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ABSTRACT 

Hydrogel microvalves, which consist of a single smart 
hydrogel material that undergoes a volume change in response to 
changes in local pH, have been developed. The hydrogel 
components were fabricated inside microchannels using in-situ 
photopolymerization. Two 2D shut-off valves and one 3D hybrid 
valve were fabricated and tested. Flow and pressure performances 
were studied. Analytical modeling was performed on the 3D valve. 
The behavior of hydrogel valves in electrokinetic flow was also 
investigated. Hydrogel microvalves have a number of advantages 
over conventional microvalves, including relatively simple 
fabrication, no external power requirement, no integrated 
electronics and large displacement. 
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INTRODUCTION 

Most conventional active microvalves couple a flexible 
diaphragm to a thermopneumatic, piezoelectric, electrostatic, 
electromagnetic, or bimetallic actuator [1]. The scaling of these 
actuation forces with respect to the size of the devices is often 
unfavorable to micro-actuators [2]. Some actuator components are 
made heavy and large (mm size) in order to produce enough force 
to regulate a microscale fluid. The displacement of conventional 
diaphragms (e.g., silicon, silicon nitride) is often limited to tens of 
microns or less. Many actuators use res1st1ve heating 
(thermopneumatic ), high voltage (electrostatic), and bulky magnets 
(electromagnetic), which often require high power consumption. 
Moreover, the integration of many microvalves composed of 
electronic components into complex microfluidic systems has 
proven to be non-trivial using traditional approaches, such as 
modular or lithographic methods [3]. In general, most conventional 
microvalves are complex and costly, and integrating them into 
micro-systems is challenging 

We have recently developed an in-situ liquid phase
polymerization process to integrate functional materials into 
microfluidic channels to construct microvalves [ 4, 5]. The 
microvalves consist of a stimuli-responsive hydrogel material that 
undergoes a volume change in response to changes in local pH. 
Stimuli-responsive hydrogels have a significant advantage over 
conventional microfluidic actuators due to their ability to undergo 
abrupt volume changes in response to the surrounding environment 
without the requirement of an external power source. Stimuli­
responsive hydrogels are crosslinked polymer networks that can 
undergo discontinuous volume changes in response to chemical 
signals in their surrounding environment [6]. Among stimuli-

responsive hydrogels, pH sensitive hydrogels are one of the most 
commonly studied. As the environmental pH varies, the hydrogel 
networks change from neutral to charged because of the 
protonation of amine groups or the deprotonation of acid groups. 
The hydrogels thus undergo a volume transition from the collapsed 
state to the expanded state due to osmotic pressure exerted by 
mobile counter-ions neutralizing the network charges. In this 
paper, we report an extension of our previous work and detailed 
characterizations of the microvalves with optimized design. 

ANALYTICAL MODELING 

Among the hydrogel microvalves constructed, the 3D hybrid 
valve is the only one that couples an axisymrnetric flexible 
poly(dimethylsiloxane) (PDMS) membrane to a hydrogel actuator. 
An analytical model was used to optimize the design of the 3D 
valve. The objective is to determine the relationship between the 
membrane deflection (z), the membrane thickness (t), and the
diameter of the membrane (2R), for a given pressure applied by a
hydro gel actuator (Fig. I). Consider a thin circular membrane of 
radius R that is clamped along the perimeter and subjected to a net 
uniform pressure p exerted by the hydrogel actuator. Since the
deflection of the membrane z (hundreds of microns) is an order of
magnitude larger than its thickness t (tens of microns), and the
lateral deflection w is more than a few tenths of thickness t, the
"membrane" theory was employed instead of the "thin plate" 
theory [7, 8]. Bending moments are assumed to be negligibly 
small. The membrane force that is acting tangent to the deflected 
middle surface due to tension is relatively large, and it is assumed 
to be uniform across the thickness of the membrane. The model 
assumes that the membrane material is isotropic and linearly 
elastic at small strain. 

Let T denote the tension per unit length of the membrane. The
net force on the membrane perpendicular to a section of radius due 
top is nr2p (see r in Fig. I). Note that h in Fig. I is assumed to be 
large enough so that the membrane does not touch the orifice. The 
restoring force due to tension in the membrane is 2m-Tsin0. Force 
equilibrium requires: 2m-Tsin0 + nr2p = 0, where sin&= dzldr. 
The solution is given by 

p 2 z=--r 
4T 

The strain along the radial direction r is 
R 2 R2

e
r 

=(f-Jl+z' 2 dr-R)I R�� 
o 24T 

(1) 

Together with Hooke's law Sr 
= O"/E*, where E* = E/(1-V), we

have 
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T= c,t= tp2 R2)“3 

which together with Eq. (l), gives 

z 
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or 
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(2) 

l r 

Fig. I Schematic of the 30 hybrid valve 

Eq. (2) indicates that the maximum deflection of the 
membrane increases only slightly when the thickness of the 
membrane is decreased, while a large change results from 
increased membrane radius. In order to obtain large z,,, we can 
either make a thinner membrane or a membrane with larger 
diameter. 

