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The  combined  use  of digital  holographic  microscopy  and  computer  tomography,  here  named  digital
holographic  micro-tomography,  is  used  to  examine  the  interior  of  transparent  channels.  The  proposed
method  is  used  to  identify  internal  obstacles  inside  of  transparent  troughs  having  slightly  different  refrac-
eywords:
igital holography microscopy
xial tomography
igital holographic micro-tomography
on-destructive evaluation

tive index.  The  method  is based  in  the  acquisition  of  a  set  of  digital  holograms  of  the  specimen  whereas
it is  axially  rotated  from  0◦ to  180◦.  The  phase  differences  retrieved  from  the  obtained  holograms  are  the
inputs to a computerised  axial  tomography  procedure.  The  technique  has  been  numerically  modelled  in
order  to  find  the  optimal  tomographic  conditions  and  also  to  realise  the  minimum  difference  of  refractive
index  the  method  could  detect.  The  obtained  results  show  the  feasibility  of  the proposed  method  for  the
non-destructive  evaluation  of transparent  micro-objects.
. Introduction

The present great step forward in the scientific development
eads to high competitive pace in the field of high-tech technologies.
he development of very affordable digital cameras with spatial
esolution of the order of 100 p/mm or better has brought the
ossibility of replacing the use of photographic films in diverse
nvironments. This development in combination with power-
ul computing systems merge ideally in a relatively new field
amed digital holography (DH) [1]. From DH many branches have
ppeared in scene, being one of the most attractive digital holo-
raphic microscopy (DHM) [2]. DHM has the unique feature of
roviding quantitative phase information of microscopic objects,
urpassing other microscopy methods as phase contrast- or differ-
ntial interference contrast-microscopy [3]. DHM can be applied to
he study of either opaque or transparent specimens [4]. Essen-
ially, DHM is an interferometric technique that determines the
ptical phase difference (OPD) between two waves travelling via
he arms of an optical setup. As in any interferometry test, the OPD
athers the differences of lengths of the arms and refractive index
s seen by the travelling waves. If the object under study has micro-∫

etric dimensions, the OPD ≈ 2�/�0�n(x, y, z) dz and therefore

he OPD provides information of the difference of refractive index
5]. By taking advantage of this property provided by DHM, a clever
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combination of DHM and computerised tomography (CT) has been
proposed [6] for studying the internal distribution of the refractive
index in the interior of a cell. In the marriage, a regular scheme of
CT [7] is applied to a set of maps that are obtained for different
orientations of the specimen under study. From those tomographs
the full and detailed internal distribution of the refractive index
of a cell can be obtained; the same approach can be extended
to others fields of the research of technology. In this paper we
name the merged utilization of DHM and CT, digital holographic
micro-tomography (DHMT). DHMT can be used to identify regions
of different refractive index inside the specimen, as objects stuck
in the interior of transparent objects. Those objects, that may  be
an obstacle in a trough, vein or any other micro-channel, could be
invisible to regular microscopy techniques, because they have very
similar refractive index to the walls of the trough. Since DHMT uses
phase maps obtained from DHM, the CT of those maps can lead to a
morphological, and even quantitative, identification of the objects
in the interior of the channel.

In this paper, we apply DHMT as a tool to characterise obstacles
located in the interior of transparent micro-channels. The method
is fully numerically modelled with an approach based on 3D hyper-
matrices. The computer model is implemented to find the optimal
experimental conditions for the tomographic reconstruction pro-
cedure and to estimate the minimum refractive index difference

that is detectable by the method. The simulation shows that an
obstacle having a difference as small as 0.01 in the refractive index
is detectable by the method, which is in good agreement with
the obtained experimental results. In Sections 2 and 3, we briefly

dx.doi.org/10.1016/j.ijleo.2012.10.062
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
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ntroduce the basis of DHM and CT, respectively, to present DHMT
n Section 4. The modelling procedure is described in Section 5 and
he experimental results are shown in Section 6.

. Digital holography microscopy

Digital holographic microscopy (DHM) provides quantitative
easurement of the optical path difference via interferometric

xperiments. This approach enables to investigate transparent
amples with diffraction-limited transverse resolution and sub-
avelength axial sensitivity [8]. For simplicity, the specimen is

lluminated by means of a plane wave and the light that emerges
rom it is directed to an objective lens. The resulting wavefront,
alled the object wave (O), is combined onto a CCD sensor with a
econd light beam named the reference wave (R). The combination
f both beams, gives rise to an intensity distribution called digital
ologram.

