CALCULATE DROP DELAY FOR FLOW CYTOVETRY SYSTEMS AND METHODS BACKGROUND
Priority claim[0001] This patent application clainms priority pursuant to 35
U S C MOCej/tizsss. S. Provisional Patent Application 6RC3AB2@36276571 ed on
March 9, 2010, which is hereby incorporated by reference in its entirety.
Field of the Invention [0002] The present invention relates to systens and
nmet hods for flow cytonetry. Mre specifically, the present invention
relates to systens and nethods for calculating drop delay in a flow
cytoneter. Background Art [0003]In the field of flow cytonetry, a
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Field of the Invention

[0002] The present invention relates to systems and methods for flow cytometry.
More specifically, the present invention relates to systems and methods for

calculating drop delay in a flow cytometer.

Background Art

[0003] In the field of flow cytometry, a hydrodynamic focusing technique is used
to separate and align analyte particles within a stream. An oscillator perturbs the
stream as it is released from a nozzle of the flow cytometer. The perturbation results
in droplets containing individual analyte particles. Just prior to breaking off from the
stream, the droplets can be electrically charged and an electrical field downstream
from the break-off point can be used to deflect and sort the charged particle. As part
of this process, it is necessary to determine the system's "drop delay” (i.e., the time
between when a particle of interest is identified, to when a droplet containing the
particle of interest reaches the charging location (or "break-off point")). As such, the
droplet of interest can be charged without affecting neighboring droplets.

[0004] Commercial flow cytometers typically use empirical, iterative, trial-and-
error protocols to determine drop delay. For example, fluorescent beads can be run
through the flow cytometer while a user (or automated program) cycles through a
range of drop delay settings. When the user (or automated program) finds the drop
delay setting resulting in the optimal sorting of the fluorescent beads, such drop
delay is set as the operational drop delay, and is used for the sample runs. Use of
fluorescent beads to determine drop delay, however, is undesirable because

fluorescent beads can contaminate the flow cytometer. Further, what are needed



error protocols to determ ne drop delay. For exanple, fluorescent beads can
be run through the flow cytoneter while a user (or autonated progran)
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break-of f point; and calculating drop delay by setting a strobe phase,
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pl us stream based on the image of the stream, determining the peaks in the widths plot,
calculating phase of laser intercept, and setting drop delay in response to the peaks
in the widths plot, a phase of the laser intercept relative to a droplet generation wave
and a charge phase. In one embodiment the method includes smoothing the widths
plot. In another embodiment the method includes calculating a derivative of the
widths plot, and recording a plurality of zero-crossings of the derivative, wherein
each zero-crossing is indicative of a peak in the widths plot,
[0008] In yet another embodiment the break-off point is the shortest break-off
point. In still yet another embodiment the step of imaging the stream includes the
steps of running a camera along a length of the stream, while taking a plurality of
images of the stream; and stitching the plurality of images together to form a single

image. In another embodiment the strobe phase is set to the charge phase plus



1800. In still another enbodinent the drop delay is also set in response to
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[ 0012] FI 1 1s a schematic of a prior art flow cytonmeter system
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cyt onmet erimage of the stream and adapted to caIcuIate drop deIay based on the W|dths plot.

In still yet another embodiment the system includes a camera mounted on a
precision-calibrated, movable camera stage, which is adapted to take a plurality of
images of a stream; and a processor adapted to stitch the plurality of images of the
stream to form one entire image of the stream, determine a widths plot based of the

one entire image of the stream, smooth the widths plot, calculate a derivative on the



[0015]FIG 4 is an exanple widths plot nmeasured froma stitched i mage, such
as the image shown in FIG 3. [0016] FIG 5A shows the original w dths plot
of FIG 4wendiiaitiskt ered (snoot hed) wi dths plot. The oripgirnakomioeitess pl ot
has been offset by 60 to allow both plots to be shown w t hout overl ap.
[0017]FIG 5B is a close-up of the plot of FIG 5A show ng data near the
nozzle, overlaid to show both raw and filtered (snoothed) data. [0018] FI G
6 shows how a charge wi ndow (bottom) is at a specified phase of the
oscillator cycle (top). [0019]FIG 7 is a high-level flowhart show ng a
met hod preps@Eiihestd widihgipiot, J6@ROINEI fRroBrossing dh dhe sardotietiowidilgs alateamdd of
fi ndi ng Si tl 0 F DA i art show ng a nethod of
conduct i %ghcgjﬁa%lé HFC{%I %&%I%u)gg?sle[gnoﬁgée%@%% %récﬁcgs%%g a flowchart showi ng a
sub- prot ocol of the nmethod shown in FIG

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The accompanying drawings, which are incorporated herein, form part of
the specification and illustrate embodiments of flow cytometer systems and methods
for calculating drop delay. Together with the description, the drawings further serve
to explain the principles of, and to enable a person skilled in the relevant art(s) to
make and use the systems and methods described herein. In the drawings, like
reference numbers indicate identical or functionally similar elements.

[0012] FIG. 1is a schematic of a prior art flow cytometer system.

[0013] FIG. 2 is a schematic view of a flow cytometer system in accordance with
an embodiment of the present invention.

[0014] FIG. 3 is a stitched image prepared from a plurality of images taken from a
camera in a flow cytometer.

[0015] FIG. 4 is an example widths plot measured from a stitched image, such as
the image shown in FIG. 3.

[0016] FIG. 5A shows the original widths plot of FIG. 4 and a filtered (smoothed)
widths plot. The original widths plot has been offset by 60 to allow both plots to be
shown without overlap.

[0017] FIG. 5B is a close-up of the plot of FIG. 5A, showing data near the nozzle,
overlaid to show both raw and filtered (smoothed) data.

[0018] FIG. 6 shows how a charge window (bottom) is at a specified phase of the
oscillator cycle (top).

[0019] FIG. 7 is a high-level flowchart showing a method presented herein.

[0020] FIG. 8is a flowchart showing a method of finding a laser position.

[0021] FIG. 9A is a flowchart showing a method of conducting an initialization
scan.

[0022] FIG. 9B is a flowchart showing a sub-protocol of the method shown in FIG.
9A.

[0023] FIG. 9C is a flowchart showing a sub-protocol of the method of shown in
FIG. 9A.



9A. [0023]FIG 9Cis a flowhart show ng a sub-protocol of the method of
shown in FIG 9A. WD 2011/ 112656PCT/ US2011/ 027657 [0024]FIG 10Ais a

f | owchar twehow/mgessa net hod of conducting a calibration gcans20100255FI G 10B
outlines the steps of determ ning drop delay in accordance with one

enbodi ment of the present invention. [0026]FIG 10C is a sub-protocol to
capture and stitch a full streaminage in accordance with one enbodi nent of
the present invention. [0027]FIG 10D is a sub-protocol to cal cul ate peaks
and valleys of a widths plot in accordance with one enbodi nent of the
present i[A024]t i dHG. | 08283 RoecharOghaven@asudthod of coolucting & ablitudtaresa@nop del ay

In accor Ctﬁ&fﬁ \MI%I& 90E outlines the steps of determining drop delay in accordance with
one embodiment of the present invention.
[0026] FIG. 10C is a sub-protocol to capture and stitch a full stream image in
accordance with one embodiment of the present invention.
[0027] FIG. 10D is a sub-protocol to calculate peaks and valleys of a widths plot
in accordance with one embodiment of the present invention.
[0028] FIG. 10E is a sub-protocol to calculate drop delay in accordance with one

embodiment of the present invention.

