
 

   
(a)      (b) 

 
(c) 

Figure 3.4 Hologram and its profile from TDIH: (a) recorded hologram, (b) reconstructed 

hologram, and (c) transverse intensity profile of (b). 
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Figure 3.5(a) – (c) represent the recorded hologram pattern, reconstructed hologram 

pattern, and its transverse intensity profile of RDIH configuration. From our RDIH results, the 

image can be reconstructed as in the case of TDIH. The pattern of test target is focused at the 

plane of z = 270 mm as in TDIH case. Moreover, the pattern width is the same as TDIH case. 
 

 

   
(a)      (b) 

 

 
(c) 

Figure 3.5 Hologram and its profile from RDIH: (a) recorded hologram, (b) reconstructed 

hologram, and (c) transverse intensity profile of (b). 
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3.3  Experimental setup for investigating moisture effect in optical fingerprint 

scanner using TIRDIH 

From the previous topic, the reflected light from fingerprint actually consists of diffraction from 

the edge of the ridge and valley of it, and RDIH configuration verified that it can record and 

reconstruct the hologram of opaque object. By combining the TIR and RDIH, the experimental 

setup of TIRDIH configuration is shown in Fig 3.6. The expanded beam from laser diode incident 

on equilateral glass prism (N-BK7 with refractive index: n=1.52) with angle io . The refracted 

beam transmits through the prism and then reflects at the boundary between the prism and air 

with angle ii . In the experiment, the TIR between the boundary of the prism and air was obtained 

when io is equal to 29.0 degree, (i.e. ii = 41.14 degree).  Then, the interference patterns of 

various moistures of fingerprints were recorded with CMOS camera. 

 
Figure 3.6 The schematic of digital holographic fingerprint scanner using TIRDIH. 
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Four samples of different moistures of fingerprint, i.e. 39%, 54%, 69% and soak 

fingerprint were used in the experiment. Since the maximum measurable range of the skin 

moisture checker (Scalar model MY808s, Japan) is only about 70%, so 69% of moisture was used 

as the highest one to avoid the saturated value of the instrument.   
 

3.3.1  Experimental results of fingerprint hologram 

The hologram pattern of fingerprint with moisture of 54.0% and its best numerical reconstructed 

image are shown in Fig. 3.7 (a) and 3.7 (c), respectively. The reconstructed image is in better 

profile than the recorded image. Figure 3.7(b) – 3.7(e) represent the best reconstructed fingerprint 

hologram of different moistures. From our observation, the image of fingerprint with moisture of 

39.0% [Fig. 3.7(b)] is incomplete because the ridge of the fingerprint is not completely close to 

glass prism. In fact, there are small ridges and valleys in the ridge of fingerprint as illustrated in 

Fig. 3.9. The small ridges of fingerprint with low moisture can well reflect the light, so the image 

of ridge has bright pattern due to the air gap between the ridges and the prism (From the optical 

fingerprint scanner concept, they should actually provide the dark pattern). When the fingerprint 

had enough moisture for coupling the fingerprint with prism, the fingerprint pattern image would 

be perfected as illustrated in Fig. 3.7(c). We observed that the ridge of fingerprint as the dark 

patterns is obtained from the scattering of light and the valley of fingerprint as the bright patterns 

is obtained from the TIR of light inside prism as described in topic 3.1.  However, the fingerprint 

with too much moisture may give the worse image pattern as shown in Fig. 3.7(d). Since, the gaps 

between fingerprint valleys and prism are full of moisture, the TIR cannot be occurred. Therefore, 

the ridge patterns still occurred while the valley patterns were darker than the image of fingerprint 

with moisture of 54.0%. The wet fingerprint gives the worst pattern because there is a lot of water 

between fingerprint and prism. In this case, the ridge and valley of fingerprint cannot be 

distinguished as presented in Fig. 3.7(e). Moreover, the intensity of image will be decreased when 

the moisture of fingerprint increase. The transverse intensity profile of fingerprint pattern from 

Fig. 3.7(c) is shown in Fig. 3.8. The width of fingerprint had been measured and it is about 150 

µm. 
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(a)      (b) 

 

   
(c)      (d) 

 

 
(e) 

 

Figure 3.7 Recorded hologram: (a) with moisture of 54.0%. Reconstructed holograms:  

(b) with moisture of 39.0%, (c) with moisture of 54.0%, (d) with moisture of 69.0%,  

and (e) soak fingerprint. 
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Figure 3.8 Transverse intensity profiles of fingerprint with moisture of 54.0%. 

