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MINIATURE PRESSURE-DRIVEN PUMPS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application 1s a continuation of, and claims
priority to, co-pending U.S. Application Serial No. 17/
(074,258, filed Oct. 19, 2020, which claims priority to U.S.
Provisional Application Serial No. 62/923,417, filed Oct.
18, 2019, both of which are hereby incorporated by refer-
ence herem 1n their entireties.

NOTICE OF GOVERNMENT-SPONSORED
RESEARCH

[0002] This invention was made with Government support
under grant contract number RO1DC014568 awarded by the
National Institutes of Health (NIH). The Government has
certain rights mn the mvention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] The present disclosure may be better understood
with reference to the following figures. Matching reference
numerals designate corresponding parts throughout the fig-

ures, which are not necessarily drawn to scale.
[0004] FIG. 1 1s a perspective view of an embodiment of a

miniature pressure-driven pump.

[0005] FIG. 2 1s a schematic view of a pump chamber of
the pump of FIG. 1.

[0006] FIG. 3 1s a perspective exploded view of a further
embodiment of a mimature pressure-driven pump.

[0007] FIG. 4 1s a graph that shows the effect of pressure
on the flow rate of a mimature pressure-driven pump.
[0008] FIG. S 1s a graph that shows the effect of inclusion
or exclusion of a pressure ring on a septum of a mimature
pressure-driven pump.

[0009] FIG. 6 1s a graph that shows the amount of back-
tlow that occurs for mimiature pressure-driven pumps of var-
10US T€SErvolr capacities.

[0010] FIG. 7 1s a graph that shows modeling results for
the effect of fluad viscosity on flow rate for a mmmature pres-
sure-driven pump.

[0011] FIG. 8 1s a graph that shows modeling results for
the effect of downstream height on flow rate for a mimature
pressure-driven pump.

[0012] FIG. 9 1s a graph that shows modeling results for
the effect of ambient temperature on flow rate for a mima-
ture pressure-driven pump.

BACKGROUND

[0013] Fluid perfusion 1s required for various lab-on-chip
(LOC) applications, such as mamtaiming viable cell cultures
1in microfluidic channels. Unfortunately, traditional pumping
apparatus, such as characterization syringe pumps and con-
stant pressure sources, are bulky and can be difficult to inte-
orate with cell-based microfluidic systems that require mcu-
bation. It would be desirable to have pumps suitable for
LOC applications that are less bulky and more easily mte-
grated 1nto microfluidic systems.

DETAILED DESCRIPTION

[0014] As expressed above, 1t would be desirable to have
pumps suitable for lab-on-chip (LOC) applications that are
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less bulky and more easily integrated mto microfluidic sys-
tems than conventional pumps. Disclosed herein are exam-
ples of such pumps. In some embodiments, a mimature
pump 1s configured as a zero-power, plug-and-play pump
that comprises a refillable iquid reservoir defined at least
in part by a deformable membrane. When external pressure
1s applied to the membrane, for pneumatic pressure, the
membrane 1s compressed and liquad 1s discharged from the
TESEIVolr.

[0015] In the followimg disclosure, various specific embo-
diments are described. It 1s to be understood that those
embodiments are example implementations of the disclosed
inventions and that alternative embodiments are possible.
Such alternative embodiments include hybrid embodiments
that imnclude features from different disclosed embodiments.
All such embodiments are mtended to fall within the scope
of this disclosure.

[0016] Disclosed herein 1s a zero-power, plug-and-play
pump that comprises a refillable liquad reservoir defined at
least 1n part by a deformable membrane. When liquid 1s to
be pumped by the pump, the membrane 1s compressed by
regulated pneumatic pressure and at least some of the liquad
1s discharged from the reservoir. In some embodiments, the
membrane generates little or no restoring forces such that
laittle or no backtlow occurs when the pump 1s ott. In some
embodiments, the pump can be directly connected to a mod-
ular microfluidic device to provide fluid pumping without
the need for electrical power.

