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In this Letter, we present a three-dimensional (3D) imaging system with axially distributed sensing (ADS) using an
electronically controlled liquid crystal (LC) lens. The proposed system performed an optical image acquisition by
varying the focal lengths of the LC lens without mechanical movements of an image sensor. Multiple images with
slightly different perspectives were experimentally recorded, and the 3D images were reconstructed according to the
ray backprojection algorithm. To the best of our knowledge, this is the first report on 3D ADS using a LC lens. The

proposed system is attractive for compact 3D sensing camera systems.

OCIS codes: 110.6880, 230.3720.

Three-dimensional (3D) integral imaging has been used
for 3D sensing and visualization. In an integral imaging
system, a lens or camera array (laterally distributed) is
used to capture 3D information from the scene, which
is constructed by multiple two-dimensional (2D) images
with different perspectives. 3D images can be recon-
structed numerically or optically [1-6]. Axially distribu-
ted sensing (ADS) [7-8] has been proposed to record
3D data from the scene by moving a single image sensor
along its optical axis. However, the mechanical move-
ment of the image sensor in ADS may be impractical
for a compact 3D image sensing system. Consequently,
a system with nonmechanical movement is required.
We propose to use the tunable liquid crystal (LC) lens
[9-13] whose focal length can be electronically con-
trolled. Varying the focal length electronically, multiple
2D images with slightly different perspectives can be ob-
tained. In this Letter, we propose a 3D image sensing sys-
tem that combines the ADS technique with the LC lens.
Therefore, the axially distributed images can be obtained
without mechanical movement of a sensor. Finally, ex-
perimental results of computational 3D reconstruction
show that our proposed method is suitable to be imple-
mented for a compact 3D image sensing system.

ADS is used to capture multiple 2D images with slightly
different magnifications and perspectives of a 3D scene.
The objectislocated at a certain distance away from the clo-
sest camera position. In conventional ADS, the camera
moves along its optical axis and takes a number of 2D
images. The object in the multiple 2D images will have dif-
ferent magnifications because each image is captured at a
different distance from the object. Finally, 3D images can
be reconstructed by the ray back propagation method [7,8].

For the LC lens, its refractive index distribution can be
changed when applying a voltage onto the LC cell. Thus,
the incident polarized light is supposed to be focused
when the refractive index profile is a parabolic curve
as follows [11]:
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where f is the focal length, d is the cell thickness, and p is
the radial distance from optical axis. The 7, and n(p)
represent the refractive index on the optical axis, and the
refractive index which drops off radially from n,,; on
the optical axis, respectively. The index nm(p) can be
calculated by integrating every arbitrarily position,
p = (@® +y*)1/2, along the z direction in the LC lens,
as Eq. (2). Therefore, in this Letter, an exciting device,
a high-resistance liquid crystal (HR-LC) lens [14-16],
is utilized to obtain a parabolic profile LC lens. A
high-resistance material (we use IGZO semiconductor
material) is coated on the controlled electrodes layer,
as shown in Fig. 1. Using the high-resistance layer, the
gradient changed potential distribution can be easily pro-
duced when applying the different voltages between the
center electrode, planar electrode, and edge electrode
(see Fig. 1) Thus, the LC molecules will reorient accord-
ing to the electric field. Finally, the parabolic curve of

a: Top Glass; b: Controlled Electrodes ; c: High-Resistance Layer
d:LCLayer; e: Planar Electrode ; f: Bottom Glass ;
g: Equal Potential Lines ;

Fig. 1. (Color online) Structure of high-resistance liquid

crystal (HR-LC) lens. High-resistance layer is coated on the
controlled electrode layer.
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Fig. 2. (Color online) Experiments of light intensity distribu-

tions after passing through HR-LC lens for different driving
voltages, and relationship between focal length and driving
voltage.

n(p) can be approached. In this Letter, we used an HR-LC
lens whose diameter and LC cell gap are designed as
2 mm and 60 pm, respectively. The LC material is E7
(Merck) and it is aligned with the x direction. The polar-
ized light is also aligned with the x direction. Finally, the
focal length can be varied between 4 cm to o« when
switching driving voltages from 5 Vs to 0 V.« (1 KHz
frequency, square waveform). To verify the functionality
of the HR-LC lens, a light source and a CCD located at the
focal plane are used to measure the intensity distribution,
as shown in Fig. 2. The measured results show that the
tunable HR-LC lens with variable focal lengths under dif-
ferent driving voltages is really established, yet the focus-
ing ability for each focal length still has wvariation.
Through further analyzing, it is caused by the high-
resistance layer, which is not perfectly optimized for
every focal length. Thus, optimization of the HR-LC lens
can be the next step. Fortunately, this issue does not
affect our result, though some blurred images appear.