The pressure p generated by the hydrogel actuator is 
unknown. But if z,,,, can be measured experimentally, then the 
pressure can be determined by Eq. (2): 

&;,,Et 

‘=-3(1-?)R4 
(3) 

EXPERIMENTS 

Two 2D shut-off valves and one 3D hybrid valve were 
fabricated. The fabrication process consists of two steps: 
fabrication of microchannels and in-situ polymerization. For the 
2D valves, microchannels are made of EPON (Nan0 XP SU-8 50, 
Microchem Corp., Newton, MA). A transparent adhesive tape 
(regular packaging tape) was used to seal the 200 urn deep EPON 
microchannels. The microchannels of the 3D valve were 
constructed using multi-layer PDMS [9]. A glass cover slip served 
as the top of the channel. After the fabrication of microchannels, 
an in-situ polymerization that introduces active hydrogel 
components into microchannels via direct photopatterning of a 
liquid phase was used to complete the microvalve construction. 
The liquid phase mixture that consists of monomers (acrylic acid 
and 2-hydroxyethyl methacrylate in a 1:4 mol. ratio), a crosslinker 
(ethylene glycol dimethacrylate, 1 wt %) and a photoinitiator (2,2- 
dimethoxy phenylacetophenone, 3 wt %) was first flowed into the 
microchannel. After the liquid reached a quiescent state in the 
microchannel, it was then exposed to UV light through a 
photomask placed on top of the channels. When the polymerization 
was finished, the channel was flushed with deionized (DI) water to 
remove unpolymerized liquid. The resulting hydrogel expands in 
basic solutions and collapses in acidic solutions, with the volume 

transition at pH 4.5 - 7.0. The details of microvalve fabrication 
process can be found elsewhere [4, 51. 

Pressure drop measurements using a pressure transducer 
(Validyne Engineering Co., Northridge, CA) with a pressure range 
of 0 to 125 psi were taken over the regulated channel length to 
characterize the hydrogel microvalves. In order to verify fluid flow 
in the various device designs, a variety of flow visualization 
techniques such as particle tracking, dyes, and air bubbles were 
used. To view the membrane deflection of the 3D hybrid 
microvalve, the cross-section images of the valve were obtained by 
cutting the PDMS using a razor blade without damaging the valve. 

RESULTS AND DISCUSSION 

A shut-off valve, consisting of a single hydrogel component 
that can sense the chemical environment (pH) in one channel and 
regulate the flow in an adjacent channel, was constructed as shown 
in Fig.2. The hydrogel structure was polymerized in the gap (300 
urn wide) between two parallel microchannels. The sensing 
channel (600 urn wide) was constructed wider than the regulated 
channel (300 urn wide) in order to keep the sensing channel open 
when the regulated channel is completely shut off. Solutions of 
different pH values were pumped through the sensing channel 
while DI water flowed through the regulated channel. As the pH in 
the sensing channel was changed from 3.8 to 5.7, the shut-off 
response time of the hydrogel is slow (- 160 min) due to the slow 
migration of ions across the hydrogel. Cross talk between two 
channels is another problem that may limit some practical 
applications. 

Fig. 2 Micrographs of a 20 hydrogel shut-off valve. (a) and (b) 
illustrate Jlow regulation in the regulated channel as the pH is 
changedfrom 3.8 to 5.7 in the sensing channel. 

Since diffusion is the rate-limiting factor governing the 
swelling process of hydrogels [lo], the time response of the 
volume change approximately follows the square of the hydrogel 
dimension. In order to improve response time, smaller hydrogels 
with a larger surface area exposed to surrounding chemical 
environment are preferred. However, it was found that small 
hydrogel objects tend to buckle or migrate during a volume 
change. In order to fabricate stable hydrogel actuators with fast 
response times, a hydrogel jacket (50 urn thick) was polymerized 
around a prefabricated circular EPON post (50 pm diameter) in the 
microchannel (Fig.3). When a pH 11 solution was flowed into a 
side branch, the hydrogel jacket expanded and closed the regulated 
channel (pH 7). If a pH 2 solution was flowed into the other side 
branch instead, the contracted hydrogel allowed the fluid in the 
regulated channel to flow down the waste channel. The post 
provides a robust support and also improves time response due to 
the short diffusion path of the hydrogel jackets surrounding the 
posts. The response time of the post valve design is 12 seconds 
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(Fig. 4). This integration of hydrogels into microfluidic systems 
provides the scaling necessary to overcome the primary drawback 
(slow time response) of hydrogels. The maximum differential 
pressure the valve can sustain is 56.5 psi when the valve is closed. 
At least 200 operating cycles were achieved over a pH range of 2 
to 11 without failure. 

(4 @I 
Fig. 3 (a) Micrograph (2x) of the hydrogel jackets blocking the 
regulated channel (PH 7) in their expanded state in a pH I I 
solution. (b) Micrograph showing the contracted hydrogels 
allowing thejluid toflow down the side branch. 

Fig.4 Pressure drop measurement of the 20 post valve illustrates 
the time response of the valve during swelling process. The 
transition to a linear response (at approx. 12 set) indicates valve 
closure. At 41 set, the pressure dropped substantially due to the 
failure of an external tubing connection. 

