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ABSTRACT

Optical measurement techniques have evolved from research to commercial
instrumentation over the last few decades. Optical measurement techniques are non-contact
type and non-intrusive in nature and do not disrupt the process or mechanism being
investigated/analyzed. Optical measurement methods have been employed in the field of
science, engineering, aerospace, industrial production and also in biomedical applications
for almost a century. However, various additional advancements have broadened its scope
and efficiency. The invention of the lasers was the most significant breakthrough of these
new advancements. Many of the limits imposed by traditional light sources have been
addressed by the development of lasers, allowing for the development of several novel
interferometric techniques. Holography introduced a new dimension to optical measuring
techniques that take advantage of lasers' unique characteristics such as monochromaticity,
coherence, stability, directionality, and high output power, particularly the extended
coherence of the laser light source. Owing to improvements in faster semiconductors,
electronics and digital computing power, digital holography has witnessed a remarkable

advancement in the last decade.

A new paradigm in general imaging applications has emerged with the development of
digital holography (DH). In today’s world, DH is a board area with several applications in
microscopy, biomedicine, manufacturing, commercial electronics, augmented and virtual
reality, entertainment, defense, and security etc. Due to its non-contact, non-intrusive, and
label-free nature, DH has emerged as a valuable tool in microscopy and metrology
applications. The major advantage of DH is that it provides both amplitude as well as phase
information of the object wavefront. Conventional microscopic techniques provide good

contrast high-resolution amplitude/intensity images of the objects. However, in



conventional optical microscopic methods phase information of the object is absent. Digital
holographic interferometry (DHI) based microscopic systems have the significant
advantage that they provide phase information. This will facilitate the user to acquire
necessary quantitative information, such as refractive index, cell thickness profile, cell
morphology etc. DHI provides both qualitative and quantitative information of the object
under test using optical recording and numerical reconstruction techniques. Two main
advantages of DHI based microscopy system make it different from other microscopic
techniques. First, the reconstructed image of the object under test can be made to focus on
different planes of the object by numerical reconstruction without using optomechanical
adjustment, and second, in digital holographic interferometric microscopy distortions due
to aberration in the optical system are avoided by the interferometric comparison of the
reconstructed phase with and without the object under study. Also, in DHI, the interference
phase can be determined by subtracting the phase of the individual object wavefront
reconstructed in its different states without generating the phase shifting interferograms.
Thus, DHI eliminates additional efforts to compute the interference phase. These features
of DHI increases the measurement flexibility and makes the measurement process faster,
enabling DHI to be implemented in almost real-time. DHI has been widely used in
metrology applications such as for the measurement of temperature in laminar free
convective flow of water, measurement of natural convective heat transfer coefficient along
the surface of a heated wire, effect of magnetic field on temperature profile of gaseous
flames, to measure dynamic flow field, measurement of refractive index, temperature,
displacement, vibration, tilt, slope, contouring, diffusion coefficient etc. DHI is a
burgeoning field with applications in metrology, biomedical imaging, three-dimensional
imaging, and three-dimensional display systems. However, recording and displaying a 3D

picture of an object are just a small fraction of holography. The holographic optical element



(HOE) is a type of optical diffracting element that can incorporate a variety of features onto
a single transparent thin film or plastic. The most significant benefit of HOEs is their ability
to simultaneously include several different optical functions on a single element. The ability
to measure the deformations and change in the index of refraction of transparent objects at
the microscopic level makes digital holographic interferometry a prominent tool in

metrology and biomedical application.

In this thesis, a volume phase holographic optical element based DHI system is designed
and used for quantitative cell imaging and temperature measurement. In addition to this, a
holo-shear lens based lateral shear interferometer is used to investigate the temperature
profile and temperature stability of micro diffusion flame under the influence of the

magnetic field. This thesis is organized into six chapters.

Chapter 1 provides a brief introduction of optical measurement techniques and their
application in microscopy and metrology, as well as a brief description of conventional
holography and digital holography. This chapter also covers the detailed description of
digital hologram recording and various reconstruction processes. The brief outline of the

research work presented in this thesis is also summarized in this chapter.

Chapter 2 presents label-free quantitative cell imaging using digital holographic
interferometry. In this chapter, a conventional Mach-Zehnder configuration based digital
holographic microscopic (DHM) system is demonstrated for non-destructive, label-free, in-
vitro imaging of small microorganism Escherichia coli (E. coli) bacteria. Also, a volume
phase holographic grating (VPHG) based DHI system is introduced for quantitative phase
imaging of microscopic biological cells such as human red blood cells, white blood cells,

platelets, and micro-sized Staphylococcus aureus (S. aureus) bacteria cells.

Vi



Chapter 3 presents a volume phase holographic optical element based digital holographic
interferometer, which is used for the measurement of temperature, temperature profile and
temperature fluctuations inside the macro and micro candle flames. The proposed system

is simple, compact, requires lesser optical components, and is easy to use.

Chapter 4 introduces a non-contact temperature measurement of human hand skin using
volume phase holographic optical element based digital holographic interferometer. In this
system, a volume phase holographic optical element based DHI system has been used in a

lensless Fourier transform (LLFT) configuration.

