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 The mechanical microfl uidic oscillators developed by 
Mosadegh et al. [ 3 ]  are relaxation oscillators (akin to astable 
multivibrators in electronics) based on two fi eld-effect-type 
valves and two membranes acting as compliances. The oscil-
lators have been used to control subordinate fl uid circuits, [ 3 ]  
to analyze endothelial cell elongation, [ 5 ]  and to deliver tem-
porally patterned chemical concentration profi les to living 
cells. [ 4 ]  It was also shown that four independent oscillators 
on a single chip with periods between 0.4 and 2 h could be 
operated in parallel, purely driven by gravity. [ 5 ]  A different 
approach for a mechanical microfl uidic oscillator based on 
a simple setup with a single overshooting elastic diaphragm 
was shown by Xia et al. [ 6,7 ]  The device produces fast stable 
oscillations with a period of about 10 ms with a limited fre-
quency tunability of about 30%. Though frequencies in this 
range are ideal for rapid fl ow mixing, they are much too fast 
compared to many chemical or biological processes. Both 
microfl uidic oscillators discussed can be used to transport 
reagents, but they are not themselves responsive to chemical 
concentrations. 

  Autonomous oscillators are a key component of signal pro-
cessing systems in electronics and biology. [ 1,2 ]  The development 
of oscillators that couple chemical or biological systems with the 
mechanical domain of microfl uidics could stimulate novel con-
cepts for the “smart” handling of fl uids and their ingredients. 
In technology, the realization of chemical oscillators is chal-
lenging, in contrast to electronic oscillators. Recently, the con-
struction of microfl uidic oscillators has been demonstrated. [ 3–7 ]  
However, these oscillators operate on purely mechanical prin-
ciples with no infl uence of the chemical domain on the fl u-
idic domain. Here we present a microfl uidic oscillator circuit 
employing a chemofl uidic volume phase transition transistor 
for chemical-fl uidic coupling and a mixing junction for fl uidic-
chemical coupling. It operates by constant sources of pressure 
and fl ow rate without external control signals and generates 
oscillations of pressure, fl ow rate, and chemical concentration. 
The oscillator is shown to have an oscillation period between 
200 and 1000 s, chemical concentrations of alcohol oscillating 
between 2 wt% and 10 wt%, and fl ow rates in the range of tens 
of µL min −1 . 
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 Chemical oscillations [ 8 ]  have been fi rst observed by Belousov 
and Zhabotinsky in the form of chemical oscillation reactions 
in the 1950s and are an ongoing topic of scientifi c investiga-
tions. [ 9–11 ]  Yoshida et al. showed that it is possible to integrate 
the Belousov–Zhabotinsky reaction into a pH-sensitive hydrogel 
with volume phase transition behavior and thus to couple its 
expansion and contraction to a chemical reaction system that 
shows pH oscillations. [ 12 ]  Incorporating the catalyst covalently 
into the polymer leads to self-oscillating gels in a nonoscillating 
chemical environment. [ 13–15 ]  It has been suggested to use these 
gels in a microfl uidic setting. [ 16 ]  However, their applicability is 
limited due to the characteristics inherited from the Belousov–
Zhabotinsky reaction, such as the harsh media and missing 
frequency tunability. 

 The oscillator we present here couples bidirectionally the 
chemical and the fl uidic domain by means of a chemical 
volume phase transition transistor (CVPT). CVPTs are based on 
stimuli-responsive hydrogels. Due to their volume phase transi-
tion behavior, these materials respond reversibly and reproduc-
ibly to small changes of special thermodynamic parameters of 
the aqueous environment with drastic changes of the volume. 
Any thermodynamic parameter able to provoke the volume 
phase transition can be the control signal of the oscillator, espe-
cially concentrations of organic solvents, ions, pH value, or the 
presence of biomolecules. [ 17 ]  Here we utilize the hydrogel phase 
transition stimulated by change of the alcohol concentration in 
an aqueous solution. 

