A New High-Sensitivity Capillary
Electrophoresis Detector Cell and
Advanced Manufacturing Paradigm

By circumventing laminar flow while expanding the cross section of the
analyte, this detector cell greatly increases both the sensitivity and the
linearity of capillary electrophoresis. Manufacturing is made feasible by an
advanced computer-controlled miniature lathe using machine vision.

by Gary B. Gordon, Richard P. Tella, and Henrique A.S. Martins

Capillary electrophoresis (CE) is a powerful and relatively
new analytical technology used to separate and help identify
complex aqueous mixtures of chemical and biological sam-
ples (see article, page 6). However, CE has often been char-
acterized as a wonderful technology that is scaled too small.
This criticism arises from the practical requirement to use
very small capillary and sample sizes, which compromises
sensitivity. Thus sensitivity is often the most important speci-
fication researchers use when comparing CE instruments.

Small Capillaries, Big Headaches

Capillaries for CE are usually 75 micrometers or less in inside
diameter. With larger diameters, several adverse factors come
into play. First, for a given electrical field, increased diameter
means more internal heating in the electrolyte filling the
capillary, causing an increased temperature rise. Second, the
radial thermal conduction path, by which heat is dissipated,
increases in length. As a result, the temperature at the center
of the capillary rises even further. This causes a viscosity
gradient, which allows molecules of the same species near
the center to migrate faster, thus spreading the bands unnec-
essarily. As a practical compromise, a 50-micrometer inside
diameter capillary offers a reasonable balance between
sensitivity and resolution.

Sensitivity can be increased somewhat by injecting larger
samples. But beyond a point, this practice is undesirable
since it degrades resolution and broadens the peaks. For
most users, the width of the injection is purposely kept nar-
row enough so that its contribution to peak broadening is
perhaps 10% or less.

The shape of the peak at the detector is characterized by the
mathematical convolution of three contributors: the rectan-
gular injection plug, the Gaussian impulse response of the
separation capillary, and the shape of the illuminated volume
of the detector. Each contributor’s spread can be character-
ized by its variance, a measure of the square of its width. The
variance of the detected peak is the sum of the variances of
the injection, the capillary, and the detector.
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In practice, a typical injection might be one millimeter long
and, when spread by diffusion during separation, might pro-
duce peaks around 4 mm wide. Such an injection contains
only 2 nl of sample, 1000 times less than with liquid chroma-
tography. If the sample contains only one ppm of the constit-
uent of interest, the amount of this constituent that reaches
the detector is truly minuscule.

Conventional CE Detectors

CE detectors usually measure UV absorbance. The problem
becomes one of efficiently probing or illuminating the band
of sample constituent carried in the transparent electrolyte.
With 4-mm-wide peaks, a designer might choose to probe a
volume of electrolyte 1 mm long to avoid excessive peak
broadening.

A second important requirement of detectors is that they be
able to quantify peaks accurately, that is, they must be linear.

Fig. 1. Inspiration from a 1903 handbook on glass blowing (from
P.N. Hasluck, Glass Working by Heat and by Abrasion, Reprinted by
Lindsay Publications, 1989; used with permission).



Fig. 2. Manual microglass lathe used for initial prototyping.

To accomplish this, as much of the illumination as possible
should pass through the center of the capillary, and especially
not travel as stray light around its edges. The intuitive reason
for this requirement is that at high absorbencies less light
makes it through the analyte, while stray light remains con-
stant and becomes proportionally an increasingly significant
contributor. Thus, further decreases in the already weak light
passing through the analyte result in less-than-proportional
changes in the total light received by the photodiode or
spectrophotometer, that is, the detector becomes nonlinear.

Conventional CE detectors attempt to pass illumination ra-
dially through the capillary walls, focusing or aperturing the
light as well as possible to pass the rays through the center.
This configuration is fraught with problems. First, the absor-
bance path length is so short (the inside diameter of the capil-
lary) that the signal is small and the sensitivity poor. Second,
the laws of physical optics prevent most of the deuterium
UV excitation lamp’s energy from being focused into such a
small region, so fewer photons reach the detector and the
shot noise increases. Third, it is virtually impossible to pre-
vent stray light from escaping around the capillary inside
diameter, so the linearity is poor at high concentrations and
quantification is inaccurate.

