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In this paper, we present a novel three-dimensional (3D) sensing system which can demonstrate 3D acquisition. The 

proposed system is using an electronically tunable liquid crystal (LC) lens with axially distributed sensing method. 

Therefore, multiple 2D images with slightly different perspectives by varying the focal lengths of the LC lens without 

mechanical movements of an image sensor can be recorded. And then the 3D images are further reconstructed according 

to the ray-back projection algorithm. The preliminary functionalities are also demonstrated in this paper. We believe that 

our proposed system may useful for a compact 3D sensing camera system 
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1. INTRODUCTION 

Three-dimensional integral imaging (InIm) has become a popular technique for 3D sensing and visualization. In 

integral imaging system, lens array or camera array is used to record 3D information from the scene. Then, the 3D scene 

can be reconstructed numerically or optically
1-6

 from the recorded 2D images, which have different perspectives between 

each one. Another method, axially distributed sensing (ADS) 
7-8

, for 3D acquisition is also proposed to capture multiple 

2D images with slightly different perspectives for 3D scene by moving single image sensor along its optical axis. The 

object is located at a certain distance away from the closest camera position. Then the camera translates along its optical 

axis and takes numbers of plane images. The object in the multiple 2D images will have different magnification because 

each image is captured at different distances from the object. Finally, 3D images can be reconstructed by ray back-

propagation method. However, the movement of the image sensor is unpractical for a compact system. The tunable liquid 

crystal (LC) lens
9-13

 whose focal length can be electronically changed has been proposed. Varying the focal length 

electronically, the multiple 2D images with slightly different perspectives can be obtained. In this paper, we propose a 

3D image sensing system by combining the axially distributed sensing technique with the tunable liquid crystal lens. 

Therefore, a new axially distributed sensing system without moving the image sensor can be obtained. Finally, the 

preliminary results of computational 3D reconstruction also demonstrate our approach.  

2. PRINCIPLE  

To get the better focusing ability of liquid crystal lens, the refractive index distribution in the LC layer played an 

important role. From the formula of GRIN lens
14

, the effective refractive index (neff) distribution
 
must consist with the 

parabolic curve which derived in Eq. (1). Here Δn is ne (extraordinary) - no (ordinary), d is the cell gap, r is the lens 

radius, and f is the focal length. In this paper, we proposed a high resistance Liquid Crystal (HR-LC) lens
15-16

 which 

coated a high resistance material on the controlled electrodes layer as shown in Fig. 1. Using the high-resistance layer, 
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Figure 1. Sketch of the proposed high resistance LC lens
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the gradient changed potential distribution can be easily produced. Applying the different voltages between the center 

electrode, planar electrode, and edge electrode (see Fig.1), the electric field is generated. Thus the LC molecules will 

reorient according to the electric field. Finally, the parabolic curve of Δn could be approached. In this paper, we used a 

HR-LC lens whose diameter and LC-cell gap were designed as 2mm and 60m, respectively. The LC material is E7 

(Merck) and aligned with x-direction. The polarization of incident light is also aligned with the x direction. Finally, the 

focal length can be varied between 4cm to ∞ when switching driving voltages from 5Vrms to 0Vrms (1KHz frequency, 

square wave). 
The proposed axially distributed sensing system with HR-LC lens is shown in Fig. 2. The object is located in front of the LC lens 

and away from the optical axis in order to obtain different perspectives of the objects. A sensor is fixed and placed a distance away 
from the LC lens. Changing the focal lengths of the LC lens, multiple 2D images with different magnifications (perspectives) can be 
captured. For instance, the magnification factor Mj between the first image (the image taken by shortest focal length) and j-th image 
(see Fig.3) can be described by Eq. (2). 
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Following, the 3D images can be reconstructed by using these multiple 2D images and ray-back projection 

algorithm. According to the ray-back projection algorithm, all 2D images are projected with different magnification 

factors on the reconstruction plane at zr. Then the reconstructed 3D image I(x, y, zr) can be obtained by superposing all 

the projected images with different magnification factors as the following: 

 

 
Figure 2.The proposed 3D sensing system: axially distributed sensing using HR-LC lens.
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where Mj is the corresponding magnification factor between the selected jth elemental image and the first elemental 

image as described in Eq. (2), Ej is the magnified  jth elemental image, and K is the total numbers of recorded 2D images. 

3. EXPERIMENTAL RESULT 

The functionality of the proposed 3D axially distributed sensing system is demonstrated by the optical experiment. A 

totem is located at approximately 15mm in front of the LC lens. A cell phone camera is used and fixed behind from the 

LC lens to capture all in-focused 2D images. For the capturing processing, the driving voltage of the LC lens is swept 

from 5Vrms to 0Vrms  (0.3V/step) so that the focal length changed from 4cm to ∞. Hence, the total K=14 2D images can be 

recorded sequentially. Figure 3 (a)(b) shows an example of the captured first and twelfth 2D images. We can distinguish 

the slightly difference (magnification of the object) between the two images. Using computational reconstruction and all 

2D recorded images, 3D image can be reconstructed. Figure 3(c)(d) shows the reconstruction results at z=5mm and z= 

15mm away from the LC lens. For the reconstructed image at z=5mm, the totem is blurred [See Fig. 3(c)]; on the 

contrary, the totem becomes focused in the reconstructed image at z=15mm. [See Fig. 3(d)].Consequently, the 

preliminary results successfully demonstrated our proposed method. 

                     

(a)                                          (b)                                         (c)                                            (d) 

 Figure 3. (a) Recorded 2D images with different focal lengths of HR-LC lens for (a) the first image (fLC=4cm) and  the 

twelfth image (fLC=20cm), and (b) computational 3D reconstruction  of the scenes at 5mm and 15mm. 

4. CONCLUSION 

We presented a 3D imaging system without any mechanical movement by combining the axially distributed sensing with 

electronically controlled LC lens. The functionality of the proposed HR-LC lens was demonstrated. And the 

reconstructed 3D slices were also generated from the recorded 2D images. We believe that the proposed system is easy 

and powerful for the compact 3D sensing camera application.  
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