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Hydrogel actuators
Kuhn et al. first demonstrated volume transitions in hy-
drogels in 1950, realizing their potential by dubbing them
’chemical muscles’ (Kuhn et al., 1950). More recently
hydrogels have been found to control fluid transport in
the xylem of plants (Zwieniecki et al., 2001a, 2001b). In
ionic hydrogels, the reversible ionization of end groups
initiates an osmotic pressure gradient causing the volume
expansion or contraction of the hydrogel via the move-
ment of water into and out of the gel (Amsden, 1998;
De et al., 2002). By altering the chemistry of the hydro-
gel, different functionalities have been developed to re-
spond to a wide variety of signals including pH (Tanaka
et al., 1980), temperature (Hoffman et al., 1999), light
(Suzuki and Tanaka, 1990), glucose (Miyata et al., 1996;
Kataoka et al., 1998; Jung et al., 2000; Guiseppi-Elie
et al., 2002; Ogawa et al., 2002; Parmpi and Kofinas,
2004), antigens (Miyata et al., 1999), electric field (Bas-
setti and Beebe, 2002) and magnetic field (Kato et al.,
1997).

Hydrogel materials can be fabricated directly in de-
vices through liquid photopolymerization (Beebe et al.,
2000; Simms et al., 2005) or fabricated in a sepa-
rate step and incorporated into the device (De et al.,
2002). The liquid photopolymerization process involves
a pre-polymer solution consisting of monomer, cross-
linker and photo-initiator and patterned by initiat-
ing polymerization via UV radiation through a photo
mask.

Methods

Fabrication of the device occurs in two distinct stages.
First, the hydrogel actuators are photopolymerized using a
stencil procedure as developed for mechanics experiments
with hydroxyethylmethacrylate-co-acrylic acid (HEMA-
AA) hydrogels (De et al., 2002). Due to the large size of the
hydrogel actuators (3 mm diameter × 1 mm height) and
large volume of the actuation chamber (1 mL), photopoly-
merization after the fluidic network is fabricated is not
desirable due to the large amount of prepolymer needed.
The PDMS stencil is cast from a thick resist (SU-8, Mi-
crochem) mold master. The stencil is then filled with the
liquid hydrogel prepolymer and exposed with 15 mW UV
at 365 nm for 120 seconds. The hydrogels are then man-
ually removed from the stencil and placed in methanol
to extract any unpolymerized prepolymer as detailed in
Figure 2.

Next the reservoir chamber and actuation chambers are
cast with PDMS from SU-8 mold masters. The PDMS
layers are separated from the mold and activated in an
oxygen plasma and bonded together. The oxygen plasma

Fig. 2. Schematic showing hydrogel fabrication. (1) a PDMS stencil is
placed on a sheet of PDMS and filled with liquid prepolymer. (2) A
transparency is placed on top of the filled PDMS stencil and exposed to
UV. (3) The stencil is peeled away and freestanding polymerized
hydrogels remain.

breaks the bonds of the polymer backbone and forms re-
active sites, which can recombine to form an irreversible
bond when placed in conformal contact with another acti-
vated surface. The hydrogel actuators are integrated by
manually placing them in the device between bonding
steps. The 30 µm PDMS membrane is fabricated by spin-
casting PDMS onto a silicon wafer at 3500 rpm for 30
seconds.

The flowrate is measured by monitoring fluid flow
through an outlet infusion line. The diameter of the out-
let line is known and therefore the volume can be cal-
culated with respect to time. The resistance of the out-
let line is not enough to alter the flowrate (data not
shown) due to the low flowrate. Data points are col-
lected every 15 min throughout the experiment. The
infusion is initiated through the addition of the phos-
phate buffer into the chamber containing the hydrogels
followed by filling the drug reservoir to ensure injec-
tion of the triggering buffer does not affect the flowrate
measurements.
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Results and Discussion

Various parameters were investigated during the optimiza-
tion process of the device including pH of the triggering
buffer, PDMS membrane compliance, initial loading con-
ditions on the actuator and morphology of the hydrogel
actuators. The expansion profiles of hydrogels are known
to be nonlinear, however through adjusting of various sys-
tem parameters, a linear flow rate can be generated from
a non-linear expansion profile. In this paper, the flow rate
was measured and not the expansion rate of the hydrogel
since the flow rate is the important device parameter. The
optimization of the device can be separated into two ef-
forts. First the PDMS microfluidic network was optimized
for 6 hydrogel posts to ensure the dimensions of the cham-
bers, including membrane thickness and chamber heights
would maximize pumped volume for the specified time.
Next the conditions of the hydrogel actuators were op-
timized including buffers used, loading conditions, and
hydrogel morphology to achieve a linear flowrate.

