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ACTUATION OF PARALLEL 
MICROFLUIDIC ARRAYS 

RELATED APPLICATIONS 

This application is a continuation of U.S. Ser. No. 14/517, 
396, filed Oct. 17, 2014, which is a continuation-in-part of 
U.S. Ser. No. 13/371,277, filed Feb. 10, 2012, which is a 
continuation of U.S. Ser. No. 11/800,469, filed May 4, 2007, 
which claims priority to U.S. Provisional Ser. No. 60/798, 
154, filed May 5, 2006, and entitled "Actuation of Parallel 
Microfluidic Arrays." U.S. Ser. No. 14/517,396, filed Oct. 
17, 2014 is also a continuation-in-part of U.S. Ser. No. 
14/179,760, filed Feb. 13, 2014, which is a continuation of 
U.S. Ser. No. 13/240,521, filed Sep. 22, 2011, which is a 
continuation ofU.S. Ser. No. 11/295,183, filed Dec. 5, 2005, 
which claims priority to U.S. Provisional Ser. No. 60/633, 
396, filed Dec. 3, 2004, and entitled "Unitary Cartridge For 
Particle Processing". The contents of each application iden-
tified above is herein incorporated by reference in their 
entirety. 

FIELD OF THE INVENTION 

The present invention relates to an actuator for use in a 
microfluidic particle processing system or device. In par-
ticular, the present invention relates to an actuator for use 
with a parallel array microfluidic sorting device for sorting 
particles in a plurality of parallel channels. 

BACKGROUND 

Microfluidic devices may be used in a variety of appli-
cations to perform any number of microfluidic processes on 
particles. 

In the fields of biotechnology, and especially cytology and 
drug screening, there is a need for high throughput sorting 
of particles. Examples of particles that require sorting are 
various types of cells, such as blood platelets, white blood 
cells, tumorous cells, embryonic cells and the like. These 
particles are especially of interest in the field of cytology. 
Other particles are (macro) molecular species such as pro-
teins, enzymes and poly-nucleotides. This family of particles 
is of particular interest in the field of drug screening during 
the development of new drugs. 

Methods and apparatuses for particle sorting are known, 
and the majority described in the prior art work in the 
condition where the particles are suspended in a liquid 
flowing through a channel network having at least a branch 
point downstream and are operated according the detect-
decide-deflect principle. The moving particle is first ana-
lyzed for a specific characteristic, such as optical absorption, 
fluorescent intensity, size, or another suitable characteristic. 
Depending on the outcome of this detection phase, it is 
decided how the particle will be further handled. The 
outcome of the decision is then applied to deflect the 
direction of specific particle towards a predetermined branch 
of the channel network. 

Of importance is the throughput of the sorting apparatus, 
i.e. how many particles can be sorted per unit of time. 
Typical sorting rates for sorters employing flows of particle 
suspension in closed channels are in the range from a few 
hundred particles per second to thousands of particles per 
second, for a single sorting unit. 

In certain microfluidic processes, such as particle sorting, 
certain actuators used to actuate a process, such as separa-
tion of particles having a predetermined characteristic from 

2 
particles that do not have a predetermined characteristic, 
may present drawbacks. For example, certain actuators may 
take up a relatively large amount of space on a microfluidic 
chip, limiting the efficiency with which actuators can be 

5 packaged on the microfluidic chip, thereby also limiting the 
density or efficiency of packing of an array of parallel 
channels. 

SUMMARY 
10 

The present invention provides an improved actuator for 
use in a microfluidic particle sorting system. In one embodi-
ment, the present invention provides a staggered packing 

15 
scheme for a plurality of actuators used to selectively deflect 
a particle in an associated sorting channel from a stream of 
channels. In another embodiment, an actuator block is 
provided for housing a two-dimensional array of actuators, 
each configured to align with an actuation port in an asso-

20 ciated sorting chip containing a plurality of sorting channels. 
The actuator block may include a built-in stressing means to 
pre-stress each actuator housed by the block. In another 
embodiment, an actuator comprising a piezo-electric stack 
may employ contact-based electrical connection rather than 

25 soldered wires to improve packing density. In one embodi-
ment, the actuator is an external actuator. That is, the 
external actuator is external to the substrate in which the 
sorting channels are formed. 

According to one aspect of the invention, a system for 
30 sorting particles, comprises a microfluidic chip containing a 

plurality of microsorters, each microsorter having an actua-
tion port for interfacing with a displacement actuator for 
selectively actuating the microsorter to deflect a particle 
having a predetermined characteristic from a stream of 
particles, wherein at least one of the actuation ports of a first 
microsorter is located in a different coordinate along the chip 
from an actuation port of a second microsorter and a block 
holding a plurality of displacement actuators such that the 

40 location of each actuator in the block corresponds to the 
location of an associated actuator ports in the microsorter 
chip when the block and chip are brought together. 

According to another aspect of the invention, a system for 
providing dense arrays of displacement actuators comprises 

45 a block assembly that holds actuators for selectively acti-
vating an associated sorter in a fixed two-dimensional array, 
a layer in the block assembly which compresses each 
actuator against an independent flexing means to provide 
pre-stress and a plurality of actuation pins mounted in the 

50 block. 
According to still another aspect of the invention, a 

displacement actuator device comprises a piezoelectric 
stack, an actuating pin for contact with a surface to be 
displaced connected to a first end of the piezoelectric stack, 

55 a mounting-pin for holding the mounting the displacement 
actuator device coupled to a second end of the piezoelectric 
stack and a conductive coating disposed over the mounting-
pin and extending at least partially over the piezoelectric 
stack to provide an electrical connection to the piezoelectric 

60 stack. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 illustrates a microfluidic particle sorting system 
65 according to an illustrative embodiment of the invention. 

FIG. 2 is a detailed view of a region of the microfluidic 
particle sorting system of FIG. 1. 
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FIG. 3 illustrate a particle sorting module in the micro-
fluidic particle sorting system according to one embodiment 
of the invention. 

FIG. 4 illustrates another embodiment of a particle sorting 
module suitable for use in the particle sorting system of the 
invention. 