Lengthening the Path

To obtain a longer absorbance path length, it is tempting to
imagine ways of probing the sample volume axially, such as
with a Z-shaped cell, since it would better match the long
aspect ratio of the bands. The benefit would be a path

length of hundreds of micrometers, compared to one 50
micrometers long as in the foregoing example. The path
length, however, cannot be the full 1-mm length of the
probed volume as might be expected, since the light rays
spend most of their time traversing the capillary walls as
they zigzag off its periphery. One author briefly considered
this option early on but rejected it because of poor linearity,
high cost, and modest sensitivity gains.

Given the above difficulties, what other techniques might be
used to increase the path length? Would radial expansion to
form a bubble be feasible in a capillary not much larger than
a human hair? If so, what might be the mixing consequences?
These were the starting thoughts for the HP design, influ-
enced by remembrances such as the glassblower sketch, Fig.
1.

To explore the nature of microglassblowing, first a CO laser
was tried, with unpleasant results (the capillary pitted and
fractured). Next a small battery-powered glass lathe was con-
structed (Fig. 2.). Commercial pin vises were adapted to
form headstock and tailstock clamps, which supported the
capillary on both sides of what would become the detector
cell. A small syringe, which rotated with the lathe, was used
to apply an air pressure of several bar to one end of the
capillary. The other end of the capillary was left open and
allowed to spin freely. Fused silica softens at a very high
temperature (1500°C), but a hobbyist miniature oxyacetylene
torch worked very well for applying pinpoint heat. A stereo
microscope facilitated watching the bubble growth progress.
With this lathe, blowing the bubble cell proved to be rela-
tively easy, despite some dire predictions. In fact, an impor-
tant component of selling the project was having managers
try it themselves.

The Bubble Cell:

Laminar Flow, Plug Flow, and Serendipity

The core issue and more interesting science came to play
when we began to consider what would be the nature of
fluid flow in the cell. The first intuition was that the cell
might represent a mixing volume, with either laminar or
turbulent flow. With laminar flow, the velocity profile devel-
ops a parabolic cross section, with the innermost portion of

Fig. 3. Microphotograph of the plug flow front, confirming the ab-
sence of mixing.
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Fig. 4. Electrical field model of the cell.

the stream moving the fastest, and shear smoothly reducing
the velocity at the walls to zero. Within this regime mixing
and band broadening are considerable. A second and pre-
ferred form of flow in the cell is turbulent flow. With this
form of flow, the cell can be thought of as a vessel that is
repetitively partially refilled, mixed, and then partially re-
emptied. With turbulent flow, (1—1/e) or 63% of the volume
is swept out with each complete refill. This is the regime
used in liquid chromatography detectors, which are, of
course, pressure-driven. It is not perfect, because the cell
size must be much smaller than desired so as not to broaden
the peaks excessively. As a consequence of the small cell
size, the detector’s sensitivity suffers.

As the project progressed, it became evident that a serendipi-
tous flow balance in the cell might be conceivable. Unlike LC,
the CE electrolyte is not driven through the cell by pressure,
but rather propelled at its edges by the same electroosmotic
forces that drag the electrolyte through the separation capil-
lary. These forces might be reasoned to be less in the cell
than in the capillary, just at the same time that the bulk flow
requirements in the widening cell would require velocities
that were decreasing.

Electroosmotic flow theory teaches that the forces that pro-
pel the electrolyte through the capillary act at the thin pe-
riphery of the fluid, across a region just micrometers thick,
known to electrochemists as the double layer. These forces
act to shear this double layer, producing a velocity near the
edge that is proportional to force and therefore proportional
to the axial electric field. Since the axial field is much lower
in the cell because of the greater conductivity of its enlarged
cross section, the velocity near the edge of the cell drops
dramatically from that in the unexpanded portions of the
capillary.

When the electrolyte enters the bubble cell, it encounters a
gently increasing cross section. Since the fluid flow is incom-
pressible, the average velocity in the cell drops in inverse
proportion to the cross-sectional area. Now, if the velocity at
the edge of the cell should also drop in proportion, there
would be no tendency for mixing in the cell and the flow
would be of the highly desirable plug nature.