DETAILED DESCRIPTION

[0029] The following detailed description of systems and methods for calculating
drop delay refers to the accompanying drawings that illustrate exemplary
embodiments. Unless otherwise noted, all embodiments and examples should be
considered prophetic examples. Other embodiments are possible. Modifications
can be made to the embodiments described herein without departing from the spirit
and scope of the present invention. Therefore, the following detailed description is
not meant to be limiting. Further, it would be apparent to one of skill in the art that
the systems and methods described below can be implemented in many different
embodiments of hardware, software, and/or firmware. Any actual hardware,
software, and/or firmware described are not meant to be limiting.

[0030] FIG. 1 is a schematic of a prior art flow cytometer system, as taught in
U.S. Patent No. 5,643,796, which was incorporated by reference above. FIG. 1 is
presented to show the basic parts of a flow cytometer system, which can be
employed in the systems and methods of the present invention. FIG. 1, however, is
also presented to show a system that employs an iterative, trial-and-error process to
calculate drop delay, which is different from the systems and methods of the present
invention.

[0031] Specifically, FIG. 1 shows a droplet flow cytometer having a nozzle system
42, which in turn includes a nozzle container 2. Introduced within a nozzle volume 3
is sheath fluid from sheath reservoir 5 through sheath fluid port 4. Analyte particles

are introduced within the sheath fluid from substance reservoir 8 through substance



enbodi nent of the present invention. DETAI LED DESCRI PTI ON [0029] The
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be achieved through the interconnection of analysis equipment 15 with electrode 72.
Since analysis equipment 15 can obtain its information from substance property
sensor 62, electrode 72 can be responsive to substance property sensor 62.
Electrode 72 can be positioned within nozzle volume 3 so as to cause a charge on
the sheath fluid. Thus, the sheath fluid can be responsive to electrode 72. The
charge can be transmitted to the end of stream 12 so that at the instant when a
droplet is formed, that droplet can be charged. Electrode 72 can then be quickly
neutralized so that the next droplet formed does not get inadvertently charged. In
this fashion, when droplets 13 pass through sorting equipment 16, some individual
droplets -- namely those which do or do not contain the desired substance as
determined by analysis equipment 15 -- will be deflected. The deflected droplet can
thus be collected in sample collection container 82, whereas the undeflected droplets
can pass to drain receptacle 81. The appropriate timing of the charging of stream 12
through action of electrode 72 requires the accurate utilization of a droplet formation

time delay (or "drop delay") estimate; specifically, the amount of time it takes for the



[ 0033] As shown in FIG 1, substance property sensor 62 is positioned to
sense em ssions occurring fromthe analyte within stream 12 just prior to
free dropwetofioneesti on (i.e. at the point where the dropcetusboieakssfree
fromthe stream. The signals sensed by substance property sensor 62 are
processed by a processor, such as anal ysis equipnment 15. Droplets 13 can
then be characterized by conponents including sorting equi pnent 16. As
shown, sorting equipnment 16 creates an electrostatic field so that charged
droplets are defl ected, whereas uncharged droplets are not. The
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flow cytoneter 200 includes a nozzle system 242, an oscillator 210, and an
i nterrogati on chanber enclosure 209. [0039]Wthin interrogation chanber
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used to detect em ssions fromanalyte particles in stream 207. An anal ysis
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| aser intercept 250 is an analyte of interest. Such analysis is typically
based on the fluorescence, side scatter, or forward scatter of the anal yte
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[0044]FIG 8 is a flowhart show ng nethod 800 for precisely finding the

| aser position of the flow cytoneter. Typically, upon putting together a
fl ow cyt oweteri/i1a6saser does not care where in physical gpaas2ethmicaser is
| ocated. The user typically only cares that the laser is properly aligned
with the stream For the nmethods of calculating drop delay in accordance
with this invention, however, the exact |ocation of the laser's intercept
with the streamis inportant because the location is a variable in
calculating drop delay. Wth reference to flow cytoneter 200 of FIG 2,
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each set |9sfivithah®5tréARatfativg to tHiEcHMIsBadeS isWo@eh. until the first det ached
drop is visible, in step 921B. Then, in step 921C, the average distance
(termed a drop wavel engt h) between det ached drops is cal cul ated by

averagi ng the di stance between centers of all visible drops. In step 921D,
the position of the |ast attached drop is cal cul ated by subtracting one
average drop wavel ength fromthe center of the first detached drop. In step
921E, the break-off position is calculated by subtracting the center of
mass of the Iast attached drop fromthe current camera notor p05|t|on In
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positions are sorted and the ones above the specified quantile in the
distribution of break-off points are saved. In step 925, the scan step size
i s i ncremsoted/igesene half. In step 927, the quantil e | rdeUSROIO2TEBTOIY i S
increnented. In step 929, the upper and |ower frequency limts are set to
re-scan the saved list using a finer step size. [0050]FIG 9Cis a

fl owchart show ng sub-protocol step 906 of the nethod of shown in FIG 9A

I n sub-protocol 906, the mcrons per pixel of image is nmeasured and
calibrated. In step 930, the mcrons per pixel are set to a default val ue
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when operating with a low drive anplitude setting of the oscillator, the
drop drive voltage setting in one enbodinent is increased while taking the
first sewsoabilrmeges. | ncreasing the drop drive vol t agePoaaistéie/oefebect of

i ncreasing the anplitude of the stream perturbations, but does not shift
the droplet position. As such, the drop count remains consistent. However,
the drive voltage should be decreased to its operational setting before
novi ng the canera too far down the stream because the drive voltage setting
wi || change the absol ute break-off of the droplets. [0055]1n one

enbodi nerf0048]her&ep sOPr v ipeefdrracdrdgn thef protoaki agliredplirursédast P20A-RAdges of a
fl ow cyt ter rea r ] N e | 1,0\ r. W ot | n C++
pr ogr amm gcﬁ'gﬁ@{ia\gg'?g giefﬁ rqféjg éwm'%rlé%séia%pitieeldbﬁ 7 Eﬁ“ﬁgﬂt’)gg}%‘r ;t)}#eieﬁ%g?éé a
measur enmohtiode.t st sactheet obciliator dreguercys tthe aramerh éaghbved pntistet &dt by each

g PR BN ERTE R, DU 016 %8 3B R TRo LR oot
(termed a drop wavelength) between detached drops is calculated by averaging the
distance between centers of all visible drops. In step 921D, the position of the last
attached drop is calculated by subtracting one average drop wavelength from the
center of the first detached drop. In step 921E, the break-off position is calculated by
subtracting the center of mass of the last attached drop from the current camera
motor position. In step 921F, the oscillator frequency and break-off position are
recorded. In step 921G, the oscillator frequency is incremented, and the protocol
returns to step 921A.

[0049] Sub-protocol step 921 then moves to step 923, where the scan’s break-off
positions are sorted and the ones above the specified quantile in the distribution of
break-off points are saved. In step 925, the scan step size is incremented by one
half. In step 927, the quantile index into memory is incremented. In step 929, the
upper and lower frequency limits are set to re-scan the saved list using a finer step
size.

[0050] FIG. 9C is a flowchart showing sub-protocol step 906 of the method of
shown in FIG. 9A. In sub-protocol 906, the microns per pixel of image is measured
and calibrated. In step 930, the microns per pixel are set to a default value (based
on optical design nominal values). Steps 932, 934, and 936 are then repeated three
times. In step 932, the position of the camera is set so the top drop is in the lower
25% of the screen. In step 934, the camera is moved down a known distance (in
motor position coordinates). In one embodiment, the distance moved corresponds to
approximately 50% of the display screen (in image rows). In step 936, the new
position on screen of top drop is measured and the original position is subtracted to
determine the number of image rows moved in response to commanded motor move
(in microns). After repeating steps 932, 934, and 936, microns per pixel is set to
equal the median of the three measured values.

