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Image processing and analysis system for
development and use of free flow electrophoresis

Sven Kochmann and Sergey N. Krylov*

We present an image processing and analysis system to facilitate detailed performance analysis of free flow
electrophoresis (FFE) chips. It consists of a cost-effective self-built imaging setup and a comprehensive
customizable software suite. Both components were designed modularly to be accessible, adaptable, ver-
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satile, and automatable. The system provides tools for i) automated identification of chip features (e.g. sep-
aration zone and flow markers), ii) extraction and analysis of stream trajectories, and iii) evaluation of flow
profiles and separation quality (e.g. determination of resolution). Equipped with these tools, the presented

image processing and analysis system will enable faster development of FFE chips and applications. It will
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Introduction

Free-flow electrophoresis (FFE) is a technique for continuous
electrophoretic separation of multiple species in a device (FFE
chip) that combines a hydrodynamic flow and an electric
field." FFE is promising for applications in flow synthesis and
bioanalysis.” Therefore, a number of research groups, includ-
ing ourselves, have been developing FFE-based methods and
FFE chips of a variety of designs, made with different fabrica-
tion methods of different materials.>** FFE chips of new de-
signs have to be tested to evaluate their performance (e.g. flow
profile within the entire separation zone and separation
power) in a simple, flexible, fast, quantitative, and reproduc-
ible fashion. These requirements can only be met with real-
time optical imaging of the entire chip.

A commonly-used way of optical imaging in FFE is taking
pictures with a digital camera.">™” While being simple, flexi-
ble, and fast, this approach cannot serve for quantitative and
reproducible evaluation. In this approach, many parameters
(e.g. illumination, camera angle, focus, and distance from
chip) can significantly differ between measurements. This var-
iability makes it impossible to perform quantitative analysis of
a time series of images by software, such as ImageJ."®"'® With-
out quantitative comparison of images, any conclusion drawn
from such data is subjective, and, thus, the chip optimization
process cannot be carried out in a technically sound fashion.
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also serve as a robust detector for fluorescence-based analytical applications of FFE.

Some groups use commercially available, camera-
equipped microscopes for imaging FFE separation.>’ > As a
result of a fixed geometry, this approach eliminates the issue
of non-comparability between images. The groups of Nagl
and Belder have employed the microscopy-based imaging ap-
proach in their recent developments.>*>° This way of optical
imaging is, however, not flexible. Scientific microscopes are
relatively bulky instruments, which cannot easily be
repositioned or adapted to an FFE platform under investiga-
tion. Indeed, when evaluated with a microscope, an FFE plat-
form is more likely to be adapted to the geometry of the
microscope, which immensely limits microscope imaging as
tool for FFE development.

Besides the hardware, the software for collecting, storing,
processing, evaluating, and presenting data acquired from ex-
periments play an important role in FFE development. A suit-
able software method should be able to detect and process
the separation zone as well as the analyte trajectories. The na-
ture of FFE experiments requires such a method to be highly
automated as well as readily adaptable. Naturally, the design
and the features of FFE chips may be a subject to change dur-
ing the development. Processes taking place in FFE might be
in the range of a few minutes to several hours, thus, the evalu-
ation of stream trajectories and velocities may require several
tens of images to be processed. While examining the litera-
ture, we found that none of the published works discuss soft-
ware methods — not even superficially. Mainly, this is due to
the target audience of most FFE publications being presumed
FFE users rather than developers.

In this contribution, we present a flexible and cost-
effective image processing and analysis system for FFE chip
development and use. The system consists of a self-built

This journal is © The Royal Society of Chemistry 2017
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portable imaging setup and a customizable software suite.
The hardware component was designed to provide an inter-
mediate approach between the highly flexible but non-robust
imaging using compact cameras and the robust but non-
flexible imaging using microscopes. The software suite assists
the user in setting up and aligning the system and the chip
as well as recording, storing, and processing images and
extracting performance parameters from these images. The
software is made available to the reader.

Materials and methods
Chemicals

All solutions were prepared using analytical grade reagents.
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt
(HEPES), rhodamine 6G hydrochloride (rhodamine), fluores-
cein sodium salt (fluorescein), 5(6)-carboxyfluorescein
(carboxyfluorescein), sodium hydroxide, and immersion oil
(Uv-transparent, fluorescent-free) were purchased from
Sigma Aldrich (Oakville, ON, Canada). Deionized water (18.2
MQ cm ') was used for preparation of all solutions.

Chip fabrication

An FFE chip was made out of poly(methyl methacrylate)
(PMMA) with a refractive index of n"© = 1.4918.°° FFE chip
model was designed using Solid Edge (Siemens PLM, Plano,
TX) software. An MDX-540 milling machine (Roland DGA, Ir-
vine, CA) was used to fabricate the device. A detailed descrip-
tion of the general procedure can be found elsewhere.*' The
model files of the chip used in this study and a short over-
view of the fabrication process can be found in the ESIi A
scheme and photo of the chip can be found in Fig. 1. Immer-
sion oil (n3"° = 1.517) was applied to the top of the chip (the
side with the markings) to reduce scattering and refraction.
The chip has 5 sample inlets and outlets. We did not opti-
mize the chip or chip fabrication for this study.
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COMSOL simulations

We used COMSOL Multiphysics software version 5.1 to simu-
late and compare the experimental flow profile and velocities
with computational ones. The 3D results are illustrated in a
2D format for ease of visualizing the flow profiles. A steady
state system was designed using the Laminar Flow module.
Conditions and settings of the COMSOL simulations can be
found in the ESL}

Portable imaging setup

The image chamber was designed for photoluminescence im-
aging. It consists of a camera objective and electronics
(extracted from a QuickCam® Orbit™ MP, Logitech, Newark,
CA, USA), a micropipette tip box acting as a case, optical fil-
ters (see ESIt for spectra), and a 470 nm LED (M470L3,
Thorlabs, Newton, NJ, USA) as a source of illumination. A
standard laptop computer (TravelMate 6592G from Acer) run-
ning Windows XP was used for data acquisition. A sketch
and a photo of the imaging setup are shown in Fig. 1 (see
ESIT for more details).

Software suite

The software suite includes a function library and some
ready-to-use programs for setting up and aligning the sys-
tem and the chip as well as recording, storing, and process-
ing images and extracting performance parameters from
these images. The programs were written in Python 2.7
according to Eric Raymond's 17 Unix Rules (in particular,
Rules of Simplicity and Modularity).>*> Main modules used
are Numpy, Mathplotlib, Scipy, and OpenCV (Open Source
Computer Vision Library). The source code as well as full
documentation can be found in the ESLi{ The software suite
is compatible with every camera supported by OpenCV in-
cluding a variety of web-cameras (see documentation of
OpencCV).*

Fig. 1 Scheme and photo of the FFE chip and customized fluorescent imaging system.