 
Figure 3.9 The small ridge and valley at the ridge of fingerprint. 

 
 

 



CHAPTER 4 

GLASS BOTTLE INSPECTION 

 

As described in chapter 1, phase shifting was the technique that measuring the surface shape with 

uses at least three recorded holograms to reconstruct image. In this chapter we propose the 

different method that uses only one interferogram to investigate radius of curvature of glass 

bottle. By using geometrical optics (lens and mirror equation), the radius of curvature is easy to 

obtain with reconstructed distance which obtained by DH technique. Moreover, DH technique not 

only investigates the surface shape but also clearly to detect the defect inside glass bottle such as 

bubble and line scratch.  
 

4.1  Mathematical method 

The concept of radius of curvature measurement is shown in Fig. 4.1. The collimated beam 

propagates through the object and then reflects on curvature surface. Then, the expanded image 

bearing beam will be focused by numerical lens nL  at distance id . By using lens equation the 

virtual object distance ovd  can be written as 
 

 

nl i
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i nl

f d
d

d f



 (4-1) 

 

where id is image distance which obtained by reconstruction via digital holography technique and 

nlf  is the focal length of numerical lens which equal to / 2od (do is the propagated distance 

from object to numerical lens). By using mirror equation, the radius of curvature can be expressed 

as 
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where u is a distance between object and curvature surface and v  is a distance between virtual 

object to curvature surface and can be directly calculated by 
 

 ovv d a   (4-3) 
 

where a  is a distance between curvature surface to numerical lens. By insert (4-1) and (4-3) into 

(4-2), the radius of curvature can be now rewritten as 
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Figure 4.1 The concept of radius of curvature measurement configuration. 
 

4.2  Experimental setup for measuring radius of curvature 

The configuration of the experimental setup for the measurement of radius of curvature using 

DIH is illustrated in Fig. 4.2. The collimated beam from laser diode propagates through object 

and then reflects on glass bottle. To evaluate the focal length of numerical lens which described in 

previous section, flat mirror was firstly placed instead of glass bottle. In this experiment, the 

distance between glass bottle and CMOS plane, a , is 82.65 mm, and the propagated distance from 
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object to glass bottle, u , is 81 mm. The image bearing beam which, expands by the curve of glass 

bottle, was recorded on CMOS camera. 
 

 
 

Figure 4.2 The experimental setup for the measurement of radius of curvature using DIH. 
 

4.3  Experimental setup for defect detection in glass bottle 

To investigate defect inside glass bottle, the configuration which shows in Fig. 4.3 has been 

selected. The collimated beam propagates through glass bottle that has the defect and then records 

on CMOS camera. Two sample of defects; bubble and scratch, were investigated by DIH 

technique in this thesis. 
 

 
 

Figure 4.3 The experimental setup for defect detection using DIH. 
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4.4  Experimental results 

Figure 4.4 shows digital hologram of a line pattern object. After numerical reconstructed process 

at distance of 194.7 mm, the image reflected from flat mirror is focus as shown in Fig. 4.4(b). 

Therefore focal length of numerical lens, nlf , is equal to 97.35 mm. The recorded image reflected 

from glass bottle [Fig. 4.4(c)] has larger pattern and more scratch than those of the image from 

flat mirror [Fig. 4.4(a)] due to their surface. In our experiment, the reconstructed image from 

glass bottle, id , is found to be focused at the distance of 4370 mm as illustrated in Fig. 4.4(d). 

After input these numerical parameters into Eq. (4-4), the radius of curvature has been obtained. 

From our calculation, the radius of curvature of glass bottle is found equal to 42.78 mm (the real 

value is 40 mm). 
 

   
(a)     (b) 

   
(c)     (d) 

Figure 4.4 Digital hologram of; (a) recorded image by using flat mirror, (b) numerical 

reconstructed image of (a) at distance 194.7 mm, (c) recorded image by using glass bottle, and (d) 

numerical reconstructed image of (c) at distance 4370 mm. 
 

Figure 4.5 shows two kinds of defects inside glass bottle; bubble and line scratch. The 

recorded image of bubble in Fig. 4.5(a) is shown in Fig.4.5 (b). The out of focus image shows 

diffraction pattern from the edge of bubble. By using numerical reconstruction, the image is 
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focused and get sharper. With the same explanation for Fig. 4.5(a) - (c), the defect of line scratch 

are shown in Fig. 4.5(d) - (f). 