Chapter 5 presents a holo-shear lens-based interferometer used to investigate the effect of
gradient magnetic fields (i.e., upward decreasing and upward increasing), uniform
magnetic field on the temperature, and temperature profile of wick stabilized micro
diffusion flame created from the candle. The holo-shear lens-based interferometer can be
used to study other sensitive phenomena such as thermal and chemical quenching in

microflames.

Chapter 6 concludes the work presented in the thesis and suggests some ideas for further

investigations.
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Thickness line profile of the S. aureus bacteria cell along the
line ‘XY’ as shown in Fig. 2.13 (a).

Recorded digital hologram of the blood sample. The selected
platelet cells are numbered from 1 to 5.

Corresponding reconstructed pseudo color 3D picture of the
thickness distribution profile of selected cells, respectively.
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2.15 (a)

2.15 (b)

3.1

3.2

3.3

3.4 (a)
3.4 (b)
3.5(a)
3.5 (b)
3.5 (c)

3.5 (d)

3.6 (a)

3.6 (b)

3.7 ()

3.7 (b)

3.7 (c)

3.7 (d)

3.8 (a)

3.8 (b)

Bright-field image of the blood sample containing RBCs,
WABCs, and platelets.

Bright-field image of the sample containing S. aureus bacteria
cells, imaged by a standard Nikon Eclipse E200 optical
microscope, respectively.

Flow chart for temperature measurement.

Schematic of the cross-section of axi-symmetric temperature
field of diffusion flame.

Schematic of the volume phase holographic grating based
digital  holographic interferometer for temperature
measurement.

Photograph of macro size candle flame.

Photograph of micro size candle flame.

Wrapped phase difference map of macro flame.

2D unwrapped phase difference map of macro flame.
Refractive index difference profile along line ‘AB’.

Temperature profile along line ‘AB’.

Flame temperature instability in macro size candle flame.

Variation in maximum temperature (flickering) in candle
macro flame at point ‘A1’ versus time (min).

Worapped phase difference map of micro flame.

2D unwrapped phase difference map of micro flame.

Refractive index difference profile along line ‘AB’.

Temperature profile along line ‘AB’.

Flame temperature instability in micro size flame.

Variation in maximum temperature (flickering) in candle
micro flame at point ‘A2’ versus time (min).
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Fig.

4.1

4.2 (a)

4.2 (b)

4.3 (a)

4.3 (b)

4.4 (a)

4.4 (b)

4.4 (c)

4.5 (a)

4.5 (b)

4.5 (c)

4.6 (a)

4.6 (b)

4.6 (c)

4.7 (a)

4.7 (b)

4.7 (c)

4.8 (a)

Schematic of the experimental setup for human skin
temperature measurement.

Wrapped phase difference map of air around index finger and
ambient air.

Unwrapped phase difference map corresponding to Fig. 4.2
(a).

Unwrapped phase difference profile of air along the line
‘A1B1’ drawn on skin of index finger as shown in Fig. 4.2 (b).

Temperature profile corresponding to Fig. 4.3 (a).

Unwrapped phase difference map of air around index finger
and ambient air.

Unwrapped phase difference profile of air along the line
‘A1B1’ drawn on skin of index finger as shown in Fig. 4.4 (a).

Temperature profile corresponding to Fig. 4.4 (b).

Unwrapped phase difference map of air around index finger
and ambient air.

Unwrapped phase difference profile of air along the line
‘A1B1’ drawn on skin of index finger as shown in Fig. 4.5 (a).

Temperature profile corresponding to Fig. 4.5 (b).

Unwrapped phase difference map of air around index finger
and ambient air.

Unwrapped phase difference profile of air along the line
‘A2B>’ drawn on skin of index finger as shown in Fig. 4.6 (a).

Temperature profile corresponding to Fig. 4.6 (b).

Unwrapped phase difference map of air around index finger
and ambient air.

Unwrapped phase difference profile of air along the line
‘AsB3’ drawn on skin of index finger as shown in Fig. 4.7 (a).

Temperature profile corresponding to Fig. 4.7 (b).

Wrapped phase difference map of air along the surface of
palm skin and ambient air.
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Fig.

Fig.

Fig.

Fig.

Fig.

4.8 (b)

4.9 (a)

4.9 (b)

4.10 (a)

4.10 (b)

4.10 (c)

4.11 (a)

4.11 (b)

4.11 (c)

4.12 (a),

(d), and ()

Fig. 4.12 (b),

(e), and (h)

Fig.

4.12 (c),

() and (i)

Fig.

4.13 (a),

(d), and ()

Fig. 4.13 (b),

(e), and (h)

Fig.

4.13 (c),

(F), and (i)

Fig.

Fig.

5.1

5.2

Unwrapped phase difference map corresponding to Fig. 4.8
(a).

Unwrapped phase difference profile of air along the line
‘A1'B1"” drawn on palm skin as shown in Fig. 4.8 (b).

Temperature profile corresponding to Fig. 4.9 (a).

Unwrapped phase difference map of air along the surface of
palm skin and ambient air.