This is, in fact, exactly what happens (see Figs. 3 and 4).
Both the velocity at the edge of the cell, which drags the
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contents, and the contents of the cell slow down in exact
proportion. This remarkable result means that unlike LC, the
flow in the CE bubble cell is of plug nature, without any
additional dispersion whatsoever. Thus cells proportionally
larger by nearly an order of magnitude than for LC can be
used, and much of the sensitivity lost because of the smaller
CE apparatus is regained. It is as though the sample plug,
long and skinny in the capillary, both slows and transfigures
itself into a disc upon entering the cell, thus making possible
much higher analysis sensitivity. Subsequently, upon exiting
the cell, the plug retakes its original form and speeds along
its way.

Fig. 3 shows a photomicrograph of the cell with the front of
a separation band passing through it. Although the analyte’s

constituents continue to separate in the cell as they do in the
separation column, the nature of the flow in the cell is domi-
nated by the aforementioned electroosmotic flow.

The cell might, at first, appear to behave simply like a very
large capillary and be vulnerable to radial heating, radial
density gradients, and counterflow, which cause disastrous
band broadening in large capillaries. This is not the case, in
part because the the axial power density in the cell is a tiny
fraction of the axial power density in the separation portion
of the capillary. Further, any counterflow that might tend to
develop is small because of the low field and the relatively
short time the constituents spend in the cell.

In practice, a typical bubble cell might have a diameter three
times that of the capillary within which it is formed. It is then
said to have a bubble factor (BF) of three or 3%. In a 3% cell
the osmotic velocity is one-ninth that in the separation region
of the capillary. Peaks compress in length by a factor of
nine, with a 4-millimeter-wide peak shrinking to only 440
micrometers.

How Sensitive?

The sensitivity gain of the bubble cell comes from two con-
tributions: increased signal and less noise. Signals increase
in direct proportion to the increase in the length of the ab-
sorbance path, which is equal to the bubble factor. We as-
sume that the modern deuterium lamp is itself not a signifi-
cant source of noise. Rather, the dominant noise derives
from the randomness of the photons reaching the detector.
Such “shot noise,” as it is known, is proportional to the
square root of the flux.

As an example of the potential sensitivity gain, consider a
2.5% cell compared to a straight 50-um capillary. For maxi-
mum light flux and minimum stray light, assume that the
round source of a deuterium lamp is demagnified and
imaged directly onto the analyte. The signal increase is
equal to the path length increase, which is equal to the
bubble factor, 2.5. To calculate the decrease in noise, it is
necessary to know how much the flux increases. Allowing
a 10% margin at each side of the cell to minimize stray light
effects on linearity, the beam diameter in this example
could be increased from 40 pm to 100 pm, or a factor of 2.5.
Since the flux increases by the square of the diameter, and
the noise drops by the square root of the flux, the noise
simply drops by the same bubble factor of 2.5. The signal-
to-noise improvement is equal to the product of the path
length increase and the noise reduction factor. Since each is
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itself equal to the bubble factor, the signal-to-noise increase,
or sensitivity gain, is simply the bubble factor squared, or
6.25% in this example.

Fig. 5 is a nomograph showing to the first order how several
parameters are affected when a bubble is added. It assumes
imaged illumination as above, but neglects the 10% margins.
The dotted lines indicate the size of the sampled volume, as
measured by an equivalent length Leg of an analyte plug in
the unexpanded capillary. For the above 2.5% cell example,
the equivalent sampled length is seen to be 0.8 mm, a length
unlikely to contribute noticeable peak broadening. Equiva-
lent sampled lengths larger than roughly a third of the length
of the separated peak (caused by too large a bubble) are
less desirable because further sensitivity gains are less than
proportional and peak broadening will occur. This point is
approached with a bubble factor of 3 with 50-um capillaries
and bubble factors of 4 to 6 with small capillaries, using the
illumination described.