This journal is © The Royal Society of Chemistry 2017
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FFE setup and experimental details

We used HEPES (10 mM, pH 7.6) as the background electro-
lyte (BGE) and solutions of rhodamine, fluorescein, and
carboxyfluorescein (500 uM each) in HEPES as tracer dyes.
Flow rates of the BGE and the sample solution were in the
range of 3-4.5 mL min' and 2-5 uL min", respectively. All
sample inlets were closed except for the one used in the re-
spective study. Sample outlets were opened only for flow-
profile measurements. More details can be found in the ESL}

Results and discussion
Process of FFE development

Briefly, the overall process of FFE development can be split
into four, subsequent steps: i) chip design, ii) computational
evaluation (e.g. with COMSOL), iii) chip fabrication, and iv)
experimental evaluation. In the absence of appropriate tools,
the experimental evaluation is usually neglected or limited to
minimum thus making computational methods the main
way of chip evaluation. However, computational methods
cannot account for practical imperfections introduced in the
fabrication step. Furthermore, there is no confirmation of
agreement of a computational model and real-device perfor-
mance without a respective experimental evaluation. There-
fore, a strategy for experimental evaluation is required and
presented in this study. Concisely, FFE developers can use
fluorescent tracer dyes to ‘interrogate’ different zones of a
chip under various conditions or to model separation of real-
life analytes with similar electrophoretic mobilities. The avail-
able diversity of fluorescent dyes allows choosing tracers for
a likewise diverse set of situations. The presented image pro-
cessing and analysis system facilitates fluorescence measure-
ments and their processing.

Versatility and adaptability

As described in the introduction, FFE features, design, and
methods are subject to change during development. Since our
image processing and analysis system targets FFE developers,
it must be versatile and adaptable. We achieved this versatility
and adaptability by modularization of hardware and software.
The components of the hardware (camera, LED, filters, case)
can be replaced individually and rearranged to adapt to new
geometries or new analytes. Similarly, the core of the software
suite consists of a function library providing the base func-
tionalities such as data-file-operations, separation-zone-
detection, or trajectory-finding. These can be modified, ex-
tended, and assembled to create new programs to suit new
situations. Our software suite also includes complete user
programs based on the library, which provide a user interface
to the aforementioned functionalities. Naturally, these pro-
grams can also be modified and extended.

Setup and alignment of the system and chip

Setup of an acquisition system is a critical task since wrong
settings can affect data's consistency and reproducibility. An
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acquisition system must aid the user in setting and aligning
the camera, and ensure that correct settings are employed
(e.g. brightness, contrast, saturation, gain, exposure). While
the camera driver should save and preserve all camera set-
tings by itself, the reliability of the driver is poor: we have no-
ticed that settings are often saved on the basis of the univer-
sal serial bus (USB) port that the camera is connected to,
instead of the camera device itself, i.e. each USB port holds
its own instance of the camera device including its own set-
tings. Moreover, sometimes the camera settings may be reset
randomly, either by the driver or the firmware - when the
camera is not in use. Also, it might be beneficial to save cam-
era settings as a transferable file to enable their use on other
machines or with other cameras. To address these issues we
created a wuser program for configuring the camera
(setupcamera.py), which utilizes a simple graphical user
interface (GUI) to facilitate this step. Subsequently, camera
settings are automatically loaded and invoked by the acquisi-
tion and alignment programs (using the corresponding li-
brary functions). This assures that the camera is set to the
state desired before it is used (e.g. for recording) to ensure
consistency and reproducibility.

Another important step in the setup process is the align-
ment of the chip's separation zone. The separation zone
should match the horizontal and vertical directions of the
imaging view to facilitate its detection during the evaluation
process. The program (alignchip.py) aids the wuser in
performing this task by providing direct visual feedback on
the state of alignment while the user rotates the chip or the
system. Briefly, the program detects the separation zone and
encloses it within a rectangle. It also draws a reference rect-
angle which represents the target (optimal) orientation of the
separation zone in the imaging field of view. The overlap be-
tween the areas of the two rectangles is calculated and
presented. If the alignment is perfect, both rectangles are
equal and the overlap is 100%. The rectangles are rendered
on a black canvas with using red (detected separation zone of
the chip) and green (target orientation) filling colour, respec-
tively. In the overlapping area, the resulting colour is yellow.
The overlap is calculated by counting the yellow pixels and
dividing their number by the number of green pixels. Fig. 2
shows the scheme for alignment.

Finally, the user can set basic measurement and output
parameters (e.g. output directory, number of frames per sec-
ond to record, etc.) by another program (setupmeasurement.
py)- Likewise, these details are saved and used by the subse-
quent acquisition and evaluation programs.

Acquisition

The processes taking place in FFE are in the range of minutes
to hours. Thus, the rate of image acquisition is only required
to be with an interval precision of seconds. The low time pre-
cision reduces the requirements for (and cost of) the detec-
tion hardware, in particular the camera. A common, con-
sumer grade webcam is sufficient to perform this task.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Alignment of the FFE chip. The top schemes illustrate the
alignment of the chip with regards to the camera view (black
rectangle). The bottom pictures show the alignment view presented to
the user by alignchip.py.

However, webcams might lack sensitivity as they are designed
for use in moderately-to well-lit environments. As a result,
they may have low signal to noise ratios in fast fluorescence
measurements. In our application the signal to noise ratio
can be improved by integrating images from the camera over
a relatively long time of a few seconds.

We implemented the task of acquisition in a user program
(acquire.py), which records time-dependent snapshots of the
separation zone. Its user interface consists only of a live pic-
ture of the recording with an overlay displaying timestamp
and some user information. Starting the program starts a
new measurement while closing the program stops the mea-
surement. We kept the user interface and functionality
minimalistic to reduce errors (both from human and com-
puter) during acquisition. For the same reason, no online
evaluation (e.g. detection of the separation-zone) was
implemented.

Storing information and data

A fundamental question of any acquisition system is kow to
store information? In general, information has to be encoded
into a file format in order to be stored. Many approaches, in
particular commercially available solutions, use complex and
proprietary file formats. The disadvantage of such formats is
that the files cannot be opened without proprietary software.
Therefore, for our imaging system we decided to use com-
mon standardized formats.

Properly answering the question of how to store informa-
tion requires understanding of what information to store and
for whom to store. There are two types of recipients of infor-
mation acquired by our imaging system: humans and ma-

This journal is © The Royal Society of Chemistry 2017
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chines (computer programs). File format(s) should thus be
readable by both Aumans and machines. Our FFE imaging sys-
tem produces a sequence of time-lapse images, which are
saved both as a video file (mainly for humans) and single im-
age files (mainly for machines).

