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ABSTRACT 

Schlieren imaging is a powerful visualization technique for investigating weak phase objects. The mirrors or lenses used 

in traditional knife-edge schlieren systems significantly limit its field of view. Grid-based focusing schlieren systems 

eliminate this limitation by applying source and cutoff grids which extend the field of view to several meters. However, 

alignment accuracy between source grid and cutoff grid is crucial for system sensitivity. Complex opto-mechanics are 

usually required for better results. This paper introduces a compact, portable focusing schlieren systems designed for ease 

of use without excessive alignment requirements. The system employs a digital display to generate the source grid and 

uses associated software to calculate the grid pattern, with calibration being completed in tens of seconds. Furthermore, 

we have built high-speed focusing schlieren systems using different high-speed cameras. With customized display unit, 

the system can take videos as high as 10 million frames per second (fps), with 10 ns minimum exposure time. The use of 

commercial camera lenses further allows the system to accommodate different imaging tasks without requiring extensive 

redesigns.  
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1. INTRODUCTION

Schlieren imaging is a widely used technique for visualizing wavefront distortions or phase objects in transparent media. 

These distortions are related to index of refraction changes which are further related to critical physical parameters such 

as temperature, density, and pressure, which are essential in the fields of aerodynamics and fluid dynamics. Generally, 

schlieren imaging involves forming an image with rays that pass through a sharp cutoff filter. This filter is positioned so 

that the ray intensity exhibits a steep derivative along its edge. As a result, even small deviations in the path of the rays 

can lead to significant changes in the image intensity compared to the rays that do not deviate. Classical schlieren systems 

utilize light collimated by optics such as mirrors or lenses, which inevitably restricts the testing area due to the high cost 

of large optics1.  

An important improvement in the original concept was the grid focusing schlieren system, first described by Burton2. His 

technique relied on the same edge-filtering concept, but instead of using collimated light, it imaged a background grid 

pattern onto a complementary opaque cutoff filter. This arrangement ensured that the filter edges align with the light-dark 

transitions of the grid pattern, while the target object is imaged in a different plane by the camera objective. Since then, 

various enhancements to focusing schlieren systems have been documented in the literature3,4,5. Our focusing approach 

allows for schlieren imaging over much larger areas without the need for excessively large optics. Consequently, focusing 

schlieren systems generally require less expensive equipment than traditional collimated-light schlieren systems and can 

be more easily scaled to cover larger areas. However, prior to our development, these systems tended to be more 

challenging to set up and align. To address this problem, MetroLaser Inc. developed digital focusing schlieren systems 

which simplified the alignment significantly while maintaining the benefits of a focusing system6,7.  

To meet the demands of capturing high-speed schlieren events, multiple high-speed digital schlieren systems were 

developed to enable a wide range of speeds by adapting our standard sTubeTM designs8 with multiple high-speed cameras 

with frame rates ranging from 1 kHz- to 10 MHz-rates. To ensure sufficient illumination for various exposure times, a 

customized display unit was designed to project the background grids. This unit was made compatible with multiple light 

sources—including continuous light source, pulsed LED arrays and pulsed lasers— and this allowed flexibility to meet 

different illumination requirements. In this paper, we present two schlieren imaging systems – first is a 10 kHz system that 

utilized a pulsed LED array and a Photron camera, and a second system that operated at a 10 MHz-rate, that employed a 

pulsed laser in combination with a Shimadzu HPV-X2 camera. 
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2. PRINCIPLES 

Schlieren systems are sensitive to gradients in the refractive index of a transparent medium (e.g. the air in a wind tunnel) 

that are perpendicular to the direction of propagation of light rays through the medium. If we let z define the direction of 

propagation, then the gradients in the refractive index are given by n/x and n/y9, 10. Light rays that originate from a 

background source are deflected as they pass through the refractive index gradients. The angle of deflection  is equal to 

the gradient of the refractive index integrated over the optical path1: 
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Figure 1. Focusing schlieren diagram 

The sensitivity of a schlieren system is characterized by the ability of the system to register a minimal change in the image 

brightness (for example, E/E = 10%) resulting from a deflection of light rays by a minimal angle min. A smaller minimal 

angle indicates a more sensitive system. For a focusing schlieren system, the minimal angle is given by, 
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where b = spacing between grid lines, 𝐿𝑜 = screen distance, 𝐿𝑖 = cutoff grid distance, and 𝑆𝑜 = object distance. Typically, 

the object distance is about half the screen distance, so 𝐿𝑜/(𝐿𝑜 − 𝑆𝑜) ≈ 2. Moving the object closer to the screen decreases 

the sensitivity, while moving the object closer to the lens increases the sensitivity but reduces the size of the object FOV. 

A tradeoff between the sensitivity of the system, the FOV, and the size of the system is always a major consideration in 

the system design. 

Refractive index gradients in the object plane deflect the light rays originating from the source grid, thereby altering the 

amount of light that passes through the cutoff grid, which is registered as a variation in the brightness of the image. 

