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ABSTRACT 

With the advancement of ultra-fast manufacturing technologies, high speed imaging with high 3D resolution has become 

increasingly important.  Here we show the use of an ultra-high-speed variable focus optical element, the TAG Lens, to 

enable new ways to acquire 3D information from an object.  The TAG Lens uses sound to adjust the index of refraction 

profile in a liquid and thereby can achieve focal scanning rates greater than 100 kHz. When combined with a high-speed 

pulsed LED and a high-speed camera, we can exploit this phenomenon to achieve high-resolution imaging through large 

depths.  By combining the image acquisition with digital image processing, we can extract relevant parameters such as 

tilt and angle information from objects in the image. Due to the high speeds at which images can be collected and 

processed, we believe this technique can be used as an efficient method of industrial inspection and metrology for high 

throughput applications.  
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1. INTRODUCTION 

Manufacturing technologies have consistently evolved to produce better quality prototypes and end-parts with higher 

resolution at an increasingly faster rate. In order to rapidly determine the quality of the fabricated structures, it requires 

advanced high-speed three-dimensional (3D) imaging systems. Adaptive optics such as a combination of mechanically 

moving optical elements or electronic liquid lenses can provide tunable focal lengths for volumetric imaging but are 

limited by aberrations and slow response time [1,2]. Other methods utilize low power optics and structured light such as 

Bessel beams or Airy beams to provide instantaneous high depth-of-field (DOF) [3]. However, these techniques can 

suffer from low lateral resolution and/or non-desired beam properties such as the ring structures found in Bessel beams 

or the bending trajectories for Airy beams [4,5].  

As a solution to the shortcomings mentioned above, tunable acoustic gradient index (TAG) lens can be adopted. TAG 

lens uses acoustic waves to radially excite a fluid-filled cylindrical cavity and produce a continuous change in refractive 

index. This enables rapid selection of the focal length on time scales shorter than 1μs [6,7]. It also produces a parabolic 

wave front rather than a spherical wave front which results in lower aberration and allows high-quality real-time 

inspection in 3D. Recently there has been increased interest in imaging living biological samples with a TAG lens [8-15] 

Since TAG lens allows axial scanning of the sample at very high frequency (up to 750 kHz), when combined with two-

photon point scanning microscopy or fluorescence correlation spectroscopy, it can be used to image three-dimensionally 

continuously moving neurons with various velocities and accelerations [14], and to determine molecular diffusion 

coefficients of proteins in living organisms by estimating the change in the size of the encapsulated volume [15]. So far 

due to the limitations in the peripheral systems such as camera and LED pulsing speed, the 3D imaging capabilities of 

the TAG lens has not been fully explored. Biological samples typically do not require more than a few hundreds of 

micrometers of scan range in height [8-15] but for real-world industrial applications it is necessary to acquire a sufficient 

number of image frames at a rapid rate that can span over a height that is orders of magnitude larger than that of the 

biological samples. 

In this paper we present new results on imaging high aspect-ratio objects with various angles. When combined with a 

high-speed pulsed LED, a high-speed camera and a longer working distance microscope objective, we can get high 

resolution, high-speed imaging results over hundreds of millimeters in depth that allow analysis in various tilt and 

angles. In addition, through various post processing computational tasks we explore the new 3D-imaging capabilities of 

the TAG lens and its prospects for future metrological analysis. 
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2. METHOD 

Experiment setup  

Figure 1 is a schematic of the real-time 3D imaging system. We used a TAG Optics INSPECTOR (TAG Optics Inc), 

which is equipped with an operating software kit and a TAG lens 2.0 placed at the back focal plane of the objective lens. 

A long working distance 1X ML telecentric objective (Mitutoyo Corp. Japan; DOF +/- 300μm) has been selected to be 

installed inside the INSPECTOR for multiplane imaging.  The TAG lens driving kit was operated at a frequency of 143 

kHz and a voltage amplitude up to 20 V peak-to-peak. The TAG lens can operate at resonant frequencies ranging from 

70 kHz to 750 kHz and the axial scan range is adjustable by changing the applied voltage. By synchronizing pulsed LED 

illumination and camera, the same focal length will result for each pulse and through this method we can acquire images 

at specifically desired focal planes. 