FIGS. Sa-Sd illustrate another embodiment of the particle 
sorting module during sorting of a stream of particles based 
on a predetermined characteristic. 

FIG. 6 illustrates an embodiment of an actuator block for 
housing a plurality of external actuators used with the 
particle sorting system of FIG. 1 in a two-dimensional array. 

FIG. 7 illustrates another embodiment of the actuator 
block. 

FIG. 8 illustrates an embodiment of an actuator used to 
selectively actuate a sorting switch in the particle sorting 
system of FIG. 1. 

FIG. 9 illustrates another embodiment of the actuator. 
FIG. 10 illustrates the actuator of FIG. 9 including contact 

springs to provide an electrical connection to the actuator. 
FIGS. hA-liD illustrate the actuator of FIG. 8. 
FIG. 12 illustrates a unitary cartridge for particle process-

ing according to an illustrative embodiment of the invention. 
FIG. 13 illustrates a unitary cartridge for particle; sorting 

according to an illustrative embodiment of the invention. 
FIG. 14 illustrates a unitary particle sorting cartridge of an 

embodiment of the invention including an aggregation filter. 
FIG. 15 illustrates a unitary particle sorting cartridge of 

another embodiment of the invention including pumps and 
filters for controlling liquid level and/or the concentration of 
sheath fluid, as well as providing sheath recycling. 

DETAILED DESCRIPTION 

The present invention provides an improved actuation 
system for use in a microfluidic particle sorting system that 
sorts particles suspended in a liquid. The particle sorting 
system provides high-throughput, low error sorting of par-
ticles based on a predetermined characteristic. The present 
invention will be described below relative to illustrative 
embodiments. Those skilled in the art will appreciate that the 
present invention may be implemented in a number of 
different applications and embodiments and is not specifi-
cally limited in its application to the particular embodiments 
depicted herein. 

FIG. 1 illustrates a microfluidic particle processing sys-
tem 10 according to an illustrative embodiment of the 
invention. The illustrative particle processing system com-
prises a particle sorting system for sorting particles flowing 
through a plurality of parallel channels based on one or more 
predetermined characteristics. The illustrative particle pro-
cessing system 10 is formed on a substrate 12 and includes 
a number of processing channels, illustrated as sorting 
channels 160, for processing streams of an input sample in 
parallel. The processing system 10 includes a plurality of 
sample inlets 130 for inputting a sample to the system. In the 
illustrative embodiment, the sample inlets 130 intersect inlet 
channels 132, which flow a processing fluid, such as sheath 
fluid through the system. The sample inlets 130 and inlet 
channels 132 create a sheath flow carrying particles to be 
processed by the system through the parallel processing 
channels 160. 

A suitable sheath flow system is described in U.S. patent 
application Ser. No. 10/979,848, filed Nov. 1, 2004, the 
contents of which are herein incorporated by reference. 
However, the invention is not limited to such a manner of 

inputting a sample and/or sheath flow to a particle process-
ing system, and any suitable means may be used. 

A detection region 120 receives the sheath flow contain-
ing the particles to be processed flowing through the parallel 

5 channels 110 and analyzes the particles. In the illustrative 
embodiment, the detection system observes the particles to 
identify particles having a predetermined characteristic. The 
detection region includes one or a plurality of detectors for 
sensing a predetermined characteristic in a target particle 

10 flowing through the channels 160. 
A suitable detection system for analyzing particles is 

described in U.S. patent application Ser. No. 10/915,016, the 
contents of which are herein incorporated by reference. One 
skilled in the art will recognize that any suitable means of 

15 analyzing particles may be used. 
In a processing region 140, the processing system 10 

performs a selected process on the particles flowing through 
the channels 110. In the illustrative embodiment, the pro-
cessing region contains a series 150 of switches for sepa-

20 rating particles determined by detectors in the detection 
region 120 to have one or more predetermined characteris-
tics from particles not having the predetermined character-
istic. 

FIG. 2 is a detailed view of the region D in the particle 
25 processing system 10 of FIG. 1. 

FIG. 3 illustrates a suitable switch 151 employed in the 
processing region of an illustrative embodiment of the 
invention. Each sorting channel 160 is associated with a 
dedicated switch 151 to perform sorting of particles within 

30 that channel As shown, the sorting channel 160 conveys the 
particles suspended in the carrier liquid through the switch-
ing region. In the sorting region, the sorting channel 160 
branches into a first branch 22a and a second branch 22b at 
a branch point 21. The illustrative switch 151 separates 

35 particles by selectively applying a pressure pulse to selected 
particles 18b in the channel 160 identified by the detection 
region 120 to deflect particles having the predetermined 
characteristic into a first outlet 22a of the channel, while 
particles 18a not having the predetermined characteristic 

40 flow into a second outlet 22b of the channel 160. The 
detection region 120 is defined in the sorting channel 
upstream of the switching region, and is associated with a 
detector, as described above, to sense a predetermined 
characteristic of particles in the detection region 20. 

45 According to the illustrative embodiment, each switch 
151 includes a side channel 152 intersecting the sorting 
channel 160 in the switching region. A fluid, such as the 
sheath fluid, partially fills the side channel 152 to form a 
meniscus 153 therein. The side channel 152 extends to and 

50 terminates in a sealed chamber 154, which is preferably 
filled with a fluid, such as air, other than the sheath fluid. The 
meniscus 153 interfaces and forms a barrier between the 
sheath fluid and the sealed chamber 154. The chamber 154 
preferably includes a flexible or movable wall, which, when 

55 deflected or moved inwards, creates an increase in pressure 
in the sealed chamber 154. The chamber 154 serves as an
actuation port to interface the sorting components formed on 
the substrate with an external actuator, as described below. 

An actuator 158 is also provided for actuating the switch 
60 151 when the detector in the detection region identifies a 

particle having a predetermined characteristic. In some 
embodiments, the actuator 158 is external to the switch 151. 
The actuator, when actuated, momentarily causes a flow 
disturbance in the sorting channel 160 to deflect the flow 

65 therein. The actuator 158 selectively increases the pressure 
in the chamber 154, causing the flow in the sorting channel 
near the side channel 152 to be displaced inwards, substan-
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tially perpendicular to the normal flow in the sorting channel 
160. This transient liquid displacement, having a component 
perpendicular to the normal flow in the sorting, can be 
applied in deflecting particles having predetermined char-
acteristics to separate them from the remaining particles in 
the mixture. 