Video file for human perception

A sequence of images can be saved as a video, which can be
viewed by humans and, in theory, can also be processed by
programs (via extraction of individual frames). Videos can be
compressed or uncompressed. While we have attempted to
save the imaging data as uncompressed videos, we quickly re-
alized that the resultant file sizes were too large (up to 1 GB
min™") for practical data storage and sharing. Therefore,
videos have to be compressed. However, common video com-
pression methods (implemented as codecs) are made for
humans only. They reduce file size drastically (down to 1 MB
min™") by removing information imperceptible to humans, at
the expense of irretrievably losing information that is crucial
for machine reading.** Since there is no common format that
can balance needs of humans and machines we decided to use
different formats for humans and machines.

The video format of choice for humans was a widely dis-
tributed standard, MPEG-4.>> MPEG-4 files can be viewed na-
tively on almost every platform including a variety of hand-
held devices. To further improve the convenience of this
output format, the raw image frames received from the cam-
era are automatically modified by acquire.py in two ways.
First, the overlay showed to the user during acquisition (see
Acquisition) is added to each video frame. Second, the play-
back speed of the resulting video file is increased, resulting
in a quick-motion video. Thus, a process recorded over sev-
eral minutes can be viewed in a few seconds. Note that these
two modifications only apply to the output video file.

Single image files for machine evaluation

The best way to store individual images is by using an image
file format such as Portable Network Graphics (PNG).***” PNG
files can be viewed natively on almost every platform. Fur-
thermore, PNG images are stored using lossless compression
(in contrast to e.g. JPEG files) efficiently utilizing disk space
and facilitating portability, backup (long-term storage), ex-
change, and publication of data.

In addition to storing raw images, it is important to save
setup parameters such as experiment name or colour chan-
nels recorded. Furthermore, the stored data has to be some-
how linked to a corresponding image file. This includes, for
instance, inlet positions, physical dimensions, timestamp,
position of detected separation zone, and trajectories. This
data can be stored as separate text file(s) complementing the
corresponding image file. However, it is much more practical
to embed acquisition, processing, and evaluation data di-
rectly as metadata into the PNG file; accordingly, we have
done exactly that.
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Adding metadata to PNG images

A PNG file itself consists of several chunks represented by a
four-letter code (e.g. IHDR, IDAT, tEXt). The code labels are
case sensitive. The case of the first letter, for instance, marks
the corresponding chunk as critical or ancillary chunks; more
information can be found elsewhere.*®*” Critical chunks are
mandatory and hold the information for rendering an image.
Ancillary chunks can hold any additional non-critical infor-
mation which can be ignored by the program when encoun-
tered but not understood. This allows the addition of meta-
data to a PNG file without breaking it.

In principle, an application can use one of the predefined,
public chunks (e.g. tEXt) to store data in a PNG file as it is
done for the Exchangeable Image File Format (EXIF; used for
saving digital camera settings). Some PNG viewers and edi-
tors can directly display the content of such standard
chunks, which eliminates the need for special software. The
disadvantage of storing data in such universal chunks is that
not only may editors and viewers misinterpret them, but they
can also alter or overwrite this data without user involve-
ment. This renders this approach to information storage
unreliable.

Hence, we decided to use a twin-track approach in order
to achieve both reliability and readability. First, a new, pri-
vate chunk labelled dfFe (data of free flow electrophoresis)
was introduced for reliably storing data. Second, the data
stored in this chunk is mapped to the public tEXt-chunks for
easy readability. Chunks are generated by serialization of a
Python dictionary (an associative array), which contains infor-
mation generated and put together during the various stages
of experimentation and evaluation by the corresponding
programs.

For convenience, we developed a command-line tool
pngdata.py, which can read and modify the dfFe-chunk as
well as display all chunks present in any PNG file. To distin-
guish regular PNG files from the ones containing FFE data
we use a double extension “.FFE.PNG” (instead of “.PNG”) for
the latter.

Detection of separation zone

The imaging system is designed for photoluminescence im-
aging. Hence, the imaging chamber is dark and only LED-
illuminated luminophores can be detected. Obviously, the
chip material (PMMA) does not emit any luminescence. Thus,
the imaging system does not ‘see’ the chip and, therefore,
cannot resolve spatial coordinates of signals on the chip. Lu-
minescent features, which mark the separation zone, were
added to the chip to overcome this problem. With such lumi-
nescent markers, it is possible to visualize the separation
zone and determine the positions of luminophores relative to
zone boundaries. There are limitless ways of designing such
markers. For instance, one could use markers for the edges
of the separation zone, similar to those used in alignment of
2D bar codes (QR codes).*® While these patterns have proven
to be useful for machines, they cannot be read by humans.

260 | Lab Chip, 2017, 17, 256-266

View Article Online

Lab on a Chip

However, it is essential for humans to know where important
features of the chip are for proper evaluation and trouble-
shooting. Therefore, markers are needed, which can be evalu-
ated and recognized by both machines and humans.

We came up with a very simple and descriptive design
consisting of a rectangle that surrounds the separation zone
and contains small features on the top representing the start,
middle, and end of the zone as well as the x-positions of in-
lets and outlet (Fig. 3). Due to these features, the whole mark-
ing scheme becomes asymmetric and allows simple determi-
nation of chip orientation. In practice, we carved our
marking scheme (1 mm deep channels) in the top of the chip
during fabrication with our milling machine and coloured
the valleys afterwards with a common yellow highlighter (0.7
mm wide). Common text markers utilize luminophores (e.g.
fluorescein), which are visible during imaging. Conveniently,
the milling machine allows the perfect alignment and posi-
tioning of the markings on the chip. Alternatively, one can
think of printing a marking pattern using luminescent ink
on an adhesive foil, which is subsequently deposited on the
chip. While this seems to be convenient at first glance, exact
alignment and positioning of such a foil needs more effort
than milling.

In order to identify a feature, such as the markings for the
separation zone, on an image, one has to consider all of the
properties and relationships of such a feature. In our case,
the area of the separation zone i) is the largest feature on the
image and takes up a certain fraction of the whole image
area, and ii) consist of two nested rectangles (inner and outer
boundary), which have a certain ratio of areas (0.80-0.90).
For finding the separation zone, all boundaries have to be
detected (done with functions provided by OpenCV) and eval-
uated with regards to the properties and relationships de-
scribed in i) and ii). When found, the four corners of each of
the inner and outer boundaries are saved for further evalua-
tion (e.g. extraction of the separation zone for trajectory find-
ing). Subsequent evaluation programs just use these coordi-
nates to identify the separation zone.