 

 
(a)    (b)    (c) 

 
(d)    (e)    (f) 

Figure 4.5 Defect inside glass bottle; (a) bubble, (b) recorded image of bubble using DIH 

configuration, (c) numerical reconstructed image of (b), (d) line scratch, (e) recorded image of 

line scratch using DIH configuration, and (f) numerical reconstructed image of (e). 



CHAPTER 5 

MEASUREMENT OF PHOTOREFRACTIVE GRATING 

 

This chapter presents the technique that measures directly the photorefractive grating inside Ce: 

BaTiO3 crystal using DH technique. The experiment is divided into two steps. First, determine the 

optimum angle that provides the strongest grating. Second, measure the width of PR grating of 

higher order anisotropic self-diffraction using DH technique. 
 

5.1  Experimental setup for determining the optimum angle of higher order ASD 

As illustrated in Fig. 5.1, the unpolarized He – Ne laser with wavelength of 632.8 nm has been 

used to produced the PR grating. The polarized beam from polarizer, P , is separated by beam 

splitter, and then incident on PR Ce:BaTiO3 crystal. The incident angle of two beams on the 

crystal was calculated by using trigonometry function 12 tan ( / )io y x  , where y is distance 

between beam splitter, BS , to mirror, 2M , and x  is distance between beam splitter to crystal. 

The dimensions of the crystal are 5.6 mm ×5.6 mm × 6.4 mm (a × b × c). The intensity of self-

diffracted beam was measured by using power meter.  

 
 

Figure 5.1  Experimental setup for observing grating: P ’s, polarizer; M ’s, mirror; BS , beam 

splitter; L ’s, lenses. 
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The optical characteristic between incident angle and the intensity of higher order is 

shown in Fig. 5.2. The results show that the first order diffraction has highest intensity when the 

angle of incident equal to 20 degree. Fig. 5.3 shows the pattern of ASD at incident angle equal to 

20 degree. 
 

 
 

Figure 5.2 The characteristic of incident angle and diffraction power. 
 

 

 

 

 
 

Figure 5.3 The pattern of zero and first order of anisotropic self-diffraction. 
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5.2  Experimental setup for measuring the width of PR grating 

As shown in Fig. 5.1, polarized laser diode has been used to observe phase grating in the crystal. 

The probe beam was expanded by using lens, 1L , and then incident on crystal for illuminating on 

its induced phase grating pattern. Then, the image bearing beam of the grating was magnified by 

using lens, 2L , and was recorded by CMOS camera. The magnified lens has been used because 

the path grating of two interference wave is smaller than the pixels size of CMOS camera. From 

the results in previous topic, the optimum angle that can produce the highest intensity of 

diffraction was equal to 20 degree (2 )io . Therefore, the grating produced from this optimum 

angle is investigated in this topic. Interference fringes form with path grating / 2sin i   , 

where  is writing beam wavelength, and i is the incident angle inside the crystal that can be 

obtained by using Snell’s laws as shown in Fig. 5.4 ( io = 10 degree, and refractive index of 

Ce:BaTiO3 = 2.36 , so i  = 4.22). By calculation, path grating in our case is about 4.3 µm. To 

avoid the annihilation of grating by probe beam, the polarization of probe beam was 

perpendicular to the writing beam and c-axis of crystal. For calibrating the magnification of the 

probe system, first, the 50 lines per millimeter gating was recorded and reconstructed. The 

magnified pattern of this standard grating can be directly measured by image processing. After 

that, the real width pattern and magnified pattern have been compared to find the magnification of 

the probe system. This magnified system will be used to calculate for the real width of PR 

grating. 

 
Figure 5.4 Snell’s laws. 
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5.3  Experimental results 

The recorded image of standard grating which was used to calibrate magnification of probe beam 

is shown in Fig. 5.5. This image is not clear because the position of grating is slightly out of focal 

length of the magnified lens. The sharp reconstructed image of standard grating and its transverse 

intensity profile are illustrated in Fig. 5.6 and Fig. 5.7. The measured width size of 10 periods 

grating with sharp pattern is equal to 4,300 µm. Therefore, its single period is 430 µm. However, 

the actual width of this standard grating is 20 µm. From calculation, the magnification of this 

system is 21.5 times. 
 

 
Figure 5.5 Recorded hologram of standard grating. 

