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ABSTRACT

The communication between different cell populations is an important aspect of many natural phenomena that can be studied with
microfluidics. Using microfluidic valves, these complex interactions can be studied with a higher level of control by placing a valve between
physically separated populations. However, most current valve designs do not display the properties necessary for this type of system, such as
providing variable flow rate when embedded inside a microfluidic device. While some valves have been shown to have such tunable behavior,
they have not been used for dynamic, real-time outputs. We present an electric solenoid valve that can be fabricated completely outside of a
cleanroom and placed into any microfluidic device to offer control of dynamic fluid flow rates and profiles. After characterizing the behavior
of this valve under controlled test conditions, we developed a regression model to determine the required input electrical signal to provide the
solenoid the ability to create a desired flow profile. With this model, we demonstrated that the valve could be controlled to replicate a desired,
time-varying pattern for the interface position of a co-laminar fluid stream. Our approach can be performed by other investigators with their
microfluidic devices to produce predictable, dynamic fluidic behavior. In addition to modulating fluid flows, this work will be impactful for
controlling cellular communication between distinct populations or even chemical reactions occurring in microfluidic channels.
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Cellular communication is a ubiquitous process that plays a key
role in phenomena such as the contraction of muscle through coordi-
nated cell actions,' the ability of plants to sense herbivores and patho-
gens,” and even the impact of the gut-microbiome on the proliferation
of cancer cells.” One approach to exploring this interaction is through
controlling the chemical environment with microfluidic systems.
While microfluidic devices with little to no direct fluid control have
been used for many years to answer questions in the biomedical field
with high efficiency and throughput,” * more advanced fluid handling
abilities may allow for more complex problems to be investigated. For
instance, to control cellular communication, dynamic behavior in
microfluidic devices can be implemented through a set of valves that
control fluids. To achieve this, these valves would need to have several
characteristics. First, the valve must be embeddable since cell-cell

interactions would occur within the same microfluidic chip. This valve
would also need to be tunable—or adjustable along a continuous
range—so the amount of interaction between different cells can be
manipulated, and dynamically controllable to allow for precise
changes at specific moments in time. External pumps have been
used to provide such control to microfluidic devices, and moving
that capability to inside the device would enable more intricate
fluid handling.g’13 Next, automated (i.e., computer-based con-
trolled) valves would allow for more repeatable actuation and
remove the need for human intervention. Finally, using a single
valve to implement fluid flow would allow the interaction between
different types of cells to occur without forced flow, which could
generate shear stress on the cells and lead to changes in signaling
behavior or even apoptosis.'*
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TABLE 1. Comparison of various valve designs based on their benefits and drawbacks for controlling cellular communication. The solenoid valve design used in this work to
dynamically control fluid behavior was chosen due to its facile construction and ease of implementation using a microcontroller.

Design Benefits

Drawbacks

Quake'™” e Tunable
o Small footprint (100 x 100 um?)

Thermally actuated'® e Tunable

o Small footprint (approx. 1 mm?)

e Easily controlled with a microcontroller
Braille pins'’ e Directly computer controllable

o Simpler fabrication methods

Solenoid™ e Tunable
o Easily controlled with a microcontroller
e Simpler fabrication methods
e Up to 100 um tall channels

e Large, offboard pneumatic equipment

o Short channels (10 #m) with small tunable flow range
e Semicircular channels may make imaging difficult

e Cleanroom fabrication required

e Slower actuation times (>2 s)

e Full closure of a channel takes > 30 s

e Not tunable with a single valve

e Semicircular channels

e Short channels (30 ym)

e Solenoid adds significant height to device (approx. 3 cm)
e Large footprint (1 x 1cm?)

There are currently many different microfluidic valve designs used
in practice, each with its own characteristics, and a selected set are listed
for comparison in Table I. One of the most common microfluidic valves,
the Quake valve, allows for tunable flow by using pneumatic control
channels powered by an external air supply and operates on a flow
channel that is typically 10-30 um tall, thus allowing for lower flow
rates."””'” Thermally actuated valves employ a different design that uses
a wire to heat up a medium that expands into a channel and tunably
controls fluid flow. This can be easily operated with a microcontroller,
and it can take as little as 2 s to completely close the channel.'® Another
computer-controlled valve uses braille pin arrays to press directly onto a
channel and stop the fluid flow. With the use of multiple valves in series,
tunable flow can be implemented through peristaltic action, since inde-
pendent valves can only be used for open/closed behavior.'” Finally, a
solenoid valve designed by Hulme et al.”’ uses an electric solenoid that
applies a force directly on top of a channel that is proportional to the
voltage supplied to it. However, these valves have not been utilized to
implement varying flow rates through microfluidic channels by modu-
lating the input signal provided to them.