The intensity of the produced digital hologram IH can be
xpressed as [9]

H(x, y) = |R|2 + |O|2 + R∗O + RO∗, (1)

here O* and R* refer to the complex conjugate of O and R respec-
ively and (x,y) indicates the spatial coordinates on the hologram
lane.

The terms R*O and RO* in (1) correspond to both, the real and
irtual reconstructed images respectively, which are spatially sep-
rated for off-axis geometries [9]. The term |R|2 + |O|2 corresponds
o the zero diffraction order or DC term. This DC term has a dele-
erious effect on the recovered images because it looks like a very
right square area that conceals any other information due to it sets

 value of intensity too high for the largest number of the dynamic
ange of visualization. Fortunately, there are many approaches to
et rid of the DC term and the entire nuisance associated with it
10]. Those procedures can be understood as a pre-processing of
he digital hologram which leads to ĨH(x, y) = RO∗ + R∗O. In order
o recover the object information having no information of the
C term, the pre-processed digital hologram ĨH(x, y) is multiplied

imes the reference wave R. Usually R is a plane unitary wave-
ront and, therefore ˜̃IH(x, y) = ĨH(x, y)R = O∗ + O. After this digital

anipulation the recorded hologram at the CCD camera only con-
ains information about the object wave and its complex conjugate.
ince DHM uses the versatility of the numerical propagation, we
an compute the object wavefront at any plane a distance d away
rom the CCD plane. Such propagation in the Fresnel–Fraunhofer
pproximation is given by [1]:

(�, �, d) = A exp
[
i�

�d
(�2 + �2)

]∫ ∫
˜̃IH(x, y)exp

×
[
i�

�d
(x2 + y2)

]
exp

[
i2�
�d

(x� + y�)
]
dxdy (2)

here A = 1/(i�d)exp(i2�d/�) is a complex constant, � is the
ight wavelength, d is the propagation distance and (�,�) are
he coordinates at the reconstruction plane. The computational
mplementation of (2) resorts on the fast Fourier transform (FFT)
lgorithm and on the sampled version of ˜̃IH(x, y):

(m, n, d) = A exp
[
i�

�d
(m2��2 + n2��2)

]
FFT

×
{

˜̃IH(k, l)exp
[
i�

�d
(k2�x2 + l2�y2)

]}
, (3)
here k, l, m,  n are integers satisfying the condition −M/2 ≤ k, l, m,
 ≤ M/2, with M the number of elements of the sensor; the CCD has
imensions �x, �y; ��,  ��  are the values of the intervals of samp-

ing on the reconstruction plane (�, �). Then, the intensity I(m,n,d)
Fig. 1. Illustration of the principles of computerised tomography. At left the pro-
jection of the object for different angles is described by the Radon transform of the
function f(x,y). At right the Fourier slice theorem is illustrated.

and the phase �(m,n,d) corresponding to the reconstructed optical
field  (m,n,d) can be evaluated as:

I(m, n, d) = Re[ (m, n, d)]2 + Im[ (m, n, d)]2 (4)

�(m, n, d) = arctan
Im[ (m, n, d)]
Re[ (m, n, d)]

, (5)

where Re and Im stand for the real and imaginary parts of com-
plex field and the function arctan accounts for the signs of the
Im[ (m,n,d)] and Re[ (m,n,d)] in the computation of the inverse
tangent function.

3. Computerised tomography

Computerised tomography (CT) is the technique of reconstruc-
ting an object image from its projections. The simplest CT method
is the non-diffractive approach, in which the light travelling within
the specimen travels following straight paths. Under this approach,
the light should not be strongly diffracted by the test object.

Hence, for plane wave illumination all the light rays are parallel.
As illustrated in Fig. 1 (at left) each light ray gathers information
of the object as it travels. The cumulate information on each ray
contributes to generate a projection of the object on a recording
screen. For plane wave illumination each projection is produced by
all the parallel rays that propagate through the object. For each ray
s the projected information of the object f(x,y) is represented by the
Radon transform of the function f(x,y) [7]:

P�(s) =
∫ +∞

−∞

∫ +∞

−∞
f (x, y)ı(x cos � + y sin � − s) dxdy. (6)

where P� is the one-dimensional projection of the function f(x,y)
as the object is illuminated at angle � and ı is the delta function.
In Fig. 1, at left is illustrated the Radon transform for two angles
of illumination �1 and �2. The projections P�1(s) and P�2(s) corre-
spond to the object information cumulate on each ray denoted by
the set of points along each line s = x cos � + y sin �. Each of the mul-
tiple projections of the object for the different rotation angles �i,
with i ranging from 1◦ to 180◦/N and N the number of projections,
is related with the object information at that angle via the Fourier
slice theorem [7]: The Fourier transform of a parallel projection of
an image f(x, y) taken at angle �i gives a slice of the two-dimensional
transform, F(	,
), subtending an angle �i with the 	-axis. In other
words, the Fourier transform of P�i(s) gives the values of F(	,
)
along line that subtends and angle �i with the 	-axis; as illustrated

on the right side of Fig. 1.