[0017] Test results described below reveal that the flow
rate of the pump can be controlled by adjusting the pneu-
matic pressure and/or the size of a flow constrictor, such
that, 1n some cases, flow rates ranging from 35 nL/mm to
100 uL/mm can be achieved. For LOC applications, this
range may be approximately 35 to 2,400 nLL/mm. In some
embodiments, a septum can be used to refill the reservorr.
Testing of an experimental pump comprising such a septum
showed no septum leakage after thousands of injections
under up to approximately 15 ps1 of backpressure. Scalabil-
ity of the reservoir was explored by fabricating multiple
reservoirs of different capacities. The characterization of
backflow 1 different capacities revealed less than 2% of
the overall volume backtlow and up to 95% fluid ¢jection.
COMSOL Multiphysics® Modeling Software simulations
were also performed and the results demonstrated minimal
dependency on the flow rate to downstream height. Through
the testing, 1t was concluded that the mimature pump pro-
vides robust long-term flows across a broad range of
volumes from tens to thousands of nL/min. Due to the
low-cost, biocompatible, and scalable fabrication methodol-
ogy, as well as the plug-and-play usability of the pump, the
device can be used in broad range of mimaturized (e.g..
microfluidic) applications and, therefore, has the potential
to replace traditional pumps for smmple perfusion
applications.

[0018] FIG. 1 illustrates an example configuration for a
miniature pump 10 of the type discussed above. As shown
in this figure, the pump 10 (or “pumping device™) comprises
a substrate 12 (shown 1n partial view) upon which the
remainder of the pump’s components are supported. The
substrate 12 can be made of any suitably supportive mate-
rial. In some embodiments, the substrate 12 1s made of a
polymer material, such as polymethyl methacrylate
(PMMA), and can be formed using a deposition fabrication
technique, such as three-dimensional (3D) printing.
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[0019] Provided on a surtace 14 of the substrate 12 1s a
pump body 16 that can also be made of a polymer material,
such as a biocompatible resin. In some embodiments, the
body 16 1s coated with one or more layers of a durable bio-
compatible material, such as parylene C, using a suitable
deposition process. In such cases, all surfaces of the body
16, including those of internal features of the body, are cov-
ered 1n that material. In the illustrated example, the body 16
1s shaped as a rectangular cuboid, although other shapes are

possible.
[0020] Formed within the pump body 16 are an internal air

chamber 18 and an mternal pump chamber 20. The air
chamber 18 1s 1n fluid communication with an air inlet port
22 that extends from the chamber to a top surface 24 of the
body 16. As described below, air (or another fluid) can be
delivered to the chamber 18 via the port 22. In some embo-
diments, the port 22 can mclude a valve 26 that enables air
to be mjected into (or withdrawn from) the chamber 18. In
other embodiments, the port 22 could comprise a septum,
similar to the septum described below, mstead of a valve.
Also m fluid communication with the air chamber 18 1s an
internal lateral passage that connects the air chamber 18 to
the pump chamber 20. In some embodiments, this passage
28 comprises a bore that 1s formed through the pump body
16. In some embodiments, a valve (not shown) can also be
provided within the bore. In such cases, that valve could be

used as a shut off valve that can be actuated to shut the pump

10 oft.
[0021] In the illustrated embodiment, the pump chamber

20 1s configured as a cylindrical chamber having a vertical
central axis and an mternal base 30. Provided within the
chamber 20 1s a deformable pump membrane 32 that helps
define the liquid reservoir. As 1s most clearly 1llustrated n
the schematic representation of the chamber 20 of FIG. 2,