[0051] FIG. 10A is a flowchart showing a method of conducting a calibration scan.
Next, in general, the position of the break-off point is affected by not only the

frequency of the oscillator but also the amplitude of the driving frequency. As a
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take (horizontally) centered picture if only drops in picture break

command notor to nove to curpos + (1-overlap)*1280* m cronsperpixel while

[ 0056] It we 2unidiaeasbood t hat the above conputer program pamdsasy/ogteRer
conput er program presented herein, is nerely exenplary. Qther logic, in the
sanme or other programm ng | anguage, can be used to achi eve the sane

pur pose. [0057] The nethod then noves on to step 1057, where the imges are
stitched by overlapping portions to the position with the highest

correl ated pi xel value, as further discussed below. The plurality of inmages
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bot h |malg9é§JI arg inpfore Aplgtisarsaed in ayretaisheielvi ded a means for stitching a

pl uralityo@sa) MefBs @308prbliaks @At @f@ﬁ[ﬁérysélbéﬁmrpfbrRﬁr’(érﬁ’flﬁ\rhggjréﬁ%efégll | owi ng
program written in Cr+ progranmm n% an ugg@md erein in the algorithm

bel ow. ( dH$- i19B1 pytlinge tw c&tePpsOpf tdeEErMHUNG elgya fe ace@rdanefc Withsong 2 t he
columm s e [ ff set and
r ondept heégﬁ@a rﬁ%@tgnlnsﬁ% tB ﬁoa ﬂﬁ@%@roﬁ%@%@%ﬂh@%os%@ &gh%%\?gﬁ%tlangﬁlt@ t war d
wi t hout tdeeecastrebatélativeniontieweaks irhthesdrop rvpvietength)lie &0i togbe the ¢harge ; t he

functi on p@m%@? (@ Wg%'sfﬁ‘éh At %%ﬂ?&ur@ﬁg@apﬁ%ﬂ r?%eif] Qﬁr&é’ﬂﬁh@ s‘Prfeaﬁ{‘re'lelWQ‘?o

(defi ned , rowen
unwr appi rige e@aks I‘IDWhG ohop |wm/edmng§écpluas Vigoy.. bt practicay the 1EB0JE :ohesv@nst ap) 11

Bot t om | TRgER] 85145, B s S GTRIaKE RS FEBIRLL S5ase PUOTRS FhELOWITRE N
oscillator drive frequency). In step 1050, a movable camera is used to capture a
plurality of images of the stream, and a processing unit is used to stitch the plurality
of images to form a full stream image.

[0053] FIG. 10C is a sub-protocol of step 1050, outlining the steps to capture and
stitch a full stream image in accordance with one embodiment of the present
invention. FIG. 3 shows an exemplary stitched image, which was prepared from a
plurality of images taken from a camera in a flow cytometer in accordance with the
present invention. With reference to flow cytometer 200 of FIG. 2, camera 202 is
moved to a home position (i.e., the top of stream 207), step 1051, where the first
image is taken, step 1052. In step 1053, the stored background image is subtracted
for the position. In step 1054, camera 202 is moved down stage 201 approximately
one screen-full, but leaving a specified amount of overlap (e.g., 10% of an image). A
subsequent image is then taken. This process is repeated (step 1056) until camera
202 images only droplets 213 (i.e., camera 202 has moved past break-off point 214
and is at the bottom of motor travel).

[0054] Images near the top of stream 207 can have poorly defined width
signatures, which can complicate the extraction of peak information. For this reason,

when operating with a low drive amplitude setting of the oscillator, the drop drive
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for row = startrow - dr to startrow + dr for col = -dc to dc // Top inmage
pi xel s vt = orderedpi xel s([startrow + rowoffset + row, startrow + rowoffset
+ row + rwodepti2esei dt h/ 3+col, 2*w dth. 3+col) c=( vt, vipr\r({b2et/ob16svb 1)
end for end for return row and col with max c. WD

2011/ 112656PCT/ US2011/ 027657 [0059] 1t is understood that the above conputer
program and any ot her conputer program presented herein, is nerely
exenplary. O her logic, in the same or other programm ng | anguage, can be
used to achieve the same purpose. [0060] The i mages are often m snatched
upon fi r stoltpgeeetiisg imgornd embedimesd ésincreased while taking the first several images.

Increasing the drop drive voltage has the effect of increasing the amplitude of the
stream perturbations, but does not shift the droplet position. As such, the drop count
remains consistent. However, the drive voltage should be decreased to its
operational setting before moving the camera too far down the stream because the
drive voltage setting will change the absolute break-off of the droplets.

[0055] In one embodiment, there is provided a means for taking a plurality of
images of a flow cytometer stream by performing the following program, written in

C++ programming language:

Calibrate micronsperpixel
//micronsperpixel is a measurement of the number of microns of stream //length
represented by each image pixel
Move camera to home
do

if near nozzle
bump up drop drive amplitude

else

set drop drive amplitude to operational

end if

take (horizontally) centered picture

if only drops in picture break

command motor to move to curpos + (1-overlap)*1280* micronsperpixel

while

[0056] It is understood that the above computer program, and any other computer
program presented herein, is merely exemplary. Other logic, in the same or other
programming language, can be used to achieve the same purpose.

[0057] The method then moves on to step 1057, where the images are stitched
by overlapping portions to the position with the highest correlated pixel value, as
further discussed below. The plurality of images is stitched together using digital
image processing algorithms. Typically, the images are poorly aligned. Vertical

alignment is a function of the precision of the motor movement, the consistency of
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For exanple, wth a 400 x 1280 pi xel image, and a 10% overlap, it is
predicted that the bottomimage will fit at pixel offset g = (0, 1152). For
al | pi xelwowntihitzesshe box that stays fixed to the secon@crmsgei1spmse, the
pi xel s of the two images are treated as two | arge vectors (vt and vb), with
entries defined by the pixel colors (unrolled by row and colum). The
correlation factor is determ ned by conputing (and normalizing) the dot
product of the two vectors, c=( vt, vb)\(1 vt Il vb 1l). This factor (0 c 1)
determ nes how well the two images align for a given offset g. The fit is

| ar gest wheramieea stagei(nargesa poietirgaartd thet dutinsdert vallo06rlinidnens pet pixelg i s
noved w t rI t edasa
Sti tched U SpB SRheiges hanalr el Pt BB BT b in¥ine
st r eam urdndl teadd tmbmg‘ébyae\earaldem@bfamlmisto the one above. As the process

conti nue ching of fsets ar kept, relati.ve to t e SO as
Co bl ace PRElancTe BRERR Bt cko Piatey Rhn s ¥Eag® aptbrer Kol et ni xel <
f_romI r el gihage id fttddo t\rlmma@gaa/h |($J$aﬁr%)ge Mh@d@tfelme% @ firid ?np bhetshengnmerﬁat s of

pi xel s are average ic i ns ectlono the i

Gt or i neXEPEAI ToyAGPTPHT L8 e Hies BotqrbOBBs Dl TRUEE NERTERPoaI R tHert ur e of
the streapperasge Rfirdlihkl st Beaien (HIbp PRadgiopilelespRIdBNinS@rind @t fil. t Th¢ W thin
a half of a drop wavel ength of the correct pixel offset. Otherwi se a given

wavef or mimPges aputamRIed i § coEelRlPR MirAMythaks GREYBOR BRI igtades t & Ofe

correct QifpodiMEst, drB® phdVRRIL 4 RebaRE fECLRENIRG aPpIQRIIityOsk |f’rfag€b e et em
[0063] After the image is stitched together, as shown’'in the width

of the stovtametar steeam byinesformingHae f g Brograrm awtiten inmEst @r%r’amnynw ot
(Fig. 4) %ﬁgﬁ%ggs wWheRdh ti9 tﬁ’@ta?gfotntrfrﬂeoeﬁ’&@k@uf&dwmé Gdth Y thQE‘r i SERE 1 wi dt h

i mage. is a sub-protocol to cal ate peaks and val eys 0
wi dt hs pla@ace rergt o) dn%ctbewotuﬁnroa@erelmspaftmtth@fmagﬂeccprr@l@m thenvalnes on.