 The oscillator employs a microfl uidic channel as a delay line 
for the chemical concentration signal and a CVPT combined 
with a mixing junction to provide negative feedback. It is inter-
esting to note that nature also uses the approach of a delay and 
negative feedback in biochemical oscillating systems. [ 18 ]  Also in 
modern electronic systems-on-chip, delay-based oscillators are 
ubiquitous in the form of ring oscillators in clock generation 
and frequency synthesis. [ 19 ]  

 The principle of the oscillator is depicted in  Figure    1  . The 
circuit is supplied by a constant pressure source (1) with pure 
water at the buffer channel, a constant fl ow source (2) with 
alcohol solution at the mixing point (3), and a constant fl ow 
sink (4) at the bypass channel. The fl uidic output (6) behind 
the CVPT with hydrogel (5) is at ambient pressure. Note that in 
the layout of the oscillator an additional inlet and an additional 
output branch were added. In the reported experiments they 
were not used and kept sealed.  

 We explain the oscillator using the example of 1-propanol 
as the controlling chemical and an  N -isopropylacrylamide-
sodium-acrylate copolymer as the stimuli-responsive hydrogel. 
At a fi xed temperature, the gel swells in contact with pure 
water or aqueous solutions with low alcohol concentrations, 
and it contracts at higher alcohol concentrations. When the 
hydrogel is swollen, and thus the CVPT closed, the resulting 
fl ow rate through the delay line is determined by the sink con-
nected to the bypass channel. The constant fl ow rate source of 
the alcohol solution is designed to be a little bit higher than 
the bypass fl ow, so that undiluted alcohol solution fl ows partly 
through the delay line and partly backward into the buffer line. 
When the undiluted alcohol solution ( c  alc  = 10 wt%) reaches the 
hydrogel, the latter begins to shrink, thereby opening the fl u-
idic passage of the transistor and thus allowing for increased 

fl ow. Hydrodynamic resistances, the pressure of the water 
source, and the valve seat geometry are dimensioned such that 
the increased fl ow through the now open CVPT is substantially 
higher than the constant supply of alcohol solution. When the 
buffer channel has been cleared off the pushed-back alcohol 
solution, water is added to the alcohol solution at the mixing 
point (Figure  1 b, (3)). While this mixture passes down the delay 
channel, the diluted solution is homogenized laterally to the 
channel. Also longitudinal diffusion occurs, however in a range 
negligible compared to the length of the delay channel. When 
the diluted alcohol solution reaches the hydrogel, the gel swells 
again, eventually blocking the valve seat and starting the next 
cycle of the oscillation. 

 The oscillator circuit is designed with the help of design 
automation software for electronic integrated circuits using 
the analogy of electric and fl uidic quantities. [ 20–22 ]  In analogy 
to microelectronics we anticipate that this design automation 
approach will be a precondition for a transistor based concept 
of large-scale integrated microfl uidic chemical circuits. In the 
fi rst phase, numerical models of all needed active and passive 
components are realized (for detailed information, see Sup-
porting Information Section S2). The heart of the oscillator, 
the CVPT, is modeled by assigning a single size variable to the 
hydrogel. Depending on the alcohol concentration and the cur-
rent hydrogel size a rate of size change is applied. The fl uidic 
resistance of the CVPT depends on the width of the two side 
channels around the hydrogel and is calculated via the Hagen–
Poiseuille law for rectangular cross-sections. 

www.MaterialsViews.com
www.advmattechnol.de

H2O

buffer
channel

delay
channel

1

2

3

4

5

6

buffer ch delay ch

mixing hydrogel

drainflow rate
measurement

10 mm

Qbp = const

1

2

3

4

5
6

a)

b) c)

Qalc

p      = constH2O

PDMS on glass chip

n.c.

n.c.

bpQ

Qalc = const

R = const

pH2O

500 µm

 Figure 1.    Principle of the oscillator. a) Schematic of the microfl uidic 
circuit. b) Photolithographic layout of the microfl uidic chip and sche-
matic laboratory setup. c) CVPT layout detail. Circled numbers in (a) and 
(b): (1) constant pressure water source, (2) constant fl ow rate source 
of aqueous alcohol solution, (3) mixing junction, (4) constant fl ow rate 
drain, (5) CVPT, and (6) ambient pressure drain. Unused optional fea-
tures of the physical chip design are labeled n.c.
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 In the second phase, a schematic representation of the micro-
fl uidic circuit is generated ( Figure    2  ), comprising connectivity 
but still neglecting geometry. This facilitates the calculation of 
all fl uidic quantities including their time dependency. As dimen-
sioning of the circuit components and operational parameters of 
the pumps can be varied easily for repeated simulation, a range 
of parameters yielding stable oscillation has been determined, 
and the fi nal optimized dimensioning of the microfl uidic chan-
nels is chosen to lie well within that range. Once dimensioning 
is complete, a photomask ready layout is drawn (Figure  1 b). The 
main objectives in this phase are overall size constraints, effi -
cient area utilization, manufacturability, and placement of the 
inlets and outlets for easy access later in the laboratory.  