the membrane 32 separates the chamber into an upper air
sub-chamber 34 and a lower liquid sub-chamber 36, the lat-
ter of which being used as (and being referable to as) a liquid
reservolr of the pump 10. The membrane 32 1s made of a
material and has a thickness that enable the membrane to
casily deform when pressure 1s applied to 1t by the air sub-
chamber. In the embodiment 1llustrated 1n FIGS. 1 and 2, the
pump membrane 32 comprlses a thin dome-shaped element
that has a base or bottom rim 38 that 1s securely attached to
the base 30 of the pump chamber 20 and that extends
upward within the chamber. In some embodiments, the por-
tion 39 of the substrate covered by the membrane 32 (the
membrane and that portion together defiming the volume of
the liquad reservorr) 1s convex, as shown mn FIG. 2. In further
embodiments, the substrate portion 39 has the inverse shape
of the membrane 32, 1.¢., the magnitude of 1ts concavity 1s
equal to the magnitude of the membrane’s convexity. In
such cases, the substrate portion 39 and the membrane 32
have the same surface area and the membrane can lie flat on
the substrate portion when all tluid has been discharged
from the reservorr.

[0022] The membrane 32 can be made of one or more
layers of a durable and flexible biocompatible polymer
material. In some embodiments, the membrane 32 18 made
of a single layer of maternial that 1s no greater than 100 um
thick. By way of example, the layer can be approximately 2
to 20 um thick. In some embodiments, the membrane 1s
made of a silicone material having a Young’s modulus of
approximately 1 MPa. In other embodiments, the membrane
32 can be made of a parylene material, such as parylene C,
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which has a Young’s modulus of approximately 2 to 3 GPa.
As will be appreciated by persons having skill in the art,
both of these parameters (1.€., Young’s modulus and thick-
ness) mmpact the membrane’s ability to create restoring
forces. Accordingly, those parameters can be adjusted 1n
order to mimimize the generation of restoring forces. For
example, 1f the Young’s modulus of the material 1s relatively
high, the membrane can be thinner to achieve that result. If,
on the other hand, the Young’s modulus 1s relatively low, the
membrane may can be thicker to achieve the result.

[0023] The material properties and thinness of the pump
membrane 32 together ensure that, when the pump mem-
branc 32 deforms (1.¢., collapses) as fluud 1s discharged
from the liquid reservoir defined 1n part by the membrane,

little or no restoring forces are generated by the membrane
and, tlerefore, little or no undesirable backflow of fluid
away Irom the downstream destination for the fluid occurs.
As such, once liquid 1s discharged from the liquid reservorr,
the membrane 32 will not draw significant amounts of dis-
charged fluid back mnto the reservoir. In some embodiments,
less than 2% of the volume of discharged liquid undergoes
backflow and 1s drawn back mto the reservoir. In other
embodiments, less than 0.5% of the volume of discharged
liquid undergoes backtlow and 1s drawn back nto the reser-
voir. Accordingly, backflow can be limited to less than 0.5%
of discharged liquid.

[0024] With further reference to FIG. 1, a fluad inlet port
40 1s also formed 1n the pump body 16. This port 40 extends
from the top surface 24 of the body 16 to the liquid reservorr
36 of the pump chamber 20 and, therefore, can be used to
deliver fluid to (or remove fluid from) the reservoir. Pro-
vided within the port 40 15 a resealable septum 42 that can
be pierced by a filling element configured to deliver liquid to
the reservoir 36, such as a needle, and that immediately
reseals 1tself after the filling element has been withdrawn.
In some embodiments, the septum 42 1s made of a biocom-
patible material, such as a silicone material, and 1s firmly
held 1n place by a compression ring (not visible) that induces
lateral stress within the septum to enable the septum to be
punctured thousands of times without leakage. Significantly,
the port 40 and septum 42 are separate and 1independent of
the pump membrane 32, which enables the membrane to be
extremely thin and, therefore, mimimize the generation of