[ 0064] FI ed fro such

[ 00541 P Gy ot BBk Shd BlorBAPHHoE WB A HAG NS BB, 51

cl osely taneldefttwarkllhmthmvmpﬂmwjattohemnfdrwmbf thie sdceecéirpweawhg cblvssﬂrfsbﬂhan

esti mat e (of Iﬂergee eq an% 4§ Irg a| ft SNBagE 5f?nm b

mterrogeﬁ'l%'r? (% TQS%F ?r%'f ePc érBtQ‘ azé%‘} ?%u% AR ¢ %%l W?g%fﬂ, fﬁjd ¥ hus

al | ows f drowidegin; abwendicolbrgiof colend) ted aweclddb? UhivrdpbthEREBIOWSAhIAD 27657

[0065] I n one embodi ment, the stitched inmage is converted to black and white

via st andQPEH¥E¥ssi ng (hi st ogram equal i zation, Gaussian snoot hi ng, and

row by-row nean val ue threshol ding). The resulting black and white inage,

where white reprﬁ&pqés t he gackgr ound popul ation and bl ack the stream

popul at | GAPY 3 baEElePéd i nto a stream wi dt hs plot. In one enbodi ment,

there is /pB@tYdrﬁlﬂﬂa% prams for converting a stl tched i mage into a black and
o]

white im by perforning the follow ng r’r?1 ichis witten in C++
pr ogr ammiRg™ PieErRiRhE!s(frpwolésgt Howelpet+row epth Wld 13,2 W|dth/3])

for row = startrow — dr to startrow + dr
for col = -dc to dc
/[ Top image pixels
vt = orderedpixels([startrow + rowoffset + row,
startrow + rowoffset + row + rowdepth,
width/3+col, 2*width.3+col)
c=(vt, vb)\(| vt || vb |)
end for
end for

return row and col with max c.
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Wdth(row) = 0 Il scan fromleft edge until we hit stream pixels Wiile

pi xel (row,col) is WH TE and colum < wi dth Next colum End while white

pi xel s | lwoamicaesss al | conti guous bl ack pixels as part pofi/istoieaeieds dt h

VWil e pixel (row,col) is BLACK and colum < width Increnent w dth(row) End
whi l e bl ack pixels End for [0066]1t is understood that the above conputer
program and any ot her conputer program presented herein, is nerely
exenplary. O her logic, in the same or other programm ng | anguage, can be
used to achieve the same purpose. [0067] Since the widths plot is taken from
t he nonodh89¥ie iltegmderstoadsthibihelapormeicempulen ppwrarincamdaany nar corhputrozz| e

W_nere E[‘ _rﬁ@BH brlég nt%%oﬁepgﬂoi%c%gtﬁ ?r%?lahheoﬁé’rqg gvéalg%r h8r other

si gnal I'se ra not very goo omrow to row,
t he t hr eghogrdnmmhigg farighaye,esual desusea taablelwve)th%éané)aunpgsas& gned to the wong

cat egor it.her_fal se positi or false, ne ve) resu in_a very

o eaorY 1hBed" e e Fre o RisngR e NRES i PR e 5he MadheThy very
]g@ }‘f i cul tFor/%S(amﬁtél,vsflﬂhna 00@ xe1drﬁ80ctiimrrhag@, d?@wri] Hev c?umlbyssit% pr@dmml theted to
Ilter t t hs ot f rde 0 extract rel evant gna

char act et brtaniasr il et phel ofet i ((Ra sty sl e bR beaiey,
Fourier afi@symics tBQhefsé@@nbemagedéﬁmbntﬁel ;b.k@é loRthd vePielieet R ticatdd hs er (or
snooth) the widths plot. Fil Fourijer domain allows for the

retenti oﬁW8f|ar§§IV§€ttoé?j(Vf ?6@1&{@){1(‘!‘1'@59”&@? q@ﬁ@@tbiydif'\e BixelRalrE SuRpledBy FQver

transf or ngrRf cdilin PR brrdREBHh '?a(?tbrgl%adeterﬂﬂvﬁ’éd Bﬁltcb%uﬂﬁg Par’d ABInRaligingdlow ng
function to the frequency domai n signal, Il o by an i nverse Fourier

t r ansf or th® &k prasiuchef §gaimoayeciyfar. VtSME}\(l WbUerbeD aTr’thff ity (Oss 6ut M) ned in
FI'G 10D e&@rﬂﬁ@sﬁﬁcﬁp{}v@ﬁw{mﬂn{é@@s BfgRELWivdrPordet §C % ¥ 1hidesBvhén

di screte S|gnal usi ng
the two images are exactly the same.

[0061] The factor g is moved within the given correlation window and the best
offset is used as a stitched offset for these two images. This process continues
down the stream until all images are correlated to the one above. As the process
continues, the stitching offsets are kept relative to the first image so as to place the
entire sequence into a single image (by simply copying pixels from relative to top
image space). Where images overlap, the two sets of pixels are averaged, which
allows visual inspection of the image to determine the quality of the stitching.

[0062] Due to the periodic nature of the stream image, an initial guess must be
good enough so that it is within a half of a drop wavelength of the correct pixel offset.
Otherwise a given waveform might potentially be matched to the wave before or after
the correct one, thus either inserting or deleting a period from the system.

[0063] After the image is stitched together, as shown in FIG. 3, the width of the
stream at each line in the image is extracted into a widths plot (Fig. 4) that is used to
detect the peaks and valleys of the stream width image. FIG. 10D is a sub-protocol
to calculate peaks and valleys of a widths plot in accordance with one embodiment
of the present invention.

[0064] FIG. 4 is an example widths plot measured from a stitched image, such as
the image shown in FIG. 3. Assuming that the speed of the particles is closely tied
to the wavespeed, the count of these peaks allows for an estimate of the amount of
time a particle takes to traverse from interrogation (or laser intercept 250) to break-

off point 214, and thus allows for the calculation of drop delay.
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w ndowi ng function. In step 1081, the widths plot is trimmed to renove the
nozzl e area of the widths plot (i.e., the |left edge of the widths plot).
Ef fi ci entworeplieimesssat i ons of the Fast Discrete Fourier Pranstanmemperate on
data whose length is an even power of two. In step 1082, the original data
I s padded fromits original length with zeros to the next higher power of
two | ength. Sudden transition fromthe signal values to a paddi ng val ue
woul d i ntroduce step function to the data if care is not taken, and would
result in Gbbs ringing of the transformed data. In order to pad the data
wi th as JA886]h dh oaetansbigiirhentntresstipdesliitnage is benwdded to blagk taed cddtefviamm t he

left ed ' . r t 1 . r qe el to a
b of f <o I ol B REO R AR RuBl-A Rl CRMSuaP MRORTE i BNRhfod ) here

I S provi dechra vaiken thréshiolgiaghdi rithet Inesuindt biack| arid whitpeinfiagey wigerehehiteol | owi ng
rogram which jis, wjitten in C++ progranm,n anguage: Cal cul at.e ,stream
L e T N g e e i L
f: NN - vvicd)hhali\ﬁ mm((j g sgsvargi\matﬁsqm@tadngﬁé@ﬂw(ﬁkgbﬁi itHder];sismr@giodefgctf meansl for

or I=pad to adde ths| i = W sl - . en or d 1S
Loter or odar SRANeHG SoshV o BISR B i Bl rAR IS 5age ot PERRTIRGher ogr am
present eqolnﬁﬁﬁ{y Progr&m "Rhigh ¥s WXESAOINAT ¥4+ pr@gl‘”&ﬁ‘ﬁmh@géﬁgudg@:the same or ot her
programm ng | anguage, can be used to achieve the sane purpose. [0070]In

step 1083, a discrete Fourier transformis perfornmed on the w dths plot.
For each row

Width(row) =0
// scan from left edge until we hit stream pixels
While pixel(row,col) is WHITE and column < width
Next column
End while white pixels
/I now count all contiguous black pixels as part of stream width
While pixel(row,col) is BLACK and column < width
Increment width(row)
End while black pixels
End for

[0066] It is understood that the above computer program, and any other computer
program presented herein, is merely exemplary. Other logic, in the same or other
programming language, can be used to achieve the same purpose.

