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In this paper we present an organic feedback scheme that
merges microfluidics and responsive materials to address
several limitations of current microfluidic systems. By using
in situ fabrication and by taking advantage of microscale
phenomena (e.g., laminar flow, short diffusion times), we
have demonstrated feedback control of the output pH in a
completely organic system. The system autonomously reg-
ulates an output stream at pH 7 under a range of input flow
conditions. A single responsive hydrogel component per-
forms the functionality of traditional feedback system
components. Vertically stacked laminar flow is used to
improve the time response of the hydrogel actuator. A star
shaped orifice is utilized to improve the flow characteristics
of the membrane/orifice valve. By changing the chemistry of
the hydrogel component, the system can be altered to
regulate flow based on hydrogels sensitive to temperature,
light, biological/molecular, and others.

Introduction

In the human body, control is realized organically at all scales,
from the whole body (e.g., temperature) down to the single cell
(e.g., membrane potential). Silicon based MEMS have proven
well suited to optical and physical sensing applications,1–3 but
the incorporation of electronic feedback in silicon-based
systems increases system complexity, making manufacture
costly and prohibitive. In contrast, in vivo control is achieved
through organic materials and efficient chemical mechanisms.
Recently, microfluidic devices have emerged as a useful tool in
biological research4,5 and clinical medicine,6,7 but the ability to
economically construct functionally complex systems (systems
capable of regulation) stands as one of the obstacles to the
realization of practical microsystems for medicine and biology.8
Another obstacle is the sensitivity of traditional silicon-based
actuators such as electrostatic devices to environmental con-
taminants (i.e., dust). In order to overcome the limitations of
silicon-based microsystems, there has been a growing interest in
the use of soft materials for microsystem fabrication.

Methods for constructing soft actuators9,10 and soft plumb-
ing11–13 have been developed. Feedback systems constructed
from disparate materials and components have been demon-
strated, but fabrication complexity impedes their applica-
tion.14,15 That is, they rely on conventional system designs (i.e.,
separate actuator, sensing and signal processing components)
that are inherently difficult to assemble at the microscale. In this
paper we describe the development of an autonomous organic
microfluidic system that is capable of complex function (self-
regulation of a fluid stream’s pH). A responsive polymeric
material replaces the major components (sensors, signal
processors and controlling apparatus) that are required for
conventional microfluidic pH regulation. The microfluidic
system described in this paper can be constructed within one
day and operates without electronics or external power.
Feedback control is achieved while maintaining system ele-
gance (i.e., complex functionality and ease of construction)
through the use of hybrid system designs that combine a three-

dimensional micromolded channel network with in situ con-
struction of stimuli responsive components.

The development of microfluidic systems that provide
feedback control would open new applications in biology and
chemistry. A self-regulating pH system has applications
including the sequence determination of proteins, DNA analy-
sis, and others.16 pH control is necessary when the process itself
alters the pH (e.g., base is produced by protein degradation and
acid by carbohydrate metabolism16), causing irreparable dam-
age to biologicals. Many biologicals remain stable only within
a small window of pH. For chemical or biochemical processes
that consume or produce hydrogen ions, it is therefore desirable
to have a system that continuously monitors and regulates the
pH of the solution. The rapid fabrication techniques combined
with the functionality of stimuli responsive materials allow the
feedback characteristics of the system to be readily adapted by
changing system parameters (geometries and materials) as
needed for different applications. As an example of pH
regulation, the system described in this paper demonstrates the
regulation of the output pH stream in response to flow
perturbations in the input stream.

Hydrogels consist of a broad range of polymers that have a
high water content. Within this class of materials exist polymers
that undergo volumetric changes in response to changes in their
local environment.10 Since the temporal response of organic
systems is often diffusion limited (e.g., muscle contraction,
hydrogel response), moving to the micro scale facilitates
functionality. In the case of hydrogels, this allows for their use
as active components in feedback systems, similar to fluid
transport in xylem vessels of plants..17,18 Other similarities
between in vivo systems and systems incorporating hydrogels
exist such as their inherent non-linearity and hysteresis.
Through appropriate system design and by leveraging unique
fluid phenomena at the micro scale (e.g., laminar flow), we have
been able to achieve stable feedback control in a completely
organic micro fluidic system. By using a stimuli responsive
hydrogel post as the single active element in the system, we
eliminate the need for external power and electronics. The
hydrogel acts both as the pH sensor and actuator by changing
volume at different pH values. At low pH values the hydrogel
constricts to its shrunken volume while at high pH it fully
expands.

In the self-regulating system described here, this volume
change is coupled to deform a thin impermeable poly-
(dimethylsiloxane) (PDMS) membrane. The PDMS membrane
deformation partially occludes an orifice (based on the size of
the hydrogel) to regulate the feedback stream of compensating
buffer solution. Fig. 1 illustrates the flow paths and operation of
the system. Hydrogels have been previously used to regulate
fluid flow, but in those larger scale devices19 the compensating
flow was either on or off. However, our device throttles the
compensating flow to yield variable feedback as shown in Fig.
1b.

