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ABSTRACT

Droplet visualization is a common practice during lab-
on-chip development and process verification. Developers
typically use high-speed cameras and microscope optics to
capture images of droplets in-channel, which are then
assessed visually or with manual measurement methods.
However, there is an increasing need for accurate droplet
characterization such as volume consistency, and, as such, a
more sophisticated system for image capture and analysis
has been required.

A machine vision based system has been developed for
measuring in-channel characteristics of droplets for lab-on-
chip microfluidic applications.

The small, fully integrated system can be used in R&D
and in production and combines a high-powered LED
strobe and strobe control electronics, a digital camera, and
specialized optics. ImageXpert software provides a flexible
platform for automatically analyzing the volume of
individual droplets, and for assessing droplet consistency
by collecting and reporting the statistics of the droplet
population in-channel (the available instantaneous
population being defined by flow rate, droplet size and
camera field of view), or populations of droplets over time.

The high-powered strobe allows for very short pulse
widths (exposure times), which decreases image blur due to
droplet motion compared to high speed camera systems,
and increases measurement accuracy.

Using the newly developed system, droplets of varying
size can be measured including droplets down to 1 picoliter
in volume, depending on the needs of the application.

This paper will give an overview of the ImageXpert
system, and will include examples for measurement of in-
channel droplet volume for lab-on-chip microfluidic
applications.
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1 INTRODUCTION

An integrated, machine-vision system, JetXpert, has
been developed by ImageXpert Inc. for the measurement of
drops-in-flight for inkjet and other non-contact dispensing
technologies. [1], [2]

For analysis of drops in flight, the system combines a
high-powered LED strobe and control electronics, a
camera, specialized optics and ImageXpert software to
provide a flexible platform for analyzing the performance
of any print head. The strobe is linked to the firing

frequency of the print head, so while it is synchronized, it is
independent of the specific print head being inspected.

For analysis of in-channel droplets in lab-on-chip
applications, the optical system was redesigned to allow for
back light illumination with the strobe, while letting the
chip lay flat between the light source and the camera.

Instead of using high-speed cameras, the strobe is high
speed, and allows for stop-motion image capture and
analysis even during dynamic processes such as droplet
formation, sorting, and combining.

Unlike dispensing or inkjet systems where there is a
firing or dispensing signal to slave the strobe to, in lab-on-
chip applications, the strobe (usually) has no actuating
signal to synchronize with, so it is driven by an external
signal generator. The frequency chosen for the strobe is
based on the application and may include a priori
knowledge of expected droplet velocity at the location
under inspection.

2 SYSTEM OVERVIEW

The proprietary optical design allows for imaging and
analysis of drops less than 2 picoliters in volume.

The strobe interface software provides digital control of
strobe pulse width (with a very short minimum pulse width:
125ns, with standard operation at 500ns) and strobe
intensity for optimal imaging under a variety of conditions.

ImageXpert image analysis software is used for in-
channel droplet analysis including spacing, radius and
volume, as well as other features as desired. Volume of
satellites, droplet series, and slugs can also be measured and
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Figure la: Lab-on-Chip (LOC) system sketch
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Figure 1b: LOC system sketch showing the compact
imaging head design with small digital camera, optics
including a prism for bending the image path 90 degrees, a
high powered LED strobe, strobe control electronics, and a
chip holding mechanism

2.1 System Calibration

The optical system is calibrated using a precision slit of
known width imaged using the LED and the optical system.
Once the system is calibrated, the software returns
calibrated results from droplet analysis in real-world units
such as picoliters and meters/second.

2.2 Strobe Control User Interface

The LED strobe is essential for successful image
capture. The strobe control electronics are set up and
controlled via a user interface.

The strobe control graphical user interface (GUI) allows
for selection of pulse type (single or double, single is used
with Lab-on-chip applications), pulse width and delay
times, along with LED intensity and camera shutter speed.
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Figure 2: JetXpert strobe control user interface (GUI):
Standard Tab

The most important strobe control variables to lab-on-
chip applications are Delay 1, pulse width and intensity.
* Delay 1 defines the time delay between the receipt
of an actuating signal and the moment the strobe is
fired.

e Pulse width is the time duration of the strobe
event.

* Intensity controls strobe intensity during strobing.

In addition to allowing users to set strobe control
variables, the strobe control interface also allows for optical
system calibration, image capture, image analysis and data
collection, as well as image and movie capture and saving.

2.3 Theory of Operation

The strobe timing is determined based on settings in the
GUI (pulse type, pulse width and delay settings).

If a strobe delay (the delay time between the actuating
signal and the strobe firing) is longer than the actuating
frequency, there will be some actuating signals during the
delay that will not be used to trigger the firing of the strobe
or initializing the strobing sequence. These intermediate
actuating pulses are ignored.
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Figure 3: Conceptual sketch of a single strobe signal
relationship between actuating frequency, the camera, and
the strobe, assuming a rising edge trigger.