 

Figure 1. Schematic of the real-time 3D imaging setup.  

For high speed volumetric imaging, each camera frame captures information from individual focal planes sequentially as 

shown in Figure 1. The camera (UI3140CP IDS, Germany) was set to a maximum frame rate of 250 frames per second. 

It is this camera rate that limits the image acquisition time.  With the images taken at various planes we then recreated 

spatial and volumetric features and performed various analyses such as height measurements, angle and tilt analysis. 

3. RESULTS AND DISCUSSION 

Figure 2 shows images of a surgical needle. A “Frame-by-Frame” focusing mode of the software was chosen to take 

continuous sequences of 20 images evenly spaced over a height of 0.5-mm. In figures 2(a)-(c), three images were chosen 

to clearly show the top, middle and bottom part of the surgical needle. In figure 2(d), all twenty images were 

superimposed with each other using the focus stacking approach that can commonly be found in many applications such 

as Photoshop, ImageJ, Helicon Focus, and etc. We observe that the superimposed image shows little to no loss of 

resolution and exhibits sharp features throughout the focus range  
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Figure 2. Images of a surgical needle. (a)-(c) three images were chosen from twenty images at varying focal planes. (d) 

images were superimposed with one another to create a full overview.  

Figure 3 shows analysis on toothbrush bristles. A “Frame-by-Frame” focusing mode of the software was chosen to take 

continuous sequences of 54 images evenly spaced over a height of 9 mm. Figure 3(b) show images of the bristles taken 

at four different focal planes again demonstrating the ability to image at different locations in the volume. All 54 images 

were used to recreate spatial and volumetric features (figure 3c) contained in the inspection volume with a 10μm lateral 

resolution and less than 100μm axial resolution. Likewise, we observe that the images show little to no loss of features. 

Relative height analysis (figure 3d) and angular measurements (figure 3e) were then performed from the volumetric 

features detected in the previous step. It is important to note that all of this analysis is obtained from top-down, inline 

imaging and so no additional control of the camera angle or position is needed to obtain this information.    

TAG lens allows us to acquire abundant image data perfectly aligned and collected with different, but controlled setting 

of focal lengths. When combined with digital image processing techniques, we can produce high quality reconstruction 

images with close to real-time processing time to include comprehensive information of the structures as in figure 3 (d) 

and (e). For figure 3, we utilized shape from focus technique (SFF), (i.e. depth from focus (DFF)) to calculate a focus 

measure for each pixel of each image and among the many kinds of focus measuring approaches in the literature [16-19], 

we used the Tenengrad variance measure. With the focus measure for each pixel and the known optical geometry that 

was used to acquire the images, we can link each pixel to a spatial position of a depth map to obtain information such as 

relative height and relative angular measurement. With additional 3D reconstruction digital image processing techniques, 

one may be able to obtain even finer details of the object such as texture, surface roughness and etc. 

 

Figure 3. (a) Image of Oral-B electronic tooth-brush used for analysis, (b) images of the bristles taken at four different focal 

planes, (c) 3D volumetric feature reconstruction from the captured images, (d) relative height analysis of the bristles, (e) 

relative angular measurements of the bristles. 
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We expect the implementation of a TAG lens in various manufacturing industry settings can increase speed, increase 

throughput, reduce down time due to mechanical system failure, and leverage existing capital equipment. The versatility 

enabled by real-time frame-by-frame focusing unlocks the possibility to run multiple 3D volumetric algorithms and 

object recognition on live images stacks, creating a new kind of smart imaging modality. Higher density image 

collections can be performed at targeted locations for higher detail extraction – all while continuously running the rough 

scan to ensure progressive and continuous monitoring of changes in the 3D field-of-view.  

4. CONCLUSION 

Tunable acoustic gradient-index (TAG) lens is an ultra-high speed varifocal device capable of increasing the depth-of-

field of conventional lens systems and providing user-selected focal lengths in one simple optical assembly. In this work 

we demonstrated that with the TAG lens we can image high aspect-ratio objects with complex features and showed with 

additional computational analysis such as 3D recreation and computer-aided design (CAD) analysis, further metrological 

analysis is possible.  
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