The actuator 158 is preferably a displacement actuator, as 
described below. 

A buffer may optionally be provided for absorbing the 
pressure pulse created by the actuator. 

Preferably, the actuator 158 is external to the substrate in 
which the sorting channels 160 are formed. The sealed 
chamber 154 may also be formed external to the substrate. 

FIG. 4 illustrates another embodiment of a switch suitable 
for creating a pressure pulse to separate particles of interest 
from other particles in a stream of particles and/or acting as 
a buffer for absorbing a pressure pulse according to the 
teachings of the present invention. As shown, the switch 151' 
is formed adjacent to a side passage 152' formed in a 
substrate 12 which leads to the sorting channel 160. The side 
passage 152' includes a fluid interface port 17 formed by an 
aperture in the side wall of the passage. A sealed compres-
sion chamber 154' is positioned adjacent to the side passage 
152' and communicates with the side passage through the 
fluid interface port. The illustrative chamber 154' is formed 
by a seal 71 and a flexible membrane 72. The carrier fluid in 
the side passage 152' forms a meniscus 153' at the interface 
between the side passage and the chamber. The actuator 158' 
depresses the flexible membrane to increase the pressure in 
the chamber, which deflects the meniscus and causes a 
pressure pulse in the carrier fluid. 

FIGS. 5a-5d illustrate the switching operation of switch 
151 in the particle sorting system 10 of FIGS. 1-4. In the 
embodiment of FIGS. 5a-5d, the switch 151 includes a 
buffer for absorbing pressure pulses created when the actua-
tor 158 increases the pressure in the chamber 154. The buffer 
includes a second side passage terminating in a sealed 
chamber 154' formed opposite the switch side passage 154. 
In FIG. SA, a detector in the detection region 120 senses the 
predetermined characteristic in a particle and raises a signal 
to activate the actuator 158. Upon activation of the actuator, 
the pressure within the reservoir 154 of the switch 151 is 
increased, deflecting the meniscus 153 and causing a tran-
sient discharge of liquid from the first side passage 152, as 
indicated by the arrow in FIG. SB. The sudden pressure 
increase caused at this point in the sorting channel causes 
liquid to flow into the second side passage forming the 
buffer, because of the resilient properties of the second 
reservoir buffer. This movement of liquid into the buffer side 
passage is indicated with an arrow. As a result, as can be seen 
in FIG. SC, the flow through the sorting channel is deflected, 
causing the selected particle of interest 18b located between 
the first side passage 154 and the buffer side passage to be 
shifted perpendicular to its flow direction in the normal state. 
The deflected particle of interest, displaced radially by the 
pressure pulse, then flows into the first outlet channel 22a, 
while unselected particles, unaffected by the pressure pulse, 
flow into the second outlet channel 22b, thereby separating 
particles having the predetermined characteristic from par-
ticles not having the predetermined characteristic, as shown 
in FIGS. SA and SD. 

When the actuator 158 is deactivated, the pressure inside 
the reservoirs 154, 154' returns to the normal pressure, 
allowing for normal flow of particles into the second outlet 
channel 22b. 

This process of detecting and selective deflecting of 
particles may be repeated many times per second for sorting 

particles at a high rate. Adopting the fluid switching as 
described, switching operations may be executed up to 
around several thousand switching operations per second, 
yielding sorting rates in the order of million sorted particles 

5 per hour. 
A suitable switching mechanism s described in U.S. Pat. 

Nos. 6,877,528, 6,808,075, 6,976,590 and 7,157,274 and 
U.S. patent application Ser. No. 11/295,183, now U.S. Pat. 
No. 8,277,764, the contents of which are herein incorporated 

10 by reference. 
According to an illustrative embodiment of the invention, 

as shown in FIGS. 1 and 2 the actuators 158 for the array of 
sorting channels 160 are staggered on the microfluidic 
substrate 12 to allow dense packing of the channels on the 

15 substrate 12. For example, in the illustrative embodiment, 
the switching regions of the switches, where the side chan-
nels 152 intersect the sorting channels 160 in each switch, 
may be spaced substantially equally in region 140. The side 
channels 152 of the switches may have varying lengths to 

20 allow the location of the actuators 158 at the end of the side 
channels 152 to be staggered. Nevertheless in other embodi-
ments of the present invention, the switches in the switching 
region can be staggered. Staggering the switches requires 
compensation for different times from detection to actuation 

25 (for each length) and possibly compensation for flow resis-
tance matching to allow for the fact that the resistance in the 
sorted and unsorted channels (the y-channels post switching 
joint) would not all be intrinsically matched. 

In the illustrative embodiment, the actuators 158 are 
30 staggered at different coordinates along the substrate in 

intervals of three. As used herein, the term "coordinate" 
refers to a longitudinal position of an element along a 
substrate. For example, the term coordinate may refer to the 
distance of an actuator and/or actuator port from a row of 

35 switches, or another row parallel to a front (input) end or 
back (output) end of the substrate. In this embodiment the 
actuation ports are staggered on chip by using asymmetric 
actuator port arm lengths while leaving the location of the 
switching joints in a line S. For example, the actuators 158 

40 may be staggered by selectively extending the side channels 
of the switches to locate the actuator port and chamber 154 
at staggered distances from the switching region. For 
example, in the illustrative embodiment shown in FIGS. 1 
and 2, the channels are groups in subsets of threes. A first 

45 side channel 152a of a first switch lSla in a series of three 
switches has a first length A, terminating in a sealed chamber 
154a forming an actuator port at line X, such that the 
corresponding actuator is located along line X. A second side 
channel 152b of a second switch lSlb has a second length 

50 B, terminating in a sealed chamber 154b forming an actuator 
port at line Y, such that the corresponding actuator is located 
along lineY A third side channel 152c of a third switch lSlc 
has a third length C, terminating in a sealed chamber 154c 
forming an actuator port at line Z, such that the correspond-

55 ing actuator is located along line Z, which is furthest from 
the switching regions, which are aligned along line S. Thus, 
every third actuator and associated chamber aligns along the 
same coordinate of the substrate (i.e., the same row). In this 
manner, one third of the actuators for the series of sorting 

60 channels and switches are located along line X, closest to 
switching line 5, a second third of the actuators are located 
along line Y, farther from the switching line 5, and the last 
third of the actuators are located along line Z, farthest from 
the switching line S. 