[0067] Since the widths plot is taken from the monochrome image, it is fairly
noisy. In particular, near the nozzle where the amplitude of the oscillator on the
stream is low, the signal-to-noise ratio of the widths plot is not very good. From row
to row, the threshold algorithm results in a few pixels being assigned to the wrong
category (either false positive or false negative) resulting in a very noisy signal.
Trying to find peaks and valleys on this signal would be very difficult. As such, in
one embodiment, a Fourier analysis is conducted to filter the widths plot in order to
extract the relevant signal characteristics (peaks and valleys of the main signal).
Specifically, a Fourier analysis for frequency domain filtering is conducted to filter (or

smooth) the widths plot. Filtering in the Fourier domain allows for the retention of
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Wiile the flowhart of FIG 10D illustrates the use of a Fourier transform
and Hann filter analysis, alternative filtering techniques can be desi gned
t o achi ewsotzhet/g26% obj ectives. Wndow ng is then perforagedscairicser the
data. The sinplest filter wndow is the rectangul ar wi ndow - zero for
stopped frequencies, one for passed frequencies. This w ndow produces
ringing in the inverse transforned signal, though, and can nake it
difficult to resolve either a) signals whose relative strength is very
different, or b) signals whose frequencies are too cl ose together. Instead
of a rectszisgtechfreguerthieg and rejectomal iotlecrenbadiaveiet tme®rma cfotheospatialised

noder ate w 1 f i : . WM St n

i ter wioiie Cloh PG a2 RSy L RE K S oL G B Rl i
wi ndow ( fsigre,i folloved by dedinberse wouriedtraesforspdatk &b tHeeabatige domapar 8dchi o t he
rect angulr_ar W ndqw. but tIsti |1 Ftﬂé’x%ﬁod sensitivity for | ow bandw dth

si gnal s IT9EeE AREVGHISHRUINEGD NCo!0 ™ s [0071] The center frequency of the
Hann wi nq00o68]s dhrepeizetsingretn ibet hiexfilirtecpfntyelpfiltéhe didcrete sapak usimgtde

Fouri er tr.ansf.orned data. he width of the Hann.wi ndow can be chosen fairl
bt ror iptawRa TigigRs Jn et 1 b1 e Nothd PIgia0 R e s gye s naas von

nozzl e sizga(6f Ghe WHRItHE CGHIGN (NOZZthes)eft Migke oeXBlUdidtes t pBt)secpfidrny and
hi gher order peaks in the frequency data. The |eft edge and right edge
cut of f vdMplesestations ¢fi theelash Risstaierdaurier dranpiern weerdaenadatac whese

fr equenci@%bﬁ\h@%ﬁ dVREHIWEHF 1R6.€ 1h D 1 e tﬁ@%gbinép%t@fistdaedé@%h{ ligle of

t he peak. .elvm dth of the filter w ndow can paraneterized to deal wth
ot her noz¥iginahiamalt wih erastterthaneshhigheoryarmfdwe penadizs Sudden gansitions
filtered y i ' Iy fé?% : [ dded
dat a. Théfﬁ?(n I'EF#J %{;@%wf(@%gwt% tﬁeddb Engqvt?ynég\g%yg%ﬁghggtsg | sﬂ?%ntgﬁ g? r?g?o@ack to
t he spat icare gomiitakeni ahd mouidresuls v Gibha sihgingof thectrangfornEdGiataAlrsorees t he
original t . 411 ( . W . The
or 1 gi nal rainde BB witleS biipoh Glunaior H ST IRE ERL iR |, T
shown wi ttheleft edge lSknoe the GredBBrddsdatacdtoee- 2610 @bnvérgepl(tot theflefb)l 6. a B showi ng

data near .t he nozzl gverl ai show both raw and. filtered (smothed)

dat a. " overiPT BERE Fia Repbamihck He el ohd HulHian RER EatRor y

cl osel y teonicheas don gaduirlg that widtHsuplotwby ebrfbanieg she &dllowintf pegtdaronghigh liow ng

t he Iocatig af |S%Lhe geak val Les to be calculated. WO

2011/ 1126% %@I’/" SR GBES 3578 'After filtering the peak data, the
derivative of the filtered data (by sinple difference) is conputed, in step
1087, andcdibatesstreasy @8sh aghare identified, in step 1088. The peaks are
identified by selecting the zero-crossings, that are decreasing left to

ri ght. AtCIgHatedy FanexbRowsi ¢ Ane IeRgty Arans Witkhs 9% d because the | ast
wavef or mmyq £ WN CtResizb() formed due to the presence of the nozzle. In one
enbodi nent, there is provided a neans for finding peaks by perform ng the

f ol | owi nd BITYPRAD which is witten in C++ programm ng | anguage:

paddedWidths[i] = mean width
end for
for i=pad to NN

paddedWidths][i] = widths[i-pad]

end for

[0069] It is understood that the above computer program, and any other computer
program presented herein, is merely exemplary. Other logic, in the same or other
programming language, can be used to achieve the same purpose.

[0070] In step 1083, a discrete Fourier transform is performed on the widths plot.

While the flowchart of FIG. 10D illustrates the use of a Fourier transform and Hann
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/llet sw be the snoothed w dth vector. resize(ds, length(sw)-1) for i =1
to length(ds) ds = swi) - swi-1) end for for i =2 to length(ds) if
(ds(i-1) we01ianessds(i) < 0) push_back(peaks, ds(i)) enacCrars2¢i@@Zzp1t is
understood that the above conputer program and any ot her conputer program
presented herein, is nerely exenplary. G her logic, in the sanme or other
programm ng | anguage, can be used to achi eve the sane purpose. [0075]FI G
10E is a sub-protocol to calculate drop delay in accordance with one

enbodi nent of the present invention. The nethod of cal culating drop del ay
i's outlirfitdr asalysib) altesnative fBteepg 1€FPjquekecaphizes designechd actseve thet saneept

relative f e suring.t

bos t1 on Sl v it VR BRI m [ Fir el TR VRS e b1 o
peak aft evintidwe is meermmngulaTthpMSezem fohcstop@eu ftamueqmie$ drieefopquassed of t he
wavel engtfh bet ween {FE &@ks tFﬂé][ t he. | aser Eterc g ge éred flromthe
previ ous 'FEHRNCPH s{@F WOERW PHREUSHS LIRS ”?Hi BriPGg EF‘QS PTEENPPRS" t he
phase of fte@ighotant laen eiakeliediffistit &ﬁtfésclharegﬁermy@ghalsﬂhﬁoédﬁ@ﬂegﬁe phrasgthiis
oo SR BB el S ShPRS TenCEA L SSBLTRS BeBSelpqclr s

cal cul at Qdctbﬁ%éﬂﬁﬁ hWirtowt, @ ditdtRatilel embbainfRataked Rechmealy @edPrigsrdtd t he
filtered widths data, plus the phase of the |laser interce relative to the

dr opl et d@ﬂ@?%ﬂgdH”We‘?a”ﬁf’rﬁjé"af‘ﬁew'eﬁﬁ‘f"ge'”pﬂ%éogﬂl%é"aé.‘”b‘p% wiaddent . The

br ot 0col x04iodt RS bARAed K0 @aliol AR ridinbeThAINAGT WSS StipRdopased on
t he description provided bel ow 2011/ 112656PCT/ US2011/ 0276
provided below) reduces spectral leakage compared to the rectangular window, but

still has good sensitivity for low-bandwidth signals like the widths plot:
i ; e r RS
n{ ?"r} S } r:f (_, \E}"i ( “, B 3}

[0071] The center frequency of the Hann window is chosen to match the

frequency of the first peak on the Fourier transformed data. The width of the Hann
window can be chosen fairly arbitrarily to encompass most of the first peak
information for a given nozzle size (e.g., 70 micron nozzles), while excluding the
secondary and higher order peaks in the frequency data. The left edge and right
edge cutoff values of the filter are symmetric around the peak and cutoff frequencies
whose magnitudes are less than about 10% of the magnitude of the peak. The width
of the filter window can be parameterized to deal with other nozzle and stream
information.