The proposed ADS system with HR-LC lens is shown in
Fig. 3. The object is located in front of the LC lens and
away from the optical axis. A CCD sensor is fixed and
placed a distance (d) away from the LC lens. Changing
the focal lengths, multiple 2D images with different mag-
nifications (perspectives) can be captured (Fig. 3). For
instance, the magnification factor M; between the first
image (the image taken by shortest focal length) and
Jth image (Fig. 3) can be described by Eq. (3):
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Fig. 3. (Color online) Setup of the proposed 3D sensing
system: ADS using HR-LC lens.
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Following, the 3D images can be reconstructed by
using these multiple 2D images and the ray backprojec-
tion algorithm. According to the ray backprojection
algorithm, all 2D images are projected with different
magnification factors on the reconstruction plane at
2,. Then the reconstructed 3D image I (x, y, 2,) can be ob-
tained by superimposing all the projected images with
different magnification factors as the following:
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where M; is the corresponding magnification factor
between the selected jth elemental image and the first
elemental image as described in Eq. (3), E; is the magni-
fied jth elemental image, and K is the total numbers of
recorded 2D images.

The preliminary functionality of the proposed 3D axi-
ally distributed image sensing system is demonstrated by
optical experiments. The experimental setup is illu-
strated in Fig. 4. A slogan (words) and a totem are located
at approximately 18 and 13 mm in front of the LC lens,
respectively. A cell phone camera with 5 megapixels is
used and fixed behind the LC lens to capture all in-focus
2D images. For the capturing process, the driving voltage
of the LC lens is swept from 5 to 0 Vs (~0.3 V/step) so
that the focal length changed from 4 cm to «. Hence, the
total K = 14 2D images can be recorded sequentially.
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Fig. 4. (Color online) Experimental setup of ADS with HR-LC
lens. The objects: slogan and totem are separated by 5 mm.

(a) (b)

Fig. 5. (Color online) Examples of the recorded 2D elemental
images with different focal lengths of HR-LC lens. (a) The first
elemental image (fc =4 cm) and (b) the twelfth elemental
image (f1c = 20 cm).
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Fig. 6. (Color online) ADS experimental results. 3D computa-
tional reconstructions of the scene with different distances:
(A 2=9mm, (b) 2= 13mm, and (c) 2 = 18 mm (part of
the slogan and totem are selected to see more detail). The Sobel
edge detector is used.

Figure 5 shows examples of the captured 1st and 12th 2D
elemental images. We can distinguish the slight differ-
ence (magnification of the object) between the two
images. Using computational reconstruction and all 2D
recorded images, a 3D image can be reconstructed.
Figure 6 shows the reconstruction results at z = 9 mm,
2 = 13 mm, and 2 = 18 mm away from the LC lens. The
magnified areas are also chosen to illustrate more detail.
In addition, in order to directly distinguish the differ-
ences between the results, the Sobel edge enhanced
method [17] is also used. Therefore, the focused objects
will produce the clear edge contour, as shown in Fig. 6.
For the reconstructed image at z = 9 mm, both the slo-
gan and totem are blurred. Especially, the slogan is blur-
rier than the totem because the slogan is farther away
from the reconstruction plane [see Fig. 6(a)]. The totem
can be observed clearly in the reconstructed image at
2 = 13 mm, yet the slogan is still blurred [see Fig. 6(b)].
On the other hand, the slogan is clear in the re-
constructed image at z = 18 mm, nevertheless, the
totem comes out blurred [see Fig. 6(c)]. Though we
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had demonstrated the functionality of the proposed
method, the working range for this system is still limited
by the NA of the HR-LC lens now. Therefore, developing
the HR-LC lens with high-quality and larger NA, and using
the computational distortion calibration method [18] to
extend the working range for the proposed system could
be the next step.

In conclusion, we have presented a novel 3D imaging
system without mechanical movement by combining the
ADS with an electronically controlled LC lens. Different
focal lengths of the proposed HR-LC lens are also demon-
strated. Finally, the reconstructed 3D images can be
successfully generated from the recorded 2D images.
The proposed system is attractive for compact 3D sens-
ing camera applications.
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