restoring forces.
[0025] Formed on the exterior of the pump body 16 1s an

tluid outlet 44 that 1s 1n fluud communication with the liquad
reservoir 36. Accordingly, fluid can exit the reservoir 36 via
the outlet 44. Connected to the outlet 44 15 an outlet tube 46
that 1s configured to deliver the fluid to one or more down-
stream devices. As shown in FIG. 1, these downstream
devices can be integrated with the remainder of the pump
components and likewise be provided on or formed within
the substrate 12. In the illustrated embodiment, the down-
stream devices include a platiorm 48 1 which a debubbler
S0 (configured to remove bubbles from the liquid) and a
flurdic resistor 52 (configured to increase resistance of the
output fluid flow to provide greater control over the flow
rate) are provided. As shown 1n FIG. 1, connection between
the outlet tube 46 and the platform 48 1s facilitated with a
connector mechanism 54 comprising a resilient O-ring that
facilitates simple and fast connection of tubes to the plat-
form. Fluid that flows through the outlet tube 46 passes
through the connector mechanism 54 and to the debubbler
S0, which 1s immediately upstream of the fluidic resistor 52.
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After passing through the debubbler 50 and the fluidic resis-
tor 52, the liquad can exit the platform 48 and enter a further
outlet tube 56 that 1s also connected to the platform with a
connector mechanism 54. The tube 56 can then deliver the
flmud to one or more further downstream devices that are
either imntegrated with the above-described components or
independent of them.

[0026] It 1s noted that fluidic resistance can, alternatively,
be achieved by providing a small diameter passage through
which discharged liquid must pass. For instance, a small
diameter tube can be connected to the outlet 44 of the pipe
to provide resistance similar to that provided by the fluadic
resistor 52.

[0027] When the pump 10 1s operated to deliver tluids, the
pump membrane 32 1s compressed so as to squeeze liquad
out from the fluid reservoir 36. This compression can be
achieved using regulated pneumatic pressure. Specifically,
the air chamber 18 can be supplied with compressed air
(or another gas), which then travels through the passage 28
and 1nto the upper air sub-chamber 34 of the pump chamber
20. That air/gas pressurizes the air sub-chamber 34 and
compresses the membrane 32 (downward m the embodi-
ment of FIGS. 1 and 2). Once equilibrium 1s achieved
between the air and liquid sub-chambers 34, 36, no further
liqmd 1s dispensed. Moreover, backward flow of hiquid
toward and 1nto the fluad reservoir 36 1s minimized or even
avolded because of the above-described parameters of the
membrane 32. Accordingly, the membrane 32 enables pre-
cision control for pumping and prevents backtlow when the
pump 10 1s off. Because the pump 1s driven by pneumatic
pressure, 1t can deliver fluud without any power being
required.

[0028] Experimental pumps were fabricated and tests
were performed on them to evaluate their operation. The
body of the pump was 3D printed using a Formlab® Form
2™ gstereolithography device with a biocompatible resin
(Dental SG™), followed by 1-um parylene deposition.
1000 uLl. of molten polyethylene glycol) (PEG) at 60° C.
was deposited within the pump chamber to solidify and
define the reservorr shape and volume. This was followed
by another parylene deposition to create the pump mem-
brane. A gasket was fabricated using a long-term biocompa-
tible silicone material (Nusil®, MED6215) that was micro-
molded and placed within the pump chamber surrounding
the PEG dome. A 3D-printed compression ring was then
placed on the gasket and affixed using cyanoacrylate to rein-
force the seal between the two parylene C layers. The device
was placed on a hotplate at 60° C. to melt the PEG, which
was then washed away using by gentle mjection of 10 mL of
deiomzed (DI) water at 60° C.