Refractive index gradients from planes other than the object plane also deflect the light rays; however, these are not brought 

to a focus at the image plane, so the positive and negative deflections tend to cancel each other out. The highest schlieren 

sensitivity is obtained around a narrow field whose depth is centered on the object plane. For this reason, lens and grid 

schlieren systems1,5 are also known as focusing schlieren systems. The depth of focus is proportional to the ratio of the 

object distance divided by the aperture diameter. In focusing schlieren imaging, a shallow depth of focus is desirable, so 

objective lenses with large apertures are preferred.    

To address the problem of aligning the background and cutoff grid, we have developed an approach in which digital display 

devices are used to display the background grid, and computer software performs the grid generation and system alignment. 

This approach results in novel configurations leading to inexpensive large-area schlieren systems. 

A backlit system with a high-definition television monitor is one of the easiest digital schlieren systems to implement. In 

this case, the cutoff grid is mounted within a schlieren receiver tube that contains the objective lens, camera, and relay 

lenses. The objective lens and the lens in front of the camera can be customized according to the task. An additional relay 

lens is used in some configurations to relay the aperture. 
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When the system is aligned, the source grid (at −𝐿𝑜) is optically conjugated with the cutoff grid (at +𝐿𝑖), and the object 

plane (at −𝑆𝑜) is optically conjugated with the primary image (at 𝑆𝑖). In the absence of refractive index gradients, light 

rays from the bright zones of the source grid pass through the corresponding gaps in the cutoff grid, resulting in a bright 

background. Translating the source grid or cutoff grid by ½ of the line spacing in the direction perpendicular to both the 

optic axis and the gridlines causes the light to be completely cut off, resulting in a dark background. Optimum sensitivity 

is obtained when the cutoff and source grids are shifted by ¼ of the line spacing with respect to each other, resulting in a 

medium gray background.  

 
Figure 2. Generic lens and grid focusing schlieren system 

3. HIGH-SPEED DIGITAL SCHLIEREN SYSTEMS  

Based on the focusing schlieren principles shown above, MetroLaser, Inc. has developed multiple digital focusing systems: 

Two high-speed schlieren systems designated for 10 kHz fps and 10 MHz fps are presented here. Additional systems can 

be found at MetroLaser, Inc. website (https://www.metrolaserinc.com/products/schlieren-instruments/). Figure 3. shows a 

10 kHz high-speed digital schlieren system, and  it comprises a customized sTube and a Photron high-speed camera, whose 

standard working distance is around 2.8 meters (110 inch) providing an 215 mm (8.5 inch) field of view (FOV). The 

system normally utilizes a zoom objective lens which expands the working distance from 2 meters to 3.5 meters. The 

resolution of the system is limited by the camera, and the Photron S12 camera has a full resolution of 1024 x 1024 pixels 

at 10 kHz fps. Illumination design is also important in high-speed schlieren systems. Conventional computer monitors or 

projectors do not provide sufficient illumination for high-speed cameras, and such light sources tend to flicker, potentially 

impacting the calibration process. To solve this problem, a customized light source is required for high-speed digital 

schlieren systems. The high-speed display features an 18-inch square display. A Frensel lens is attached behind to relay 

the light source aperture to the entrance pupil of the objective lens for maximum light efficiency. The display unit can 

adapt multiple types of light source. For the 10 kHz system, a pulsed LED array was employed, and the LED array was 

rated at 320W peak power, which can operate at 10 kHz with 0.1 µs pulse increments. At standard working distance, the 

optimal exposure time is 1µs. Once the system is mounted properly, it only requires tens of seconds to calibrate the system 

using our proprietary SchlierenViewTM software. 

 
Figure 3. 10 kHz digital schlieren system. Left: sTube with Photron S12 camera. Right: high-speed digital schlieren display 
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Figure 4 shows the 10 MHz-rate ultrahigh-speed digital schlieren system, and its operation is similar to that for the 10 kHz 

system. However, due to the limited resolution of the Shimadzu HPV-X2 camera (400 x 250 pixels), another high-

resolution camera is required to calibrate the system and generate the digital grid to achieve the best sensitivity and system 

performance. The dual-axes design consists of a retractable mirror to switch between the high-resolution, low-speed 

camera and the low-resolution, ultrahigh-speed camera, Shimadzu HPV-X2. Once the calibration of the grids is completed 

using the high-resolution camera, the mirror is moved away, and the system then works in the high-speed mode. Since the 

calibration work is performed by a built-in high-resolution camera, the dual-axes schlieren system can potentially work 

with any high-speed cameras without excessive modification. 

When the system operates at 10 MHz, pulsed LED array won’t be sufficient, therefore, a pulsed Cavilux Smart UHS laser 

model was identified as the optimal solution. The laser delivers the light through a liquid light guide with a 5 mm core 

diameter. The customized back panel allows the display unit to easily switch between different light sources. From our 

test, the Shimadzu camera can get sufficient light using a 10 ns pulse width.  