In practice, demagnifying the source directly onto the cell
requires careful and individual alignment. Alternatively,
overfilled apertures at the cell can be employed. Since the
apertures of the unexpanded and bubble cell capillaries
could conceivably be made equal in area, the standard cell
and the bubble cell would seem to have the same noise
component. Thus the bubble cell would have only the sig-
nal boosting advantage, yielding a sensitivity gain identical
to the bubble factor. However, common source lamps are
not spatially broad enough to image onto and illuminate the
full length of the analyte plug in the capillary, but rather
only a few tenths of a millimeter of it. Therefore, in prac-
tice, bubble cells even in this case offer some noise reduc-
tion as well as increased signal. The aperturing practice in
general extracts a slight overall noise penalty by limiting the
total flux reaching the detector to only those nearly parallel
rays that actually traverse the cell.

Reference 1 compares numerous other sensitivity-enhancing
paradigms, and as of 1993 cites 42 other references in this
burgeoning field. Many of the high-sensitivity detectors it
cites are compared at sample volumes of 50-um diameter
and 3-mm length, a point marked on the nomograph with a
dot. A bubble cell with comparable volume is seen to have
a bubble factor of approximately four and yield a sensitivity

tivity detectors.

enhancement of 15%. Further improvements are possible
with cells oval or hourglass-shaped in cross section.

Bubble cells are amenable to use with rectangular capil-
laries, 234 fluorescence detection, laser excitation, and spec-
trographic detection. Reference 5 explores the flow charac-
teristics of bubble cells.

The bubble cell has been characterized here in one of its
best configurations, whereas in practice the realized gains
depend on the individual optical configuration. For exam-
ple, the HP G1600A CE instrument adds several important
capabilities: spectrographic detection, interchangeability be-
tween bubble and conventional detector cells, and apertured
self-aligning drop-in cassettes (see article, page 20). HP con-
servatively represents the cell sensitivity enhancement as
being equal to the bubble factor (for example, a 3% bubble
increases the sensitivity threefold). Currently HP offers
25-pm capillaries with 5x cells, 50-um capillaries with 3x
cells, and 75-pum capillaries with 3% cells.

The bubble cell affords an easy and economical method to
increase the sensitivity of CE. It also increases the linearity
and dynamic range of CE, bringing it up to the quantification
accuracy enjoyed by liquid chromatography users. Marginal
sensitivity and poor linearity are no longer barriers to adopt-
ing CE as a powerful new analysis paradigm.

Decision to Automate

HP’s original plan was to employ skilled operators to fabri-
cate bubble cell capillaries on manually operated glass lathes
of the kind described above. However, the control of dimen-
sional tolerances for diverse bubble sizes, blown in capil-
laries of different diameters, was recognized as a substantial
challenge, especially as production demand increased.

Fortunately, the original work took place in HP Laboratories,
HP’s central research facility. The climate of HP Laboratories
encourages crossfunctional awareness of the diverse techni-
cal programs. As a consequence, the prospects of automat-
ing the bubble-blowing operation stimulated the interest of
the manufacturing research assembly technology team (ATT).
The ATT is chartered to explore and create flexible state-of-
the-art assembly technology to solve critical, technically chal-
lenging, manufacturing problems.
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An extended partnership was quickly formed, involving the ¢ Postinflation axial stretch: 0 to 100 um

ATT, the Analytical/Medical Laboratory, which pioneered the ¢ Reproducibility: +5 um on the inflated
bubble cell detector, and HP’s Waldbronn Analytical Divi- inside diameter

sion, which had product design and manufacturing responsi- ¢ Throughput: 2 units/minute

bility. * Hands-off operation, except for loading and unloading

Automatic quantitative process characterization and logging.
Drawing heavily on previously created technology, the ATT d p sEING

carried the project from inception to manufacturing produc-
tion in six months, with the investment of one engineer-year
of effort. The remainder of this section describes Bubble-
World, the technical solution, and in particular the crucial
role played by computer vision.

BubbleWorld Hardware

A close-up view of the business section of the microlathe in
operation is shown on the cover of this issue, while Fig. 6
illustrates an overall engineering drawing. All of the lathe
operations with the exception of capillary loading are under
As a starting point, given the proven capability of the manual autonomous computer control.

lathe, the ATT determined to leverage its basic configuration.
The ATT has many years of application experience employing
computer vision as a prime sensory modality for feedback
control of robotic assembly systems. It was, therefore, natu-
ral to choose computer vision as the vehicle for real-time
process monitoring and control and for postfabrication in-
spection and dimensional characterization.

