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A Valved Responsive Hydrogel Microdispensing
Device With Integrated Pressure Source

David T. Eddington and David J. Beebe, Member, IEEE

Abstract—Stimulus responsive hydrogels provide the actuation
pressure required for both valving and dispensing functions in the
device presented. The microdispensing device uses an array of re-
sponsive hydrogels to deform a flexible membrane above a fluid
reservoir chamber. When the microvalve is open, the deformation
of the membrane reduces the volume of the reservoir chamber
and pushes fluid through the microvalve. When the microvalve is
closed, the expanding hydrogel array generates a storable pressure
source that will result in fluid dispensing once the microvalve is
opened. Experiments determined the pressure generated by this
device to be 35 kPa. The device has a stroke volume of 45 L, and
is able to hold the pressure for over 24 h. [1162]

Index Terms—Dispensing device, hydrogel, microfluidic, poly-
dimethylsiloxane (PDMS), pressure source.

I. INTRODUCTION

THE handling and analysis of small volumes of fluid in a
controlled manner, not currently available through bench

top equipment provides a motivation for the development of mi-
crofluidic systems. Specifically, microfluidics offers potential
advantages over larger systems when the price of reagent is ex-
pensive, the volume infused is very small or when multiple tasks
can be integrated into a single device. Some applications of mi-
crofluidics research include gene chips [1]–[5], analytical/diag-
nostic chips [6]–[9], and drug delivery devices [10].

In the above microfluidic devices, the control of fluid move-
ment remains a critical parameter in device design. Optimizing
micropumps has been an area of active research for some time
and many clever schemes spawn from these efforts. Examples
of micropumps generally reside in two main categories: mem-
brane displacement micropumps and nonmechanical microp-
umps. Membrane displacement micropumps are actuated by a
variety of methods including piezoelectric [11], shape memory
alloys [12], and magnetic stimulus [13]. Nonmechanical mi-
cropumps include the electrohydrodynamic pump [14], ac mag-
netohydrodynamic micropump [15], osmotic micropumps [16],
[17], ferrofluidic micropumps [18], passive micropumps [19],
and bubble micropumps [20], [21].

Despite the large array of micropumps currently being de-
veloped, no specific micropump design has gained widespread
use. Because each design has its own set of advantages and lim-
itations, it is unlikely that a single design will be appropriate
over a wide range of applications. Rather the application will
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drive the selection of the pump design. This paper presents a
device requiring no electronic controls and is able to precisely
deliver a given amount of fluid over a specified time. The de-
vice is designed to perform these functions as part of a con-
stant rate drug infusion system. The number of protein thera-
peutics under development continues to rise, while small mole-
cule drugs developed is beginning to wane [22]. These protein
therapeutics are not generally suitable for oral or subcutaneous
delivery, but rather must be administered via injection. Thus,
the development of new cost effective drug delivery technolo-
gies is paramount if protein drugs are to become more widely
used and personalized medicine is to become a reality [23], [24].
The approach outlined in this paper involves developing a mem-
brane micropump using hydrogel actuators to provide the actu-
ation pressure for subcutaneous infusion. There is a large body
of research investigating implantable drug loaded hydrogels to
achieve zero-order infusion [25], [26]. As the hydrogel would
expand (or degrade) the drug would be released from the hy-
drogel matrix. However, in this paper, we use a different ap-
proach. Specifically, the volume expansion of the hydrogel ac-
tuator is coupled to deform a flexible membrane to create pres-
sure for infusion.

Several attributes of hydrogel actuators warrant their use for
this application. The direct transduction of chemical energy to
mechanical work eliminates the need for the integration of elec-
tronic controls and circuitry. Also, since the hydrogel expansion
is driven by diffusion of the chemical stimulus into the hydrogel
matrix, the expansion rate can be tailored to fit the application.

II. RESPONSIVE HYDROGEL ACTUATORS

Hydrogels consist of a broad range of polymers with high
water content. Within this class of materials, exist stimulus-re-
sponsive hydrogels able to undergo volumetric changes in
response to local environmental changes. Responsive hydrogel
materials allow the combination of multiple functions (e.g.,
sensing and actuation) in a single component. In addition,
they make use of efficient energy conversion (e.g., chemical
to mechanical) without needing complicated control systems
or power supplies. This paper describes the use of an anionic
hydrogel coupled to flexible membranes to valve a microdevice
and create a storable pressure source.