Besides marking the separation zone, it may be useful for
certain applications, such as non-orthogonal FFE,*® to mark
the BGE flow orientation. Therefore, we added two small bars
to the left and right sides of the separation zone. Regardless
of where they are actually located, these bars are always of
the same size and mirroring each other relative to the centre
point of the separation zone. These features of the flow
markers are sufficient for finding them and saving their coor-
dinates for further use. Note that flow markers are not
needed for standard, orthogonal FFE, in which BGE is as-
sumed to flow from left to right on the x-axis of the separa-
tion zone. If the flow are markers are present, however, the
extracted separation zone is rotated to match its x-axis with
the direction of the hydrodynamic flow. An example image
with all detected patterns is depicted in Fig. 3.

The whole process of feature detection is performed by
findfeatures.py, a console program evaluating a single image.
It provides various parameters to control the above-described

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Detection of the separation zone and flow markers with the help of luminescent markers. A) Scheme of the markings on the model of the
chip. B) Real image taken from the imaging system showing the luminescent markings and its features. C) Image of B) fully evaluated by

findfeatures.py.

feature recognition methods and can be included in batch
processes for further and consistent automated evaluation of
a time series of images. The determined feature information
is saved into data chunks of the FFE.PNG file. It should be
emphasized that during image processing and evaluation,
the actual image is never altered. Thus, both the raw data
and the evaluation data is always present in the same file.

Finding trajectories

The main features to be detected and evaluated in an FFE im-
age are the trajectories of analyte streams inside the separa-
tion zone. Stream trajectories provide critical information on
the separation process as well as the general behaviour of the
chip (e.g. the flow profile). Trajectory detection is not trivial,
and a suitable detection strategy has to be established.

First, a suitable starting point is required from which a
given trajectory can be traced. Such a starting point must be
exclusively within a respective trajectory, i.e. not a part of an-
other trajectory. Furthermore, finding and identifying a
starting point should be relatively fast, reliable, and consis-
tent. The only characteristic points of a trajectory are the tail
points. Each trajectory has two tail points: the point from
which it starts (the inlet position) and the end point it flows
to. The points at and near the inlet are shared by every trajec-
tory, since all the analytes are introduced through a single in-
let. This leaves the end points as the only suitable starting
points for trajectory tracing. Theoretically, these points can
be anywhere within the separation zone, making their detec-
tion and identification difficult. For convention, the hydrody-
namic flow in the chips is always directed from left to right
(see the previous section) and the end points of trajectories
must be on the right side of the image. For finding them al-
gorithmically, we use a technique we refer to as light casting.
On each line (y-axis) of the image, we cast ‘light’ from the
right side to the left side (x-axis). This ‘light’ passes all zero-
pixels but stops at the first non-zero pixel. For each line of
the image we record the position of this first ‘obstacle’ and
plot the positions as a function of y. The minima of the
resulting curve are the end points of the trajectories (see
Fig. 4A for a vivid example).

This journal is © The Royal Society of Chemistry 2017

To exclude false positive minima arising from noise or ar-
tefacts, we introduce two exclusion criteria. First, we define a
maximum penetration depth for the ‘light’ to exclude all
points to the left of the inlet. Secondly, we define a minimum
width for the stream at the end point to exclude single pixel
noise (see example in Fig. 4A). Note that light casting is a very
simple and flexible method, which does not require that all
trajectories end at the same x-plane.

Starting from the end points found, the rest of the trajec-
tories can be traced. We implemented two different tracing
algorithms, namely Dijkstra's algorithm and our own
gradient-based method.

In general, a trajectory is a network of connected pixels,
which can be described as a mathematical graph (graph the-
ory). Two nodes of this graph are already known, namely the
origin point (inlet position) and the end point (determined in
the previous paragraph). All one has to do is to find a path
between these two nodes using a suitable algorithm. We de-
cided to implement and evaluate Dijkstra's algorithm, which
has proven to be robust in a number of applications such as
route planning.’*™** This algorithm is designed to find the
most cost-effective path between two nodes. For route plan-
ning, the costs are usually calculated as a function of the
route distance or time required to travel a route. For trajec-
tory finding, we define the cost via pixel intensity density: the
higher the intensities of a pixel and its neighbours are, the
less expensive it is to travel to this pixel. The cost for zero-
intensity pixels is set to be infinite, i.e. these pixels are not
passable. This cost-definition ensures that a path, most likely,
will go along the spine of a trajectory instead of its outer bor-
der (see Fig. 4B).

Dijkstra's algorithm is robust, i.e. small changes in input
data produce similar trajectories, as long as both nodes, i.e.
origin and end point, are connected by an uninterrupted set
of non-zero pixels. In practice, however, disconnections in a
path might occur due to noise, a bubble, or turbulence. In
such cases, Dijkstra's algorithm will fail to find a path and,
subsequently, no trajectory will be recognized. Furthermore,
the algorithm is time-consuming as it requires evaluation of
practically every pixel in a trajectory. For example, finding a
path in the image in Fig. 4B took over 1 min.

Lab Chip, 2017, 17, 256-266 | 261
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C Different gradient settings in non-optimal trajectory finding
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B Dijkstra's algorithm: comparison of two different cost-calculations

cost is equal for each pixel-pixel-branch
path is running along the border of trajectory

cost is based on intensity-density
path is running along the spine of trajectory

Fig. 4 Strategies for finding trajectories on an image. A) Light casting: light is casted from right to left on the image (left picture). The obstacle
position on each line is plotted as function of y (right picture). The minima of the resulting graph are the end points of the trajectories. B) Dijkstra's
algorithm: these two pictures show the effect of different cost-calculation strategies on the shape of the resulting path. Equal-cost function results
in a path running along the border of trajectory (left picture) while a cost function based on intensity-density results in a path running along the
spine of trajectory (right picture). C) Gradient-based algorithm: the pictures show the effect of different step-sizes (here represented by a gradi-
ent-factor) on the resulting path on the original image (top-left picture, same input image as in B) and images with holes and stains (manually
modified). The ability of the algorithm to cross holes in a trajectory heavily depends on a sufficient step size. However, too large step sizes result in

less fitted trajectories.