We report a tunable, embedded microfluidic valve that can con-
trol flow inside a device and use it to show dynamic behavior with a
single valve. This work utilizes a solenoid valve constructed of low-cost
components and is controlled with an Arduino microcontroller to
vary flow rates and fluid profiles. We show that a desired fluidic behav-
ior can be accurately produced by applying a time-varying voltage cal-
culated from a model developed from experimental data. Utilizing our
approach, investigators can implement the same valve in any micro-
fluidic device and optimize fluid behavior for a specific application.
Given that these valves are manufactured completely outside of a
cleanroom utilizing 3D printed microfluidic molds replacing tradi-
tional photolithography techniques,”' >’ this method will allow
researchers without access to a cleanroom to study dynamic microflui-
dic environments. Here, we present the fabrication of these valves,
characterize their behavior, and demonstrate a control scheme to cre-
ate a specific time-varying fluid profile. We used this control scheme
to modulate the interface position between co-laminar fluid streams,

which previously has been used to investigate spatiotemporal cellular
dynamics.'***

The fully functioning microfluidic device was created in two
stages. First, taking inspiration from Hulme et al,” a solenoid valve
was fabricated by bonding a polydimethylsiloxane (PDMS) membrane
to a PDMS nut [Fig. 1(a)]. We made this nut by pouring PDMS
around a bolt to cast the thread pattern and allow for an electric sole-
noid to be screwed into it. Additionally, a hole was punched into the
center of the membrane of the valve so it could be aligned to a channel
during the next stage. Second, this valve was embedded into a micro-
fluidic device. Initially, a spin-coated layer of PDMS was partially
cured on a silicon wafer with the desired channels and acted as a bar-
rier between the valve and the microfluidic channel. Then, a valve was
placed above a channel and additional PDMS was poured around the
valve to make the finished device [Figs. 1(a) and 1(b)]. The spin-
coated layer was only partially cured for two reasons: to prevent the
valve from drifting in position as the PDMS poured around it cures
and to prevent air bubbles from becoming trapped under the valve.
Furthermore, to ensure full bonding of the different PDMS layers, the
PDMS in the spin-coated layer was mixed at a lower curing agent to
elastomer base ratio (1:15) so there would be diffusion of the curing
agent between layers and enhance cross-linking at the interface.

For the experiments we conducted to test these solenoid valves,
we used a 60 um tall Y-channel geometry. This design had two 50 um
wide inlets, a 100 um wide outlet, and a scale with 100 um increments
that started at the intersection of the two inlets to provide measure-
ments along the outlet channel. Additionally, markers were placed at
1 mm increments along both inlets to aid in aligning the prefabricated
valve 2 mm away from the outlet. By using this Y-channel design with
fluid moving in the laminar flow regime, two distinct, adjacent (i.e.,
coflowing) fluid streams were visible in the outlet channel since the
inlet streams did not convectively mix, given the laminar flow regime.
To view these separate fluid streams, each inlet contained either clear
or red-dyed distilled water. As shown in Figs. 2(a) and 2(b), the sole-
noid valve was placed on the inlet channel with red-dyed water. Thus,
by changing the voltage applied to the solenoid through an Arduino,
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FIG. 1. Solenoid valve construction and resulting system. (a) An embedded
valve consists of several PDMS layers, including a nut and membrane,
before being placed on top of a spin-coated PDMS layer above the desired
channel. (b) An electric solenoid screwed into the fabricated valve can be
used in any microfluidic device since the valve is made before the device
is fabricated.
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the width of the red fluid stream in the outlet would change [Fig. 2(c)].
This occurs because the force generated by the solenoid decreases the
cross-sectional area of the channel and reduces the flow rate. A full
derivation of this behavior can be found in the supplemental materials.

The width of this red water stream, and thus the interface posi-
tion, was measured for a range of applied voltages to the solenoid to
characterize the behavior of the valve in this microfluidic device. For
each applied voltage, the average width was calculated with a custom
Python script that identified the region of an image that was red water
and then counted the number of pixels that fell on a vertical line
100 um away from the intersection of the Y-channel device [Fig. 3(a)].
As shown in the characterization curve shown in Fig. 3(b), the tunable
region of the valve was from 0 to 20 V. The data from this range of the
characterization curve was then plotted on an inverted graph—where
the independent variable was the normalized width rather than volt-
age. To determine the required voltage to create a specific flow profile
for the red water stream, a regression model was developed using these
data and had an R* of 0.959 [Fig. 3(c)].

To show that the solenoid valve can be used to create a specific,
dynamic fluid profile, we used our regression model to determine the
required voltage input to drive the interface position of the co-laminar
fluid stream in a sinusoidal pattern with a period of 5s [Fig. 4(a)].
Applying this voltage to the solenoid valve resulted in a measured fluid
profile that resembled a sinusoid [Fig. 3(b)]. However, the measured
output had a phase shift with respect to the desired sinusoidal profile.
By fitting a sinusoidal function to these data, the curve fit had an R
value of 0.985, showing that much of the variance in the measured
fluid profile was explained by a sinusoid [Fig. 3(c)]. Additionally, this
curve fit revealed that the output had a period of 5.115s, giving a per-
cent error of 2.29% on the period, and a phase shift of 574 ms. This
phase shift was partially due to a delay between beginning the video
capture and starting the Arduino to control the valve and could be
reduced through code optimization. Overall, these results indicate that
the valve can be used to accurately create specific flow profiles within a
microfluidic device.