 
Figure 5.6 Reconstructed hologram of standard grating. 
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Figure 5.7 Transverse intensity profile of Fig. 5.6. 

 

Figure 5.8 shows the reconstructed grating image of Ce: BaTiO3 crystal by using DH 

technique. Due to width size of grating is very small, 10 periods of grating has been measured. 

The cross section plot of considered area is shown in Fig. 5.9. The 10 period has size of 860 µm, 

so the single period is 86 µm. By calculating with the magnification of the system, the actual 

phase grating width from this technique in this crystal is 4 µm. The computation of path grating 

equation from the previous section was 4.3 µm. 
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Figure 5.8 Reconstructed hologram of phase grating inside the crystal. 

 

 
Figure 5.9 Transverse intensity profile of Fig. 5.7. 
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 CHAPTER 6 

CONCLUSIONS 

 

6.1  Summary of fingerprint moisture investigation using TIRDIH 

In this study, we have proposed and demonstrated the moisture effect of fingerprint recording by 

RDIH based on TIR. By using the interference of diffracted and nondiffracted beams from the 

target in recording process, only one input beam has been used in our scheme. So the setup is 

more compact than the previous systems. The reconstructed images of RDIH also found that they 

are the same with the result images from TDIH. The result images of different moisture finger 

have been shown and found that they look different. The perfect fingerprint patterns have been 

observed, when moisture percentages of fingerprint are in the range of 50% - 60% which are 

measured from skin moisture checker. Moreover, the contrast of fingerprint patterns with high 

moisture could be resolved by changing the incident angle of light. For example, the incident 

angle inside prism ii  , which causes the TIR between prism and air (refractive index of air is 1), 

is equal to 41.14 degree. This angle is good for the fingerprint with moisture of 54%. When the 

moisture of fingerprint is increased, the air in valley of fingerprint will be replaced by the water 

(refractive index of water is 1.33). Therefore, the incident angle ii  that cause TIR for this case is 

about 61 degree. By using this angle in the experimental setup, the undistinguishable pattern 

could be resolved. However, this resolved technique cannot be applied with the soak fingerprint 

because there is a lot of water at the ridge and valley of fingerprint and it cannot be distinguished 

anymore.     
 

6.2  Summary of glass bottle inspection using DIH 

In this work, we have proposed the technique to measure radius of curvature and detect the 

defects inside glass bottles by using DIH technique. By using our experimental setup 

configuration, the glass bottle radius of curvature has been obtained. The defects inside glass 
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bottle are easily detected. These two configurations may be combined to one experimental 

configuration.  
 

6.3  Summary of direct measurement of PR grating in Ce:BaTiO3 crystal 

We have proposed the alternate method for measuring the photorefractive grating on ASD by 

using digital holography. In our method, in-line hologram with single beam has been used to 

analyze phase grating in the crystals instead of using two beams. The diffracted wave from 

grating can be interfered with nondiffracted wave. The width of phase grating that reconstructed 

and measured by digital holography technique is not far different from the computation of path 

gating.  
 

6.4  Future work 

As described in summaries, DH is the one of powerful investigating tools. In future work, we 

would like to develop fingerprint scanner using DH technique to record fingerprint in three 

dimensions (not only patterns but also including the depth of fingerprint). The depth of patterns 

may be helpful and have impact on the scanning and security systems [44].  

The advantage of DIH technique is the record without focusing lens. When the position 

of bottle is changed, this technique still detects the defect. Therefore, the detection of defect 

inside glass bottle may be applied to glass bottle industry. When change the type of glass bottle, 

the detecting system will not change as the conventional system.  

The photorefractive effects are still widely researched. In future, we would like to applied 

DH technique to investigate the other type of grating such as reflective grating and higher order 

ASD grating.  

Moreover, DH is easy to apply with the other system. In future work, we will apply DH 

with other research fields such; optical tweezers, thermal expansion of material. Finally, the 

reconstructed program will be developed to Graphics User Interface (GUI) for the comfortable 

when operated. 
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APPENDIX A 
 

Fourier transformation of image with MATLAB®   
 

The Fourier transformation and inverse Fourier transformation were described by Eq. (2-7) and 

(2-8) respectively in chapter 2. In this section describes the transformation of image using Fourier 

transform function in MATLAB® program.  Three samples of image included square, triangle, 

and circle shape are transformed by FFT function. The MATLAB code example is shown in 

Table A1. 
 