In order to address these two disadvantages, we decided
to design and implement our own, gradient-based algorithm.
Instead of evaluating every single pixel, this algorithm esti-
mates the course of the trajectory to find a path from the end
point towards the inlet. Naturally, the quality of estimation
defines how well the path will resemble the actual trajectory.
Beginning with the end point, the algorithm takes small
steps into the direction the trajectory most likely comes from.
The inverse of the hydrodynamic flow is taken as the initial
direction. For every subsequent step, a new direction vector
is derived as the one of the previous step adjusted using the
following two rules. First, the spine of the trajectory pos-
sesses the highest pixel intensity density, i.e. high density at-
tracts the direction vector more than low density. Second, the
trajectory originates from the inlet and the closer it is to the
inlet the more likely the trajectory will directly flow towards
it. Thus, the closer the estimated path comes to the inlet, the
more the direction vector is attracted by it. Note that this
does not mean nor require that the trajectory is continuously
connected to the inlet. On the contrary, with this algorithm it
is possible to backtrack trajectories even if they are discontin-
uous (not connected to the inlet, consist of disconnected
parts, etc.). Moreover, the algorithm is about 1000 faster than
Dijkstra's algorithm, since it only evaluates a few pixels along
each step. It took us less than 0.1 s to find the trajectory in
Fig. 4C (top-left picture).

Apart from the direction vector, the step size (gradient) is
another critical factor in the gradient algorithm. If the gradi-
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ent step is too large, the trace might easily end up outside of
a flow stream, unable to return and continue. Also, larger gra-
dients result in paths which less resemble the evaluated tra-
jectory. If the gradient is too small, the algorithm may not be
able to pass interruptions or stains in the trajectory. Exam-
ples of different gradient settings are shown in Fig. 4C.
Hence, while this algorithm is fast and can deal with poor
trajectory data, it is clearly not as robust as Dijkstra's algo-
rithm. Furthermore, the resulting paths do not resemble the
spine of the trajectory as much as Dijkstra’s algorithm.

An important question, which rises at this point, is which
algorithm is preferable? Our conclusion is that both algorithms
have their advantages and limitations. These give them bene-
fits over each other in different evaluation scenarios. Thus, we
leave for the users to choose the best tool for every situation.

Determining the widths of trajectories

A stream is not only defined by a trajectory path but also by
its width. The width is not constant along its path due to dis-
persion and other effects; therefore, it should be determined
at each trajectory point. For this, a line orthogonal to the
stream-flow is constructed at each point of the trajectory, and
the intensity profile along this line is evaluated (see example
in Fig. 5A). Analytically, the most useful description of stream
width is the fullwidth-at-half-maximum (FWHM). In order
calculate FWHM, the stream profile curve is first fitted by a
spline function (smooth, piecewise polynomial) to account

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 A) Example of width evaluation. The profile along the yellow line in the left image is extracted and evaluated to find the FWHM at a
trajectory path point. B) Comparison of the original image (input) and the extracted data.

for the fact that the intensity profile can have a variety of
shapes.”® Algorithmically, it is simple to find the FWHM of a
peak or function, if one subtracts half the peak maximum
value from this function, i.e. moves the function downward
(negative intensity direction). Consequently, the distance be-
tween the roots of this moved function (on the previously
constructed line) is exactly the FWHM (see Fig. 5A). After
evaluating the widths, the trajectory of a stream can be repre-
sented fully without any additional information from the im-
age (see Fig. 5B). This trajectory data subsequently can be
used to evaluate separation quality (e.g. resolution) chip prop-
erties (e.g. flow profile).

Resolution

Resolution is a central parameter for evaluating the separa-
tion power of any separation technique. For common tech-
niques, such as chromatography and capillary electrophore-
sis, resolution is calculated as a function of peak positions
and the average of their FWHMs. For FFE, resolution is com-
monly calculated as function of position of the stream centre
(v) and the corresponding stream width (w) at this position.
Naturally, the stream centres and widths can be evaluated
anywhere along the hydrodynamic flow axis (x) resulting in R
being a function of x:

_ P ®)-2.()
20 ()40, ()

R(x

This journal is © The Royal Society of Chemistry 2017

where the indices n and m refer to the respective stream
trajectory numbers. As described in the previous sections,
trajectories are extracted from images with both the
stream positions and the corresponding FWHMs. Due to
this, the resolution between any two trajectories by design
falls into one's lap. Since the trajectory path itself is dis-
continuous, the path itself and its widths are approxi-
mated by a cubic spline function. An example for evaluat-
ing the resolution can be found in Fig. 6. The resolution
function is very unstable; it is sensitive to small differ-
ences in widths and positions which can have a huge im-
pact on the value of R. For instance, trajectory 3 in Fig. 6
could not be fully resolved in terms of widths due to the
low signal intensity of this trajectory in the input image.
Thus, the resulting trajectory path has inconsistent width,
which leads to an oscillating resolution function for this
trajectory with any other trajectory. In contrast, the resolu-
tion function is very smooth for the resolution between
trajectories 1 and 2. Of course, this can be improved by
smoothing the resultant trajectory paths or resolutions, or
by improving the signal intensity through adjustment of
the acquisition settings. However, these results also sug-
gest that the conventional definition of resolution might
not be the best measure for (automatic) evaluation of sep-
aration in FFE. Better measures of FFE separation quality
need to be developed in future works. Until they are avail-
able, resolution can provide a reasonably good, first-
approximation measure of FFE separation power.
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Fig. 6 Evaluating the resolution of separation (upper plot; inset shows
input image) of carboxyfluorescein (trajectory 1), fluorescein (trajectory
2), and rhodamine (trajectory 3). The resolution for every combination
of above trajectories is shown in the lower plot. The dashed lines are
smoothed resolution functions.

Flow profile

Apart from straightforward measures such as resolution,
more complex evaluations are also possible. For instance,
one is able to characterize the flow profile of an FFE chip by
combining the evaluation of multiple trajectories from differ-
ent inlets. For this, a fluorescent tracer compound is intro-
duced through inlets with different y-positions into the chip
to observe the flow from the inlet to the outlets or the end of
the separation zone. No electric field is applied in such mea-
surements, as electrophoretic movement of analytes will con-
volute the flow profile information. Subsequently, the
resulting images are evaluated to find the fronts of the trajec-
tories. Since every image has a time stamp, it is possible to
evaluate the front position as function of time. The deriva-
tion of such a function gives the velocity vector at the corre-
sponding point. Plotting and interpolating these velocity vec-
tors result in a flow profile, which can be used to draw
important conclusions about the hydrodynamic flow in an
FFE chip. Knowledge of real hydrodynamic flow profile is piv-
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otal to the developer as this profile largely defines analyte
trajectories.