Kuhn first demonstrated volume transitions in hydrogels and
realized their potential by dubbing them “chemical muscles”
[27], and more recently hydrogels have been found to control
fluid transport in the xylem of plants [28], [29]. For the anionic
hydrogel used in this device (crosslinked acrylic acid-2-hydrox-
ymethylmethacrylate copolymer), the mechanism behind the re-
versible volume transition arises from the reversible ionization
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Fig. 1. Plot showing the volume expansion and contraction of a 500 �m

diameter hydrogel post. Buffer at pH 12 was introduced at time zero to initiate
volume expansion and buffer at pH 2 was introduced at 65 min to induce
hydrogel contraction.

of specific side chains within the gel. Under basic conditions,
ions come off the acidic side chains and combine with an

ion to form . Change neutrality is maintained by
cations entering the gel with ions. The increased cation
concentration yields an osmotic pressure that causes the gel to
swell. Ionic gels also swell from the tendency of the polymer
network to mix with the solution, but normally, the osmotic
force dominates the mixing force. Equilibrium is reached when
the elastic restoring force balances the osmotic forces [30], [31].
By altering the chemistry at the end groups, different hydro-
gels have been developed to respond to a wide variety of stimuli
including pH [32], temperature [32], [33], light [34], glucose
[35]–[38], antigens [34], electric field [39], and magnetic field
[40]. However, the relatively long response times (e.g., hours
to days at the millimeter scale) limits their widespread use in
macroscale systems. Since diffusion of chemical signals into the
gel matrix limits the time response of hydrogel expansion, de-
creasing the size of the hydrogel will decrease the response time
response of the gel [41]. The improved time response facilitates
the use of responsive hydrogel actuators in many practical appli-
cations including microvalves [41]–[49], pH regulation systems
[50], and drug delivery devices [51]. The kinetics of volume ex-
pansion for the hydrogel used in this system is shown in Fig. 1.

III. FABRICATION

The fabrication of the microdispensing device involves two
distinct stages. First, a polydimethylsiloxane (PDMS) micro-
molding procedure is employed to create the three-dimensional
(3-D) microfluidic network. Next, the hydrogel actuators are as-
sembled inside the microfluidic network via in situ photopoly-
merization.

PDMS is used due to its optical clarity, compliant proper-
ties, and most importantly, its ability to pattern a relief structure
off a mold master. PDMS is also relatively inexpensive, perme-
able to oxygen and carbon dioxide, and considered to be bio-
compatible [52]. The actuators for the valve and pump consist

Fig. 2. Schematic cross section of a device depicting the multilayered
micromolding procedure used to fabricate devices. All four layers are
fabricated separately and permanently bonded sequentially using an oxygen
plasma.

of a crosslinked poly[acrylic acid-2-hydroxyethyl methacrylate]
(pAA-HEMA) copolymer. This hydrogel expands in high pH
and contracts in low pH due to the protonation and deprotona-
tion of the carboxylic acid end groups which causes salt binding,
an osmotic pressure gradient, and water influx or outflux.

A. Microfluidic Network Fabrication

The 3-D microfluidic network is created by stacking sev-
eral planar PDMS sheets onto a thicker PDMS base as shown
in Fig. 2 [53]. The device’s four layers are all fabricated in a
slightly different ways, but all are made from PDMS (Sylgard
184, Dow) mixed in an 11:1 prepolymer to hardener ratio and
cured at 85 for 140 min. The thick base (layer 4) is fabricated
by molding PDMS inside a Petri dish on a SU-8 EPON mold
master. Layer 3 is fabricated by first pouring 5 mL of PDMS pre-
polymer mixture onto a bilayer SU-8 EPON mold master. Next,
a transparency is placed onto the PDMS prepolymer mixture to
facilitate removal from the compression weights. A 3 Pyrex
wafer is then placed onto the transparency to ensure a uniform
pressure distribution over the mold master. Finally, three pounds
of compression weights are placed onto the Pyrex wafer. The
30 flexible membrane (layer 2) is fabricated by spin coating
PDMS onto a 3 silicon wafer at 3500 rpm for 20 s. The top
layer (layer 1) is fabricated by pouring 10 mL of PDMS onto a
mold master inside a Petri dish and allowed to cover the surface
of the wafer completely. A 10-mL drop of PDMS will spread to
be 2 mm thick inside a 3 Petri dish. The top layer needs to be
thick enough to provide a rigid support for the hydrogel actu-
ators to push against, but thin enough to allow polymerization
of the hydrogels through the top layer. Experiments reveal a 2
mm height is rigid enough to resist deformation by the hydro-
gels but thin enough to minimize diffraction of UV light during
photopolymerization of the hydrogel actuators. After the four
layers are fabricated, they are sequentially stacked together after