Fabrication

Construction of the system shown in Fig. 1 combines compres-
sion micromolding, layered manufacturing11 and in situ liquid
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phase photopolymerization.9 Through compression micro-
molding of PDMS elastomer, three two-dimensional (2-D)
layers were fabricated. A mixture of PDMS prepolymer and
curing agent (Sylgard 184 silicone elastomer kit, Dow Corning,
Midland, MI) was prepared in a 10+1 ratio and poured onto an
epoxy based photoresist (EPON) mold master with a transpar-
ency, glass, and aluminium discs placed on top. Under 100 lb
compression, this stacked structure was held at 75 °C for 2 h to
realize thru holes in the PDMS layers. The top 2-D PDMS layer
was processed under reduced compression (1 lb) to allow a 30
mm PDMS membrane to form over the EPON mold master. The
30 mm membrane was then manually removed from the top
layer, except over the actuation chamber, to allow compensating
buffer to enter the top channel.

The completed device consists of a 3-D PDMS channel
network and a pH sensitive hydrogel. The channel network is
fabricated by first patterning a thick (1 cm) bottom with access
holes cored out with a 12 gauge syringe needle, then three 2-D
channel layers and a coverslip are sequentially stacked on the
thick layer and bonded with a No. 2 coverslip as the top. To
achieve bonding, the layers are activated in an oxygen plasma
and aligned under a stereoscope using methanol as a surfactant
between the layers. Alignment was realized by manual
manipulation aided by surface tension effects. Fig. 1 shows the
completed 3-D PDMS microfluidic network.

Once the microfluidic network is fabricated (channel dimen-
sion of 200 3 200 mm), the hydrogel sensor/actuator is
photopolymerized in situ.20 The hydrogel monomer compo-
nents were 11% AA (acrylic acid), 84% HEMA (2-hydrox-
yethyl methacrylate), 1% EGDMA (ethylene glycol dimetha-
crylate), and 3% DMPA [2,2-bis(hydroxymethylpropionic
acid)]. The exposure was 120 s at 365 nm. Methanol was used
to flush out any unpolymerized prepolymer from the device.

Results

The device was operated under an optical microscope (Olym-
pus, BX-60). Phosphate buffer with ionic strength adjusted to
0.2 M through the addition of NaCl was used in the experiment
at pH 2 (input) and pH 12 (compensating). A syringe pump
(Harvard apparatus, PHD 2000) provided control of the input
stream solution flow and a 40 cm water column provided
constant pressure for the compensating buffer solution. The pH
of the output stream was measured by a LAZAR PHR-146
micro combination pH electrode and assumed to be completely
mixed due to the dimensions of the output collection tube.
Initially the hydrogel was made to swell completely and seal off
the pH 12 buffer flow. Next, the input flow rate was set to 25
mL min21 and the output pH was measured every 60 s. A
microtiter plate was used to gather the output with each column
representing each minute and each row representing a specific
input flow rate. The input flow rate was ramped up in steps of
25 mL min21 to 100 mL min21, then back down to 25 mL min21

in 25 mL min21 decrements, while measuring the output every
60 s. These results are shown in Fig. 2. The small oscillations in
the regulated output flow in Fig. 2b may be due to unsteady
syringe pump flow rates.

Discussion

Successful operation of the pH regulation system described here
depends on the geometry of the valve orifice. The initial valve
design consisted of a circular orifice that displayed an
oscillatory response under constant input stream flow. These

Fig. 1 a, Magnified view of one device, the black line is 1 mm. The device utilizes five layers to realize the required channel network. The circled region
corresponds to the section shown in b. b, Schematic of the microfluidic network. The hydrogel post is orange, the 30 mm PDMS membrane is blue, and the
star orifice is shown in red. A top view of the actual device is shown in the lower right corner. c, Schematic representation of the hydrogel exposed to input
at 25 mL min21. d, Input at 100 mL min21. The input was a pH 2 buffer and the compensating flow was a pH 12 buffer. The green areas represent the diffusion
region.
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observations suggested a functioning feedback loop lacking
stability. Several key parameters dictate system stability other
than orifice morphology, including chamber height, membrane
thickness, fluid path lengths, swelling kinetics and laminar flow
orientation. Chamber height and membrane thickness modifica-
tions improved the time response of the system, but the circular
orifice still caused on/off control of the feedback stream. When
the hydrogel expands, it completely seals the small orifice,
stopping the compensating flow. Lack of feedback shrinks the
hydrogel, continuing the oscillatory cycle.