 The operation of the oscillator by means of the CVPT is 
shown in  Figure    3  . Videos S1a, S1b, and S1c (Supporting Infor-
mation) show the chemical-fl uidic oscillations in the whole 
oscillator, the oscillation of the CVPT, and the chemical-fl uidic 

oscillations at the mixing junction, respectively. The time signal 
of the oscillator’s fl ow rate in the buffer line (smoothed to 
eliminate detector noise) is displayed in  Figure    4  a for the oper-
ational parameters  Q  bp  = 7.56 µL min −1 ,  Q  alc  = 9.8 µL min −1 , 
and  p  H20  = 88 mbar. By spline interpolation of the maxima 
and minima the amplitude envelope is determined and used 
to calculate the long-term signal drift. The power spectrum of 
the signal (Figure  4 b) shows some higher harmonics due to the 
nonsinusoidal wave form. A comparison measurement is made 
for a system without hydrogel to determine the system inherent 
noise, where slow drifts most likely correspond to instabilities 
of the pumps and the elasticity of the system.   

 After a fi t procedure for the free parameters of the CVPT 
compact model (see Supporting Information Section S2) a close 
correspondence of the time signals obtained by simulation 
(Figure  4 c) with experiment was achieved. The bypass output is 
of special signifi cance since it exhibits a constant fl ow rate but 
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 Figure 2.    Design with EDA software Virtuoso by Cadence. Schematic representation of the microfl uidic circuit and laboratory setup for compact model 
simulation. Connections drawn in blue represent liquid fl ow, solute transport with the liquid fl ow is modeled as connections drawn in purple. Building 
blocks in green graphics represent instances of compact models.  D ,  W , and  L  designate the depth, width, and length of a channel in millimeter.

 Figure 3.    Photographs of the operating CVPT in four different phases. The liquid with high alcohol content is colored by food color. a) Phase 1: valve 
closed, mostly low alcohol concentration in delay line. b) Phase 2: fl uid with high alcohol concentration has reached the hydrogel (valve just beginning 
to open). c) Phase 3: valve open, mostly fl uid with high alcohol concentration in delay line. d) Phase 4: fl uid with low alcohol concentration has reached 
the hydrogel (valve just beginning to close).
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varying alcohol concentration (Figure  4 d) which could be useful 
for coupling the oscillator to other (e.g., biological) systems. 

 The stability and the operation range of the oscillator cir-
cuit are investigated by varying its operational parameters. As 
shown in  Figure    5  a, higher values of fl ow and pressure sources 
lead to higher amplitudes and faster oscillations. From the 
smoothed and drift-corrected signals the periods of each oscil-
lation are determined from the zero-crossings, which allows for 
the calculation of the period distribution (Figure  5 b). For the 
time signal in Figure  4 a the mean period determined by this 
method amounts to 181.9 s which is close to the inverse of the 
location of the peak of the fi rst harmonic in the frequency spec-
trum (Figure  4 b). Oscillation periods for given input parameters 
can be estimated with an accuracy of a factor of about 1.5 by a 
simplifi ed analytical model which is based on the assumption 
of a CVPT with an instantaneous reaction time (Supporting 
Information Section S3).  

 The operational parameters can be used to tune the oscil-
lation period in a wide range (Figure  5 c). Here, the ratio 
 Q  alc / Q  pb  is kept at a constant value of 1.25. The existence of 
oscillatory behavior was predicted by the presence of a Hopf 
bifurcation in a piecewise-smooth dynamical system modeling 
the microfl uidic oscillator. Figure  5 d shows the surface corre-
sponding to the values of the operational parameters  Q  alc ,  Q  pb , 
and  p  H20  for which a Hopf bifurcation occurs, computed via 
the FORTRAN-based continuation toolbox TC-HAT. [ 23 ]  Opera-
tional parameters below this surface lead to oscillations while 
parameters above lead to decaying oscillations, resulting in a 
steady state of fl ow rates and alcohol concentrations. We found 
that the operation of the oscillator is stable for a long time. It is 
possible to perform daily experiments with the same oscillator 

chip containing the same hydrogel for a period of more than 
three months. 