588 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 13, NO. 4, AUGUST 2004

exposure to oxygen plasma, which activates the surfaces and re-
sults in a permanent bond when two active surfaces are brought
together. Connections are attached to the device through holes
cored out of the thick base layer (layer 4) with a 12-gauge sy-
ringe needle prior to bonding.

B. Hydrogel Actuator Fabrication

Once the microfluidic network is fabricated the hydrogel
actuators can be polymerized in situ. The hydrogels are in-
troduced into the system in two steps as shown in Fig. 3.
First, the hydrogel valve is photopolymerized followed by
photopolymerization of the actuation array. Both the hydrogel
valve and actuation array consist of hydrogels fabricated from a
liquid prepolymer containing 2-hydroxyethyl methacrylate and
acrylic acid (in a 4:1 weight ratio), ethylene glycol dimethacry-
late(1 wt%, and Irgacure 651 (3 wt%). The ethylene glycol
dimethacrylate is a crosslinking agent and the Irgacure 651 is
a photoinitiator.

The hydrogel actuator for the valve is introduced into the
system by first injecting the liquid prepolymer into the channel
and allowing it to rest for 5 min to ensure no fluid flow during
photopolymerization. Next, a photomask with a 300- cir-
cular hole is placed over the device with the circular hole po-
sitioned above the center of the hydrogel valve. The time for
polymerization is 120 s under 15 mW of 365 nm UV light.
Once the hydrogel is polymerized, the remaining prepolymer
solution is flushed out with methanol. After the hydrogel valve
is fabricated, a simple flow test is preformed to ensure proper
valving performance. The flow test consists of monitoring the
flow through the reservoir network. The inlet to the reservoir
is connected to a pressure head and the outlet is connected to a
collection tube. When the valve is open, water flows unrestricted
through the reservoir network. When the valve’s hydrogel actu-
ator is expanded with a high pH phosphate buffer, the outlet to
the reservoir is occluded and the flow stops. It is important to
verify the valve’s performance if an unexpected variables pre-
vents the valve from operating properly including membrane
collapse, tears in the membrane, or particulates blocking the
membrane from completely deforming.

Once the valve is completed the hydrogel actuation array is
fabricated in situ. The conditions for polymerization are similar
to the hydrogel valve. The only exception is the photomask now
contains an array of 2000, 400- circles spaced evenly 500

apart. The mask is aligned over the device with alignment
marks as aids. One of the advantages of using soft hydrogels
as actuators is they do not require precise alignment. If the
actuation array is slightly misaligned, the device will still
function properly since the hydrogels are not anchored to the
flexible membrane and are free to move within the support
structures they are fabricated within. Once the hydrogel array
is polymerized the remaining prepolymer is flushed away with
methanol. Careful consideration is paid to minimize bubble
introduction into the hydrogel actuation array. Bubbles would
create voids of prepolymer which would therefore create voids
of actuators after photopolymerization of the actuation array.
The most common scenario of accidental bubble introduction
occurs when the buffers are changed. To minimize bubble in-
troduction, the buffers were switched out as quickly as possible

Fig. 3. Schematic cross section of the in situ photopolymerization procedure
for making both the valve actuator and actuation array. First, the valve chamber
is filled with liquid prepolymer and exposed to UV light. Next, the actuation
array is filled with liquid prepolymer and exposed to UV light.

and this would ensure that no air was injected into the system
between buffer switching.

IV. RESULTS AND DISCUSSION

The device as shown in Fig. 4 can be used as both a dispensing
device and a storable pressure source. Whether it acts as a pres-
sure source or a dispensing device depends on the state of the
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Fig. 4. Top view image of the device with various layers highlighted for clarity (a) all three layers are highlighted to show the complete microfluidic network.
(b) The actuation array and valve channel are highlighted. (c) The reservoir channel is highlighted. Notice how the outlet of the reservoir channel passes through
the valve.

outlet valve. The actuation chamber for both the hydrogel array
and hydrogel valve are separated from the reservoir and outlet
of the device by a fluid impermeable flexible membrane. There-
fore, the chemistry of the fluid being dispensed will not be af-
fected by the chemistry of the hydrogel actuators or the buffers
used to initiate volume expansion in the hydrogels. Also, the flu-
idic channels of the valve and actuation array are separated so
each can be triggered independently from one another.