Table A1. MATLAB code example for transforming image with FFT function 

 

clear all; 

close all; 

colormap gray; 

imgsrc='image name.png'; %the name of sample image that use to transform 

OB=imread(imgsrc); 

OB=rgb2gray(OB); 

figure(1) 

imshow(OB); 

FT=fftshift(fft2(OB)); 

FT=mat2gray((abs(FT))); 

figure(2) 

imshow(FT); 

 

 

 

 

 



59 

 

The samples of image which are transformed by FFT function, have been shown in Fig. A.1   

 

  
 (a)  (b) 

  
 (c)  (d) 

  
 (e)  (f) 

Figure A.1. The samples image; (a) square aperture, (b) FFT of square aperture, (c) triangle 

aperture, (d) FFT of triangle aperture, (e) circle aperture, and (f) FFT of circle aperture. 
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APPENDIX B 
 

Source codes for reconstructing digital hologram  
 

As described in chapter 2, there are two reconstruction methods that use in this thesis; Huygens 

convolution method (HCM) and angular spectrum method (ASM). Therefore this section show 

the two source codes which use to reconstruct digital hologram. 
 

Table B1. MATLAB code example for reconstructing digital hologram using HCM. 

clear all; 

close all; 

colormap gray; 

imgsrc='image name.png'; %image name 

H=imread(imgsrc); 

H=rgb2gray(H); 

imagesc(H) 

figure(1) 

imshow(H); 

title('Recorded digital hologram') 

H=double(H); 

H=transpose(H); 

lambda=635e-9; %wavelength, unit:m 

del_px=6.42e-6; %pixels size, unit:m 

del_py=6.42e-6; %pixels size, unit:m 

M=3456; %number of pixels 

N=2304; %number of pixels 

z=296e-3; %reconstructed distance, unit:m 

x=1:M; 

y=1:N; 



61 
 

[X,Y]=meshgrid(x, y); 

dim=((X-((M/2)-1)).*del_px).^2+((Y-((N/2)-1)).*del_py).^2; 

TF_K=exp((1i*pi/(z*lambda)).*dim); 

TF_K=transpose(TF_K); 

RH=fftshift(fft2(fftshift(H.*TF_K))); 

RH=mat2gray((abs(RH)).^2); 

RH=transpose(RH); 

figure(2) 

imshow(RH); 

text(10,10,strcat('\color{white}z=',sprintf('%3.0f%',z*1e3),'mm')); 

title('Reconstructed digital hologram') 
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Table B2. MATLAB code example for reconstructing digital hologram using ASM. 

 

clear all; 

close all; 

colormap gray; 

imgsrc='image name.png'; %image name 

H=imread(imgsrc); 

H=rgb2gray(H); 

imagesc(H) 

figure(1) 

imshow(H); 

title('Recorded digital hologram') 

H=double(H); 

H=transpose(H); 

lambda=635e-9; %wavelength, unit:m 

del_px=6.42e-6; %pixels size, unit:m 

del_py=6.42e-6; %pixels size, unit:m 

M=3456; %number of pixels 

N=2304; %number of pixels 

z=296e-3; %reconstructed distance, unit:m 

SP_OB=fftshift(ifft2(fftshift(H))); 

deltafx=1/(M*del_px); 

deltafy=1/(N*del_py); 

k=2*pi/lambda; 

x=1:M; 

y=1:N; 

[X,Y]=meshgrid(x, y); 

dim=((1)-(((X-((M/2)-1)).*deltafx.*lambda).^2)-(((Y-((N/2)-1)).*deltafy.*lambda).^2)).^0.5; 
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TF_K=exp((-1i).*k.*z.*dim); 

TF_K=transpose(TF_K); 

RH=fftshift(fft2(fftshift(SP_OB.*TF_K))); 

RH=mat2gray((abs(RH)).^2); 