65 The illustrative packing scheme thus enables dense pack-
ing of the sorting channels. In one embodiment, the sorting 
channels may be packed with a spacing between channels at 
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as little as 900 microns. In contrast, were the actuators to 
align along the same line, more space would be required. 

By using staggering actuation ports in every third chan-
nels the illustrative embodiment of the invention enables 
conventional piezo stacks or electroconstrictive or other type 
of displacement actuator that are generally too large to pack 
linearly. 

Although the array of actuators and the corresponding 
actuation ports of the microfluidic particle processing sys-
tem are illustrated with three staggered rows, those skilled in 
the art will appreciate that the array of actuators and the 
corresponding actuation ports of the microfluidic particle 
processing system of the present invention can have fewer 
rows, for example, two rows, or more than three rows, for 
example, four rows, five rows, six rows and so on. 

Alternatively, the switching points in region 140 may also 
or alternatively be staggered, so that line S comprises several 
staggered lines. 

In this embodiment, the actuator array and the actuator 
port array are designed to match spacing and reach a new 
minimum interchannel spacing. 

According to another embodiment of the invention, the 
particle processing system may include a self-aligning 
actuator packing block containing a plurality of actuators for 
actuating a plurality of switches in the particle processing 
system. FIG. 6 illustrates an embodiment of a self-aligning 
actuator packing block 400 suitable for actuating switches 
when a detection system 120 detects a predetermined char-
acteristic in a particle in a sorting channel 160. When 
coupled to the substrate 12, each actuator 158 in the block 
aligns with a sealed chamber at the termination of a switch-
ing side channel to associate the actuator with a selected 
switch and sorting channel 160. A controller selectively 
actuates the appropriate actuator 158 in the block when 
signaled by the detection system 120 to increase pressure in 
an associated switching chamber, causing deflecting of a 
meniscus in an associated switching side channel to deflect 
a targeted particle in the associated sorting channel. The 
actuator block 400 may actuate one, a plurality or all of the 
actuators at once, if appropriate. 

The illustrative actuators include built-in pre-stressed 
springs, flexures or other suitable flexible devices for each 
actuator, such as for each actuator pin. 

In the illustrative embodiment, a plurality of actuators 158 
are densely packed in a two-dimensional array. Each illus-
trative actuator 158 includes a piezoelectric stack 1581, or 
other suitable displacement actuator that expands or retracts 
when supplied with a particular signal. Alternatively, the 
piezoelectric stack may comprise an electroconstrictive dis-
placement actuator known in the art. An actuation pin 1582, 
or other suitable device, is mounted through any suitable 
means to the front side of the piezoelectric stack. The 
actuation pin 1582 may be mounted to the piezoelectric 
stack through any suitable means, including glue, cement or 
other bonding means. A mounting pin 1583 is mounted on 
the back of each piezoelectric stack 1581. The actuation pin 
1582 is configured to extend from the block 400 and contact 
a movable wall of a sealed switching chamber when the 
piezoelectric stack expands to create the necessary pressure 
pulse to selectively deflect a targeted particle in an associ-
ated sorting channel. Together, the stacked actuation pin 
1582, piezo stack 1581 and mounting pin 1583 forms a 
"piezo pin" unit. 

The block for housing the array of piezo pins includes a 
back plate 1585, into which the piezo pins may be fixed. The 
piezo pins are preferably fixed to the back plate 1585, such 
that the mounting pins 1583 extend through apertures 1591 

8 
formed in the back plate. The mounting pins 1583 may 
conduct electricity from a source to actuate the actuator. 
After fixing the piezo pins, the back plate is then mounted 
into a front block 1584 so that the piezo pins are compressed 

5 against flexures 1586 located in the top 1587 of the front 
block 1584. Any suitable device may be used to provide 
compression of the piezo pins and the invention is not 
limited to the illustrative flexures 1586. The top 1587 of the 
front block 1584 faces the substrate 12 of the sorting system 

10 when the block is coupled to the substrate. The tips of the 
piezo pins, formed by the actuation pins 1582, protrude 
through apertures 1588 in the front block so that they may 
contact the actuation ports of the microsorter system without 
mechanical interference between the substrate 12 and the 

15 actuator block system 400. 
In the illustrative embodiment, the actuator block 400 

include three rows of piezo pins, shown along axis R. Each 
row corresponds to one of the lines X, Y and Z along which 
the sealed chambers at the termination of the side channels 

20 for each switch in the array of switches on the substrate are 
formed. In each row, the actuators are spaced along the 
length L of the actuator block so as to align with each sealed 
chamber in the subset of switches disposed along the asso-
ciated line X, Y or Z. While the illustrative embodiment 

25 shows a staggering at intervals of three, one skilled in the art 
will recognize that the actuator side channels and associated 
actuators may be staggered at any suitable interval. For 
example, for alternate staggering, two rows of actuators 
would be formed in the block. The number of rows in the 

30 actuator block corresponds to the number of subsets of 
switches in which the staggering occurs. 

The illustrative actuator block 400 implements implement 
a dense packing array to conserve space. In the illustrative 
embodiment, each actuator, i.e., piezo pin, or other suitable 

35 displacement actuator, is spaced at less than about 4 mm 
spacing between actuator centers, such that the actuation 
pins are found linearly at less than 2 mm intervals along the 
long side of the block and preferably less than 1 mm. 