The post hydrogel valve was also tested in electrokinetic flow 
(EOF) experiments. As shown in Fig. 5, the regulated channel was 
first filled with a buffer solution (pH 7) using a syringe pump. The 
hydrogel jacket expanded and closed the channel. A voltage of 500 
V was then applied to the ends of the channel. The electrical field 
resulted in a rapid additional expansion (-2 set) of the hydrogel 
jacket. The resulting force was large enough that it delaminated the 
EPON post from the channel bottom. Although this phenomenon is 
still being investigated, the preliminary result demonstrates a 
potential use of hydrogel components as actuators in EOF systems. 

Fig.5 Micrograph (4x) illustrates a post hydrogel microvalve in 
EOF. 

Since hydrogels are generally porous, ions can diffuse 
through a hydrogel object, resulting in a leaking or cross talk 
problem in the above 2D hydrogel valves. To address this problem, 
the 3D hybrid microvalve couples a flexible PDMS membrane to a 
hydrogel actuator (Fig.6). The membrane acts to physically 
separate the sensing and regulated flows. The hydrogel actuator 
can sense the pH in the upper channel and expands or contracts as 
the surrounding pH is changed. The force associated with these 
volumetric changes is sufficient to deform the membrane and 
consequently control the flow in the lower channel. The membrane 
can deform to completely block the orifice with a displacement of 
up to 150 pm. No leakage was observed. We previously reported a 
maximum differential pressure P,,,, of 7.5 psi if the lower channel 
height h is 150 pm [5]. If h decreases while other parameters are 
kept unchanged (i.e., the diameter of the hydrogel actuator is 250 
urn, the PDMS membrane has a thickness of 50 pm and a 700 pm 
diameter), P,, goes up as shown in Table 1. In other words, h 
should be kept as small as possible in order to achieve high P,, 
However, it was found that if h is less than 70 pm, the PDMS 
membrane is prone to stick to the bottom of the lower channel due 
to a surface force during the PDMS bonding process, rendering the 
orifice sealed permanently. Therefore, it is recommended that the 
ratio of h to the diameter of the membrane be at least 0.1 if high 
P is required. The maximum differential pressure P,,,, was 
m:zsured to be 26.7 psi with a height h of 75 pm (Fig. 6). 

(4 (e> 

Fig. 6 (a) Schematic of a 30 hybrid microvalve. (b), (c), The top 
view and the cross section, respectively, of the valve when a pH 11 
solution is flowing in the upper channel. The hydrogel actuator 
expands and deforms the PDMS membrane to seal the orifice in 
the regulated channel. (d), (e) show that the hydrogel contracts at 
a pH 3 solution and reopens the regulated channel. 
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REFERENCES Table I The effect of the lower channel height h on the maximum 
differential pressure P,,,, of the 30 hybrid microvalve. 

Moreover, small h gives rise to rapid closure of the orifice. 
The shut-off time response of the 3D hybrid valve with h of 75 pm 
is 19 set, compared to 50 set if h is 150 pm. At least 200 operating 
cycles were achieved over a pH range of 3 to 11 without failure. 

From the experiment, it was found that z,, is 185 pm for a 
hydrogel actuator (250 pm diameter and 200 pm high) at pH 11 
deforming a PDMS membrane of 50 pm thickness and 700 pm 
diameter (note: the PDMS membrane does not touch the orifice 
because h is 200 pm here). Therefore, Eq.(3) is used to determine 
Ihe pressure generated by the hydrogel actuator. Given that the 
Young’s modulus E of PDMS (1: 10 mixing ratio) is 750 kPa and 
the Poisson ratio is 0.5 [ll], the pressurep is approximately 56.26 
kPa, which corresponds to a force of 22 mN. 

Due to the unique ability to convert chemical energy into 
mechanical work, the pH-sensitive hydrogels exhibit both sensing 
and actuating functions simultaneously. This approach avoids the 
need for integrated electrical connections for microvalve operation. 
Moreover, the fabrication process of hydrogel microvalves is less 
complicated than that of most conventional microvalves which 
involve various bulk processes (e.g., bulk etching of Si wafers) and 
surface processes (e.g., thin film processes). This method avoids 
the complicated integration process required to construct 
conventional microvalves inside complex microfluidic systems. 
Although the time response of the hydrogel microvalves shown 
above is relatively slow compared to most conventional 
microvalve (-ms), it is believed that changes in hydrogel chemistry 
and valve design can further improve the time response and make 
hydrogel actuation widely applicable to microfluidic systems. 

CONCLUSION 

Two 2D shut-off hydrogel microvalves and one 3D hybrid 
microvalve have been fabricated using an in-situ polymerization. 
The time response (- set) of hydrogel actuators has been improved 
by scaling down the hydrogel objects. The maximum differential 
pressure was 56.5 psi for the 2D valve and 26.7 psi for the 3D 
valve. Simple fabrication and no power consumption or integrated 
electronics make hydrogel microvalves attractive in many 
microfluidic applications. 
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