 
Figure 4. 10 MHz Digital Schlieren system 

To synchronize the laser pulse with the Shimadzu camera, we use the camera as the master to control the laser pulse. The 

Cognisys Stopshot, which is a programmable timing module activated by sound waves, serves as the trigger master, and 

the trigger system is split from the Stopshot and connected to the TRIG In of the Cavilux laser as the start signal, and to 

the Standby on the camera is used to initiate recording, and this is shown in Figure 5.  

 
Figure 5. Cavilux laser and Stopshot connections 
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During testing, we found that there is a constant 100ns pulse delay between the laser pulse output and the sync signal input 

to the Cavilux laser. Therefore, the sync system works well when the frame rate is set to 1 MHz or lower. However, when 

the Shimadzu camera is set to 5 MHz or at 10 MHz, the pulse delay becomes too long such that the camera will completely 

miss the laser pulse. There are two solutions for the problem: 1) Instead of using the Shimadzu camera as the master, we 

can use a pulse generator as the master, and then manually set the exposure time at a 100 ns delay to compensate for the 

laser pulse delay, and 2) If no external pulse generator is available or it is preferred to keep the system as simple as possible, 

we could add a longer delay to the SYNC signal from the Shimadzu camera to the Cavilux controller. In such a way, the 

first frame is sacrificed and the first pulse from the laser will match the second frame exposure time from the camera. We 

used the second approach in images presented here.  

4. RESULTS 

The following figures show the frames taken from a series of testing videos acquired using the 10 MHz-rate schlieren 

system. All images below are shown with background subtraction and image normalization. The FOV and working 

distance were adjusted to best fit the area of interest. 

Supersonic flow from 1/8 inch nozzle 

Figure 6 shows the compressed air exhausting from a 1/8 in nozzle. The compressor was set to 120 psi, and the air flow 

expelled by the nozzle generates compression waves that travel the gap, and then gets reflected by a flat surface fixed on 

a tripod. The distinct Mach diamond pattern in the flow indicates that the flow is supersonic. Further, it can be observed 

that our system even provides the sensitivity to visualize the back reflected waves.  

 
Figure 6. Compressed air (120 PSI) flows from 1/8-inch nozzle. 

100 kHz recording test of a supersonic pellet 

Figure 7 was a series of images taken from a complete video recording at 100 kHz, with 10 ns pulse exposure. The 0.177 

inch (4.5 mm) pellet came from an air rifle with maximum speed at 440 m/s. The gun was placed to the same height as the 

camera axis. We also moved the gun muzzle out of the FOV to observe the shock wave from the pellet. At the 100 kHz 

frame rate, the Shimadzu camera can take 128 frames at full resolution, which corresponds to 1280 µs video length. For 

the purpose of analysis, we took 4 frames at frame 93, 103, 113 and 123 from the video, and we are clearly able to visualize 

the generation of the shock waves as demonstrated in the images. 

To accurately set up the trigger system, a video of 20 kHz was recorded first to narrow down the setting for the delay 

timing. For our setup, 9.8 milliseconds was able to provide the best trigger timing. For more accurate trigger, a light curtain 

could be used in the ultrahigh-speed setup. 
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Figure 7. Pellet from air rifle, frame rate: 100 kHz, exposure time: 10ns 

10 MHz recording test of a supersonic pellet 

We performed additional tests wherein we acquired another video of the pellet from the air rifle at 10 MHz-rate (the 

maximum frame-rate) with the Cavilux laser operating at 10 ns pulse width as shown in Figure 8. At 10 MHz, Shimadzu 

camera can only record at half resolution while acquiring a total of 256 frames. The total recording time is 25.6 µs. For a 

pellet travelling at 400 m/s, within 25 µs, the pellet travels 10 mm during the recording duration. The FOV of the system 

during the test was set to 200 mm. Therefore, the pellet is almost frozen during the whole video, and therefore no significant 

differences are seen between the images. However, this exercise still demonstrates the capability of the system to deliver 

high-quality schlieren images at a 10 MHz-rate. 

 
Figure 8. Pellet from air rifle, frame rate: 10MHz, exposure time: 10ns 

5. CONCLUSION 

Digital focusing schlieren is a powerful technique to visualize the air flow or other weak phase object. It not only offers 

the advantages of traditional focusing schlieren systems but also simplifies the alignment process using a computer and a 

digital display. In this paper, we present two digital focusing schlieren systems capable of recording at 10 kHz- and 10 

MHz-rates, and both systems incorporate MetroLaser’s sTube™ imaging configuration using a high-speed camera and a 

customized display unit. The 10 kHz system used a pulsed LED array to capture high-speed events with a 1 µs exposure 
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time, while the 10 MHz system, paired with a pulsed laser, used a minimum exposure time of 10 ns. Both these systems 

delivered high-quality schlieren images at high-speed rates and at low exposures thereby demonstrating the capability to 

capture the flow dynamics of high-speed events while adhering to Taylor’s frozen flow hypothesis. 
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