The lathe consists of a fixed headstock and an axially posi-
tionable tailstock. The tailstock rides on a preloaded cross-
roller assembly, and is positioned by one of four dc servo
motors through a cam-link arrangement. This configuration
facilitates adjustment to achieve a variety of positional reso-
lutions and ranges, in addition to providing the requisite
time response. Similar mechanisms are used to position the
radial and axial stages for the torch. A fourth motor drives

Specifications and Goals the spindle.

Specifications and goals were established as follows:

Capillary initial inside diameter: 25 to 75 um Identical head and tail spindles are driven by geared belts off

Customizable bubbles: Variable bubble sizes and ~ a common jack shaft coupled directly to the spindle motor.
shapes The capillary is held concentrically in the spindles by two
Programmable axial identical collets. Each collet has four fingers formed inte-
stretch grally with the spindle shaft. Collet design was complicated

Polyimide coating stripping: Flame removal

Bubble factor: 1X to 5%
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Fig. 6. Schematic drawing of the
tabletop-size custom microglass
lathe, nicknamed BubbleWorld,
which incorporates four servoed
axes and machine vision.

Tailstock Motor

LED Illumination

66 June 1995 Hewlett-Packard Journal



by the requirement for clearance to accommodate a stop-
bead premounted on the capillary to reference the axial posi-
tion of the bubble when installing the capillary in the CE.
The stop-bead is located close to the bubble, just 4 mm from
the collet finger tips, posing a headstock design challenge.

Each collet is actuated to capture the capillary by an outer
cap that screws onto the spindle, imparting a radial closing
action. A set of locking cylinders set into the stocks actuates
to engage the outer cap to inhibit rotation. Proper sequenc-
ing of the lock cylinder actuators relative to spindle rotation
enables automatic capture and release of the capillary.

Capillaries are inserted through the headstock into the tail-
stock. Insertion is arrested by the premounted reference
stop-bead coming to rest against a registration lip in the
headstock collet. The capillary is pressurized through a pres-
sure cap in the headstock, 15 centimeters from where the
bubble is to be blown. Since the capillary is one meter long
and its flow impedance is large compared to that of the pres-
sure delivery system, the opposite end of the capillary is left
open to the atmosphere.

Coaxial alignment of the headstock and tailstock axes is criti-
cal to the fabrication of straight capillaries. Alignment is aug-
mented by a small V-grooved finger configuration mounted
between the collets. The fingers provide added support to
the capillary during bubble blowing.

A miniature hydrogen torch is used, first to burn the poly-
imide coating before the bubble is blown, and then to heat
the capillary during the blowing operation. The torch is
mounted on a two-axis stage driven by servo motors and
linkage arrangements similar to that used for the tailstock.
Because the torch temperature is fixed during operation, the
rate of thermal transfer to the capillary is controlled by a
programmable radial positioning of the torch.

Proper distribution of heat along the capillary is achieved
through programmable velocity control of the axial stage of
the torch. This is generally achieved by a dithering motion of
controllable amplitude and frequency. The vertical height of
the torch is adjustable, but fixed.

A CCD camera fitted with a microscope objective views the
capillary from above. High-contrast images of the inner diam-
eter of the capillary are critical for measuring and tracking
the bubble growth during blowing. A single diffused LED
positioned behind the capillary provides high-contrast images
of the inner and outer diameters. An infrared filter suppresses
luminous glow from the hydrogen flame and heated capillary.

The workcell controller is an HP Series 9000 Model 720 com-
puter. It runs the HP-UX* operating system and the X11 Win-
dow System, and performs all of the data processing, includ-
ing real-time processing of the bubble images. The computer
is equipped with a RasterOps VideoLive EISA-based I/O card
used as an image frame grabber for the Cohu CCD camera,
and to provide live image observation of the bubble-blowing
operation. All motion control is achieved by a Galil four-axis
motion controller commanded by the workstation through a
serial line. All system sensors and actuators are accessed via
the Galil controller as well.