 In summary, we have presented a CVPT based oscillator cir-
cuit with bidirectional coupling of the chemical with the fl uidic 
domain. In contrast to Belousov–Zhabotinsky-type oscillators 
the ingredients are nontoxic, the behavior of the oscillator is 
tunable over a wide range, and the system can be coupled to 
a wide variety of chemicals. The control signal of an oscillator 
based on the principles shown here can be any thermodynamic 
parameter able to provoke a volume phase transition of stimuli-
responsive hydrogels within aqueous solutions, for example, 
pH value or the concentrations of other ions (e.g., of salts), bio-
molecules like glucose, or organic solvents. [ 24–27 ]  The oscillation 
period can be scaled up or down by the volume of the delay 
line and the fl ow rates of the sources, taking into account the 
reaction time of the CVPT which can be scaled by the choice of 
hydrogel material and size. 

 As the PNIPAAm hydrogel is also sensitive toward ethanol, [ 28 ]  
the current system could be operated to control cells that gen-
erate enzymes which are responsible for ethanol production, 
e.g., yeast cells. [ 29 ]  For example, a cell culture chamber could 
be put into the delay line of the oscillator, where input channel 
2 (see Figure  1 a) contains the cell growth stimulant glucose 
instead of alcohol. Depending on the operational parameters the 
system would either stabilize the cell culture and ethanol pro-
duction or generate an oscillatory fl uctuation of cell population 
and ethanol production. Another cell species sensitive to eth-
anol are Golgi cells which could be used in a setup to study the 
mechanism of alcoholism. [ 30 ]  The current oscillator can also be 
driven with a salt (e.g., NaCl [ 25 ] ) instead of alcohol as the active 
chemical. This widens the applicability in biology where alkali 
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 Figure 4.    Time signals of the oscillator. a) Time signal of the fl ow rate at the buffer line (smoothed for the elimination of detector noise). Operational 
parameters:  Q  alc  = 9.8 µL min −1 ,  c  alc  = 10 wt%,  Q  bp  = 7.56 µL min −1 ,  p  H2O  = 88 mbar. Red graphs show the amplitude envelopes obtained by a spline 
interpolation. The black dashed line shows the long-term signal drift calculated from the envelopes. b) Power spectrum of the time signal shown in 
(a) (blue). Spectral line width due to windowing (black). Noise fl oor obtained from a comparison measurement of the system without hydrogel in the 
valve (red). c) Simulated signal with the same operation conditions as the experimental signal in (a). d) Simulated signal of the alcohol concentration 
at the bypass channel.
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metal and alkaline earth ions are ubiquitous in cell signaling. 
As chemical oscillations play a fundamental role in cell biology, 
e.g., in tissue formation, we hope that this will be a future fi eld 
of application for chemofl uidic oscillators in general. 

 Analogous to microelectronics, we expect that a future 
trend of microfl uidics is the introduction of basic concepts 
from transistor-based information processing. In digital cir-
cuits, three fundamental basic building blocks are logic gates 
(for data processing), fl ip-fl ops (for data storage), and oscil-
lators (to provide timing). We envision microfl uidic circuits 
with the equivalent of these building blocks, based on CVPTs. 
Chemofl uidic oscillators can address a similar range of appli-
cations as their microelectronic counterparts: e.g., providing 
a clock signal for sequential operations, reproducible timing, 
and synchronization of concurrent processes. Furthermore, 
the demonstrated tunability is a key factor for synchronization 
to external references and for calibration in mass production. 
The simple concept of chemofl uidic oscillators with only one 
active component enables simple integration in larger circuits, 
e.g., coupled oscillators where effects like phase synchroniza-
tion and shifts of the oscillation frequency can be utilized. Cir-
cuits based on CVPTs can be used to realize hardware defi ned 
programs as needed for automated analysis or synthesis with 
fi xed protocols. [ 31 ]  On the other hand the bidirectional coupling 
of the fl uidic and the chemical domain allows us to introduce 
a control layer which enables event controlled programs and 

also is the fi rst step toward the goal of fl exible programmability 
within microfl uidics.  

  Experimental Section 

  Chip Fabrication—Channel Level : For the fabrication of the 
microfl uidic chip a standardized soft-lithographic procedure was used. 
First, the molding master was realized by structuring a three-layer dry-
fi lm-resist, ORDYL SY355 from ELGA EUROPE, on a glass substrate. 
The polydimethylsiloxane (PDMS) mixture, SYLGARD 184 10A:1B, was 
then poured over the molding master, degassed at 3 mbar for 60 min, 
and fi nally cured in an oven at 60 °C for 40 min. 