In the illustrative embodiment, the flexures 1586 are 
40 provided to maintain the actuators in a pre-stressed state to 

promote reliable piezoelectric stack operation over long 
times and many cycles. In the resting position (zero voltage 
applied in one embodiment) the piezo pins or other actuation 
devices are held in compression. When a voltage is applied 

45 to the mounting pin, the mounting pin 1583 transmits the 
voltage to the piezoelectric stack 1581 to expand the actua-
tor against the compressive pressure, thereby actuating the 
associated switch 151. 

According to another embodiment of the invention, 
50 shown in FIG. 7, an actuator block 400' for a particle 

processing system may employ helical springs 1596 to 
compress the displacement actuation device, such as a piezo 
pin, in a resting position to provide built-in pre-stress. A 
helical spring 1596 may be placed over each piezo pin 158 

55 or other actuation device. The spring loaded piezo pins may 
then be compressed all together against a rigid surface 1597, 
which is located in the top of the actuator block 400' in the 
illustrative embodiment. The rigid surface 1597 may be 
located in any suitable location. 

60 Referring to FIGS. 8-lid, the present invention may also 
or alternatively provide enhanced performance by providing 
the piezo-pin actuator with a contact based electrical con-
nection, rather than employing soldered or crimped wires, 
thereby further improving packing density. 

65 Piezo-stacks conventionally have wires soldered to the 
electrodes on opposite sides of the stack. In any dense 
packing implementation those wires would have to be 
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brought out of the block and connected one at a time to the 
piezo driver electronics. In the illustrative electronic pin 
158, the sides of the mounting pin 1583 at the back of the 
piezo-pin structure are coated with a coating 1593 (or 
metallized or have conductors mounted) with conducting 
material, such as metal, for example copper, which is 
extended over the sides of the piezo stack 1581 itself to 
allow the designer to use conductive springs 1594 mounted 
in or below the acutator block back plate to make electrical 
connection by insertion, similar to a integrated circuit chip 
in-line package pin socket. 

The integrated conductor surfaces on the illustrative piezo 
stack based pins (piezo-pins) enable electrical connections 
to be made using conductive springs -enabling insertion 
connections instead of soldered ones. 

As shown in FIG. 8, the actuation pin 1582 may be 
mounted to the piezo stack 1581 using a protrusion on the 
back end of the actuation pin that is received by a recess 
1598 in the front end of the piezo stack 1581. Any suitable 
mounting means may be used. 

FIG. 12 illustrates a particle processing cartridge 100 for 
performing a process on a sample, having many, and pref-
erably all, fluid contact surfaces encapsulated according to 
an illustrative embodiment of the invention. The illustrative 
unitary particle processing cartridge 100 can be designed to 
perform any suitable process or multiple processes on a 
sample. Preferably, the unitary particle processing cartridge 
performs a microfluidic process on a sample. The cartridge 
may contain one or more particle processing subsystems 110 
enabling one or more unit processes to be applied to a 
sample, such as a suspension, loaded into the cartridge 100. 
The particle processing subsystem 110 may be separately 
inserted into and removable from the cartridge 100, or may 
be integrally formed on the cartridge substrate. For example, 
the cartridge substrate may have formed therein a recess or 
chamber for receiving the particle processing subsystem 
100. Some examples of unit processes that may be incor-
porated into a unitary cartridge 100 include, but are not 
limited to, incubation or staining of particles, washing of 
particles, including variants where supernatant is purified, 
heating or cooling of particles in a suspension, mixing cells 
or other particles with chemicals or beads, size-based filter-
ing of particles, depletion or enhancement of a subset of 
particles in the suspension, sorting of particles, and other 
suitable processes known in the art. 

Ideally, in order to prepare particles, such as cells for 
research or clinical applications, using a unitary cartridge 
100 of the illustrative embodiment of the invention, a user 
loads the "source", such as a cell suspension, into the 
cartridge via a sample input port 102, operates the cartridge 
using the processing subsystem 110 and extracts the final 
product in as finished a condition as possible via a processed 
sample output port 106. If a processing means, such as a 
sheath fluid, solution, mixing suspension, magnetic beads 
and so on, is necessary, the processing means may be loaded 
into the cartridge 100 via a processor input port 104 and 
stored in a processing means source 114. Alternatively, a 
single port can serve as both the sample input port and the 
processor input port. An extraction port 108 may be used to 
access byproducts of the processing subsystem 110. 

A plurality of chambers disposed between the ports and 
the subsystem 110 may also be provided. Preferably, at least 
some of the chambers are rigidly connected to each other to 
form the unitary cartridge 100. As shown, the illustrative 
cartridge 110 includes a sample input chamber 112 for 
storing a sample to be processed, which may be provided by 
the sample input port 102. The sample input chamber 112 is 

10 
in fluid communication with the processing subsystem 110 
via a fluid path 116. A processing means input chamber 114 
may store a processing means provided via processor input 
port 104. A fluid path 118 fluidly connects the processing 

5 means input chamber 112 to the particle processing com-
ponent 110. A processed sample chamber, illustrated as 
"keep" chamber 124a, stores a sample processed by the 
processing subsystem 110, and may be fluidly connected to 
the particle processing component 110 via a fluid path 126. 

10 A sample output port, such as extraction port 106 may be 
used to retrieve the sample from the processed sample 
chamber. A byproduct output chamber, illustrated as a 
"keep" chamber 124b, may store a byproduct of the process 
performed using the subsystem, such as unselected particles 

15 in a sorting system, or a byproduct solution for another 
process, which may be provided to the byproduct output 
chamber 124b from the particle processing component 110 
using another fluid path 128. A plurality of pneumatic ports 
101, 103, 105 and 107 in communication with the fluid paths 

20 applies pressure to facilitate fluid flow through the cartridge. 
In addition, a plurality of additional ports, chambers and 
fluid paths may be provided in the cartridge, depending on 
the type of process performed. 