RH=transpose(RH); 

figure(2) 

imshow(RH); 

text(10,10,strcat('\color{white}z=',sprintf('%3.0f%',z*1e3),'mm')); 

title('Reconstructed digital hologram') 
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Abstract. Total internal reflection (TIR) is normally important in an optical fingerprint scanner. The moisture
effect in a fingerprint scanner based on TIR has been explored by using digital in-line holography (DIH).
First, the reflection and the transmission technique set up for DIH have been explored by using a positive res-
olution test target with a line width of 200 μm. From experimental results, the reconstructed image of the reflected
DIH is perfect as the image of the transmitted DIH. Due to the advantage for opaque object imaging of the
reflected DIH, reflected DIH based on TIR has been selected to investigate the moisture effect of the fingerprint.
Fingerprints with moistures of 39%, 54%, 69%, and a soaked finger have been observed. A laser diode of
635 nm and a complementary metal oxide semiconductor camera were used in all of the experimental setups
in this research. The reconstructed image of the fingerprint gives a sharper image than the directed recorded
image. The fingerprint with higher moisture provided a darker fingerprint image, while the optimum amount of
moisture that gives the most complete finger pattern is 54%. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE)
[DOI: 10.1117/1.OE.53.11.112315]

Keywords: digital in-line holography; fingerprint; skin moisture; low coherence.

Paper 140193SS received Feb. 1, 2014; revised manuscript received Jun. 3, 2014; accepted for publication Jun. 5, 2014; published
online Jun. 25, 2014.

1 Introduction
Holography, the imaging technique of a recorded and recon-
structed image in three dimensions was invented by Gabor.1

The recording process requires the interference of the object
beam and reference beam on photographic film. Then it uses
the reading beam shining on the photographic film to see
the image in three dimensions. This process is called
reconstruction. Due to the conventional holography waste
photographic film, digital holography was developed. The
image, which consists of the phase and amplitude, is
recorded on electronic devices such as charge couple devices
(CCDs) or complementary metal oxide semiconductors
(CMOS). The three-dimensional image is numerically recon-
structed using a computer.2 Digital holography would be
typically classified into two types, i.e., off-axis and in-line
configurations. The digital in-line holography (DIH) is the
simplest configuration with which to record a hologram.
There are various configurations of DIH, such as transmis-
sion, reflection, and total internal reflection (TIR).
Transmitted DIH (TDIH) configuration could record and
reconstruct the interferogram, which is placed at different
plane.3 An example of this is particle characterization.4–7

Since TDIH may not be used in investigation of an opaque
object, reflected DIH (RDIH) has been developed. As with
normal holography, RDIH needs the interference of an object
beam and a reference beam to complete the recording proc-
ess. By using the reference-delayed technique, however, the
system could record a hologram with only one input beam. In
this configuration, a twice-reflected beam from an object,
which consists of the phase difference, was interfered and
recorded with a CCD camera.8 By using the technique of
TIR holographic microscopy some properties of biology

cells have recently been explored.9,10 In addition, the
basic concept of TIR was widely applied in fingerprint scan-
ner applications.11,12 The early system, however, provided
unsharp patterns. A number of methods have been invented
for resolving this problem. For example, the holographic
plate which when placed on the prism was used to correct
the distortion of the pattern.13,14 Another example, an asym-
metrical aspheric lens, was invented to get better contrast for
the fingerprint pattern.15 Recently, the fingerprint patterns
were explored using a digital holography technique based
on the angular spectrum method,16 which is based on the
Michelson interferometer. In our previous work, the digital
hologram patterns of a fingerprint pattern were obtained by
using the reflection from a glass slide.17 Interference patterns
from the top and bottom occurred and were distributed in the
recorded images.

However, from our point of view, the imaging technique
of fingerprinting still has value for continuing exploration. In
this paper, a digital holographic fingerprint scanner based on
a combination of RDIH and TIR has been presented. In our
configuration, instead of using two input beams as with pre-
vious systems, only one input beam is used so the system
may be cheaper and more compact. The reflected field,
which is diffracted at the edge of the fingerprint pattern, is
interfered with the undiffracted field. We also show that the
reconstruction of RDIH provide the same results as TDIH in
Sec. 4. By using our technique, the results of various mois-
tures on a fingerprint have been explored and shown.

2 Imaging Method

2.1 Transmitted Digital In-Line Holography

The experimental configuration of TDIH that was used in
this paper is shown in Fig. 1(a). An expanded beam