Operation

Bubbles of customizable shape and size can be blown. The
process development engineer can create and store numer-
ous bubble-blowing recipes, each containing approximately
30 programmable parameters. Parameters define bubble
profile, torch dithering, spin rates, image parameters, and
the like. The lathe operator need only select a recipe.

Capillary loading is semiautomatic. The operator inserts the
capillary into the open end of the headstock spindle (right
side of Fig. 6) until the stop-bead is arrested by the registra-
tion lip inside the collet. The operator gently holds the capil-
lary against the lip, while the machine locks the headstock
cap and torques the spindle to tighten the collet. The tail-
stock collet is then similarly tightened. Once both collets are
clamped, the supporting fingers are actuated, the synchro-
nized collets are set into rotation, and the capillary is
pressurized.

The capillaries are manufactured with a thin layer of protec-
tive polyimide. This coating is removed from the bubble
section before blowing. This is accomplished by an axially
dithered burn-off torching of the capillary. Following burn-
off, the capillary is imaged to find the inside diameter.
(Image processing is explained below.) The torch again ap-
proaches the pressurized capillary to heat it, and expansion
commences. During expansion, the bubble image is tracked
at approximately 10 frames per second. The output of the
tracking operation is processed to support feedback control
of the inflation.

If the torch were held at a fixed position during blowing,
wall thinning at constant gas pressure would soon precipi-
tate uncontrolled bubble growth. This would stress the abil-
ity of the system to control the final bubble size. Instead, in
BubbleWorld, when the bubble achieves 80 percent of the
goal, bubble growth is slowed by partially withdrawing the
torch, allowing a controlled approach to the final diameter.

As an optional final forming option to allow additional control
over the shape, the bubble can be axially stretched under
program control by displacing the tailstock. Following bubble
fabrication, its shape is thoroughly and accurately character-
ized. Lastly the capillary is removed by reversing the loading
sequence. The entire cycle takes about 20 seconds.

Graphical User Interface

Control of the workcell is achieved via a graphical user
interface (GUI) built upon a generic GUI developed at HP
Laboratories for robotic workcell control.¢ The BubbleWorld
GUI consists of a set of X11 windows, each dedicated to a
particular task. The operator, the manufacturing engineer,
and the maintenance engineer each access different GUIs. A
representative set of GUI windows is shown in Fig. 7.

The top-level operator’s interface consists of three windows:
vision, statistics, and control. The vision window allows the
operator to monitor the blowing operation, and includes
graphical overlays representing vision system tracking of
bubble growth. The statistics window reports bubble-blowing
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performance history. The control window presents the oper-
ator with a list of predefined process recipes from which to
choose.

At a second, password-protected, and more powerful level of
control, production engineers can interact with the system to
develop processes. This engineer’s interface has several win-
dows that allow control of the hardware. It includes a joy-
stick window which allows independent control of each of
the axes of the lathe and the torch XY stage. The engineer
can control position, speed, and acceleration and the execu-
tion of bubble-blowing subtasks such as resetting the work-
cell, chucking and unchucking the capillary, and burning the
polyimide coating. An output window allows the turning on
and off of digital output bits and the setting of analog output
channel values. An input window portrays the states of sev-
eral digital input bits and analog channels. A communications
window shows the commands sent to the Galil controller and
can be used to send debug commands. A database window
allows the engineer to store all pertinent parameters for a
given recipe, including hardware parameters, and software
parameters controlling the vision algorithms that track and
measure bubble growth. A vision window accesses vision
tracking and measuring parameters. Collectively, these vari-
ous windows allow easy and intuitive interaction with the
workcell, along with appropriate levels of security.

Computer Vision

As previously noted, computer imaging is used for feedback
control of the bubble-blowing process and for postprocessing
characterization of each bubble. The bubble image is fed
from the microscope camera to an image frame grabber
board which buffers the image for subsequent processing by
the workstation. All image processing is performed by image

Wl HEL CIHHIH B R

Oulpul

I MiE Dl
Cotaba,
UL
Uy

Ganavnl Frvave:
Opr alun

W Mar

SELECTED SETUF:

50umX3

68 June 1995 Hewlett-Packard Journal

processing software running on the workstation. We now
describe the three vision operations FIND, TRACK, and MEASURE.