The device works as shown in Fig. 5. An actuation chamber
consists of an array of responsive hydrogels positioned above a
30- -thick PDMS membrane with PDMS isolation structures
localizing individual hydrogel actuators in a given region. Below
the actuation chamber is the reservoir chamber which is similar to
the actuation layer minus the hydrogels, membrane, and isolation
structures. One outlet of the reservoir chamber passes through
a gate valve with a hydrogel actuator fluidically isolated from
both the reservoir and actuation chamber. The valve consists of a
600- diameter hydrogel post positioned above a 30- -thick
PDMS membrane in a 1500 diameter circular chamber.
Below the membrane is another 1500 diameter circular
chamber with a 200- -diameter circular orifice in the center.
When the hydrogel post in the valve chamber expands, the
membrane is deflected down and occludes the orifice to prevent
flow. The flexible membrane and hydrogel actuator of the valve
are compliant enough to seal around minor imperfections in
the valve, but stiff enough to gate a pressure up to 1.5 MPa, as
found from previous experiments [47]. The valve effectively
gates the reservoir chamber because the outlet of the reservoir
chamber passes through the circular orifice.

If the valve is open before the actuation array is triggered, the
fluid reservoir will empty at an average flow rate of 2.0
as shown in Fig. 6(a). The hydrogel does not expand linearly,
however, a small window of the hydrogel expansion approxi-
mates linear expansion and the device can be tailored to operate
within this window. However, if the outlet valve is closed prior
to actuation array expansion, the hydrogels will expand, but the
fluid in the reservoir will not empty due to the outlet valve gating
the flow. Once the outlet valve is opened, the fluid reservoir emp-
ties at an average flowrate of 540 as shown in Fig. 6(b).

The pressure generated from the hydrogels takes roughly 60 min
to fully develop as shown in Fig. 7, which shows the pressure
being held for 120 min followed by opening the valve to release
the pressure in steps. The pressure profile arises from a com-
bination of the viscoelastic response of the elastomeric flexible
membrane and the kinetics of hydrogel expansion. Resistance to
deformation in elastomers under tension is initially low, but as
the elastomer extends, the resistance to deformation increases.
Also, the kinetics of hydrogel expansion involve a fast initial
swelling, followed by a tapering off of expansion as described
previously [30].

Further experiments determined the pressure source to re-
main stable for more than 24 h with no leakage after the max-
imum pressure was achieved. The time required for maximum
pressure buildup is a function of hydrogel diameter which can
be altered to tailor fit the desired application. One application for
the device might require a slow and steady hydrogel expansion
to achieve a slow and steady infusion rate (e.g., larger gel struc-
tures), while another application might require a quick bolus to
be infused (e.g., smaller gel structures).

The volume of the reservoir chamber is 50 and the
stroke volume of the device is 45 corresponding to a 10%
dead volume in the device. The dead volume is due to the
flexible membrane not completely deforming near the walls
of the reservoir chamber. A reduction in dead volume could
be achieved via modifications to the chamber diameter. The
maximum pressure the actuation array can develop is 35 kPa
and is well within the range of pressure the hydrogel valve
can gate (1.5 MPa). The maximum pressure is measured by
connecting one outlet of the reservoir chamber to a pressure
transducer (162PC01D, OMEGA) and the other outlet occluded
by the hydrogel valve. The high pH phosphate buffer that swells
the hydrogel array is then injected into the actuation chamber
using a 10-kPa pressure head. After the high pH buffer fills
the actuation chambers, it is disconnected from the system
and both outlets of the actuation chamber are left open to
atmosphere. This ensures the data collected by the pressure
transducer are the pressures being built up by the hydrogel
array and not an artifact of the system.
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Fig. 5. Schematic cross section of the device (left) and top view images (right) of the device under the various stages of operation. (a) Depicts the device before
the fluid is dispensed, the important features of the device are identified. (b) First, the hydrogel valve is expanded to seal off the outlet of the reservoir. (c) Next,
the hydrogel array is expanded and a pressure is generated. (d) Finally, the pressure is released when the valve is opened.