[0072] In step 1085, the data is filtered by multiplying the filter window by the
frequency domain padded data. Then, in step 1086, the frequency domain data is
transformed back to the spatial domain with an inverse-transform function. FIG. 5A
shows the original widths plot of FIG. 4 and a filtered (smoothed) widths plot. The
original widths plot has been offset vertically to allow both plots to be shown without
overlap. FIG. 5B is a close-up of the plot of FIG. 5A showing data near the nozzle,
overlaid to show both raw and filtered (smoothed) data. Overall, the filtered data has
peaks and valleys that track very closely to the original data, but which have smooth

inflections allowing the location of the peak values to be calculated.
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[0076] I n one enbodi ment, a nethod for cal culating drop delay accounts for
phase vari abl es such as the phase of the oscillator, charge el ectrode,
strobe sywbemi/aa6sera i mages, and/or | aser. Specifical |l ycTius2@bioaics7 t he
fractional part of drop delay, various phase variables within the system
are reconcil ed. These vari ables can be ignored when using beads to
experinentally determ ne drop delay, as in prior art systens, but should be
accounted for in the predictive nethods of the present invention. [0077] The
appropriate charge phase is selected by noving the charge phase w ndow
until cl d@873or tAfrridtarsg dreepedk dataethe ddiiatipe of divs fikdéred dlata @y sialplgns t he
of fset be riv I ch t pl.e har ge.
A Koy roaltgatrane cenRst! el BBr M EHE BL8 St SutB TPl el s

di screet 1988. Ofhet pawks, areadmitmemmysqlmtmglmmazehomesws hdt afel dbcréasamg)ws how
a charge (batto s at hase .of the osmllat r _cycle
Ctopy. L oBEs Tohts A ohe Bhe2S A8 eflapBion o Bo R ERR s oah S B Es, wliefym]

ti mest arm)rlta/oa@i g@eldfcﬁtnetjfmd fstie prabemaept theZhozirmplrdehaxem@ooﬁwldﬁtd and

3) the se|lected dr iS C Spe, i cal e monent of | aser
ht et £ og b ens RIOVGH Aneans fanfiidtics DEgaBY M aiiiigd o IS GRS

ti mest anqyviish RAGRRM ih TG FrO§landhifg IaMYueheest i mates the eventual drop that
the particle will end up in. The ?ornula for this is: drop = (intercept
time + drop dela ) div (drop drive period), where div is integer division
(t hr ow avést E/ 90th%§/W{§WbM§¢ fg drop delay, a mapping is created

bet ween %E‘i?é,/('dgge}ﬁ‘gtﬂ(@s)’)’1')n tinme (exactly one period |ong) and a drop
nunber. Each subsequent windowin time will nmap to the subsequent drops.

[ 0079] ThéOl’e'f? ééQ leppthédangi ng the fractional part of drop delay is to slide
the w ndqu ?f events that are predicted to land in a drop. Wen the
cal cul atl on 0 the ctional part is wong, the systemeffectively

predi cts e@fddor pre drop" incorrectly, and events that fall within these
times ma i one droplet, or to a droplet other than the desired.
[0080]Wltq reggcge%tnb{hg&)he | aser phase, a very sinple starting point for

i |1 ustrati nif(ddtiel)ef-f @and d&(i) @8ppughhbsek(psaksods(@hsi der t he case when the

| aser |ntercfelpts at the valley between two peaks, for a picture taken at
zero str oby éj Bhase relative to drop drive period. A basic assunption (not

al ways st[0074]l y It sumderssoddhiaiit hecibose be@pot‘er@m“gr@rmedncampomeacdhp@tbet peak

eventual ly contracts s it noves downstrea dro t he
Do i ofediaM bEskRen Tarth, e SRITPBS, DU PG s s feotafer o
an i nStarﬁrogbrb&rﬁih@%ﬁfgaﬁ@e vzl mhotabmeb@mmm@p@fpoaetl me interval that
|s desired to particul ar dro Particles at the top of the

" pr e- dr o 90{Rul deS’aégEt'%@ JuRzaptogpl I9ralquate GEen delay in gecardance ‘M‘E@P'F‘%d to

arrange tdigpdHimendel e %JHﬂS‘s'éni fwent.&e emé ethéd %‘FV(,%|chlé"!lnb'6ﬁ’%p”@é1§ (g/nder
the div operatlon% to the sanme his arrangenent is the essence of the

fract i ondutlpggtasofollawsp '6e$tal9/ 10$I3eﬁ'tei ﬁ%ieaﬂfpthénm%fcﬁt%c?ﬁrrﬂa@l’% g d have
a tinest |II5B?tfreh§el"’?cyp|§rJa%ﬁaté@%?Qﬁ%aﬁth it %ogtloﬁ i&g tI'?H ARt | bi\()i3 pBSK | od.

Under the div operation | ow W t he period woul d | ose

t hei r rerhgforadhe am@lrcmtparn%theheldﬁ&n@oweﬁﬁ afterithe wt¢rce§& mﬁ phageeis then

set to equal the portion of the wavelength between the peaks that the laser intercept
as measured from the previous peak. In step 1094, the system is interrogated to
identify the phase offset of the droplet stream charge pulse. The charge phase is
typically offset from the reference drive frequency to account for the ramp-up time of
the charge pulse. In step 1096, the drop delay is calculated by setting the drop delay
to equal the number of peaks in the filtered widths data, plus the phase of the laser
intercept relative to the droplet generation wave, minus the charge phase, plus a
bias component. The protocols of steps 1092, 1094, and 1096 will be further

understood based on the description provided below.
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[ 0082] The primary introduction of fractional drop delay is to account for
the case when the laser is not exactly at the beginning of a "pre drop" at
phase zerwo 2boriiessanpl e, if the |aser were instead, at the/usentee7eef the
bulge in the stream Al particles would hit this laser at 1/2 of a period
earlier than they would if the laser were centered on a trough between

bul ges of the stream To account for this translation in |aser position, in
one enbodi nent, the shift is accounted for by artificially adding 1/2 of a
period to the ADC tinme: drop = ({intercept tine + 1/2 period} + drop del ay)
div (drod0a76é]ve Ipesneoembioddd3itPaacietheal foy, catauaingr dropt delsy rescopmtssfobl e t o
change t Al Y e vity of
additionrbﬁlgsggg{jétggs g@)@ggf)so%fe rp%%s% |on§|? % ¢ é Sﬂgtr&?% sﬁﬁ?%% é’jlnay drop
= (i nt er capierd imagess, ahd/dr lnser.oﬁpecmtramp tdejbayﬁa )hejfract(odabmnrdoﬁ cheppierayod)

