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FEEDBACK CONTROLLED SYRINGE PUMP 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] Pursuant to 35 USC §119(e), this application 
claims priority to the ?ling date of US. Provisional Patent 
Application Ser. No. 61/250,155, ?led Oct. 9, 2009, Which 
application is incorporated herein by reference in its entirety. 

INTRODUCTION 

[0002] Automated syringe pumps are used throughout 
research institutions, medical facilities, and industry for infu 
sion and WithdraWal of a Wide variety of ?uids at ?oW rates 
ranging from nL/hr to mL/sec, a range of more than nine 
orders of magnitude. A variety of automated syringe pumps 
have been developed, including those described in US. Pat. 
Nos. 7,361,157; 7,31 1,879; 7,135,290; 6,932,242; 5,896,804; 
5,295,967; 5,242,408; 5,219,099; 5,176,646 and 5,176,502. 
[0003] Traditional approaches to automated syringe pump 
design have focused on reduction or elimination of dynamic 
behavior. Speci?cally, dynamic behavior in the syringe is 
either designed out by using high stiffness materials (eg 
glass, stainless steel), or by operating syringes in steady-state 
con?gurations only (eg as in medical applications for drug 
delivery). 
[0004] HoWever, these dynamic effects, While negligible in 
traditional syringe pump applications, become more signi? 
cant in micro?uidic applications Where compliant syringes 
are used to drive dynamic operation of high resistance ?oWs. 
Micro?uidics, ?uidic systems Where the pipe dimensions are 
on the order of microns, gives rise to additional syringe pump 
requirements. The small channel dimensions of the microf 
luidic channels require high pressures to develop small ?uid 
?oWs. Therefore, When a traditional syringe pump is used to 
drive a micro?uidic chip With a disposable polymeric syringe, 
the dynamics of the system become dominant, as the barrel of 
the syringe expands, acting as a ?uidic capacitor. 

SUMMARY 

[0005] The present invention provides a unique solution to 
problems currently encountered in the automated syringe 
pump art. Contrary to the prevalent approach of the art to 
eliminate all possible dynamic behavior, the present inven 
tion incorporates a dynamic behavior, e.g., in the form of an 
elastic member, such as a spring, into the syringe pump con 
troller of an automated syringe pump. By intentionally incor 
porating this dynamic behavior of knoWn quantity into the 
system and then providing a feedback control loop around 
this element, the invention achieved unprecedented ability to 
control pressure in the syringe and/or ?oW of ?uid out of the 
syringe. Embodiments of the invention provide these advan 
tages Without the use of Wetted components and/ or With inex 
pensive off the shelf components. 
[0006] Aspects of the invention include an automated 
syringe pump that includes a syringe plunger controller and 
an elastic member, such as a spring, positioned betWeen a 
rigid member and a syringe plunger retainer. The controller 
may include a transducer, such as a linear potentiometer, for 
generating a signal representative of force applied to a syringe 
plunger present in the syringe plunger retainer. In addition, 
the controller may include a proportional-integral-derivative 
(PID) controller that provides for at least one of constant 
pressure on the syringe plunger and constant ?oW rate of ?uid 
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out of a syringe operated by the automated syringe pump. 
Also provided are methods, systems and kits using the auto 
mated syringe pumps. 
[0007] Accordingly, automated syringe pumps are pro 
vided that include a syringe plunger controller con?gured to 
move a syringe plunger relative to a syringe barrel, Where the 
syringe plunger controller includes an elastic member posi 
tioned betWeen a rigid member and a plunger retainer. 

[0008] In certain embodiments, the elastic member 
includes a spring, such as a compression spring and a tension 
spring. In some cases, the rigid member includes a slide, 
Where in particular instances the slide is operatively coupled 
to a motor. 