[0029] A 2.5-mmm diameter, 1-mm-thick septum made of
long-term implantable silicone rubber was micro-molded
and coated with 1 um of parylene C. The septum was then
placed 1n the hiquad inlet port, which was 2.5 mm 1n dia-
meter. A 3D-printed cap with an extruded compression
rimg on the septum area (2.5 mm OD, 1.8 mm ID) and a
pneumatic port was atfixed on top ot the pump with cyanoa-
crylate to: (a) compress the septum providing a sealing force
on the bottom and sides while enhancing the self-healing
properties when punctured with refilling needles, (b) pro-
vide a pneumatic connection to the air chamber to apply
pneumatic pressure on the pump membrane for pumping,
and (¢) protect the membrane from mechanical stress.
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[0030] An air chamber was 3D printed with an inlet port
for providing compressed air and a pneumatic passage lead-
ing to the hquid reservorr formed by the pump membrane.
An air-tight septum was placed on the inlet port and the
sealing and self-healing properties of the septum were
achieved using a cap with a compression ring to mduce lat-
cral stress 1n the septum. The air chamber and pump cham-
ber were connected through the pneumatic passage and
sealed using cyanoacrylate. The air chamber was provided
with openings for magnets. Four magnets (1 mm thickness,
%" diameter) were then placed n the designated openings.
[0031] A 0.5-mm polymethyl methacrylate (PMMA)
sheet was next cut to form a substrate supporting the air
and liquid chambers, a debubbler, a fluidic resistor, and a
microfluidic chip. A second layer of PMMA was created to
provide fluidic channels/passages for fluid flow between
those components. A polytetratfluoroethylene (PTFE) mem-
brane was placed on the substrate 1n an area reserved for the
debubbler/fludic resistor and atfixed 1n place using pres-
sure-sensitive adhesive film. The fluidic resistor was then
fabricated with a 0.5-mmm polydimethylsiloxane (PDMS)
layer having 20 x 100 um serpentine channels formed
using soft lithography. Inlet and outlet ports were formed
using 0.5-mm biopsy punches. A second 0.5-mm layer of
PDMS having openings for magnets was placed on and
sealed to the first layer using corona treatment, and the
PDMS layer was then atfixed to the PMMA layer using cor-
ona treatment.

[0032] Another layer of PMMA having a 2 X 12 mm?
opening was affixed on top of the PIFE membrane to
form the debubbler. An O-ring (1 mm ID, 3 mm OD) was
placed on the 1nlet of the channel. The same type of O-ning
was placed on the outlet of the system and covered with a
PMMA layer to affix 1t 1n place. Another PMMA layer was

positioned to level the platform for microtluidic chips. The
inlet O-ring was affixed using another PMMA layer. The
PDMS channel was covered with a PMMA layer with open-
ings for magnets to protect the channel from mechanical
stress. Eight magnets (1 mm thickness, 4" diameter) were
placed m their designated openings.

[0033] The air chamber and liquid chamber were placed
on the fluudic resistor area with an air-tight sealed O-ring
providing fluidic connection between the reservoir and the
debubbler. The air chamber and lLiquid chamber were
secured on top of the fluidic resistor area with the attraction
forces of the magnets. FIG. 3 illustrates the device 1n
exploded view.

[0034] When the experimental pump device 1s used, a
working liquid 1s 1njected through the septum into the
1,000 uL reservoir. The air chamber 1s pressurized usig a
pressure regulator to a desired pressure and pneumatic pres-
sure 18 then applied to the pump membrane to force the fluad
from the reservoir. The integrated debubbler eliminates
potential bubbles 1n the dispenses tluid, which 1s then pro-
pelled through the fluidic resistor, which controls the tlow
rate. The membrane also enables precise control over the
flow rate through adjustment of the pneumatic pressure.
[0035] It 1s noted that different capacities and flow rates
can be achieved due to the use of stereolithography and sotft
lithography for fabrication of device. Accordingly, the
device can be easily scaled to suit various microfluidic
applications. In addition, the above-described O-ring con-
nector mechanism enables simple plug-and-play capability,
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which provides for simple and quick connection of the

reservorr to the debubbler.
[0036] Experniments were performed on the fabricated

pumps and their components. First, fluidic resistors having
an area of 20 x 100 um? areca and different numbers of ser-
pentines (n= 10, 20, each round 3 cm long) were tested. The
results are presented mn FIG. 4 and show that, by tuning the
pneumatic pressure within the range of 1 to 10 psi, the flow
rate can be tuned from approximately 35 nl/min to
~2400 nL/min (N=4, mean £ SD).