[ 0084] such ractiona the |aser is

he del h }
oo L apBDs phiigs SEidhed itnPhE ASalo™ Als) FEeBRARGD Thdsie tatbled & #2) Foned.
O cour segnorked Mhenaughy eRapetd @@lperﬁmemamﬁytmlnek@iop ddiay, armrneprﬁdraam one

article w|l ss t he ser \Y; cedur e abov til lies
D et 1 nevElss 98 sod BRraccolSeRear dn dBF cesic S areshaR G T PErrerbach

period. [iEbMVth respect to the charge phase, since a dropl et will break
of f cleanlg at sone (unknown) phase during the period, it is p055|ble
(dependi 18064 chﬁ}eg@p%ﬁ%@? Qh@é@e Phaseads ﬁ%'PCtGFjo?Y oAtNG; hecehargr #hpes

sorting GARd&E JnifcreBs doRttrdatnsbid bbeRidaectrd rbBeésh@rfédF@Q? eﬁbn@@ﬁ’ée Zero,
or the next higher (for later charge phases). To enable the

processi rifsebbemeani the deere gtivavaiock and ¢hqege ks eptiming drﬂﬁgtech%’% ak”ehe&at
exact l'y trB%z% thBhﬁ'r%edroL}I'%lt( rﬁeﬁ@:}’l e dan @rﬂ:up%np%%‘;&lg WhE&GhrGHRR, 1S to

be sel ecte gl ng mage at a later ase effectively
nmoves thewarrmixepn@mperh@roppwedzeapd E}Gt%@h@m hewpimfmﬁrlgvmw (bottem)ghase. To

T Ao PR BB Tt ftct gy Lo e ecl e, moues he | seer

estinmate [0678] In practice, the basic life cycle for an event is: 1) a timestamp is assigned
at the laser intercept; 2) drop delay is added; and 3) the selected droplet is charged.
Specifically, at the moment of laser interrogation, a high precision time-stamp is
added to the event. The timestamp is passed into software, which estimates the
eventual drop that the particle will end up in. The formula for this is: drop = (intercept
time + drop delay) div (drop drive period), where div is integer division (throw away
remainder). By choosing drop delay, a mapping is created between a moving
window in time (exactly one period long) and a drop number. Each subsequent
window in time will map to the subsequent drops.
[0079] The effect of changing the fractional part of drop delay is to slide the
window in time of events that are predicted to land in a drop. When the calculation
of the fractional part is wrong, the system effectively predicts the “pre drop”
incorrectly, and events that fall within these times map to more than one droplet, or
to a droplet other than the desired.
[0080] With respect to the laser phase, a very simple starting point for illustrating
the effect of laser phase is to consider the case when the laser intercepts at the
valley between two peaks, for a picture taken at zero strobe phase relative to drop
drive period. A basic assumption (not always strictly true) is that such a region
centered around a droplet peak eventually contracts (as it moves downstream) to

form a droplet (i.e., the “pre-drop”).
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drop delay = {fractional |aser offset + integral drop delay - fractional
charge phase}, where the image is strobed at exactly the charge phase

[ 0086] A fwoabi1iamesssmodat i on can be nmade for an experi nercalisgoiobsmsved
bias. For alternative nozzle sizes, a bias can exist. Such bias can be
experinental ly determ ned and can be deduced to an al gebraic function in
order to account for the bias (bias = aX + b). For exanple, the bias for a
70 m cron nozzle, for exanple, is set as a function of: -0.015465X +
0.891189, where X = 0. 1(break-offMcrons - charge / 360 *

| ast V\aveL[Gﬂ&n]crcﬁm)sideraam_y\petr@rtibaalypal{tiel%msﬁirhgs therlasdsl at ias ipatintal Ity the

L™ SoTePSHANE AHERH Ao ol B0 BHORII AP BRAR) 2o
limted Ipardowaradrop. h@ab@a@edmmpbefdthemr@tjmpy mmmhbdammeslasbtuat e:hmul d be
CLAI VB 1. PEAOHRDEOdY SaRSEeR 4 PRGN URGBoacray T e P sl er eIty
cyt onet ertime eEYsi @ndgr the) didedration) g the Watidarapl. Ofl'htSYaﬂi’@&jéﬂdiermgs tihe Wi dt h
?Leaws'([j{ reﬁfsrs%r?%)[sng{hg?ractlonal pgg o?drophcfela o r'Ieher\qlmleogtarsn%t(;[nI snL?Chdr Ogrtlgl gulcg)ased on

have a timestamp that is a perfect integer multiple of the drop drive period. Under

the div operation, all times that follow within the period would lose their remainder

and map to the same drop as this first particle.

[0082] The primary introduction of fractional drop delay is to account for the case

when the laser is not exactly at the beginning of a “pre drop” at phase zero. For

example, if the laser were instead, at the center of the bulge in the stream. All

particles would hit this laser at V2 of a period earlier than they would if the laser were

centered on a trough between bulges of the stream. To account for this translation

in laser position, in one embodiment, the shift is accounted for by artificially adding 72

of a period to the ADC time:

drop = ({intercept time + V2 period} + drop delay) div (drop drive period)

[0083] Practically, however, it is not possible to change the ADC time stamp
given to an event. Instead, the associativity of addition is used to absorb this

fractional offset into the drop delay:

drop = (intercept time + {2 period + drop delay}) div (drop drive period)

[0084] As such, the delay has a fractional component. If the laser is at some
other fractional offset (besides ¥2), the same procedure is followed. Of course, within
a given period it is very unlikely that more than one particle will pass the laser.
However, the procedure above still applies since the count of the last attached
droplet is incremented by one each period.

[0085] With respect to the charge phase, since a droplet will break off cleanly at
some (unknown) phase during the period, it is possible (depending on charge phase)

that the actual drop that is charged for sorting can be the one that is still connected
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2. A nethod of calculating a drop delay in a streamof a flow cytoneter,
conprising: (a) identifying a |laser position relative to a frane of

r ef er encewo(2bj1/dedser m ni ng break-of f point; and (c) cal earatseeng/oetreep del ay
by 1) setting a strobe phase, 2) inmaging the stream 3)
determining a widths plot by nmeasuring the widths of the stream based on
theimage of the stream 4. determning the peaks in the widths plot; 5)

cal cul ati ng phase of |aser intercept, and 6) setting drop delay in response
to the peaks in the widths plot, a phase of the |laser intercept relative to
a dropl etin gljm'ema'gei airphese ezeam dbr dhe haxtgegipdra . 1at8r chdrge mhabes). ofo ehatilen 2

further | t i o} hod of
claim?2 gﬁ@?ﬁér}% etgt mé %pdgégz%%rﬁl?%w%ﬁ hﬁ Hé& gégl%{stml%nhaﬁe 'S tgﬁ%s E)I ot
conpri sesexabity theepargef preske ih &tis wgy & cdardevddtested ehidhhropvsitohse @I@Itecand

recording a plurali .of .zero-cr eriva n_each
e o cor odet Hipried] Ak bt e b iR T BRRGIL ERVRY oo BT b e The
met hod of‘ped aidp” oywiher edrresipordiby efedetiohdl predset  ITs hbke sROfok alis dffeztike oOf f
point. move, the algorithm effectively moves the laser back down by subtracting the

fractional movement, and the final drop delay estimate is:

drop delay = {fractional laser offset + integral drop delay — fractional charge phase},

where the image is strobed at exactly the charge phase

[0086] A final accommodation can be made for an experimentally observed bias.
For alternative nozzle sizes, a bias can exist. Such bias can be experimentally
determined and can be deduced to an algebraic function in order to account for the
bias (bias = aX + b). For example, the bias for a 70 micron nozzle, for example, is

set as a function of:

-0.015465X + 0.891189, where X =0.1(break-offMicrons — charge / 360 *

lastWavelLenMicrons) / avg_velocity.