[0009] In some embodiments, the plunger controller fur 
ther includes a transducer for generating a signal representa 
tive of force applied to a plunger present in the plunger 
retainer. The transducer may be a position sensor, such as a 
linear potentiometer, coupled to the plunger retainer and the 
rigid member. In particular cases, the controller further 
includes a proportional-integral-derivative (PID) controller 
that provides for at least one of constant pressure on a plunger 
and constant ?oW rate of ?uid out of a syringe operated by the 
automated syringe pump. 
[0010] In additional embodiments of the present disclo 
sure, an automated syringe pump is provided that includes: 
(a) a syringe holder; (b) a syringe plunger retainer; and (c) a 
syringe plunger controller con?gured to move a syringe 
plunger held in the syringe plunger retainer relative to a 
syringe barrel held in the syringe holder. In these embodi 
ments, the syringe plunger controller includes: (i) an elastic 
component; and (ii) a proportional-integral-derivative (PID) 
controller, Where the elastic component and the PID control 
ler together provide for at least one of constant pressure on a 
plunger and constant ?oW rate of ?uid out of a syringe held in 
the syringe holder. 
[0011] In some cases, the plunger controller includes a 
motor and slide and the elastic component may include a 
compression spring and a tension spring. In certain instances, 
the compression spring and tension spring are coaxial. In 
addition, in particular embodiments, the controller includes a 
transducer for generating an electrical signal representative of 
force applied to the syringe plunger held in the syringe 
plunger retainer. The transducer may be a linear potentiom 
eter. 

[0012] Other aspects of the current disclosure include a 
method of forcing ?uid out of a ?uid loaded syringe using an 
automated syringe pump of the present disclosure. 

BRIEF DESCRIPTION OF THE FIGURES 

[0013] FIG. 1 shoWs a schematic of a feedback controlled 
syringe pump of the present disclosure. 
[0014] FIG. 2 shoWs a schematic of the syringe and the ?oW 
conditions. 
[0015] FIG. 3 shoWs a schematic of a ?uidic circuit of a 
single compliant syringe in a syringe pump of the present 
disclosure. 

[0016] FIG. 4 shoWs a graph of characteristic depressuriZa 
tion time constants for four syringes When connected to one 
meter long capillaries With diameters betWeen 10 and 250 
microns. 

[0017] 
model. 

FIG. 5 shoWs a schematic of the syringe system 
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[0018] FIG. 6 shows a graph of the percent de?ection 
observed in the plunger and barrel for 1 mL, 3 mL, 5 mL, and 
10 mL plastic syringes. 
[0019] FIG. 7, top, shoWs a graph of the velocity calibration 
performed for infusion and WithdraWal of pump #0 While 
unloaded and loaded With 45 N. FIG. 7, bottom, shoWs a 
graph of the velocity calibration curve ?t from all data points 
for pump #0. 
[0020] FIG. 8, top, shoWs a graph of the velocity calibration 
performed for infusion and WithdraWal of pump #1 While 
unloaded and loaded With 45 N. FIG. 8, bottom, shoWs a 
graph of the velocity Calibration curve ?t from all data points 
for pump #1 
[0021] FIG. 9 shoWs a graph of dynamic responses to a step 
change in input for syringe pump #1. The average time con 
stant Was 9.5 ms. 

[0022] FIG. 10 shoWs a graph of the real time response of a 
pressure controlled syringe pump of the present disclosure. 
[0023] FIG. 11 shoWs a graph of the ?rst calibration using 
a syringe pump of the present disclosure. 
[0024] FIG. 12 shoWs a graph of the second calibration 
using a syringe pump of the present disclosure With the linear 
positioner secured With glue. 
[0025] FIG. 13 shoWs a graph of the third calibration using 
a syringe pump of the present disclosure With an alternative 
excitation voltage (HP DC PoWer Supply VSMPI2OV). 
[0026] FIG. 14 shoWs a graph of the ?nal calibration using 
a syringe pump of the present disclosure With the sensor 
lubricated, reassembled and linear potentiometer secured 
With cyanoacrylate gel. 
[0027] FIG. 15 shoWs a graph of the ?nal force calibration 
line ?t. Data points in the range of 15 N to 100 N or 1.5 V to 
5.5 V are shoWn. 
[0028] FIG. 16 shoWs a graph of average actuation ?oW 
rate, actual ?oW rate, and measured pres sure versus time. The 
graph shoWs a response time of about 38 seconds. 
[0029] FIG. 17 shoWs a graph of pressure step response 
times. Response times Were betWeen 2 and 18 seconds for an 
increasing pressure step and betWeen 2 and 8 seconds for a 
stopping step. 
[0030] FIG. 18 shoWs a pressure calibration veri?cation 
chart. Predicted pressure values Were Within 5-8% using stan 
dard values and Without calibration or correction for syringe 
friction. 