According to the general principles of CT, the tomographic infor-
mation of an object is obtained by: (i) taking N projections of
the object, (ii) Fourier transforming each projection, (iii) summing
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ig. 2. Illustration of DHMT: (a) generation of tomographic projections; (b) ordering
he projections in the hyper-matrix; (c) extraction of a set of 1D projections; (d)
omographic slice; (e) three-dimensional composition of the reconstructed object.

ll the Fourier transforms, and (iv) inverse Fourier transforming
he obtained sum. To perform the (iii) step there are different
pproaches that lead to almost identical results. In this work we
ave used the standard inverse Radon transform,  which uses a fil-
ered back-projection algorithm of the Fourier slice theorem.

In order to be able to apply the non-diffractive CT approach
n our experiments, we have minimised the deviation of the light
ravelling through the sample by immersing it in an index match-
ng liquid. Therefore, the closer the refractive index of the index

atching liquid to that of the trough, the better the results.

. Digital holographic micro-tomography

The combined use of DHM and CT leads to a technique that
e name digital holographic micro-tomography (DHMT). In this

echnique, we use the capability of DHM of producing quanti-
ative phase maps of transparent or transparent objects via the
igital holograms. Those phase maps can be related with the refrac-
ive index of the object through the OPD ≈

∫
2�/�0�n(x, y, z) dz,

nd therefore slight difference of refractive index �n(x,y,z) can be
etected. If N phase images are properly produced those can be
he necessary images by CT to work. Hence, N digital holograms
re recorded while the object under study is rotated. Those holo-
rams are processed and N phase maps of the object are obtained.
hese phase maps constitute the input for the axial tomography
rocedure.

As illustrated in Fig. 2, for DHMT to work a set of transmis-
ion microscopy digital holograms of a transparent specimen is
cquired whereas the object is rotated from 0◦ to 180◦ with a step
ngle �i (see panel (a)). If for instance N = 100, it means that one
igital microscopy hologram is taken every �i = 1.8◦; each holo-
ram is composed by np × mp pixels. The recorded holograms are
econstructed at the object plane and the phase maps (Eq. (5))
omputed. For most of the applications, those phase maps need
o be unwrapped. In this work the unwrapping process has been
one with the algorithm proposed and implement by Ruiz et al.
14]. Once the phase maps are unwrapped, the N phase images
re stacked in a cubic matrix or hyper-matrix with dimensions
p × mp × N; we name this matrix Sp (Fig. 2(b)). Then, from the
tack Sp we take a slice of mp × N elements for each ni (i from 1
o np) position and the inverse Radon transform [7] is applied to
uch slice (Fig. 2(c)). According to the Fourier slice theorem, the
esult of the result of the inverse Radon transform corresponds to
 slice of the object at the corresponding height ni (Fig. 2(d)). The
rocess is repeated for ni and the results placed in a second hyper-
atrix called Rb that contains the three-dimensional distribution of

elative refractive index corresponding to the specimen (Fig. 2(e)).
ik 124 (2013) 3314– 3318

5. DHMT modelling

The quality of the tomographic reconstruction depends on sev-
eral parameters such as the number of digital holograms involved,
the step-angle �i between the acquisition of successive holograms
and the coincidence between the vertical axis of the imaging area
and the rotation axis of the specimen. In order to calibrate the
experimental set-up and to find the optimum parameters, a simu-
lation of the tomographic procedure was  implemented. The same
modelling tool has also been used to estimate the minimum refrac-
tive index difference that DHMT can detect.

