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Control and manipulation of microfluidic flow via elastic
deformations
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We utilize elastic deformations via mechanical actuation to control and direct fluid flow within a flexible
microfluidic device. The device consists of a microchannel with a flexible arch prepared by the buckling
of a thin elastic film. The deflection of the arch can be predicted and controlled using the classical
theory of Euler buckling. The fluid flow rate is then controlled by coupling the elastic deformation of
the arch to the gap within the microchannel, and the results compared well with analytical predictions
from a perturbation calculation and numerical simulations. We demonstrate that placement of these
flexible valves in series enables directed flow towards regions of externally applied mechanical stress.
The simplicity of the experimental approach provides a general design for advanced functionality in
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Introduction

Fluid flow within flexible geometries occurs in many biological
environments, and its characteristics are determined by a
balance of fluid properties, pressure, and structural deforma-
tion.™* This balance is important in poroelastic materials, where
the pressure gradient in the fluid is often the consequence of an
externally applied stress causing the fluid to interact with the
elastic network and move away from the external force.> Some
biological systems function to regulate fluid flow within
confined geometries using passively activated internal valves.
For example, as a giraffe changes its posture from standing to
drinking, a pressure-regulated collapse of its jugular vein
maintains an adequate internal blood pressure and flow rate.>*
Biological fluid flow can also be directed towards regions of
high mechanical stress, as observed in the porous microstruc-
ture of bone, where mechanical strain can induce mechano-
transduction for rheotaxis.>” We present a material with
internal flexible valves that can control and direct fluid flow via
external mechanical actuation for use in advanced materials for
in situ mixing, chemical reactions, and rapid, portable chemical
analysis. In particular, we microfabricate internal flexible valves
so that macroscopic deformation leads to valve function that
regulates fluid flow and so can direct flow from low to high
regions of external stress. Creating a bio-inspired method for
internal flow regulation will be useful for controlling fluid flow
within multifunctional devices.®
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portable microfluidics, self-healing devices, and in situ diagnostics.

Porous elastic gels and microstructured fluid channels have
been used to control flow in many soft material settings,® and
these fluid networks can approach the complexity found in
integrated circuits.>™ Fluid transport can be driven actively
using external macroscale pumps, pressure or vacuum cham-
bers, and electrical signals,*>** or passively via surface tension™*
and swelling."'® While significant advances in controlling fluid
flow continue to be made using externally actuated valves, the
presence of external power and hardware limit a device's range
of use.'” The development of a fully internally controlled device
will enable portable or embeddable devices for controlling and
manipulating flow, for example, within self-healing and self-
strengthening materials.

In this paper, we utilize elastic deformations within a flexible
device, driven by mechanical actuation, to control and direct
fluid flow internal to a soft material. In particular, a fluid
confined to one compartment of a channel will flow through a
channel when a pressure drop is created by stretching or
bending the material (Fig. 1). The basis of our approach is a
flexible arch within a milli- or microfluidic channel, which is
designed to prevent fluid flow in its initial, strain-free state.
Upon deforming the device, the arch's curvature decreases and
acts like a valve allowing fluid to flow. The design represents a
fluid-control analogue to the use of a buckled conducting wire
in the design of flexible electronic devices.'®'* We use a math-
ematical model based on the buckling of an Euler column to
predict the deformation of the arch and a perturbation analysis
based upon lubrication theory to predict the corresponding flow
rate within the channel for varying degrees of arch deformation.
By extending this design to include multiple arches within a
channel, we illustrate how local material deformations will
cause fluid flow towards a region of high applied stress, which,
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Fig. 1 (a) Schematics illustrating the fabrication and functionality of a device
with an internal flexible valve. (i) The substrate is stretched and then a thin film is
bonded to it. (i) Upon releasing the initial strain, the thin film buckles to an arch,
and (i) the substrate is fabricated into a microfluidic device, and the arch closes
the channel. Applying an external mechanical loads such as (iv) stretching and (v)
bending, partially opens the valve and allows fluid flow. (b and ¢) Images of the
fabricated device that allows the fluid flow upon stretching and bending.

with appropriate choice of liquids, can serve as the basis for self-
healing and active-sensing materials, as well as metamaterials
capable of exhibiting “negative” poroelastic fluid flow.