[0037] Second, the septum samples were tested. The
results are presented i FIG. § and show that the samples
without a compression ring leaked at less than 0.7 PSI kPa
backpressure with just one puncture with a 30 Ga needle.
Adding a compression ring to the septum cap increased the
number of punctures betore failure to approximately 65,000
at 14.5 ps1 backpressure when puncturing with a 12° non-
coring 30 Ga needle (N=4, mean + SD).

[0038] Third, the pumps were tested for backtlow. The
results are presented m FIG. 6 and identity backilow due
to restoring force for three different reservoir capacities of
1, 10, and 100 uL. normalized by the total volume of each
reservoir. The results show that the overall backtlow 1s not
significant (2% average) and occurs quickly (< 2 min), sug-
oesting stable behavior of the pump membrane long-term.
The last step of the experiment showed that the average of
the total extraction percentage among three reservoirs was
95% of the total volume (N=27, mean £+ SD).

[0039] The etfects of different liquid viscosities were also
studies using a COMSOL® model that was modified to
cover a range of common fluids used i LOC applications.
The results are presented i FIG. 7 and show that the flow
rate 1s mversely related to the hiquid viscosity. The COM-
SOL® model was also used to test tlow rate as a function of
downstream height within a common range of LOC applica-
tions. The results are presented in FIG. 8 and show that the
tlow rate can be almost independent of downstream height 1f
higher driving pressures are used. Finally, the COMSOL®
model was used to evaluate how the variation of the ambient
temperature mmpacts liquid viscosity and pressurized gas
pressure. The results are presented in FIG. 9 and show that
changing from room temperature to an incubator tempera-
ture can 1mpact the flow rate by approximately 50%.

[0040] While the disclosed pumps are well suited for LOC
applications, 1t 1s noted that such pumps can be used 1n other
applications. One such other application 1s drug delivery.
For example, a pump 1n accordance with the above disclo-
sure could be mmplanted under the skin or could be mte-
orated mto an external delivery device, such as a transder-
mal patch, to deliver drugs or other substances to a human or
animal patient.

1. A mmature pump comprising:

a pump chamber comprising a first sub-chamber and a sec-

ond sub-chamber;

a deformable membrane provided within the pump cham-
ber, the deformable membrane dividing the pump cham-
ber mto the first sub-chamber and the second sub-cham-
ber, the second sub-chamber defining a reservoir to
contain a liquid to be dispensed, the reservoir configured
to store the liquid when the reservoir1s 1n an undeformed
state with a second pressure being applied on the deform-
able membrane, the second pressure being equal to or
greater than a first pressure of fluid m the first sub-
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chamber bemg applied on the deformable membrane 1n
the undeformed state;

a passage attached to the first sub-chamber, the passage
configured to deliver the fluad into the first sub-chamber;
and

an outlet connected to the reservoir of the second sub-

chamber.

2. The miniature pump of claim 1, wherein the second sub-
chamber 15 configured to, 1n a deformed state, dispense the
liquid when the second pressure 1n the second sub-chamber
being applied on the deformable membrane 1s less than the
first pressure of the fluid 1n the first sub-chamber being applied

on the deformable membrane.

3. The mmmature pump of claim 1, further comprising:

an air chamber,

wherein the passage connects the air chamber to the first

sub-chamber.

4. The miniature pump of claim 3, wherein the air chamber
includes the fluid, and wherein the fluid comprises pressur-
1zed air.

S. The mimature pump of claim 4, further comprising an air
inlet for supplying the pressurized air to the air chamber.

6. The miniature pump of claim 1, further comprising a
liquid mlet connected to the second sub-chamber for filling
the reservoir with the liquad.