The simulation generates a set of phase maps similar to those
obtained from the digital holograms of the sample recorded at
angles from 0◦ to 180◦. The three-dimensional transparent object
to be simulated is generated inside a 3D hyper-matrix called Rm

which represents the refractive index distribution of the object.
This hyper-matrix has a size corresponding to the width, depth
and height of the volume containing the transparent object to be
simulated. Every cell in Rm is initialised with a value equal to the
refractive index of the medium surrounding the object. This in this
case corresponds to the index matching liquid to be used. Then,
the object itself is generated following two  different procedures
depending on its symmetry. In the case of an object with prismatic
symmetry, the matrix is filled by reading a set of digital images or
bitmaps representing different slices of the object. The grey levels
of the pixels of each bitmap are associated to the refractive index of
the corresponding slice, following the method for interpreting the
bitmaps described in Refs. [11,12]. Therefore, the size of the three
dimensions of the Rm matrix will be defined according to a scale
factor, having units in �m/pixel, relating the physical dimensions
of the object to be simulated and the size of its representation in the
digital images. If the object is a sphere, the corresponding region is
generated by the matrix cells satisfying the following condition:

(i − ic)
2

R2
+ (j − jc)

2

R2
+ (k − kc)

2

R2
< 1. (7)

The matrix indices i, j and k in Eq. (7) correspond to the physical
coordinates x, y and z, respectively. The indices ic, jc, and kc are the
coordinates of the hyper-matrix cell corresponding to the sphere
centre. The value R determines the radius of sphere. The cells con-
tained in this region are set equal to the desired refractive index for
the generated sphere.

Once the 3D hyper-matrix containing the three-dimensional
distribution of refractive index of the transparent object is gener-
ated, the set of 2D radon projections at different angles is obtained.
This is made by sweeping the 3D matrix along the k index corre-
sponding to the z direction. Firstly, the 1D Radon projections of each
slice of the 3D hyper-matrix are evaluated. The obtained values cor-
respond to the optical path traversed by the light along the cross
section of the evaluated slice. Then, the 2D Radon projection at each
angle is computed by combining all the 1D projections generated at
different values of the k coordinate for the corresponding angle, i.e.
following the inverse reconstruction procedure described in Sec-
tion 3. The obtained 2D image corresponds to the tomographic
projection for each angle. Since one obtains experimentally the
optical phase from the recorded holograms, the image obtained
from the Radon transform, which corresponds to the optical path
difference is multiplied by 2�/�. In this way, the obtained images
correspond to the simulated unwrapped optical phase which would
be provided by holograms obtained from the simulated 3D sample
for each rotation angle. The simulation is completed when the set of
synthetic phase maps for a given simulated 3D transparent object

is obtained for the whole set of angles from 0◦ to 180◦. The number
of phase maps will depend on the used step-angle �i.

In order to test the tomographic procedure, we  have modelled
a specimen with similar size and refractive index to that tested
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Fig. 3. DHMT modelling. (a) The 3D-rendering of the modelled object. The obstacle
inside the trough has a absolute difference of refractive index of 0.01 with respect
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Fig. 4. Schematic diagram of the experimental setup: mirrors (M), spatial filter (SF),

the method can effectively distinguish obstacles inside transpar-
o  the index matching liquid. (b and c) The simulated optical phase obtained for two
ifferent angles of the modelled object. The tomographic reconstruction obtained
rom the 100 projections is shown in (d).

xperimentally. For that purpose, a micro-channel with a refrac-
ive index of 1.5 was simulated. As obstacle within the trough, we
ave included a glass micro-sphere of 180 �m in diameter with a
efractive index of 1.46. The object is immersed in a liquid with a
.47 refractive index (corresponding to glycerine). Fig. 3(a) shows
he modelled object for which the difference of refractive index
etween the sphere and the surrounding liquid is 0.01. Fig. 3(b) and
c) shows different projections that are obtained with the simula-
ion for two particular angles. The 3D tomographic reconstruction
enerated with the whole set of simulated phase map  projections
s shown in Fig. 3(d). In this figure it is clear that the method can
ecover the information of the obstacle inside the channel as the
ifference of the refractive index is 0.1. It should be noticed that
he detectability will depend upon the size of the obstacle and the
ensitivity of the phase measurement, determined by the dynamic
ange of the digital camera used to record the holograms.