2.4 Pulse width and image blur

The standard strobe pulse width used for image capture
by the ImageXpert system is 500ns, which is shorter than
the effective exposure time of a high-speed camera. Even at
a very high frame rate of 1000 frames per second, the
exposure time of a high speed camera is twice as long: 1 us.

Why does exposure time matter? When objects are in
motion, they move some distance during image capture. A
shorter exposure time results in less image blur due to the
motion of the object during the image capture process. This
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is simply because the object has had less time to move
during a shorter exposure and, therefore, has moved less
distance resulting in less motion-related blur. Images with
less motion blur allow for higher measurement accuracy
(droplet volume, for example) than images with larger
amounts of motion blur.

2.5 Image Capture

Both strobing and image capture are initiated by the
receipt of an actuating signal (shown in the signal diagram
in figure 3). The actual characteristics of the strobe (pulse
types, delay times, intensity, duration) are determined based
on settings in the GUI (section 2.2). Images are captured
with one single strobe per frame, and the short pulse width
and specialized optics result in excellent image quality as
can be seen in figure 4.

Figure 4: In-channel droplet image taken using the
ImageXpert system

2.6 Image Analysis

Once an image is captured, different types of analysis
can be applied depending on the requirements of the
specific application.

Common measurement options include: Individual drop
volumes (down to 1pl), statistics of droplet volumes within
the channel (limited by field of view, the droplet size and
spacing), and statistics of drop volumes over time.

Calculation of standard drop volume (by default) is
based on the presumption of spherical drops. The average
radius of the drop is measured and the volume is calculated.

Volume = 4/3x r3

Volume is reported in picoliters (pl).

During analysis graphics are shown on-screen assisting
an observer in seeing which drops are being measured and
what area is defined as the region of interest.

Once measurements are made, data is shown on the
screen and can be saved to a file.

Figures 5a and 5b show an image under analysis and a
close up of an example of an on-screen report.

Figure 5a: Image of in-channel droplets under analysis

ImageXpert: Measurement Report
VisionSequence9 178 Run 178 Fail
Pio/Process /Graphics /Report/Total Waiting for Trigger
Status Measuremen 1t Name. Value Nominal Min. Tolerance Max. Tolerance
F Drop: Average Radius (mm) 0. 0.000000 0.000000 0.000000
F Drop: Volume (picoliter) 308.602500 0.000000 0.000000 0.000000
F  Drop: Diameter (um) 83, 0.000000 0.000000 0.000000

Fail Measuremen 1t Name. Mean Std. Deviation Minimum Maximum
178 Drop: Average Radius (mm) 0.041747 0.000166 0.041340 0.042067
178 Drop: Volume (picoliter) 304.789400 3.631189  295.931400  311.816700

178 Drop: Diameter (um) 83.494960 0.332047 82.679430 84.133100

Figure 5b: Closer view of on-screen data for both the
current individual drop measurement and statistical
aggregation over multiple measurements from multiple
images

In addition to being shown on screen, data can also be
saved to a file as tab delimited text. Saving data allows for
both performance archiving and further analysis of data for
underlying trends. An example is shown in the next section.

3 EXAMPLE: DROPLET VOLUME
CONSISTENCY OVER TIME

A study was conducted to assess in-channel drop
volume.

The ImageXpert system was used to capture and
analyze images of in-channel droplets formed using a
specific chip whose fluids were delivered via syringe pump.

The droplet volumes of in-channel drops were measured
at a specific distance from the junction, and the
measurements were repeated at regular intervals over some
period of time.

The following graph (figure 6) shows the results of
plotting the ImageXpert data of relative volume versus
time. Relative volume and an unpopulated time axis are
being used to preserve the confidentiality of the client.
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Figure 6: Relative droplet volume results over time from a
syringe pump fluid delivery system. Note the periodic
variation seen in the graph.

The appearance of the periodic variation in droplet
volume was a surprise to the client, and indicated an issue
that required further investigation.

Using the objective, quantitative data, and multiple data
points collected over time by the ImageXpert system, the
client was able to identify a systematic issue that their
traditional inspection process (microscope with high speed
camera and visual inspection) had not uncovered.

Using an instrument such as the ImageXpert lab-on-chip
system for inspecting and measuring in-channel drops

enables troubleshooting, process verification, system tuning
and optimization.

4 CONCLUSION

Using ImageXpert’s system for analysis of in-channel
droplets provides access to objective, quantitative data and
allows companies and research groups to assess their lab-
on-chip system stability and verify performance. The
unique design of the system combining a high-powered
LED strobe and careful strobe control with proprietary
optics results in excellent image quality with minimal
motion blur under a variety of conditions. The flexibility of
the ImageXpert software to detect and measure droplets
with a wide range of measurement options makes the
system appropriate for a variety of applications from
research and development to production QC.
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