FIG. 2. Measuring the fluid profile enabled
by our solenoid based approach. (a)
Schematic of the microfluidic setup. The
solenoid valve is operated by an Arduino
and controls the flow of the red-dyed
water. This changes the width of the fluid
stream in the outlet channel, which is
measured on an inverted optical micro-
scope. (b) An image of the microfluidic
device in use. Red and clear water enter
the device through tubing connected to
syringe needles on the left side. The sole-
noid is powered through the two white
wires exiting the top of its body. (c) An
image of the outlet channel that indicates
the point where the width of the red water
was measured using the scale bar
included in the microfluidic device.
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FIG. 3. Results of the valve characteriza-
tion process relative to the width of the
stream. (a) Using the OpenCV library in
Python, the red water region was identi-
fied (highlighted in blue), and the width of
E the fluid stream was measured by counting

the number of pixels that lie on a vertical
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In order to test the capabilities of our system, we actuated the
solenoid with a range of input signal frequencies varying over three
orders of magnitude [Fig. 5(a)]. First, for a given target frequency, we
determined the voltage input necessary to generate a sinusoidal fluid
output profile and applied it to the solenoid. After recording the posi-
tion of the interface in the device, we applied a fast Fourier transform
(FFT) to this measured output data, which revealed the dominant fre-
quency in the physical behavior of the system [Fig. 5(b)]. As shown in
Fig. 5(c), by taking the inverse FFT of frequency responses that only
included the dominant frequency and 0 Hz offset, the identified sinu-
soid could be compared to the measured response through the coeffi-
cient of determination, R* (see the supplementary material for full
details). When performing this process for triplicate experiments from
0.005 to 5Hz, frequencies below 1 Hz had R* values above 80%. The
drop in R* observed for frequencies above 1 Hz meets expectations,
given that fewer points are collected per cycle of a higher frequency
sinusoid when using a fixed sampling rate, so small errors in measure-
ment are more likely to impact the result.

We have shown a microfluidic valve that can dynamically control
fluid flow behavior inside a microfluidic device. After characterizing
the valve for a Y-channel microfluidic geometry, a sinusoidal output
flow profile was accurately created. This demonstrates how a single
embedded valve can be controlled to produce dynamic fluidic behav-
ior. The solenoid valve we used has several added benefits for this
application. First, this valve offers researchers who have limited resour-
ces the ability to dynamically control microfluidic environments since
they can be constructed completely outside of a cleanroom. This
includes spin coating a thin layer of PDMS on the microfluidic wafer,
as low-cost spin coaters can be built in the lab for as low as $30.”
Second, since the primary active component of these valves—the elec-
tric solenoid—can be easily removed from a device, the most expensive
component of an individual valve can be reused across several micro-
fluidic chips. If a single microfluidic device is only used one time, this
solenoid valve provides significant time and cost savings because of its
simple fabrication and reusability. Finally, given that these valves are
electrically powered rather than pneumatically, they can be controlled
without additional external equipment such as pumps or lab air sup-
plies. It is important to note that these valves are most applicable to
microfluidic devices that are (1) made with elastomers, (2) do not have
multiple fluidic channels within the 1 cm? area of the valve, and (3) do

0.6 0.8 1.0
Fraction of Original Width

a specific width.

not contain electrical components or magnetic fluids that could be sen-
sitive to the actuation of the solenoid. Yet, given that the approach we
have presented for controlling the solenoid valve relies only on the
data collected from the fluidic system, it could be applied to other types
of microfluidic valves that meet user requirements.
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FIG. 4. Driving the interface position of a co-laminar fluid stream in a sinusoidal pro-
file with the solenoid valve. The profile on the vertical axis for all plots indicates the
ratio of the width of the current red water stream to its original width when the sole-
noid valve is not powered. (a) To create a sinusoidal output, the regression model
was used to calculate the required voltage waveform to apply to the valve. (b) A
phase shift was observed between the expected forced output (green line) and the
measured result (blue dots). (c) A cosine wave (red line) was fit to the measured
fluid profile (blue dots) and showed high agreeability.
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FIG. 5. Frequency performance character-
ization for the solenoid valve. (a) The
range for the frequency of actuation was
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While we showed this valve working in a specific microfluidic
device, our approach can be extrapolated to other channel geome-
tries. After embedding a valve into a microfluidic device, the sys-
tem can be characterized with dyed fluid so an input-output
relationship can be determined with the electrical input to the valve
and camera data output. Here, this output was the width of a red-
dyed water stream in the outlet of our device, but it could be the
diameter of a droplet for water-in-oil droplet applications™>*“*’ or
the color of a mixed solution of multiple, dyed fluidic inputs. In
any case, this characterized relationship can be utilized to develop a
model to calculate the required input for a specific behavior. Once
this model is created, a microfluidic system employing fluids of any
color, including clear fluids, could be accurately controlled. This is
particularly important for cell culture experiments where the color
of reagents is fixed. As a result, researchers will be able to more eas-
ily study and control complex biological systems or mass transport
effects with this methodology and the unique advantages offered by
these solenoid valves.

See the supplementary material for details on the microfluidic
device fabrication process, the control setup, and system
characterization.
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