*Address all correspondence to: Prathan Buranasiri, E-mail: kbpratha@kmitl
.ac.th 0091-3286/2014/$25.00 © 2014 SPIE
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propagates through the positive pattern test target. Then, it is
separated into two beams, i.e., object and reference beams,
by the thin opaque line of the target. The object beam was
diffracted by the object pattern; the other one is a reference
beam, since it is just transmitted through the target without
any distortion. The holographic interference pattern is
obtained by the superposition of these two beams and
recorded on a CMOS camera. The holograms from data sets
that are presented in this paper are reconstructed using the
numerical method based on Huygens–Fresnel filtering
described by Fugal et al.18 Suppose ½hðx; yÞ� represents
the two-dimensional (2-D) diffracted optical field which
propagated along the z direction to the CMOS plane. It
can be expressed by using the Huygens–Fresnel principle19

as the following

hðx; yÞ ¼ z
jλ

ZZ
Oðξ; ηÞ expðjkρÞ

ρ2
dξ dη; (1)

where Oðξ; ηÞ is a 2-D optical field at the object plane, ρ ¼
½z2 þ ðx − ξÞ2 þ ðy − ηÞ2�1∕2 is the distance from any point
on the object plane ðξ; ηÞ to the CMOS plane ðx; yÞ, z is the

propagation distance, and k ¼ 2π∕λ is the wavenumber of
the light. By using the convolution method, the hologram
function can be rewritten as

hðx; yÞ ¼ F−1fF½Oðξ; ηÞ� · F½gðξ; η; x; yÞ�g; (2)

where the impulse response gðξ; η; x; yÞ is given by

gðξ; η; x; yÞ ¼ z
jλ

exp½jkρ�
ρ2

; (3)

The optical field at the image plane ðξ 0; η 0Þ can be recon-
structed by using the inverse Fourier transform of the filtered
Huygens–Fresnel as

Rðξ 0; η 0Þ ¼ F−1fF½hðx; yÞ� · F½gðξ; η; x; yÞ�g: (4)

2.2 Reflected Digital In-Line Holography

The concept of RDIH is illustrated in Fig. 1(b). The
expanded beam is incident on the target, which has a thin
opaque line, and then it reflects back because of the polished
surface. There are two different beams reflected at this sur-
face. The first one reflects with diffraction at the edge of the
opaque pattern; the other one reflects on the clear surface of
the target without any diffraction. The interference of these
two beams is recorded on a CMOS camera and then is
numerically reconstructed in the same way as in basic DIH.
The results have been shown in Sec. 4

2.3 Total Internal Reflection for Reflected Digital
In-Line Holography

The concept of TIR has been widely used in fingerprint scan-
ners. Figure 2 depicts the geometry of TIR, which is used to
image the fingerprint pattern. TIR has occurred when the
incident angle is larger than the critical angle between the
prism and air boundary. There are two areas from which
you can obtain the pattern in fingerprint imaging based on
TIR. Here, the light reflects with TIR at the valley of the
fingerprint providing, a bright pattern, and scatters at the
ridge of the fingerprint, providing a dark pattern. Then
they are interfered on the CMOS plane. This principle

(a)

Test target
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Laser Diode

270 mm
L1

y
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Test Target
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Laser Diode

135 mm

135 mm
L1

y

x

z

(b)

Fig. 1 Experimental setup for recording a digital in-line holography
(DIH) and reflected DIH (RDIH) of resolution test target:
(a) Transmission DIH (TDIH) and (b) RDIH.

Laser Diode

Prism

CMOS

L1

θio

θiiiθiiiiiiiiiii

RidgeValley

Prism

Fig. 2 The schematic of digital holographic fingerprint scanner using
total internal reflection.
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will be applied to RDIH for imaging a fingerprint in the next
section. Here we call this method total internal reflection
DIH (TIRDIH).

3 Experimental Setup
First, our experimental setup has been done in the cases of
both TDIH and RDIH as described in Sec. 2, which shows
that the RDIH can be used instead of the TDIH in the case of
an opaque object as described in Sec. 1. In our experiment,
the distance between the camera and test target is 270 mm in
both cases. Then, the RDIH has been applied to fingerprint
imaging using the TIRDIH as described in Sec. 2.3. The
experimental setup TIRDIH has been shown in Fig. 2. In
the setup, a laser diode (LDM115G/633/1, 1 mW, 635 nm)
was used as the light source. The expanded beam from the
laser diode was collimated by lens L1 (f1 ¼ 175 mm and

25.4 mm diameter) and then incident on an equilateral
glass prism (N-BK7 with a refractive index: n ¼ 1.52)
with angle θio. The refracted beam transmitted through
the prism and then reflected at the boundary between the
prism and air with angle θii. In the experiment, the TIR
between the boundary of the prism and air was obtained
when θio was equal to 29.0 deg, (i.e., θii ¼ 41.14). Then,
the interference patterns of various moistures of fingerprints
were recorded with a CMOS camera (Canon EOS 350D,
Japan, 3456 × 2304 pixels, 6.41-μm pixel pitch).