The unitary particle processing cartridge 100 may include 
25 a plurality of sample processing subsystems 110 in the 

cartridge. For example, two or more sample processing 
subsystems 110 may be disposed in series on the cartridge to 
allow sequential processing of a sample. An enrichment 
region between the serial processing subsystems may allow 

30 for resetting of sample parameters between processes. An
example of a suitable enrichment region between two 
sample processing stages 110 is found in U.S. application 
Ser. No. 10/329,008. For example, the enrichment region 
may be formed by a filter disposed between the sample 

35 processing subsystems on the cartridge. 
According to another embodiment, a unitary particle 

processing cartridge may be used for particle sorting. The 
illustrative cartridge 200 performs cell sorting, though one 
skilled in the art will recognize that the cartridge 200 may 

40 perform sorting on any type of particle. FIG. 13 illustrates a 
unitary particle sorting cartridge 200 including a microflu-
idic based sorting component 120 for sorting particles 
without an aerosol phase according to an illustrative 
embodiment of the invention. Upstream of the sorting com-

45 ponent 120, the cartridge 200 includes a cell source 112 for 
storing particles to be sorted, a sheath fluid source 114 
storing a sheath fluid for facilitating a sorting process, a 
sterile filtered pneumatic port 101 for the cell source, a 
sample loading port 102 for the cell source, a sterile filtered 

50 pneumatic port 103 for the sheath fluid and a fluid loading 
port 104 for the sheath fluid reservoir 114. The pneumatic 
ports 101, 103 apply pressure to induce or facilitate fluid 
flow through the cartridge. Channels, illustrated as tubes 116 
and 118, connect the cell source 112 and sheath fluid 

55 reservoir 114, respectively, to inlets of the sorting compo-
nent 120. Downstream of the sorting component 120, the 
cartridge includes keep chambers 124a, 124 for collecting 
sorted particles, tubes 126, 128 connecting the outlets of the 
sorting component 120 to the keep chambers 124a, 124b. 

60 The cartridge also includes an extraction port 106, 108 for 
each keep chamber 124a, 124b, respectively, for extracting 
collected fluid from each keep chamber, and sterile fluid 
pneumatic ports 105, 107, respectively. The cartridge pro-
cesses relatively large volumes (0.1 ml to 5000 ml of 

65 suspension) and equal or larger volumes of sheath fluid 
through the system and out into output chambers 124a, 
124b. 
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The sorting component 120 may be separately manufac-
tured, stored, and/or shipped, and subsequently inserted into 
the cartridge substrate 200, creating a flexible connection. 
Alternatively, the sorting component 120 may be integrally 
and rigidly formed on the cartridge substrate 200. 

As shown, fluidic connections from the cell source 112 or 
sheath reservoir 114 to the sorting component 120 and from 
the sorting component to the keep chambers 124a, 124b, can 
be made with single tubes or arrays of tubes. The tubes 
creating the fluid paths can be of any appropriate diameter. 

An embodiment of a unitary particle processing cartridge 
of the present invention, such as the unitary particle pro-
cessing cartridge 100 shown in FIG. 12 or the unitary 
particle sorting cartridge 200 of FIG. 13 has several prop-
erties that are improvements in operation of a cell or particle 
sorting system. For example, most, and preferably all, of the 
fluid contact surfaces are built into one object ("the car-
tridge"). The unitary cartridge including all the fluid contact 
surfaces can be inserted into a processing instrument (the 
platform containing sorting optics, electronics, control soft-
ware and other subsystems the suspension never contacts) 
with a single operation. The unitary cartridge can also be 
disposed of in a single operation after use. The cartridge can 
be sterilized after assembly all at once. The cartridge can be 
shipped to the user in a sterile, ready to use form. Each 
cartridge (and therefore all fluid contact surfaces needed for 
a single processing run) can be given a barcode or other 
unique identification, making all of the parts that represent 
possible sources of product contamination fully traceable. In 
addition, no fluid waste needs to be removed from the 
cartridge in operation. Rather, fluid waste can be disposed of 
with the disposal of the cartridge, without requiring separate 
handling of the fluid waste. 

Use of a unitary particle processing cartridge of the 
present invention can enhance operator and product isola-
tion. To use the cartridge to perform a particle processing 
operation, such as particle sorting, a user can receive the 
cartridge sealed and sterile from the manufacturer. The user 
may then take a cartridge to a biosafety hood, such as a 
sterile laminar flow hood, and perform a sterile operation (in 
the manner of conventional tissue culture for that type of 
sample) to load cell sample and sheath reservoirs. The 
cartridge is preferably sealed before and after this operation. 
The user places the cartridge in the sorting to instrument 
platform. The system sorts the cells or particles in the sample 
into one or more of the keep chambers in the cartridge. The 
user removes the cartridge from the system and takes the 
cartridge back to the bio safety hood to remove the processed 
samples through their extraction ports. The user may then 
dispose of the used cartridge and unneeded fluids in a safe 
manner. Similar steps may be taken to perform other pro-
cesses on a sample using a unitary particle processing 
cartridge. 

As shown in FIG. 14, a unitary particle processing car-
tridge 100' of an embodiment of the invention may include 
also an aggregation filter 180 to help remove clumps of cells 
and prevent clogging of the sorting component. As shown, 
the aggregation filter 180 can be added to the fluid line(s) 
116 connecting the cell source 112 to the processing com-
ponent 110. The aggregation filter 180 may comprise any 
suitable material suitable for filtering a sample and may be 
disposed in any location along a fluid flow path in the 
cartridge 100'. 

As shown in FIG. 15, a unitary particle processing car-
tridge 100" of another embodiment of the invention may 
include a component for liquid level/concentration control 
and sheath recycling after performing particle processing 

12 
using the processing component 110. The illustrative car-
tridge 100" includes a pump 192, 194 and a filter 182, 184 
downstream of each processed particle chamber 124a, 124b, 
respectively, that receives processed particles from the pro-

5 cessing component. The pumps 192 and 194 and filters 182, 
184 facilitate liquid level/concentration control and recy-
cling of a processing means, such as sheath fluid, used to 
process the particles. The filters 182, 184 maybe three-port 
flow filters, for example, hollow fiber filters, for removing 

10 fluid, such as sheath fluid, from a fluid path (i.e., the 
corresponding processed particle chamber 124). The system 
thus removes sheath fluid from the processed particle cham-
bers to raise the concentration of collected particles in the 
processed particle chambers and to control the level of liquid 

15 in each processed particle chamber 124a, 124b. 
The illustrative unitary particle processing cartridge 100" 

also includes a recycling component for recycling fluid 
collected by the filters 182, 184. As shown, the excess fluid 
may be recovered (recycled) and returned into the process-

20 ing medium reservoir 114, for example, a sheath fluid 
reservoir, using a recycling path 1121, recycling reservoir 
191 and a pump 190. The recycling reservoir 191 receives 
the removed fluid from the filters 182 and 184, and the pump 
190 returns the extracted fluid from the filters 182 and 184 

25 to the chamber to 114 via fluid path 1121 for reuse during 
subsequent particle processing procedures. 