By incorporating a star shaped orifice, a continuous throttling
of the compensating stream was achieved (in contrast to the
discrete on/off functionality of a circular orifice). This is due to
the gradual opening of the star orifice compared to the
instantaneous opening of the smaller circular orifice. Other
geometries may also work in this system, such as a curved star,
but the star orifice seems to be the most logical choice. The
compensating buffer flow rate was now directly coupled to the
size of the hydrogel post providing analog control of the
compensating stream leading to system stability. As the
diffusion region broadens at lower flow rates, the total height of
the hydrogel post increases. This increase in height causes a
downward deformation of the PDMS membrane. The flow rate
of compensating buffer is created by the changing deformation
of the membrane, which is directly correlated to the size of the
hydrogel. For a high input stream flow the hydrogel shrinks,
causing the membrane to seal off a smaller area of the star
opening, allowing more compensating buffer solution to pass
through. Vertical stacking of the input and compensating

streams is also employed such that only a fraction (slice) of the
hydrogel is exposed to a changing environment, effectively
reducing the size of the hydrogel and improving the time
response of the system. The incorporation of the star orifice, the
optimization of other geometrical parameters, and the use of
vertical fluid stacking, result in the stable regulation of the
output stream over a range of flow rates.

The compensating buffer is injected into the input stream
from the bottom. Because the system operates at a low Reynolds
number (Re ~ 100), laminar flow causes the two streams to
stack vertically with the input stream on top and the compensat-
ing buffer on the bottom. The intersection of the two streams
creates a diffusion region. The height of the diffusion region
varies inversely with the input flow rate (increasing flow rate
decreases the height of the diffusion region). Two input flow
conditions and their effect on the hydrogel post are shown
schematically in Fig. 1 d, e. Note that if the compensating and
input streams mix rapidly, the entire hydrogel would expand
and contract uniformly to deform the membrane. However, this
device uses laminar flow to minimize the active region of the
hydrogel actuator. Previous experiments correlate a smaller
hydrogel volume (diffusion region) with improved time re-
sponse.9 A theoretical diffusion profile was calculated for the
interface between the vertically stacked laminar flow streams in
a microchannel21 and found to be approximately 60 and 120 mm
for the fastest and slowest flow conditions, respectively. Thus
vertical stacking reduces the effective size of the hydrogel post
by a factor of ~ 10 and also improves the time response by a
factor of ~ 10. Without vertical stacking, the system requires 50

Fig. 2 Graphs showing a, flow rate of input stream versus time (which is the same for the two devices described below). This flow rate was varied stepwise
using an external syringe pump. b, pH of the output stream versus time for two separate devices, one with a hydrogel sensor/actuator and one without (control).
The two pictures between the graphs illustrate top views of the hydrogel sensor/actuator at two separate flow rates. The edge of the hydrogel has been
highlighted for clarity. The arrows point to when the picture was taken during the experiment. The graph next to the pictures represents the fractional diameter
(fD) of the hydrogel with respect to pH.
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min to equilibrate and with vertical stacking it only takes a few
minutes.

As shown in Fig. 2, the pH is regulated by the hydrogel
sensor/actuator at pH 7 for input flow rates between 25–100
mL min21. The device regulates to a level of pH 7 due to the
response curve of the hydrogel, which is intrinsic to the type of
hydrogel used, the orifice geometry, and the pH of the input and
compensating streams. The transition point for the hydrogel
used in this system is at a pH of 5.3; however, if a hydrogel with
a different chemistry and transition point were used, it would
regulate to a different pH. As can be seen in Fig. 2, the system
does not effectively regulate pH once the input stream rises
above 100 mL min21. At this elevated input flow, insufficient
diffusion between the two vertically stacked buffers shrinks the
active region of the hydrogel too much to accurately regulate the
pH.

Conclusion

The design rules of systems at the micro scale must consider the
scale and the characteristics of the responsive materials to fully
utilize their functionality. The appropriate use of micro scale
phenomena (vertical stacking) and geometries (orifice shape)
give the designer parametric control. Other hydrogels have been
developed that change with exposure to temperature, light, and
biologicals.22,23 Thus, we believe the principles demonstrated
with pH can be applied to regulate many other parameters,
facilitating use across many applications. For example, a
hydrogel sensitive to biologicals, such as glucose concentration
of a patient’s blood, could provide the input stream to regulate
an output stream carrying the desired amount of insulin into the
blood. The simplicity of system construction (less then one
day), the autonomous operation (no power supply) and the
flexibility of the system design (adaptable to other applications)
allow the concepts described here to be widely and readily
incorporated into microsystems. The organic approach to
achieving control of complex function at the micro scale
combined with the development of biologically responsive
materials22 will allow for the creation of biomimetic systems
that capture nature’s ability to be sensitive and specific while
maintaining the robustness and design flexibility of synthetic
systems.
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