Model: flexible valve

To develop the general construct for an internally controlled
fluid flow device, we first consider the fabrication of a
mechanically actuated valve, after which we determine a rela-
tionship between the geometry of the channel, the pressure
drop, and the fluid flow rate. For the mechanically controlled
valve, a thin elastomeric film is partially bonded to a uniaxially
strained elastic substrate (Fig. 1a-i). Release of the strain on the
substrate induces a uniaxial compressive strain ¢;, which
buckles the thin film into an arch with a deflection w, at its
center (Fig. 1a-ii). If we consider the symmetric buckling of a
beam, the profile of the thin film will adopt a cosine shape,*

such that the arch height along its length is

_ 1 2 .

w(x) = @ == Veo(eo — 1) <1 + cos le>, where L, is the
0 0

original length of the beam (Fig. 2a). Therefore, after fabrication
the height of the arch at its center, w, = W(0), is:

%:% eoleo — 1). (1)

To confirm this relation, the arch height after fabrication w,
was measured as a function of compressive strain &,, and we
found good agreement between theory and our experimental
results (Fig. 2b).

With an accurate model of the arch height, we prepared a
superstrate with a channel height W = w, for a specific ¢y, and
bonded it to the flexible device substrate (Fig. 1a-iii), such that
the minimum gap height within the channel is initially » = 0.
Since the arch is deformable, uniaxial tension from stretching
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Fig.2 (a) Experimentally measured profilest of buckled thin films as each structure
is stretched from its initial length Lo = 1.2 mm to a new length L. (b) The initial
deflection of the center of the arch wy/L, after fabrication is plotted as a function of
the strain and eqn (1), and the inset (i) shows the cross section of an arch overlaid
with the theoretical curve. (c) The height of the arch at its center w/L is plotted as a
function of strain with eqn (2) and the identity W = w + b. (d) A schematic of fluid
flow within the microfluidic device. A fluid with velocity U flows from —L/2 to L/2
over an elastic arch with the shape w (x). The height of the gap is described by the
compliment of the arch's height, b(x), that spans the channel height W.

(Fig. 1b) or bending (Fig. 1c) the material by a strain ¢ will
increase L > Ly, thereby decreasing the arch height w =w(0), and
increasing the gap height within the channel (Fig. 2a). To
develop a relationship between the channel geometry and
mechanical strain, it is convenient to rewrite eqn (1) in terms of
the gap between arch's center and the top wall » = W — w, where
w and b are the maximum arch height and minimum gap height
for a given strain ¢, respectively. By neglecting higher-order
terms in ¢, the minimum gap within the channel is:

b 2L T Wy 2

—=1l—-———4/|z7) —e 2

W W (2 L0> ¢ )
Fig. 2c shows the change in arch height at its center as a

function of uniaxially applied strain. The theoretical line is in
good agreement with our experimental results.

Model: fluid flow

From eqn (2), we know the geometry within the channel as an
applied uniaxial strain ¢ causes the gap to go from closed, b/W =
0, to open, b/W = 1 (Fig. 2d). Using this relationship between ¢
and b, we can now determine by a perturbation calculation the

T Experimental profiles have to be shifted so that the maximum of the profile
occurs at x = 0 to compare with w(x).

This journal is © The Royal Society of Chemistry 2013
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flow rate Q through the channel for a given pressure drop AP.

We consider a two-dimensional flow in a rectangular channel,
3

with a flow rate Q. = , and assume that the aspect ratio ¢

12ul
= b/L and the Reynolds number # = pbu./u satisfy 6 < 1 and

RO < 1, where u, = % is the characteristic fluid velocity, u is

the fluid viscosity, and p is the fluid density. We have solved this
problem numerically and also developed analytical approxi-
mations useful for prediction and design. From the momentum
balance, we have two differential equations for the pressure
change in the x and y directions, such that, in dimensionless
form, d,p = 9y, °u + 670, u and dyp = 6°9,,”v + 69, v, where x is
normalized by the length L,, and y is normalized by the width
W. In these equations, ¢ only exists as even powers, suggesting

U

—_— d
o/ W an

. . . 14
that the dimensionless velocities u = vV=—

q0/Lo
2

I can be determined by a series

. . Pb
dimensionless pressure p =
e

expansion in even powers of 8, e.g. u(x,y) = > 6" usn.T We
assume no-slip boundary conditions along the walls and along
the arch, and at zeroth order, we obtain:

3(8 —81+3X%)

1-n7 7 ©)

Apy =

b . . .
where A =1 — W By replacing u, and p, into the equations for
the momentum balance at the second order and solving for the
velocities u,, and v,, we determine for the pressure drop at the
second order,
12122

Ap, = m . (4)

The fourth-order term, Ap,, can be determined in the same
manner.§ With the normalized pressure drop at each order of
the expansion, we can return these terms to dimensional
quantities by knowing the gap within the channel, and calculate
the total pressure drop AP =Y~ 6*"AP,,.