Unwrapped phase difference profile of air along the line
‘A2'B2"” drawn on the palm skin as shown in Fig. 4.10 (a).

Temperature profile corresponding to Fig. 4.10 (b).

Unwrapped phase difference map of air along the surface of
palm skin and ambient air.

Unwrapped phase difference profile of air along the line
‘A3'Bz” drawn on the palm skin as shown in Fig. 4.11 (a).

Temperature profile corresponding to Fig. 4.11 (b).

Unwrapped phase difference map of air around index finger
and ambient air.

Unwrapped phase difference profile of air along the line
‘X1Y71’, ‘X2Y2” and ‘X3Y3’drawn on skin of index finger as
shown in Fig. 4.12 (a), (d), and (g), respectively.
Temperature profile corresponding to Fig. 4.12 (b), (e), and
(h), respectively.

Unwrapped phase difference map of air along the surface of
palm skin and ambient air.

Unwrapped phase difference profile of air along the line
‘X1'Y1"”, ‘X2"Y2"” and ‘X3"Y3"”drawn on palm skin as shown in
Fig. 4.13 (a), (d), and (g), respectively.
Figure (c), (f) and (i) Temperature profile corresponding to
Fig. 4.13 (b), (e), and (h), respectively.

Schematic of top view of cross-section of axisymmetric
refractive index distribution of microflame.

Schematic of holo-shear lens-based interferometer for
measurement of temperature distribution in microflame.

XXI



Fig.

Fig.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.3 ()

5.3 (b)

5.4 (a)

5.4 (b)

5.4 (c)

5.4 (d)

5.4 (e)

5.4 (f)

5.5

5.6 (a)

5.6 (b)

5.7 (a)

5.7 (b)

5.8 (a)

5.8 (b)

5.9 (a)

5.9 (b)

Scheme of three different configurations of magnetic field,
namely upward decreasing magnetic field, uniform magnetic
field, and upward increasing magnetic field.

Photograph of microflame.

Recorded sheared interferogram of ambient air in +Xx
direction.

Sheared interferogram of microflame created from candle in
+x direction.

2-D unwrapped phase difference profile of air with
microflame and without microflame of the selected portion of
interferogram.

Unwrapped phase difference profile along the line ‘ACB’ as
marked in (c).

Refractive index difference profile along the line ‘ACB’.

Temperature profile along the line ‘ACB’.

Flowchart for measurement of temperature in microflame.

Recorded sheared interferogram of microflame in upward
decreasing magnetic field.

Temperature profile along the line ‘CB’ at same height as in
case of without magnetic field.

Recorded sheared interferogram of microflame in uniform
magnetic field.

Temperature profile along the line CB.

Recorded sheared interferogram of microflame in upward
increasing magnetic field.

Temperature profile along the line CB.

Temperature profile of micro diffusion flame at different
times indicating temperature fluctuations in microflame with
time.

Variation in maximum temperature (K) in micro diffusion
flame at point ‘C’ versus time (min).
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Fig.
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Fig.

Fig.

Fig.

Fig.

Fig.

5.10 (a)

5.10 (b)

5.11 (a)

5.11 (b)

5.12 (a)

5.12 (b)

5.13 (a)

5.13 (b)

5.13 (b)

5.14 ()

5.14 (b)

5.14 (c)

Temperature profile of micro diffusion flame in upward
decreasing magnetic field at different times indicating
temperature fluctuations in microflame with time.

Variation in maximum temperature (K) in micro diffusion
flame at point ‘C’ versus time (min).

Temperature profile of micro diffusion flame in uniform
magnetic field at different times indicating temperature
fluctuations in microflame with time.

Variation in maximum temperature (K) in micro diffusion
flame at point ‘C’ versus time (min).

Temperature profile of micro diffusion flame in upward
increasing magnetic field at different times indicating
temperature fluctuations in microflame with time.

Variation in maximum temperature (K) in micro diffusion
flame at point ‘C’ versus time (min).

Photograph of macro (normal) diffusion candle flame.

2-D unwrapped phase difference map of candle flame and
ambient air.

Temperature profile of macroflame along the line ‘CB’.
Photograph of micro diffusion flame created from candle.
2-D unwrapped phase difference map of microflame and

ambient air.

Temperature profile of microflame along the line ‘CB’.
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LIST OF ABBREVIATIONS

Abbreviation Definition

DHI Digital Holographic Interferometry
DH Digital Holography

DHM Digital Holographic Microscopy
LLFT Lensless Fourier Transform

CCD Charge-Couple Device

CMOS Complementary Metal-Oxide Semiconductor
DCG Dichromated Gelatin

HOE Holographic Optical Element
VPHG VVolume Phase Holographic Grating
MO Microscope Objective

PH Pin Hole

CL Collimator

BS Beam Splitter

SF Spatial Filter

Re Real Function

Im Imaginary Function

CP Central Peak

LP Left Peak

RP Right Peak

FFT Fast Fourier Transform

IFFT Inverse Fast Fourier Transform
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Quantitative Phase Imaging

Differential Interference Contrast
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Structure lllumination Microscopy
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Deionized
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