7. The minmature pump of claim 6, further comprising a
resealable septum associated with the liquid inlet for deliver-
ing the liquad to the reservour.

8. The minmature pump of claim 7, further comprising a
compression ring for compressing the resealable septum to
induce lateral stress within the resealable septum that prevents
leakage.

9. The mimiature pump of claim 1, further comprising a
debubbler 1n fluid communication with the outlet, the debub-
bler being configured to remove bubbles from dispensed
liquad.

10. The mimature pump of claim 9, further comprising a
flurdic resistor i fluid communication with the debubbler,
the fluidic resistor being configured to control a rate of flow
of the dispensed hiquad.

11. A method for pumpmng via a mimature pump,
COmprising:

introducing liquid into a pump chamber, the pump chamber

comprising a first sub-chamber, a second sub-chamber,
and a deformable membrane, the deformable membrane
dividing the pump chamber 1nto the first sub-chamber
and the second sub-chamber, the second sub-chamber
defining a reservoir configured to contain the liquid to
be dispensed;

introducing, via a passage, fluid to the first sub-chamber;

pressurizing the fluid 1 the first sub-chamber to compress

the deformable membrane; and

1in response to the compressed deformable membrane, dis-

pensing the liquid through an output connected to the
second sub-chamber.

12. The method of claim 11, wherein introducing the liquid
to the pump chamber comprises:

inserting the liquidinto the second sub-chamber to generate

a restoring force to the deformable membrane.
13. The method of claim 11, wherein pressurizing the fluid
1n the first sub-chamber comprises:
pressuring the fluid in the first sub-chamber with a first pres-
sure 1n the first sub-chamber to be greater than a second
pressure of the liquid 1n the second sub-chamber.
14. The method of claim 11, further comprising:
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inserting the fluid into an air chamber being connected to
the passage.

15. The method of claim 14, further comprising;:

supplying, via an air mlet connected to the air chamber, the
fluad to the air chamber.

16. The method of claim 11, further comprising:

filling, via a liquid inlet connected to the second sub-cham-
ber, the reservoir with the liquad.

17. The method of claim 16, further comprising;:

delivering, via a resealable septum associated with the
liquad inlet, the liquid to the reservorr.

18. The method of claim 17, turther comprising:

compressing, viaa compressionring, the resealable septum
to induce lateral stress within the resealable septum that
prevents leakage.

19. The method of claim 11, further comprising

removing, via a debubbler 1 fluid communication with an
outlet, bubbles from the dispensed liquad.

20. A miniature pressure-driven pump comprising:

a pump body comprising an internal air chamber, an inter-
nal pump chamber, and an i1nternal passage connecting

the internal air chamber to the internal pump chamber,

the pump body turther comprising an air inlet 1n tfluid

communication with the air chamber, a liquid nlet 1n

fluud communication with the pump chamber, and a
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liquad outlet m fluid communication with the pump
chamber;

a deformable membrane provided within the pump cham-
ber that divides the pump chamber mto an air sub-cham-
ber and a liquad sub-chamber, the liquid sub-chamber
defiming a liquid reservorr configured to contain liquid
to be dispensed, the liquid sub-chamber 1n an unde-
formed state containing the liquid with a first pressure
in the liquid sub-chamber to the deformable membrane
being equal to or greater than a second pressure of fluid 1n
the air sub-chamber to the deformable membrane;

a valve provided within the air inlet through which air can
pass to fill the air chamber with pressurized air;

a septum provided within the liquid inlet through which the
liquid can pass to fill the liquid reservoir with the liquid;

a compression ring that compresses the septum to induce
lateral stress within the septum that prevents hiquid
leakage;

a debubbler in fluid communication with the liquid outlet,
the debubbler being configured to remove bubbles from
dispensed liquid; and

a fluidic resistor in fluid communication with the debubbler,
the fluidic resistor being configured to control a rate of
flow of the dispensed liquad.
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