DEFINITIONS 

[0031] Unless de?ned otherWise, all technical and scien 
ti?c terms used herein have the meaning commonly under 
stood by a person skilled in the art to Which this invention 
belongs. As used herein, the folloWing terms have the folloW 
ing meanings unless otherWise indicated. 
[0032] As used herein, the terms “commercial, off-the 
shelf ’ or “COTS” refer to products that are ready-made and 
available for sale, lease, or license to the general public. 
[0033] As used herein, the terms “proportional-integral 
derivative controller” or “PID controller” refer to a control 
loop feedback mechanism used in control systems. A PID 
controller attempts to correct the error betWeen a measured 
process variable and a desired setpoint by calculating and 
then outputting a corrective action that can adjust the process 
accordingly. The Proportional value determines the reaction 
to the current error, the Integral value determines the reaction 
based on the sum of recent errors, and the Derivative value 
determines the reaction to the rate at Which the error has been 
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changing. The Weighted sum of these three actions is used to 
adjust the process via a control element. 
[0034] The terms “operatively connected”, “operatively 
linked” and “operatively coupled”, as used herein, are used 
interchangeably and mean that the elements are connected to 
each other either directly or indirectly. 
[0035] The terms “optional” or “optionally” as used herein 
mean that the subsequently described circumstance may or 
may not occur, so that the description includes instances 
Where the circumstance occurs and instances Where it does 
not. For example, the phrase “optionally substituted” means 
that a non-hydrogen substituent may or may not be present, 
and, thus, the description includes structures Wherein a non 
hydrogen substituent is present and structures Wherein a non 
hydrogen substituent is not present. 

DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS 

[0036] Aspects of the invention include an automated 
syringe pump that includes a syringe plunger controller and 
an elastic member, such as a spring, positioned betWeen a 
rigid member and a syringe plunger retainer. The controller 
may include a transducer, such as a linear potentiometer, for 
generating a signal representative of force applied to a syringe 
plunger present in the syringe plunger retainer. In addition, 
the controller may include a proportional-integral-derivative 
(PID) controller that provides for at least one of constant 
pressure on the syringe plunger and constant ?oW rate of ?uid 
out of a syringe operated by the automated syringe pump. 
Also provided are methods, systems and kits using the auto 
mated syringe pumps. 
[0037] BeloW, the subject automated syringe pumps are 
described ?rst in greater detail, folloWed by a revieW of the 
various methods in Which that the automated syringe pumps 
may ?nd use, as Well as a discussion of various representative 
applications in Which the subject automated syringe pumps 
and methods ?nd use. 

Feedback Controlled Syringe Pumps 

[0038] Provided are feedback controlled syringe pumps for 
control of applied pressure or volumetric ?oW. Enhanced 
volumetric control facilitates faster, more reliable dynamic 
control for micro-?uidic applications, especially for improv 
ing the dynamic response of micro?uidic systems Where 
polymeric syringes and high resistance ?oWs are driven With 
commercial off-the-shelf (COTS) syringe pumps. In certain 
embodiments, the disclosed syringe pumps are con?gured to 
measure the How as Well as pressure Without Wetted compo 
nents. 