An experimentally measured flow profile in our chip can
be seen in Fig. 7A. In order to compare it to an idealized
chip, we created a COMSOL simulation using the laminar
flow module (Fig. 7B). Visual comparison of the experimental
and simulated profiles leads to important conclusions. First,
the velocity range and the overall profile in both plots are
comparable, suggesting that the model and the physical chip
are in good agreement with each other. This is even more evi-
dent when comparing the complete, i.e. inter/extrapolated
data, of both plots. The average velocities in the x-direction
are 0.29 + 0.14 and 0.26 + 0.13 mm s * for the experimental
and theoretical data, respectively. The velocities in y-direction
are likewise similar, i.e. 0.008 + 0.064 and 0.002 + 0.088 mm
s, respectively. In turn, this means that the chosen
COMSOL model is valid as an FFE model. Second, the flow
profile of the physical chip shows some zero-flow areas and
shifted flow vectors (e.g. in the lower half of the chip). This is
probably due to a non-homogenous cross-section in the sepa-
ration zone arising, most likely, from a non-optimal assembly
of the chip (as mentioned before we did not optimize the
chip or its assembly for this study). Thirdly, the measure-
ments show that the outlets do not work as intended. In the
model chip, they act as sinks and attract the flow around
them. However, in the real chip the flow just passes them.
This is in agreement with our experimental observation that
no flow was going through the outlets (probably due to air
pressure from outside). These three straightforward conclu-
sions show that our chip is non-optimal and requires im-
provement. They also strongly suggest that the flow profile is
an important characteristic in FFE chip development. Since
the presented image processing and analysis system provides
a handy way for measuring these flow profiles, it will be in-
dispensable for development of high-quality FFE chips.

Automation

Every evaluation program in our software suit is a console-
program that can be controlled through command line argu-
ments. This allows seamless integration of these programs
into batch processes for evaluation of basic parameters such
as trajectories as well as more advanced and complex ones
such as the flow profiles of FFE chips. For instance, the eval-
uation of the previously discussed flow profile is done by a
total of six batch programs (see ESIT). Five of them evaluate
the corresponding set of flows from the inlets (evalchl.bat-
evalch5.bat). These call the respective programs to find the
separation zone and trajectories as well as to render these
trajectories on every single image file. Another batch file
(evalflowprofile.bat) calls these five batch files and, subse-
quently, the programs for extracting the position-velocity in-
formation, as well as for compiling this information into a
flow profile plot. Every program in the batch process logs its
actions for further review. The advantages of this batch

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Flow profiles of our FFE chip according to experiment (A) and COMSOL calculations (B). The arrows (red) depict the input data for
interpolating the streamlines (white). The black half-circles at the left depict the inlets, while the black circles at 40 mm in the x-direction depict

the outlets.

process are obvious: simple automation and customization,
full documentation, and good reproducibility.

Portability

Although the presented system is aimed at FFE, the described
approach may be directly applicable to some 2D techniques
(e.g. gel electrophoresis and chip electrophoresis) and 1D
techniques requiring whole-column imaging-detection** on
an array of columns. The extent and type of the necessary
modifications (e.g. new marking scheme, different chamber
geometry, etc.) will depend on specifics of a target applica-
tion. Such modifications are facilitated by the versatility and
adaptability (see corresponding section) of our system.

Conclusions

We have developed an image processing and analysis system
for comprehensive evaluation of FFE chips. It consists of a
cost-effective self-built imaging setup and a software suite.
Both components have demonstrated to be extremely versa-
tile and powerful in determining important characteristics of
FFE chips such as separation power and flow profiles. Fur-
thermore, the modular design allows simple automation
while remaining very flexible and adaptable. The presented
modules - software and hardware - can be simply substituted
and extended. For instance, future versions of the presented
library and programs might implement advanced and better
algorithms for trajectory finding or the like. Conclusively, we
foresee numerous scenarios and applications where the
presented image processing and analysis system can and will
facilitate FFE development.
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Chip fabrication
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Figure S1. Assembly of the chip. Images show the top part of the chip without (A) and with (B) highlighter ink, the bottom part without (C) and with (D) added electrodes
(green dashed lines) and tube connectors (red arrows) at inlets and outlets, and the final assembled chip (E). Please note that we increased the contrast of all pictures and the
saturation of (B) to increase visibilitv.

The FFE chip was milled out of poly(methyl methacrylate) (PMMA, refractive index n3°"¢ = 1.4918 1) using an MDX-540 milling
machine (Roland DGA, Irvine, CA). A detailed description of the general milling procedure can be found elsewhere.’

The chip consists of a top and bottom part (see Figure S1). A marking scheme (1 mm deep channels) was carved in the top of the
chip (Figure S1A and B) and coloured by a common yellow highlighter (0.7 mm wide). Common text markers consist of
luminophores (in this case fluorescein), which are visible during imaging. Metal electrodes (platinum wire, 0.5 mm diameter) and
metal tube connectors (Luer stub adapters, Gauge 16 and 25) were glued to the bottom part using common two-component
epoxy glue. Both parts are aligned and temporarily fixed on top of each other by using bolts in the thru-holes (larger holes in the
corner of both the top and bottom part). Subsequently, both parts are bonded together by introducing dichloromethane into the
small gluing holes (only present on top part) to provide a strong and irreversible seal. After the bonding is complete (10-30
minutes), the bolts are removed.

The chip name (Temiska-2) was derived from Temiskaming Shores, a small town in the north of Ontario, Canada. The 2 indicates
the serial number. FFE chip model was designed using Solid Edge (Siemens PLM, Plano, TX) software. Immersion oil (refractive
index n3°°C = 1.517) was applied to the top of the chip (the side with the markings) to improve the visibility and reduce
scattering and refraction. Please note that we did not optimize the chip or the chip manufacture for this study. The chip

possesses five sample inlets and five sample outlets.
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Imaging chamber assembly
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Figure S2. Assembly and components of image chamber. Images show the main components (A), the outside (B) and inside (C)
of the imaging chamber, an example of another version of the imaging chamber (D), and a sketch of the imaging box (E). The
plot in (F) shows the transmission spectra of PMMA, the excitation filter, and the emission filter. Filter and PMMA transmission
spectra were recorded on a Beckman DU 520 Spectrophotometer (SCIEX, Vaughan, ON, Canada).

The image chamber was designed for photoluminescence imaging and consists of a camera objective, a micropipette tip box
acting as a case, glass filters, and an LED for excitation (see Figure S2). A standard laptop (TravelMate 6592G from Acer) running
Windows XP was used as the acquisition platform.

An empty micropipette tip box (127 x 85 x 82 mm) is acting as a case for the imaging chamber. It was adjusted by cutting in holes
for fixing the camera electronics and the excitation light. Also, an imaging window/hole was cut into the bottom (100 x 70 mm).
(Semi)-Transparent parts of the box were covered with black masking tape (see Figure S2B). Since the setup is very modular, it is
simple to exchange parts to adapt to new situations. An example of another setup with a different case can be seen in Figure
S2D.