In general, a unitary particle processing cartridge of an
illustrative embodiment of the invention is a single object 
sealed against liquid transfer either in or out of the cartridge, 

30 except at specific ports that are only used in a specific 
standard operating procedure (SOP) that guarantees that 
their use does not violate the isolation of the interior of the 
cartridge or leak interior samples into the exterior. 

In one embodiment, the unitary particle processing car-
35 tridge is operated by being placed in a machine or system 

(the "Operating Machine") which may apply means of to 
actuation and sensing to the cartridge to perform one or more 
"unit process operations" on a suspension that has been 
loaded into the cartridge. The unit process operations per-

40 formed using the cartridge may change the state of the 
suspension, measure some properties of the suspension, both 
change the state and measures selected properties of a 
suspension, or other perform another suitable process on a 
suspension loaded in the cartridge. Examples of unit pro-

45 cesses suitable for use with the unitary cartridge of an
illustrative embodiment of the invention include, but are not 
limited to, measuring the number of cells in a suspension, 
measuring the amount of liquid in a suspension, measuring 
the type of cells in a suspension, which may be a cytometry 

50 operation, sorting cells in the suspension, collecting a subset 
of the cells in a suspension, heating the cells in a suspension, 
filtering a suspension to increase the concentration of cells 
therein, and changing the liquid or its chemical components 
in a suspension. 

55 The operating machine that operates on the unitary par-
ticle processing cartridge may use electrical, mechanical, 
pneumatic, optical, magnetic or other suitable actuation or 
sensing means known in the art to perform unit process 
operations on a suspension in the cartridge. Examples of 

60 actuation or sensing means suitable for use in an operating 
machine that employs the unitary cartridge of the illustrative 
embodiment of the invention include, but are not to, pneu-
matic means, mechanical means, optical means, magnetic 
means and electrical means. To actuate or sense using a 

65 pneumatic means, a gas may be injected through a sterile 
filter to drive a liquid suspension from one chamber to 
another or from a chamber through a component such as a 
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size filter and into a second chamber. To actuate or sense 
using a mechanical means, a peristaltic pump head may be 
built into the cartridge so that an external rotor may fit into 
that head and by rotating it pump liquid or gas from one 
chamber to another. To actuate or sense using an optical 5 

means, a light beam may be disposed relative to the cartridge 
to pass through a microchannel in the cartridge in order to 
count cells or particles that pass through that microchannel 
and transiently block or scatter the light on its way to a 
photodetector. To actuate or sense using a magnetic means, 10 

a rotating magnet may be brought close to a chamber 
containing a conventional magnetic stir bar, causing that stir 
bar to rotate and stir or mix the suspension in that chamber. 
To actuate or sense using an electrical means, conventional 
silicon pressure or temperature sensors may be built into the 15 

cartridge and their electrical leads may be connected to 
through the means of external contact pins. The operating 
machine may then apply and read voltages to or from these 
contact pins to operate the sensors. Alternatively, using an 
electrical means, a data storage means, which may be part of 20 

a microcontroller or CPU, digital or analog, may be built 
into the cartridge if it is advisable for the cartridge itself to 
be given a logging function or intelligence function to 
support its use or standard operating procedures for handling 
the cartridge. Power for these devices may come from the 25 

operating machine or be derived from batteries or electrical 
power storage means located within the unitary cartridge. In 
another embodiment of a mechanical means for performing 
a process in a suspension loaded in a cartridge, two cham-
bers may be connected by a tube with a region containing a 30 

soft wall to form a valve. Then, the operating machine may 
press on this region with a mechanical plate or other suitable 
means to temporarily or permanently crimp that region and 
selectively block liquid or gas flow from one chamber to 
another. 35 

The use of the cartridge allows the operating machine to 
be isolated from and external to the processing subsystem 
and fluid contact surface. In this manner, the operating 
machine can be used repeatedly, while the fluid contact 
surfaces can be disposable. 40 

The present invention has been described relative to an 
illustrative embodiment. Since certain changes may be made 
in the above constructions without departing from the scope 
of the invention, it is intended that all matter contained in the 
above description or shown in the accompanying drawings 45 

be interpreted as illustrative and not in a limiting sense. 
It is also to be understood that the following claims are to 

cover all generic and specific features of the invention 
described herein, and all statements of the scope of the 
invention which, as a matter of language, might be said to 50 

fall therebetween. 

Having described the invention, what is claimed as new 
and protected by Letters Patent is: 

1. A particle processing assembly for sorting individual 55 

particles on a particle-by-particle basis from a stream of 
particles, the particle processing assembly comprising: 

a microfluidic chip including at least one microsorter 
having a switching region and a microfluidic channel 
formed in the microfluidic chip fluidically coupled to a 60 

sample input a keep output, a waste output, and the 
switching region, 

wherein the switching region interfaces with at least one 
actuator external to the microfluidic chip, and 

wherein the switching region, when actuated by the 65 

actuator upon detection of a predetermined character-
istic of a selected particle, directs a pressure pulse 

14 
across the microfluidic channel to deflect the selected 
particle from the stream of particles. 