Previous experiments determined the maximum force
a hydrogel (600 µm diameter, 300 µm tall) produces dur-
ing swelling to be 0.14 N (Johnson et al., 2004), corre-
sponding to a stress of 0.5 MPa. This stress would strain
a flexible membrane with a Young’s modulus of 1.0 MPa
55%. However, PDMS is an elastomer and hence does not
have a linear stress strain curve above 10% strain. There-
fore, the device should be designed to strain below 10%
to ensure the linear relationship between stress and strain
holds and proper design iterations can be made. A 12 mm
wide actuation chamber ensures the membrane will not
impede the volume expansion of the hydrogel (at full ex-
pansion, the maximum strain would be 2.6% as shown
in Figure 3(a)). If the chamber width was narrower, it
may approach the limit of force the hydrogel can exert

Fig. 3. Schematic showing a cross section of the device and how two
chamber widths affect the membrane strain (ε).

and diverge from the linear range of stress and strain. The
goal of constant infusion would make this divergence un-
favorable. Generally, the width of the chamber is the most
important device parameter to maximize the deflection of
the membrane. By changing the width of the chamber by
3 mm, the strain in the membrane nearly doubles as shown
in Figure 3(b), which may prove a direct route to tuning the
infusion rate of the device as long as it stays below 10%
strain.

Previous devices with hydrogel actuators (pH regula-
tion system (Eddington et al., 2001; Eddington and Beebe,
2004)) utilized a pH 12 buffer since these generated the
fastest response times from the hydrogel, which was ad-
vantageous for feedback controlled schemes. However in
this device, longer times are ideal to ensure expansion
over the specified time window. Earlier experiments per-
formed also correlate a more linear expansion with a buffer
with lower pH (Bauer, 2002). In our experiments, intro-
ducing a pH 8 phosphate buffer produced a similar flow
profile when compared to a pH 12 phosphate buffer as
shown in Figure 4. The device with the lower pH buffer
did indeed expand over a longer period of time, but the
volume expansion rate was still non-linear. However, the
pH 8 buffer is advantageous since it poses less of a risk
if there is an accidental release of buffer since the de-
vice will be worn on the skin. While changing the pH
of the buffer did not solve the constant expansion issue,
it did provide a safer means for triggering the hydro-
gel and also increased the time the hydrogels expanded.
Therefore, further device iterations will employ the pH 8
buffer to trigger the hydrogels as opposed to the pH 12
buffer.

It was then postulated that perhaps the hydrogel ac-
tuators were initially expanding with no resistance form

Fig. 4. Plot showing the infused volume with respect to time for a
device triggered by pH12 and pH8 0.1 M phosphate buffer.
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Fig. 7. (a) Plot showing the infusion profiles for an unconstrained device with 14 posts compared to a prestrained device with 10 posts. (b) Plot
showing infusion profiles on separate y axis to illustrate similarities between devices.

Fig. 8. Schematic illustrating the volume difference with concentric
circles and rectangles. If a rectangle is used, the change in areas is less
variable than with circles.

profile for the rectangular hydrogel is shown in Figure 9
as compared to a hydrogel post.

The infusion profile for the rectangular hydrogel is ap-
proximately linear over the first twelve hours with an av-
erage flowrate of 2 µL/hr. This infusion rate is approxi-
mately five times slower than necessary for insulin ther-
apy using U100 insulin, which has 100 units of insulin
dissolved in 1 mL of aqueous solution (water, protamine
sulfate, glycerin, m-cresol, methylparaben, phenol, and

zinc) and each unit of insulin has 0.04 mg of insulin pro-
tein. However U500 could be used which is a form of
insulin five times more concentrated than normal U100
insulin. U500 insulin is not widely used, but is available
through EliLilly. Therefore, a device using U500 insulin
would need to infuse at 2 µL/hr. The U500 insulin would
potentially aggregate more than U100 insulin, however the
pressure of the hydrogel should be enough to overcome
this potential obstacle since the device was shown to dis-
pense against a pressure head of 20 kN/m2, which would
be enough to overcome blockages resulting from aggrega-
tion of insulin. In addition the outlet for the device could
be routed through an array of microneedles. The clog-
ging of one microneedle would not stop the outlet flow
rate since there would be multiple paths. Several groups
have developed microneedles for such an application (Lin
and Pisano, 1999; Zahn et al., 2000; Griss and Stemme,
2002).

The experiment with the two rectangular hydrogels was
run five times using a different device each time to validate
the design. The results from this experiment are shown
in Figure 10 and the flowrates range from 2.5 µL/hr to
1.0 µL/hr. The hydrogels were stored in a pH 2 buffer solu-
tion before they were incorporated into the device, which
most likely resulted in some hydrolysis of the crosslinks.
This hydrolysis caused the hydrogel to expand more since
there was less crosslinks in the hydrogel network. This
coincides with the flowrates since the devices with the
youngest hydrogels resulted in a 1.0 µL/hr infusion rate
and the infusion rate increases with age of the hydrogels
and hydrolysis of the crosslinks. Therefore, if the fabri-
cation process is more closely regulated, such as storage
conditions of the hydrogel actuators, it would be possi-
ble to fabricate a device with a repeatable infusion rate.
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