The FIND Operation. The purpose of FIND is to construct a
matched filter to be used in the subsequent TRACK operation
which monitors the evolving profile of the inner wall of the
capillary as the bubble is blown. Fig. 8a shows an image of
the backlit capillary after the polyimide has been burned
away.

The first step in the FIND operation is to high-pass filter the
image of the burned-off capillary. This step highlights cross-
sectional dark-to-light transitions, as illustrated in Fig. 8b.
Local maxima are referenced to a database of edge-pattern
sequencing and diametral information. The result is the iden-
tification of the capillary walls in the image, as indicated in
Fig. 8c.

From the high-pass filter data, a wall-tracking-filter matched
to the dimensions of the particular capillary is automatically
constructed. The FIND operation is designed to tolerate a
degree of spatial noise such as that evident in Fig. 8, as well
as noise caused by an exceptionally dusty imaging array.

The TRACK Operation. The TRACK operation tracks the growth
of the inner wall of the capillary. The output of this opera-
tion is fed back to control the precision blowing of custom-
ized bubbles. To support real-time feedback control of
bubble-blowing, it is desirable to process bubble images at a
rate of at least 10 frames per second. The general-purpose
computer is not able to apply TRACK over the entire image at
this rate, but neither is this necessary; it suffices to process
only a half dozen transverse sections.

The TRACK sequence consists of the following steps. First,
the matched filter derived in the FIND operation is used to

Fig. 7. A custom graphical user
interface (GUI) was designed to
allow the user to develop, exe-
cute, and monitor the manufac-
turing process easily. There are
windows for setting up parame-
ters, collecting statistics, and dis-
playing live video of the forming
bubble.



Fig. 8. Machine vision and tracking software are key to automating bubble cell manufacture. (a) The FIND step builds a matched filter to
locate the inside diameter of a fresh capillary. (b) A high-pass filter processes a cross section of the capillary image to enhance its edges.

(c) Peak detection is used to pinpoint the exact inside diameter.

locate the center of the capillary on both sides of the re-
gion where the bubble is to be blown. The central axis of
the capillary is then defined by a line connecting these two
centerpoints.

The image is then analyzed at several equally spaced trans-
verse segments along the axis of the capillary. At each of
these segments, edge and peak detection operations similar
to those applied in the FIND operation are performed. The
peaks associated with the first dark-to-light transition above
and below the central axis define the diameter of the inner
wall of the capillary.

In the first few frames, while the capillary is heating up, there
will be little expansion. When the greatest inner diameter
among the tracked sections achieves a database-specified
expansion (typically 120% of the original diameter), the maxi-
mum diameter is established by parabolically interpolating

Fig. 9. The TRACK algorithm is used to monitor the capillary inside
diameter growth at several axial segments along the forming bubble
(the seven vertical lines). Inner edges within each segment of the
capillary are tracked in real time. The three largest measurements
are fitted with a parabola, the maximum value of which is taken to
be the bubble diameter. Cell inflation is progressively arrested as the
bubble expands.

through the three cuts corresponding to the largest trans-
verse sections. In subsequent frames, all cuts are equally
spaced between the half-maximum expansion points, as
shown in Fig. 9.

If, during the TRACK operation, the program establishes that
the processed output of any given frame is too noisy, which
can be caused by glowing dust particles, polyimide remnants,
and the like, then that frame is rejected.

The MEASURE Operation. The last operation, MEASURE, applies
the diameter-measuring algorithms described for TRACK,
above, to a dense family of sections of the cooled bubble,
for the purposes of characterizing the bubble and monitoring
the performance of the lathe. Derived information includes
the maximum diameter of the bubble and its axial position,
and the axial positions of the 90% and 10% expansion sec-
tions as illustrated in Fig. 10.

Fig. 10. After blowing is complete, time is less critical and a more
complete characterization can be made. The MEASURE operation
determines the cell diameter, length, and axial position to an accu-
racy of 2%.
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Conclusion

The geometry of the bubble cell raises capillary electrophore-
sis to dramatically higher levels of sensitivity and linearity
without sacrificing resolution. Application of automation and
computer vision to the manufacturing process enables effi-
cient fabrication of consistent, high-quality, customizable,
documented bubble cells. Over 40,000 bubble cells have
been produced to date.
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