The flow rate was measured by monitoring the amount of
fluid displaced through a 0.5-mm diameter collection tube at the
outlet of the reservoir chamber with data collected every minute.
The flow rate of the device when the valve is open prior to actua-
tion array expansion is shown in Fig. 6. The stroke volume was
determined by monitoring the total amount of fluid displaced
through the collection tube during flow rate experiments.

As shown by Fig. 4 the current device design contains four
actuation and reservoir chambers. The stroke volume of the de-
vice could be increased by increasing the number of actuation
and reservoir chambers per device. Four segmented chambers
are used instead of one large chamber to prevent the flexible
membrane from collapsing under its own weight. The shape of
the chambers was optimized to maximize chamber area while
maintaining a stable flexible membrane through a device iter-
ation process. The height of the reservoir chamber is 100
and was chosen to maximize membrane deflection and mini-

mize dead volume in the reservoir chamber. Simply increasing
the height of the reservoir chamber would not increase the stroke
volume of the device since the hydrogel actuators are fully ex-
panded 100 into the reservoir chamber under the current
device design. However, by increasing the height of the actua-
tion chamber, the maximum pressure could be increased. An-
other way to increase the maximum pressure the device gen-
erates is by decreasing the force needed to deform the flexible
membrane. This could be accomplished by either increasing the
compliance of the flexible membrane or by decreasing the thick-
ness of the membrane.

There are several approaches to gel array activation. As the
device stands now, a bolus of high pH phosphate buffer is man-
ually injected into the system. Therefore, the device requires
fluid to be pumped into the system for the device to pump fluid
out. However, once the bolus of high pH buffer is injected into
the system, the device can deliver a constant flow rate for an
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Fig. 6. (a) Plot of the infusion rate of the device with the valve opened prior
to actuation array expansion. (b) Plot of the infusion rate of the device with the
valve closed prior to actuation array expansion.

Fig. 7. Plot of the pressure the device builds up when one outlet of the device
is sealed with the valve and the other is connected to a pressure transducer. The
device builds up a maximum pressure of 35 kPa and can hold this for an extended
period of time. The pressure was released in steps by contracting the valve to
release pressure, then expanding the hydrogel in the valve to hold the pressure
again to demonstrate the functionality of the device.

extended period of time without the use of eternal power or
controls. Once the fluid reservoir is emptied, the device can
be reused if the reservoir is refilled and low pH buffer is in-
jected into the actuation array to contract the hydrogel actuation
array. Alternatively, the actuation array could be triggered elec-
tronically, thereby allowing for simpler reversal of gel size and

converting the dispensing device into a micropump. The use of
electric stimulus to actuate hydrogels is not new [39], and there
has been recent work applying these principles to hydrogels at
the microscale [54]. In addition, other stimuli such as light or
thermal energy could be use to activate the gel array.

One application for the valved dispensing device is drug de-
livery. The experiments described in this paper lay the founda-
tion for the integration of the device into a closed-loop infu-
sion system (e.g. insulin delivery). Such a closed-loop system
would require increasing the reservoir volume to accommodate
a day’s supply of insulin, modifying the outlet valve to respond
to interstitial glucose concentration, incorporating a delivery
needle, and incorporating a method to transport interstitial fluid
into the outlet valve [55]. Substituting a glucose sensitive hy-
drogel for the pH sensitive hydrogel will allow the device to
regulate the outlet infusion rate based upon interstitial glucose
concentration. The chemistry for developing such a hydrogel
is not trivial, but is currently being investigated. It is also un-
certain if 35 kPa is enough pressure to drive infusion into the
subcutaneous tissue. Further experiments will investigate this
specific parameter, along with testing the various modifications
needed to modify the system into the closed-loop insulin infu-
sion system.

V. CONCLUSION

A device has been developed that can act as both a microdis-
pensing device and a storable pressure source depending on the
desired end application. The device incorporates a responsive
hydrogel valve fluidically isolated from the rest of the device
and controlled independently. An array of responsive hydrogel
actuators swell to provide the driving pressure to power the dis-
pensing device and pressure source. Responsive hydrogels have
the unique ability to directly transduce a chemical signal into
mechanical work and therefore are advantageous for applica-
tions where bulky power supplies and controls would impede
device performance, such as biomedical applications. Future
work will focus on developing the valved microdispensing de-
vice into a closed-loop insulin infusion system.
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