Results and discussion

Using the total pressure drop and normalizing it by the pressure
drop in an empty rectangular channel, AP, = 12uQ.LW >, we
can calculate the flow rate Q = 5 6*"Q,, normalized by the
flow rate in an empty channel Q.. To confirm this perturbation
calculation experimentally, we applied a constant pressure
between the inlet and outlet of the device, and measured the
flow rate at the outlet. In addition to the experimental study, we
used computational analysis to verify the analytical solution.
We performed numerical simulations across the entire range of
microfluidic gap heights (Fig. 3a). The theory, numerical
simulations, and experimental results are plotted in Fig. 3b and
are in very good agreement. The higher-order expansions

1 The mathematics of the derivation will be published as a separate part of the
analysis of fluid motion in these systems.
87 [—428(—1+ V1 — ) +214(—2 + V1 — A)A + 5347
§ Apy = :
175vV1 -2
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Fig. 3 (a) Numerical simulations of pressure-driven flow for several channels
with different gap heights b/W. Refer to the materials and methods for the
specific parameters used in these simulations. (b) The flow rate Q normalized by
the two-dimensional flow in a rectangular channel Q. and plotted versus b/W.
The solid lines represent the zeroth, second, and fourth order solutions to the
perturbation approach in lubrication theory.

appear to better describe the fluid flow as the gap between the
arch and the wall increases. In this way, we can now predict the
magnitude of internal flow within the deformed micro-
structured material for a given applied internal pressure
difference and a given opening of the arch.

The above experiments and model provide an approach to
have external mechanical stresses induce internal fluid flow. A
primary advantage to this design is that more complex micro-
fluidic architecture leads to advanced functionality. Internally
structured materials often exhibit unexpected mechanical
behavior, such as the strength and stiffness of cellular
solids,*** and the negative Poisson behavior*® of foams* and
periodically microstructured materials.>**® We demonstrate the
ability to direct fluid flow towards regions of high mechanical
stress by preparing two arches in series and applying a high
pressure in the channel between them (Fig. 4a). Both valves are
initially closed and the applied fluid pressure in the middle
cannot cause the valves to open, ie. the pressure is not high
enough to deform the valves; otherwise, the system may behave
differently. With this configuration, locally applied mechanical
stress to one end of the device, in this case the right side, will
cause one arch to deform, ie. b/W > 0, creating a pressure
gradient in the direction of the mechanically applied load.
Therefore, opening of a single valve, as seen experimentally and
numerically in Fig. 4a-c, causes fluid flow from left to right, in
the direction of the applied load. It should be noted that
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Fig. 4 (a) A microfluidic device with two flexible arches in series is clamped at
one end and a line load applied to the opposite end. (b) The localized defor-
mation causes the arch closest to the applied load to deform and allow fluid to
flow towards the region of high stress. (c) A numerical simulation of the multi-
channel arch illustrates the directed fluid flow.

without these internal valves, the fluid can go to either sides
since we have high fluid pressure in the middle and low fluid
pressure in both sides. Therefore, the fluid pressure only helps
to have flow but the direction of the flow is determined by the
externally mechanical stress. In this simple demonstration, the
fluid flows from regions of high fluid pressure to low fluid
pressure, yet because of the material's internal microstructure,
this pressure drop occurs in the direction of the externally
applied mechanical stress.

It is clear that a wide variety of functionality can be attained
when the flexible microfluidic architecture is increased in
complexity. Internally directing fluid flow with these structural
valves provides compelling opportunities for moving fluid
within microstructured materials. For example, embedding
multiple arrays of flexible valves and microchannels within a
porous material will enable external loads to move fluid in a
gradient controlled by the internal microstructure. Structuring
the porosity of a material, and therefore the deformation of its
microstructure, could enable a material to exhibit “negative”
poroelasticity, where the gradient of fluid flow is opposite of a
normal poroelastic material, such that the fluid flows towards
the externally applied stress.