[0039] As summariZed above, syringe pumps of the inven 
tion deviate from the conventional Wisdom in the art by 
including a knoWn, predetermined dynamic behavior into the 
syringe pump controller and then building a feedback control 
loop around this knoWn, predetermined dynamic behavior. In 
certain embodiments, the knoWn, predetermined amount of 
dynamic behavior is provided by the presence of an elastic 
member positioned betWeen a rigid member of the syringe 
pump controller and the syringe. In certain embodiments, the 
elastic member is a spring element, e.g., an element made up 
of one or more springs, such as helical springs. Of interest in 
certain embodiments is an elastic member made up of both a 
compression spring and a tension spring, e.g., Where these 
springs are coaxially aligned. In embodiments Where the elas 
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tic member comprises a compression spring and a tension 
spring, the combined spring rate of the springs may vary, 
ranging from 20 lb/in to 80 lb/in, such as 30 lb/in to 70 lb/in 
and including 40 lb/in to 60 lb/ in, With a force range of —1 5 lbs 
to 35 lbs, such as —10 lbs to 30 lbs, including -5 lbs to 25 lbs. 
In particular embodiments, the combined spring rate of the 
springs is 48.2 lb/in With a force range of —5 lbs to 25 lbs. 
[0040] Automated syringe pumps of the invention may be 
con?gured to operate syringes of a variety of different siZes, 
including micro?uidic syringes. Embodiments of the syringe 
pumps are con?gured to operate syringes ranging in siZe from 
0.3 mL to 1 L, such as 0.5 mL to 250 mL and including 1 mL 
to 100 mL. Micro?uidic syringes are syringes that range in 
siZe from 0.5 [1L to 1 mL, such as 2.5 [1L to 500 ML, and 
including 5 [1L to 250 ML. 
[0041] An exemplary feedback controlled syringe pump of 
the present disclosure is depicted in FIG. 1. Aspects of the 
syringe pump 100 depicted in FIG. 1 include a motor, a 
transducer and an elastic member. The motor may be any type 
of motor knoWn to one of skill in the art, such as but not 
limited to a linear stepper motor 110 With a linear actuator, 
linear screW drive actuator, and the like. In certain embodi 
ments, the transducer is a position sensor, such as but not 
limited to a linear potentiometer 115. The linear position 
sensor detects the displacement and thus enables an estimate 
of the pressure Within the syringe from the applied force. 
[0042] In some cases, the elastic member includes one or 
more springs, such as a compression spring 117 and a tension 
spring 119. In particular instances, the compression spring 
117 and the tension spring 119 are coaxial. In certain embodi 
ments, the elastic member is positioned betWeen the rigid 
member and the plunger retainer 120. In some cases, this 
provides a constant amount of system compliance Which 
enhances pressure to position sensitivity. In particular 
embodiments, the syringe pump also includes a Zero point 
adjustment screW 125, Which is con?gured to provide for 
adjustment of the pressure Zero point of the system. 
[0043] Additional aspects of the syringe pump 100 
depicted in FIG. 1 include a rigid member and mounting 
hardWare for the syringe. In some cases, the rigid member is 
a slider 130, Which may be operatively coupled to the motor, 
such that operation of the motor moves the slide linearly. In 
certain embodiments, the rigid member is guided along a 
linear path by precision rods 135, such that the rigid member 
slides along the precision rods. In some cases, the motor 
includes a screW 140 Which engages the slide, such that opera 
tion of the motor turns the screW Which causes the slide to 
move. 

[0044] In some cases, the mounting hardWare for the 
syringe includes a syringe plunger retainer 120 and a syringe 
barrel retainer 140. The syringe plunger retainer is con?gured 
to couple the syringe plunger, for example the end of the 
syringe plunger, to the elastic member. In some embodi 
ments, the syringe pump further includes a guide 150 Which is 
con?gured to align the plunger retainer With the elastic mem 
ber. The syringe barrel retainer is con?gured to hold the 
syringe barrel in a ?xed position relative to movement of the 
slide and the plunger retainer When the motor is engaged. 
Thus, operation of the motor moves the slide linearly. The 
movement of the slide is transmitted through the elastic mem 
ber to the plunger retainer, causing the plunger retainer to 
move the syringe plunger present in the plunger retainer. 
Movement of the syringe plunger into the barrel of the syringe 
forces ?uid out of the opposite end of the syringe 160. 
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[0045] In particular embodiments, the transducer (e.g. 
position sensor or linear potentiometer) is coupled to the 
plunger retainer and the rigid member. In certain embodi 
ments, the transducer is coupled to the rigid member using an 
adhesive, such as but not limited to glue, adhesive, cyanoacry 
late gel, and the like. In some cases, the transducer is con?g 
ured to generate a signal representative of force applied to the 
syringe plunger present in the plunger retainer. The force 
applied to the rigidmember (eg the slide) is transducedusing 
the linear potentiometer and a knoWn calibration for the com 
pliance of the elastic member (i.e., the knoWn spring constant 
of the springs). In particular cases, the spring facilitates appli 
cation-to-application repeatability Where the compliance of 
the syringe and the ?uidic resistance of the system depend on 
the application. Thus, the spring When coupled With a linear 
potentiometer and Hooke’s LaW, Will provide a measure of 
the force applied to the plunger of the syringe. Consequently, 
the syringe pump can be controlled to deliver a constant 
force/pressure or a constant velocity/?ow rate by using a 
proportional-integral-derivative (PID) controller. 
[0046] In certain embodiments, the transducer is a spring 
loaded linear potentiometer. In these embodiments, the spring 
loaded linear potentiometer includes a spring that has a spring 
constant ranging from 0.001 N/m to 10 N/m, such as from 
0.01 N/m to 5 N/m, including from 0.1 N/m to 1 N/m. In other 
embodiments, the transducer is coupled to the plunger 
retainer by a threaded connection. In these embodiments, the 
threaded connection has a screW thread siZe ranging from 
#0-80 to #10-24, or larger. One of skill in the art Will recog 
niZe that metric siZed screW threads may also be used in 
embodiments Where the transducer is coupled to the plunger 
retainer by a threaded connection. 