The camera objective and electronics were extracted from a QuickCam® Orbit™ MP from Logitech (Newark, CA, USA). They were
placed in a small plastic box prepared with holes for fixing and the USB cable. The box was fixed on top of the actual imaging
chamber using small screws. The focus of the camera was adjusted with the focus ring on the objective. In front of the objective,
an orange emission filter (see Figure S2F for spectrum) was placed.

A 470 nm LED (M470L3) from Thorlabs (Newton, NJ, USA) was used for illumination. An excitation filter was placed (see
Figure S2F for spectrum) in front of the LED.
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Signal distribution
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Figure S3. Three example pictures showing the signal distribution in the imaging chamber for different excitation intensities (arbitrary, decreasing from left to right). The

yellow lines depict the light intensity in the centre of the frame (cross section; same scale for every picture). The black dashed rectangle shows the size of the separation
zone of the FFE chip used in this study.

To check the signal distribution in the measurement area, we filled a large Petri dish with a fluorescein solution (500 uM) and
placed the imaging system on top to take pictures at different excitation intensities. The three example pictures in Figure S3
show that there is a hotspot on the left side of the image.

However, this hotspot can be tuned by adjusting the excitation light intensity. Here, reducing the intensity (from left to right
picture) leads to an almost homogeneous signal distribution in the centre of the chamber with a large enough area to cover the

separation zone of the FFE chip used in this study. Therefore, we did not use any additional lenses to shape the excitation or
emission light for the presented study.
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Experimental details

Figure S4. Bottom view of the chip showing the tube and electrode connections. Large tubing (3 mm

inner diameter; polyethylene) is used for buffer in and outflow (green arrows), while small tubing (1/16”
inner diameter; polyethylene) is used for sample in and outflow (red arrows and red circles). The black
dashed lines mark the separation zone. The blue lines mark the electrode and the connectors at which
the high voltage is applied (the electrodes themselves run over the whole side of the separation zone;
see also Figure S1D).

Chemicals

All solutions were prepared using analytical grade reagents. 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt
(HEPES), rhodamine 6G hydrochloride (rhodamine), fluorescein sodium salt (fluorescein), 5(6)-Carboxyfluorescein
(carboxyfluorescein), sodium hydroxide, and immersion oil (UV-transparent, fluorescent-free) were purchased from Sigma
Aldrich (Oakville, ON, Canada). Deionized water (18.2 MQ cm'l) was used for preparation of all solutions.

General experimental details

We used HEPES (10 mM, pH 7.6) as the BGE and solutions of rhodamine, fluorescein, and carboxyfluorescein (500 uM each) as
tracer dyes. Flow rates of the BGE and the sample solution were in the range of 3-4.5 mL min~* and 2-5 uL min'l, respectively.
All sample inlets were closed except for the one used in the respective study. Sample outlets were only opened for the flow-
profile-measurement but were closed otherwise (see Figure S4).

Measurement of a mixture of all three tracers (directory: evalmix/mix1)

Buffer flow rate and sample flow rate were 4.5 mL min™* and 2 uL min'l, respectively. 37 s after start of measurement the
voltage was turned on (275 V, i.e. 56.1 V cm’l; top: anode; bottom: cathode). Current measured was between 8 and 9 mA. 205 s
after start of measurement the voltage was turned off. Only the centre inlet was open and all outlets were closed.

The corresponding video file reveals that the separation was successful but not stable (can be seen at about 200s). The reason
was the huge bubble formation at both electrodes. Also, the stream does not go back to its neutral position but rather stays
shifted even after the voltage is turned off (from 300s).

Measurement of a mixture of fluorescein and rhodamine (directory: evalmix/mix2)

Buffer flow rate and sample flow rate were 4.5 mL min”* and 5 uL min'l, respectively. Initially, there was no sample flow. 31 s
after start of measurement the sample flow was started. At 631 s the voltage was turned on (150, i.e. 30.6 V cm_l; top: anode;
bottom: cathode). Current measured was stable at 4.3 mA. 826 s after start of measurement the voltage was turned off. During
the measurement, the excitation light was slightly reduced at 768 s. Only the centre inlet was open and all outlets were closed.
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The corresponding video file reveals that the sample inflow started at about 360 s. Also, the electric field was lower than in the
previous experiment, there was still no stable separation (again due to bubble formation at both electrodes).

Measurement of flow profile with fluorescein only (directory: evalprofile)

Buffer flow rate and sample flow rate were 3.0 mL min™* and 2 uL min~", respectively. The sample was introduced into one
inlet (channel 1-5, numbered from bottom to top). All outlets were open. Initially, there was no sample flow. Sample flow was
started shortly after each measurement started (at 71, 51, 21, 20, and 10 s for channel 1, 2, 3, 4, and 5, respectively) and stopped
after the stream reached the right border of the separation zone (at 300, 327, 241, 353, and 142 s for channel 1, 2, 3, 4, and 5,
respectively). No electric field was applied at any of these experiments.
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Data format

A PNG file itself consists of several chunks represented by a four-letter code (e.g. IHDR, IDAT, tEXt). The code labels are case
sensitive. The case of the first letter, for instance, marks the corresponding chunk as critical or ancillary chunks (for more
information see the standard™ 4). Critical chunks are mandatory and hold the information for rendering an image. Ancillary
chunks can hold any additional information, which is not critical for rendering the image - if a program encounters an ancillary
chunk it does not understand it can safely ignore it. This allows the addition of metadata to a PNG file without breaking it.

We decided to use a twin-track approach in order to achieve both reliability and readability. First, a new, private chunk labelled
dffe (data of free flow electrophoresis) was introduced for reliably storing data. Secondly, the data stored in this chunk is
mapped to the public tEXt-chunks for easy readability. Chunks are generated by serialization of a Python dictionary (an
associative array), which contains information generated and put together during the various stages of experimentation and
evaluation by the corresponding programs.

Table S1 gives a short overview of data the dfFe-chunk can hold and by which program this data is generated. The format is
open, so it can easily be extended. For convenience, we developed a command-line tool pngdata.py, which can read and modify
the dffFe-chunk as well as display all chunks present in any PNG file. This is used by the provided batch files to add the
information about chip features into the data files. In order to better distinguish regular PNG files from ones with FFE data in
them we use a double extension .FFE.PNG (instead of pure .PNG) for the latter. This ensures the compatibility with viewers (e.g.
the preview function of Windows Explorer) and editors.

Table S1. Overview of properties in a dfFe-chunk. Please see the respective programs for information on the specific format of each property.