[0087] This variable is basically the time from nozzle to break-off in 10s of
microns (roughly a period at 100k Hz).

[0088] The breadth and scope of the present invention should not be limited by
any of the above-described exemplary embodiments, but should be defined only in

accordance with the following claims and their equivalents.
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6. The nethod of claim2 wherein the step of imaging the stream conpri ses
the steps of running a canera along a length of the stream while taking a
pl uralitywohoimagess of the stream and stitching the pl ecaliseyr1ot76sTRgES
together to forma single image. 7. The nethod of claim2 wherein the
strobe phase is set to the charge phase plus 180. 8. The nethod of claim2
wherein the drop delay is also set in response to a bias correction factor.
9. The nethod of claim8, wherein the bias correction factor is equal to a
|l inear function aX + b, where X is the time fromnozzle to break-off and
paranmeters "a" and "b" are determ ned from experinental neasurenent of
system response. 10. The method of ELAIMS? wherein the smoothing of the
wi dths plot is conducted using a discrete Fourier analysis. 11. The net hod
of claim6 wherein a drive voltage is increased froman operational val ue

when the ﬁaﬂ?ﬁé’fh@)éoﬁéaléﬁé’#{g 4 Bt:%ptd%@aﬂﬁﬁtﬁr%aﬁ% HATdw g%n{elﬂ@r rhysing! tage is

decreased to an operational” val ue as e canera Is driven down towards the
br eak- of f p@l getermmingraevigishiiat bY negasiring theymidteiah a pleeanalbagedtanodn of dr op
delay is used;}Q9 e?&‘ grdie ywhen an anal yte of interest has reached the
break-of f poi nt % the stream 13. A flow cytoneter systemfor automatically
cal cul at i ngb)disettindereaydelay hpsadsomtpe wigtispldtor det erm ni ng a wi dt hs pl ot
based on an image of the stream and nmeans for cal cul ating drop del ay based
on the widths plot. 14. A flow cytoneter system for automatically

cal cul at ihgAdnaipodief eafculatowpr dwipragiaynie angreaor ot aftow gytameteragemprisieg:st r eam

nmeans for detern.pnin w dt hs pl ot. based on an Jjnmage. of the stream nmeans
for determ%it)h%erﬁb@éﬂgga %ﬁewl%s%n?ﬁe%éw%?oo??rag}%o HENfs for cal cul ati ng drop
del ay based(byaetdnminite] ereakoepopepdsd i n the widths plot. 15. The flow

(F:)lyg?.rret er o{c)%gl%hlgﬁn&érg‘pu&égyegy conprising nmeans for snoothing the w dths

1) setting a strobe phase,

2) imaging the stream,

3) determining a widths plot by measuring the widths of the stream based on

the image of the stream,

4. determining the peaks in the widths plot;

5) calculating phase of laser intercept, and

6) setting drop delay in response to the peaks in the widths plot, a phase of
the laser intercept relative to a droplet generation wave and a charge

phase.

3. The method of claim 2 further comprising the step of smoothing the widths plot.

4. The method of claim 2 wherein the step of determining of the peaks in the widths
plot comprises the steps of calculating a derivative of the widths plot and
recording a plurality of zero-crossings of the derivative, wherein each zero-
crossing is indicative of a peak in the smoothed widths plot.

5. The method of claim 2 wherein the break-off point is the shortest break-off point.

6. The method of claim 2 wherein the step of imaging the stream comprises the

steps of running a camera along a length of the stream, while taking a plurality of
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16. The flow cytonmeter of claim 14 wherein the neans for determ ning peaks
in the widths plot conprises: neans for calculating a derivative on the

wi dt hs plw0o;20mnd26means for determ ning zero-crossi ngs omrCrus2aeneiat i ve of
the wwdths plot. 17. The flow cytoneter of claim 16 wherein the neans for
cal cul ating drop del ay based on the determ ned peaks in the w dths plot
does so in response zero-crossings of the derivative of the widths plot.
18. The flow cytonmeter system of claim 14 wherein the nmeans for taking an
i mge of the stream conprises taking a plurality of inages of the stream
and wher ei nintdgescoft thaetteans yestdestitthing iee ptuoaipy i e agesnegetioer tot fotrohd ng t he
plurality ogi @mgéeof the streamto formone entire image of the stream
19. A fl ow cy{1 ef 'system for automatically cal cul ati ng drop del ay,
conprising: a canera adapted to take an inmage of a stream and a processor

adapted t etermn wi dt h l.ot, b d on the i of the stre and to
cal but at - 5 TR oR oft oieryiS o BFHE kst S s R Prdiheldr BiRkanU y ot em
for automatigl |y cal cul ating drop delay, conprising: a canera nmounted on a

preci sion-calibrated, novable canera stage, which is adapted to take a
plurality of images of a stream and a processor adapted to stitch

the plurad.itye alethdtreeslapd 2tieersintBamrs® dERYTS @R &AAtih FespoiBe o af bibde
stream determne a wdths plot based on the one entire imge of the

stream sno®RTEAAR faGtet hs pl ot

9. The method of claim 8, wherein the bias correction factor is equal to a linear
function aX + b, where X is the time from nozzle to break-off and parameters "a"

and "b" are determined from experimental measurement of system response.

10. The method of claim 2, wherein the smoothing of the widths plot is conducted

using a discrete Fourier analysis.

11.The method of claim 6 wherein a drive voltage is increased from an operational
value when the camera is at about the top of the stream, and the drive voltage is
decreased to an operational value as the camera is driven down towards the

break-off point.

12. The method of claim 2, wherein the calculation of drop delay is used to determine

when an analyte of interest has reached the break-off point of the stream.

13. A flow cytometer system for automatically calculating drop delay, comprising:
means for determining a widths plot based on an image of the stream; and

means for calculating drop delay based on the widths plot.

14. A flow cytometer system for automatically calculating drop delay, comprising:
means for taking an image of a stream;
means for determining a widths plot based on an image of the stream;

means for determining peaks in the widths plot;; and
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calculate a derivative on the snoothed wi dths plot, determ ne zero-crossing
on the snoothed wi dths plot, and cal cul ate drop del ay based on the
det er m ned02e110H2656SSi NQS. PCT/US2011/027657

means for calculating drop delay based on the determined peaks in the widths
plot.

15.The flow cytometer of claims 14 further comprising means for smoothing the
widths plot.

16. The flow cytometer of claim 14 wherein the means for determining peaks in the
widths plot comprises:
means for calculating a derivative on the widths plot; and

means for determining zero-crossings on the derivative of the widths plot.

17.The flow cytometer of claim 16 wherein the means for calculating drop delay
based on the determined peaks in the widths plot does so in response zero-

crossings of the derivative of the widths plot.

18. The flow cytometer system of claim 14 wherein the means for taking an image of
the stream comprises taking a plurality of images of the stream and wherein the
cytometer system further comprises means for stitching the plurality of images of

the stream to form one entire image of the stream.

19. A flow cytometer system for automatically calculating drop delay, comprising:
a camera adapted to take an image of a stream; and
a processor adapted to determine a widths plot based on the image of the

stream, and to calculate drop delay based on the widths plot.

20. A flow cytometer system for automatically calculating drop delay, comprising:
a camera mounted on a precision-calibrated, movable camera stage, which is
adapted to take a plurality of images of a stream; and
a processor adapted to
stitch the plurality of images of the stream to form one entire image of the
stream,
determine a widths plot based on the one entire image of the stream,
smooth the widths plot,
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calculate a derivative on the smoothed widths plot,
determine zero-crossing on the smoothed widths plot, and

calculate drop delay based on the determined zero-crossings.
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