[0047] In certain embodiments, the linear potentiometer 
has a total displacement ranging from about 0.1 in. to about 10 
in., such as from about 0.1 in. to about 5 in., including from 
about 0.1 in. to about 1 in. In particular instances, the linear 
potentiometer has a total displacement of about 0.5 in. 

[0048] In certain embodiments, the syringe pump is con 
?gured to deliver a force ranging from about 1 N to about 200 
N, such as from about 5 N to about 150 N, including from 
about 15 N to about 100 N. In particular embodiments, the 
syringe pump is con?gured to respond quickly to step 
changes in input. For instance, in some cases, the syringe 
pump has a response time of about 60 seconds or less, such as 
about 40 seconds or less, including about 20 seconds or less, 
for example about 10 seconds or less, such as about 1 second 
or less, including about 0.5 seconds or less, for instance about 
100 milliseconds or less, such as about 10 milliseconds or 
less. 

[0049] In certain embodiments, the automated syringe 
pumps of the present disclosure also include one or more 
digital inputs and/or one or more digital outputs. The digital 
inputs and/or digital outputs can be used to trigger internal 
programming and provide analog-to-digital (A/ D) as Well as 
digital-to-analog (D/A) conversion for ease of integration 
into existing systems. In certain embodiments, the resolution 
ofthe A/D convertor is at least 10 bit, such as at least 16 bit, 
including at least 18 bit. In certain embodiments, the resolu 
tion of the D/A convertor is at least 10 bit, such as at least 16 
bit, including at least 18 bit. In certain embodiments, the 
automated syringe pumps also include a capacitor, Where the 
capacitor facilitates the reduction of high-frequency noise in 
the linear potentiometer. 
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[0050] In some cases, the syringe pumps also include a 
means for communicating With other devices, such as but not 
limited to a USB interface, a serial interface, and the like. In 
some cases, the automated syringe pumps further include a 
display for outputting data and/or results to a user in a human 
readable format. 

[0051] The folloWing sections provide exemplary embodi 
ments and additional disclosure alloWing one of skill in the art 
to make and use the claimed invention. A detailed description 
of systems of the disclosure is provided. Methods for using 
the systems are also discussed. 

Systems 

[0052] Systems of the present disclosure include one or 
more feedback controlled syringe pumps described herein. 
For instance, systems of the present disclosure may include 
one, tWo, three, four, ?ve, six, seven, eight, nine, ten, or more 
syringe pumps. In some cases, the syringe pumps may be 
operated in parallel, such that the mixing ratios of the syringes 
can be monitored and controlled individually. In certain 
embodiments, the one or more syringe pumps are controlled 
by a single syringe plunger controller. In other cases, each of 
the one or more syringe pumps is controlled by individual 
syringe plunger controllers. 
[0053] In other exemplary embodiments, a syringe pump of 
the present disclosure may be con?gured to accept one or 
more syringes. For instance, the syringe pump may be con 
?gured to use one, tWo, three, four, ?ve, six, seven, eight, 
nine, ten, or more syringes. In these embodiments, the syringe 
plunger retainer is con?gured to retain one or more syringe 
plungers, such as tWo, three, four, ?ve, six, seven, eight, nine, 
ten, or more syringe plungers. Thus, in these embodiments, 
the syringe plunger retainer engaged the plungers of the one 
or more syringes in parallel. Similarly, in these embodiments, 
the syringe barrel retainer is con?gured to retain one or more 
corresponding syringe barrels, such as tWo, three, four, ?ve, 
six, seven, eight, nine, ten, or more syringe barrels. 