2. The particle processing assembly of claim 1, further 
comprising: 

a cartridge having fluid contact surfaces including a 
sample chamber, a keep chamber and a waste chamber, 
wherein the sample chamber of the cartridge is in fluid 
communication with the sample input of the microflu-
idic channel, wherein the keep chamber of the cartridge 
is in fluid communication with the keep output of the 
microfluidic channel, wherein the waste chamber of the 
cartridge is in fluid communication with the waste 
output of the microfluidic channel, and 

wherein all the fluid contact surfaces of the particle 
processing assembly are enclosed and configured to be 
sealed against liquid transfer to an exterior environment 
during a sorting operation. 

3. The particle processing assembly of claim 2, wherein 
the cartridge includes a sorted sample extraction port in fluid 
communication with the keep chamber and configured to be 
unsealed after the sorting operation has ended to provide 
access to fluid within the keep chamber. 

4. The particle processing assembly of claim 2, wherein 
all the fluid contact surfaces needed for the sorting operation 
are enclosed within the particle processing assembly. 

5. The particle processing assembly of claim 2, wherein 
the particle processing assembly is configured to allow 
pressurized air to drive the stream of particles through the 
microfluidic channel. 

6. The particle processing assembly of claim 2, wherein 
the fluid contact surfaces of the cartridge include a sheath 
chamber confgured to supply sheath fluid to the micro sorter 
upstream of the switching region. 

7. The particle processing assembly of claim 2, wherein 
the microfluidic chip and the cartridge are provided as a 
unitary particle processing cartridge assembly. 

8. The particle processing assembly of claim 7, wherein 
the unitary particle processing cartridge assembly is a rigid 
and integral assembly. 

9. The particle processing assembly of claim 1, further 
comprising a plurality of microsorters. 

10. The particle processing assembly of claim 1, wherein 
the microfluidic channel includes a detection region wherein 
particle characteristics of individual particles of a sample are 
detected on a particle-by-particle basis during the sorting 
operation. 

11. The particle processing assembly of claim 1, wherein 
the particle processing assembly includes a unique identifier. 

12. A system for sorting individual particles on a particle-
by-particle basis from a stream of particles, the system 
comprising: 

a particle processing assembly including a microfluidic 
chip, the microfluidic chip including at least one 
microsorter having a switching region, and a microflu-
idic channel formed in the microfluidic chip fluidically 
coupled to a sample input a keep output, a waste output, 
the switching region; and 

at least one actuator configured to generate a pressure 
pulse in the microfluidic channel, 

wherein the switching region directs the pressure pulse 
generated by the at least one actuator to deflect a 
selected particle from the stream of particles, and 

wherein the at least one actuator is external to the particle 
processing assembly and is interfaced with the switch-
ing region of the microfluidic chip and wherein the at 
least one actuator is configured to be actuated in 
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response to a desired particle characteristic of an indi-
vidual particle being detected in a detection region of 
the microfluidic channel. 

13. The system of claim 12, 
wherein the particle processing assembly further includes 

a cartridge having fluid contact surfaces including a 
sample chamber, a keep chamber and a waste chamber, 
wherein the sample chamber of the cartridge is in fluid 
communication with the sample input of the microflu-
idic channel, wherein the keep chamber of the cartridge 
is in fluid communication with the keep output of the 
microfluidic channel, wherein the waste chamber of the 
cartridge is in fluid communication with the waste 
output of the microfluidic channel, and 

wherein all the fluid contact surfaces of the particle 
processing assembly are enclosed and configured to be 
sealed against liquid transfer to an exterior environment 
during a sorting operation. 

14. The system of claim 12, further including a plurality 
of microsorters and a plurality of actuators wherein each 
actuator is associated with one of the plurality of microsort-
ers. 

15. The system of claim 12, wherein the at least one 
actuator is configured to supply at least one of a mechanical, 
electrical, pneumatic or magnetic force to at least one switch 
element associated with the switching region. 

16. The system of claim 12, wherein the operative inter-
face between the at least one actuator and the switching 
region of the microfluidic chip includes a pre-stressed state 
between the at least one actuator and the particle processing 
assembly. 

17. A method for sorting particles comprising: 
obtaining a microfluidic particle sorting component 

including at least one microsorter having a switching 
region and a microfluidic channel formed in the micro-
fluidic chip fluidically coupled to a sample input a keep 
output, a waste output, and the switching region; 

operatively interfacing the microfluidic particle sorting 
component with an operating machine, including align-
ing the switching region of the microfluidic particle 
sorting component with a pressure pulse generator 
external to the microfluidic particle sorting component 
and provided by the operating machine; 

16 
operating the operating machine to process a sample 

having particles to be sorted, including the steps of: 
flowing the sample containing particles through the 

microfluidic particle sorting component; 
5 detecting whether individual particles flowing within 

the microfluidic particle sorting component have a 
predetermined characteristic; 

causing the pressure pulse generator provided on the 
operating machine to generate a pressure pulse in the 

10 
switching region of the microsorter in response to the 
predetermined characteristic of an individual particle 
being detected; 

deflecting the individual particle from the particles 
flowing within the microfluidic particle sorting com-
ponent into one of the keep output and the waste 

15 output; and 
removing the microfluidic particle sorting component 

from the operating machine. 
18. The method of claim 17, further including the steps: 
providing the microfluidic particle sorting component as 

20 part of a cartridge assembly, the cartridge assembly 
having internal fluid contact surfaces including a 
sample fluid input reservoir and a selected particle fluid 
output reservoir; 

loading a sample containing particles into the sample fluid 
25 input reservoir of the cartridge assembly via a sealable 

sample input port; 
sealing the cartridge assembly against liquid transfer into 

and out of the cartridge assembly. 
19. The method of claim 18, wherein the cartridge assem-

30 bly remains sealed during the steps of operatively interfac-
ing, operating, and removing, and wherein all fluid contact 
surfaces required for a microfluidic particle sorting opera-
tion are enclosed by the cartridge assembly and are isolated 
from exposure to an exterior environment during the micro-
fluidic particle sorting operation. 

20. The method of claim 18, further comprising: 
extracting a sample containing selected particles from the 

selected particle fluid output reservoir of the cartridge 
assembly via a processed sample output port. 

40 21. The method of claim 18, further comprising: 
applying an external source of pressure to the sample fluid 

input reservoir. 

* * * * * 
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