Conclusions

We have demonstrated the ability to direct and control fluid
flow within a microstructured device by adjusting the micro-
fluidic architecture. The general experimental and theoretical
framework provides new capabilities for directed fluid flow
using internally controlled structural deformations. By taking
advantage of the inherent flexibility of typical microfluidic
devices, advances can be made in microchannels for in situ
mixing, chemical reactions, or rapid, portable chemical anal-
ysis. Additionally, proper tuning of material properties will
allow directed fluid flow to be actuated by a variety of triggers,
including electrical, thermal, and osmotic actuation.

7052 | Soft Matter, 2013, 9, 7049-7053

View Article Online

Materials and methods
Experimental

The device consists of three parts: substrate, superstrate, and a
thin film in between (Fig. 1); each was fabricated with polydi-
methylsiloxane (PDMS) (Dow Corning Sylgard 184™) mixed at a
20 : 1 ratio of prepolymer to crosslinker, and degassed in a
vacuum chamber. This mixture was then molded against a glass
template of a channel to form the substrate and superstrate
while the thin film was prepared by spin-coating PDMS on a
Petri dish, with the spin speed and time varied to control film
thickness (2 = O(50 um)). The three parts were thermally cured
in an oven at 100 °C for 45 minutes.

The substrate, with a channel of length L, = O(1 mm), was
clamped at its edges and uniaxially stretched by length AL =
0(100 pm) in the direction orthogonal to the channel, and the
thin film was bonded to it using oxygen plasma treatment
(Electro-Technic BD-20AC Laboratory Corona Treater) for 30 s
and incubated at 60 °C for 5 min to enhance the bond strength
(Fig. 1a-i). Upon release of the uniaxial strain (¢, = 0.54), the
thin film buckles to form an arch of height w(x) along the length
of the channel (Fig. 1a-ii). We measured the deflection w(x), the
length between the two points of contact L, and the extensions
AL using an optical microscope (Leica DMI4000 B). Finally, the
superstrate was bonded to the other side of the thin film using
same oxygen plasma procedure in a way that the buckled film
closes the top channel (Fig. 1a-iii). The two ends of the arch
orthogonal to the length of the fluid channel were sealed using
PDMS, and the width of the arch D in the z direction was chosen
to be greater than the arch length (D/L >> 1) in order to reduce
the effect of boundaries on the shape of the arch.

For the flow rate experiments, we made inlet and outlet holes
in the superstrate layer with a biopsy punch. To create a pressure
drop AP from —L/2 to L/2, the inlet was connected to a water
source at a fixed height (1 mm =< H < 10 mm) controlled by a
vertical micrometer. This generates a pressure drop across the
entire channel of 10 Pa =< AP = 100 Pa. Since precise measure-
ment of the pressure drop across the flexible arch was unknown,
we calculated the flow rate at a constant AP relative to an open
channel, i.e. Q/Q. where Q. refers to b/W = 1. We determined the
flow rate Q by measuring the weight of the water at the outletas a
function of time. Numerical simulations described below show
negligible differences in flow rate over this range of pressure
drops. Based on the channel dimensions and measured flow rate,
the Reynolds number in these experiments was # = 0.1-1. The
range of experimental data was limited to small values of b/W
because of the stiffness of the device (Fig. 2a).

Since this buckled arch is embedded within a microfluidic
device, there is a finite volume below the arch defined by the
channel depth d. The ratio of final volume to initial volume
cannot be neglected as this leads to a change in pressure below
the arch that is enough to significantly deform the arch, and
change the gap within the channel. The final pressure P¢
compared to the initial atmospheric pressure P, was calculated
by a simple integration of the geometry before and after fabri-
cation, in conjunction with the ideal gas law. We chose the strain
during fabrication to be AL/L = 0.5 with d/L = 1 for the devices

This journal is © The Royal Society of Chemistry 2013
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described in this paper, as these values correspond to P¢/P,y, =
1.15, which will have a negligible effect on the arch's shape.

Numerical analysis

The channel was modeled in COMSOL 4.2 with the geometry
and boundary conditions identical to the experimental condi-
tions within the fabricated microfluidic device. The channel was
assumed to be filled with water at the beginning while the flow
was driven by a constant pressure of AP = 10 Pa and AP = 100
Pa. The deformation of the arch was neglected. We used the
Navier-Stokes equation in its full form for incompressible flow
to include the role of inertial effects as the valves open and the
flow speeds increase.
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