Methods 

[0054] Provided are methods for forcing ?uid out of a ?uid 
loaded syringe. In certain embodiments, the method uses an 
automated syringe pump of the present disclosure. The 
method includes positioning a syringe loaded With said ?uid 
into an automated syringe pump including a syringe plunger 
controller con?gured to move a syringe plunger of the syringe 
relative to a syringe barrel of the syringe, Where the syringe 
plunger controller includes an elastic member positioned 
betWeen a rigid member and a syringe plunger retainer. The 
method further includes causing the syringe plunger control 
ler to move the syringe plunger relative to the syringe barrel to 
force ?uid out of the syringe. 

[0055] In some embodiments, the syringe plunger control 
ler can further include a proportional-integral-derivative 
(PID) controller that provides for at least one of constant 
pressure on the syringe plunger and constant ?oW rate of ?uid 
out of the syringe operated by the automated syringe pump. 
[0056] In some cases, the elastic component includes a 
compression spring and a tension spring. In certain embodi 
ments, the controller includes a transducer for generating an 
electrical signal representative of force applied to the syringe 
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plunger held in the syringe plunger retainer. The transducer 
may, in particular embodiments, be a linear potentiometer. 

Kits 

[0057] Also provided are kits that ?nd use in practicing the 
subject methods, as described above. For example, kits for 
practicing the subject methods may include one or more 
automated syringe pumps of the present disclosure. As such, 
in certain embodiments the kits may include one or more 
syringes foruse in the presently disclosed syringe pumps. The 
syringes may be provided in separate pieces, such that the 
syringe barrel and the syringe plunger are assembled together 
by the user. In other embodiments, the syringes may be pro 
vided as pre-assembled syringes. 
[0058] In addition to the above components, the subject kits 
may further include instructions for practicing the subject 
methods. These instructions may be present in the subject kits 
in a variety of forms, one or more of Which may be present in 
the kit. One form in Which these instructions may be present 
is as printed information on a suitable medium or substrate, 
e.g., a piece or pieces of paper on Which the information is 
printed, in the packaging of the kit, in a package insert, etc. 
Another means Would be a computer readable medium, e. g., 
diskette, CD, DVD, computer-readable memory, etc., on 
Which the information has been recorded or stored. Yet 
another means that may be present is a Website address Which 
may be used via the Internet to access the information at a 
removed site. Any convenient means may be present in the 
kits. 

Utility 

[0059] As can be seen, the automated syringe pumps of the 
present disclosure ?nd use in a variety of different applica 
tions Where it is desirable to use an automated syringe pump 
that provides for at least one of constant pressure on a plunger 
and constant ?oW rate of ?uid out of a syringe operated by the 
automated syringe pump. In certain embodiments, the meth 
ods are directed to automated syringe pumps that ?nd use in 
applications such as, but not limited to laboratory applica 
tions (i.e., for syringe volumes less than about 200 mL), 
industrial applications (i.e., for syringe volumes of about 200 
mL or greater), embedded applications for biotechnology, 
and medical infusion pumps (eg for delivering an active 
agent to a subject at a constant pressure or constant ?oW rate). 
The subject automated syringe pumps also ?nd use in microf 
luidic applications, and the like. 
[0060] As can be appreciated from the disclosure provided 
above, the present disclosure has a Wide variety of applica 
tions. Accordingly, the folloWing examples are offered for 
illustration purposes and are not intended to be construed as a 
limitation on the invention in any Way. Those of skill in the art 
Will readily recogniZe a variety of noncritical parameters that 
could be changed or modi?ed to yield essentially similar 
results. Thus, the folloWing examples are put forth so as to 
provide those of ordinary skill in the art With a complete 
disclosure and description of hoW to make and use the present 
invention, and are not intended to limit the scope of What the 
inventors regard as their invention nor are they intended to 
represent that the experiments beloW are all or the only 
experiments performed. Efforts have been made to ensure 
accuracy With respect to numbers used (eg amounts, tem 
perature, etc.) but some experimental errors and deviations 
should be accounted for. Unless indicated otherwise, parts are 