  Synthesis and Structuring of the Hydrogel-Based Component : In a 
round bottom fl ask equipped with a magnetic stirrer and a septum 
 N -isopropylacrylamide (NiPAAm) and sodium acrylate with a total 
amount of 1.25 mol was weighted out. The ratio of NiPAAm to sodium 
acrylate corresponded to 97.5 mol% NiPAAm to 2.5 mol% sodium 
acrylate. Additionally a portion of the crosslinker 2 mol%  N,N′ -
methylene-bisacrylamide was weighted out and fi lled into the fl ask. 
Finally, distilled water was added in order to obtain a polymer solution 
with a concentration of 1.25 mol L −1 . Under constant stirring, the 
mixture was fl ushed with argon in the sealed fl ask for 30 min. Under 
inert argon atmosphere 2 mol% of the photoinitiator 2-hydroxy-4′-(2-
hydroxyethoxy)-2-methylpropiophenone was added to the solution. 
The solution was then stirred under argon atmosphere for 30 min. 

 For the fabrication of the active components, a PDMS mould with 
pits of width 300 µm × 300 µm and depth 140 µm was prepared. Such 
a mould is fi lled with the polymeric solution under inert atmosphere 
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 Figure 5.    Analysis of the oscillatory behavior. a) Time signals of the fl ow rate at the buffer line for different operational parameters. b) Period distribu-
tions for the time signals shown in (a). c) Mean period as a function of operational parameters. Error bars indicate 3 σ .  Q  alc / Q  bp  = 1.25. d) Bifurcation 
surface obtained from a mathematical model of the chemical oscillator. The points represent the parameter values for which the system undergoes a 
Hopf bifurcation. For values above the surface the system responds with damped oscillations settling down to a stable equilibrium. Below the surface, 
this equilibrium becomes unstable and stable periodic behavior appears in the system.
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and sealed with a thin glass slide. Photopolymerization was achieved 
by exposing the fi lled and sealed mould to UV-light (mercury short-arc 
lamp, wavelength of maximum emission 365 nm, power 16 mW cm −2 ) 
for 20 s at a constant temperature of 5 °C. 

  Packaging of the Chip : The so-produced active component was 
manually placed between the holders in the realized PDMS chip. 
Then the PDMS chip was plasma bonded onto a glass substrate with 
an exposure time of 2 min at a power of 50 W and an oxygen fl ow of 
40 SSC in the chamber. 

  Design and Layout Using Electronic Design Automation Tools : Modeling, 
simulation, and design of the microfl uidic circuit was carried out by 
use of the Design Framework II (DFI) software package of Cadence 
Design Systems, Inc. Schematic representations of the fl uidic systems 
were generated by use of the tool Virtuoso. A detailed description of the 
models, simulation, and the design process can be found in Supporting 
Information Section S2. 

  Dimensioning of the Components : The width of the hydrogel in 
the deswollen state amounted to 300 µm; the chamber width was 
500 µm. From the compact model simulation the following fabrication 
parameters were obtained: depth of all channels 0.165 mm, delay 
and buffer channel width 0.4 mm, delay channel length 500 mm, 
and buffer channel length 400 mm. In the bypass path a channel was 
introduced for further experiments. It had negligible infl uence in the 
present setup. 

  Operation of the Microfl uidic Circuit : The chip was operated by two 
syringe pumps and a pressure pump. The pressure pump was operated 
by de-ionized Millipore water. One syringe pump was operated with a 
mixture (10 wt%) of propan-1-ol in Millipore water. The second syringe 
pump acted in backward mode. 

  Bifurcation Analysis : The bifurcation analysis was performed with the 
continuation package TC-HAT. [ 23 ]  This is a FORTRAN-based toolbox 
for the numerical continuation and bifurcation detection of periodic 
orbits of nonsmooth dynamical systems. This package exploits the 
pseudoarclength numerical continuation applied to boundary-value 
problems implemented in AUTO 97. TC-HAT, however, does not allow 
the numerical continuation in two free parameters. Therefore, in order 
to generate the bifurcation surface, the locus of Hopf bifurcations in 
the parameter space ( Q  bp ,  Q  alc ) for various fi xed values of  p  H20  was 
numerically traced.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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