Property

Channels recorded
Dataline 1

Dataline 2

Experiment name
Image counter

Inlets

Inner separation zone
Outer separation zone
Outlets

Physical zone dimensions
Snapshot time
Timestamp

Total frame counter

Trajectories

Description

Channels recorded during acquisition

Data line 1 provided by user

Data line 2 provided by user

Name of experiment provided by user

Number of image in set

List of inlet coordinates and widths (in mm)

Four coordinates in pixels of the separation zone (inner box of markings)
Four coordinates in pixels of the outer box around the markings
List of outlet coordinates and widths (in mm)

Physical zone dimensions (in mm)

Time in seconds elapsed since start of measurement
Timestamp of image acquisition

Number of frames recorded and integrated

List of lists containing the trajectory points and widths (in pixels)
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generated by program

acquire.py (set in setupcamera.py)
acquire.py (set in setupmeasurement.py)
acquire.py (set in setupmeasurement.py)
acquire.py (set in setupmeasurement.py)
acquire.py

manual (pngdata.py)

findfeatures.py

findfeatures.py

manual (pngdata.py)

manual (pngdata.py)

acquire.py

acquire.py

acquire.py

findtrajectories.py




Short description of Python programs

General

The software suite includes a function library (ffe.py) and some ready-to-use programs for setup, acquisition, processing, and
evaluation of FFE experiments. The programs were written in Python 2.7 and according to Eric Raymond’s 17 Unix Rules (in
particular following the Rules of Simplicity and Modu/arity).5 Main modules used are Numpy, Mathplotlib, Scipy, and OpenCV
(Open Source Computer Vision Library). The software suite is compatible with every camera supported by OpenCV itself
including a huge variety of web-cameras (see documentation of OpenCV).

Most of the programs are console-based programs that can be controlled through command line arguments. For a list of
arguments call the respective program with ——help. All console-based programs were designed to allow the seamless
integration into batch processes. Examples of these batch processes are included in the software package, e.g. for evaluating the
flow profile of the FFE chip. The programs for setup the camera and measurement provide a Graphical User Interface (GUI).

Please note that the general descriptions below are meant for providing a rough overview. Please see the source code and the
library documentation (ffe.m.html) for more details. The step numbers given below correspond to the numbers given in
comments in the respective programs.

Acquire.py (console)

This programs records snapshots and a video using the camera (setupcamera.py) and measurement settings
(setupmeasurement.py). It is automated and only provides a live view with almost no user interaction. Briefly, the program
0. setups the logging
opens and setup the camera device
reads and setup measurement parameters (including creating a directory for saving the data)
records and saves a background image
setups the video recording device
starts recording (integrating frames, creating overlay for live view and video, saving frames to images and video)
cleans up

ok wWNPRE

Alignchip.py (GUI)

This program aids the user in performing the alignment of the chip (see also main text). Direct, visual feedback on the state of
alignment is provided. Briefly, the program detects the separation zone and bounds it within a rectangle. It also draws a
reference rectangle which represents the target (optimal) orientation of the separation zone in the imaging field of view. The
overlap between the areas of the two rectangles is calculated, and presented as a percentage. If the alignment is perfect, both
rectangles are equal and the overlap is 100%. The rectangles are rendered on a black canvas with using red (detected separation
zone of the chip) and green (target orientation) filling colour, respectively. In the overlapping area the resulting colour is yellow.
The overlap percentage is calculated by counting the yellow pixels and dividing it by the pixels of one of the rectangles. Figure 2
in the main text shows a scheme for alignment.

Combineandrenderflow.py (console)

This program is a part of a quick&dirty example on developing advanced evaluation methods (here: flow profile) based on the
data provided by trajectory-finding and separation-zone-detection. The program itself depends on the output of
timeposition.py, which extracts the time-dependent position of the stream-fronts for each inlet-channel (1-5, see experimental
details). The script reads the data from flowch1-5.csv (experimental input) as well as from calculatedvelocityfield.txt (COMSOL
input) calculates the velocities, and plots flow profiles for both input sets (see Figure 7 in main text).

Ffe.py (library)

This module is the core and heart of the presented software suite. It defines commonly used functions and algorithms for the
image processing and analysis system and its programs. Please see the module documentation (ffe.m.html, which was generated
by pdoc) and the source code for details.
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Findfeatures.py (console)

This program opens a FFE.png file and tries to detect the separation zone markings as well as the flow markers. It will then save
this information to the same PNG file. Briefly, the program
0. parses command-line arguments
setups the logging
extracts all contours from the image
tries to find the separation zone (see main text for a description)
tries to find the flow markers (see main text for a description)
saves the position of the separation zone and flow markers in the data file
cleans up
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Findtrajectories.py (console)

This program opens a FFE.png file and tries to detect all trajectories. It will then save this information to the same PNG file.
Briefly, the program
0. parses command-line arguments
setups the logging
reads input image and data (e.g. separation zone coordinates, physical resolution, etc.)
determines the inverse flow direction (based on markers, if present)
calculates the resolution (in mm per pixel)
creates a list of starting points from the list of inlets
tries to find trajectories for each channel separately
saves trajectories positions and widths (pixel based) in the data file
cleans up

O N VA WNRE

Pngdata.py (console)

This program allows viewing and editing the dfFe chunk in a PNG file on the command line. It can be used to add information
about features to the file for evaluation such as it is done for the example batches. Please see help page (—-help) and source
code for more details on this program.

Rendertrajectories.py (console)

This program opens a FFE.png file and renders the trajectories in this file to a plot. If no output file is given, the plot is presented
directly to the user. The origin is set to the inlet. Trajectories are rendered according to the output style provided.

Resolution.py (console)

This program opens a FFE.png file, and extracts and renders the resolution in this file to a plot. If no output file is given, the plot
is presented directly to the user. It will consider and render every possible combination of trajectories present in the data chunk
of the file.

Setup.py (console)

This small program registers the ffe.py-module with the local Python installation (using disutils). See library documentation for
more details.

Setupcamera.py (GUI)

This program helps the user to set up the camera for the measurement. Settings are saved to a file, which is used by the
recording and alignment programs.

Setupmeasurement.py (GUI)

This program helps the user to set up the various parameters for the measurement. Settings are saved to a file, which is used by
the recording program.
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Timeposition.py (console)

This program is a part of a quick&dirty example on developing advanced evaluation methods (here: flow profile) based on the
data provided by trajectory-finding and separation-zone-detection. This program extracts the time-dependent position of the
stream front for each measured inlet-channel (1-5, see experimental details). The data is subsequently used by
combineandrenderflow.py to render the flow profile of the chip.
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