Four samples of different moistures of fingerprints, i.e.,
39%, 54%, 69% and wet fingerprint, were used in the experi-
ment. Since the maximum measurable range of the skin
moisture checker (Scalar model MY808s) is only about
70%, we have used 69% of moisture as the highest one
to avoid the saturated value of the instrument. Each recon-
structed image is shown and compared in Sec. 4.

Fig. 3 Hologram and its profile from TDIH: (a) recorded hologram,
(b) reconstructed hologram, and (c) transverse intensity profile of (b).

Fig. 4 Hologram and its profile from RDIH: (a) recorded hologram,
(b) reconstructed hologram, and (c) transverse intensity profile of (b).
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4 Experimental Results

4.1 Test Target Hologram

In this section, the experimental results of the TDIH and the
RDIH have been shown. Figure 3(a) shows the transmitted
hologram patterns, which were recorded in the experimental
setup from Fig. 1(a). The image recorded on the CMOS
plane appeared as a defocused pattern. The numerical
reconstruction of Fig. 3(a) at the plane of z ¼ 270 mm
from the CMOS is shown in Fig. 3(b). At this plane, the pat-
tern of the test target was focused. The transverse intensity
profile of Fig. 3(b) is illustrated in Fig. 3(c). The cross-sec-
tion plots have been found corresponding to the standard
value of the width of the resolution of the test target
(200 μm).

Figures 4(a)–4(c) represent the recorded hologram pat-
tern, reconstructed hologram pattern, and the transverse
intensity profile of the RDIH in Fig. 1(b). From our RDIH
results, the image can be reconstructed as in the case of
TDIH. The pattern of thee test target is focused at the
plane of z ¼ 270 mm as in the TDIH case. Moreover, the
pattern width is the same as that of the TDIH case.

4.2 Fingerprint Hologram

The hologram pattern of a fingerprint with a moisture of
54.0% and its best numerically reconstructed image are
shown in Figs. 5(a) and 5(c), respectively. The reconstructed
image was a better profile than the recorded image.
Figures 5(b)–5(e) represent the best reconstructed fingerprint
holograms of different moistures. From our observation, the

Fig. 5 Recorded hologram: (a) with moisture of 54.0%. Reconstructed holograms: (b) with moisture of
39.0%, (c) with moisture of 54.0%, (d) with moisture of 69.0%, and (e) wet fingerprint.
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image of the fingerprint with a moisture of 39.0% [Fig. 5(b)]
was incomplete because the ridge of the fingerprint was not
completely close to the glass prism. When the fingerprint had
enough moisture for coupling the fingerprint to the prism, the
fingerprint pattern image would be perfect as illustrated in
Fig. 5(c). We observed the ridge of the fingerprint was
the dark pattern which is obtained from the scattering of
light, and the valley of the fingerprint was the bright pattern
which is obtained from the TIR of the light inside the prism,
as described in Sec. 2. However, the fingerprint with too
much moisture may give a worse image pattern as shown
in Fig. 5(d). Since the gaps between fingerprint valleys
and the prism are full of moisture the TIR cannot occur.
However, the ridge patterns still occurred while the valley
patterns were darker than the image of the fingerprint
with a moisture of 54.0%. The wet fingerprint gives the
worst pattern because there is a lot of water between the
fingerprint and the prism. In this case, the ridge and valley
of the fingerprint cannot be distinguished, as is presented in
Fig. 5(e). Moreover, the intensity of the image will be
decreased when the moisture of the fingerprint increases.
The transverse intensity profile of the fingerprint pattern
from Fig. 5(c) is shown in Fig. 6. The width of the fingerprint
had been measured and it is about 150 μm.

5 Conclusion
In this study, we have proposed and demonstrated the mois-
ture effect on fingerprint recording by the RDIH based on
TIR. By using the interference of diffracted and undiffracted
beams from the target in the recording process, only one
input beam has been used in our scheme. So the setup is
more compact than the previous systems. The reconstructed
images of the RDIH also found that they are the same as the
result images from the TDIH. The result images of different
moistures for fingers have been shown and it was found that
they look different. Perfect fingerprint patterns have been
observed when the moisture percentages of fingerprint are
in the range of 50% to 60%, which are measured with
a skin moisture checker.
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Fig. 6 Transverse intensity profiles of fingerprint with moisture of
54.0%.
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