. Experimental results

.1. Experimental setup

The experimental set-up we have used is depicted in Fig. 4. It
onsists in a modified Mach–Zehnder interferometer. A He–Ne laser
l = 632.8 nm,  35 mW)  is used for illumination. The variable atten-
ators (A) allow for controlling the light intensity that enters into
he interferometer. The filtered and expanded beam, produced by
he spatial filter (SF) and the lens (C), is divided by the beam split-
er (BS) into the reference and object beams. The sample (RS) is

 glass capillary and an objective lens 4×/0.10 (MOo) is used to
agnify the hologram in order to use a digital camera as recording

creen. An objective lens 3.2×/0.10 (MOr) is added in the reference
eam for wavefront compensation [13]. The object and reference
eams (waves) are combined by means of a beam splitter (BS)
hat directs them towards a CCD sensor (Camera Sensor, Lumenera
f 1280 × 1024 square pixels of 6.5 �m of pixel size), where both

eams interfere, generating the digital hologram. Since the object
nd reference beams have different curvatures, the registered
nterference pattern is composed by non-periodic circular fringes

hose variation in space frequency is determined by the lateral
collimating lens (C), beam splitter (BS), attenuators (A), sample (RS), objective lens
in  the reference beam path (MOr), objective lens in the object beam path (MOo).

magnification of the objective lenses MOr and MOo. The beam split-
ter (BS) in front of the CCD sensor is placed on a rotation stage that
allows controlling the incidence angle between the object and ref-
erence beams on the sensor plane, assuring specific conditions for
the off-axis geometry [10]. The sample is placed on a holder coupled
to a stepper motor that allows a step-by-step rotation. The stepper
motor is connected to an electronic interface that permits control-
ling its position by means of a personal computer. To achieve the
index matching required for applying non-diffractive CT, the sam-
ple is submerged in a chamber filled with a liquid with a refractive
index close to the walls of the capillary.

6.2. Results from processed holograms

In the experiment, a glass micro-capillary with a refractive
index nsample = 1.5, outer radius of 1500 ± 10 �m and inner radius
of 1100 ± 10 �m was used. In order to evaluate the best index
matching that minimises the refractive effects at the interface of
the sample such that the non-diffractive CT theory can be applied,
two  experiments were performed. In the first, the capillary was sub-
merged in distilled water (nwater = 1.33), whereas in the second, the
specimen was  submerged in glycerine (nglycerine = 1.47). Fig. 5(a) and
(b) shows the unwrapped phase of one hologram of the sequence
acquired in the case of the capillary immersed in water and glyc-
erine, respectively. Fig. 5(c) shows the corresponding tomographic
reconstruction (top-down view) obtained using the axial tomogra-
phy procedure of a slice of the capillary immersed in water, whereas
Fig. 5(d) shows the equivalent image for the capillary immersed in
glycerine. In those images we observe that the profile obtained in
the case of glycerine (Fig. 5(d)) appears more clearly defined than in
the case of the water (Fig. 5(c)). The information obtained from the
tomographic images provides the relative refractive index between
the absolute refractive index of the capillary and the medium where
it is submerged. Using this information, the experimentally mea-
sured refractive index for the capillary was 1.5037 in the case of
the glycerine (i.e. with a relative error of 0.24%) and 1.3639 in the
case of the water (i.e. with a relative error of 9.07%). It can be noted
that the error obtained in the case of the glycerine is very low in
comparison with the error obtained in the case of the water. These
results allow us to conclude that glycerine is the best choice for the
index matching and therefore we  used it for to test the capability
of distinguishing obstacles inside the capillary.

In the following experiment a sphere of 180 �m in diameter
and 1.458 refractive index was glued to the interior of the capil-
lary. The latter was  submerged in a chamber filled with glycerine
and the DHMT procedure performed. Fig. 6(a) and (b) shows that
ent troughs. For the case of the present experiment, the method
retrieves a refractive index of 1.445 and a diameter of 165 �m for
the obstacle. The results support the idea of using DHMT as a tool
to quantify obstructions by means of this non-invasive approach.
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Fig. 5. Testing the index matching in DHMT. (a and b) Two unwrapped phase images
as water and glycerine are used as index matching substances, respectively. (c) and
(d)  A slice of the tomographic (top-down view) for water and glycerine, respectively.
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ig. 6. Experimental obstacle observation with DHMT. (a) and (b) Two  different
iews of the tomographically reconstructed capillary with an obstacle inside it.

. Conclusions

We  have presented a digital holography (DH) and computer-
sed tomography (CT) combined method to produce tomography
mages of transparent objects. The method here named digital
olographic micro-tomography (DHMT) has been utilized to char-
cterise an obstacle present inside a transparent micro-channel. By
eans of computational modelling we have found that the method
an distinguish objects with a minimum difference of refractive
ndex about 0.01. The sensitivity of the method can be improved
y increasing the dynamic range of the recording camera. As it can
e expected, glycerine offers a better index matching than water

[

ik 124 (2013) 3314– 3318

as the object to be analysed with DHMT is made of glass. The pro-
posed method shows promise as a non-invasive tool to characterise
internal structures of transparent objects.
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