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Valves are widely used in fluidic channel systems to regulate flows. In many applications, maintaining
a constant flow rate under varying input conditions is critical. However, current active or passive
valves suffer from several drawbacks, such as complex structures, complicated fabrication processes,
and complex operational procedures. This paper presents a novel design concept for fluidic channels
using a simple structure that can serve as self-adaptive passive valves to regulate flow under external
pressure. The design relies on embedding a cantilever-like flap inside a channel to provide a self-
regulated closed-loop control of the flow. The flap can passively deform to adapt to the variation
of the fluid pressure. A theoretical model is developed and validated by finite-element simulations
to understand the flow characteristics of this design. Based on the theoretical model, we provide
the design rules for obtaining valves with desired pressure-flow rate responses. Furthermore, by
integrating the quantitative design tool and 3D printing, a valve that can maintain a constant flow rate
over a certain pressure range is designed, fabricated, and characterized. With support from systematic
analysis and rapid manufacturing techniques, the valve design proposed here can open routes for
applications in microfluidic systems and drug infusion systems.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction system to dispense insulin in a controlled rate and volume to

patients with type-I diabetes [9,10]. By detecting the glucose level

The last two decades have witnessed the rapid development of
microfluidic systems and its broad applications, such as biomed-
ical devices [1], analytical systems [2], and tools for chemistry
and biochemistry [3]. In many of these applications, precision
control of flow rate is essential (Fig. 1a). For example, in a flow
chemistry system, the ratio of reagents’ flow rate needs to be ac-
curately controlled because it defines the reaction stoichiometry
and changing the flow rate affects the final reaction products [4,
5]. In a drug infusion or microdialysis system [6,7], overdose,
which may be caused by an uncontrolled delivery rate, can be
even life-threatening (i.e., coma or death). Currently, in order to
control the flow rate, one has to use pumps or valves that can
compensate for the changes in external conditions, such as pres-
sure. The traditional valves for flow control require sophisticated
external electronic/mechanical devices to provide a closed-loop
control [8]. For example, an insulin pump is a highly integrated
device composed of a glucose measuring module and a pumping
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in a human body through the glucose measuring module and then
transmitting the data to the insulin pump [11], the insulin pump
provides the required basal insulin, a background insulin with a
constant flow rate over a period of fasting, to keep blood glucose
levels at consistent levels. In a closed-loop control system of
pumps, flow-regulating valves are usually designed by integrating
active movable components such as a diaphragm-like structure
that can be actuated by piezoelectric [12,13], pneumatic [14-17],
electrostatic [18,19], light [20] or magnetic forces [21,22]. When
there is a pressure change, sensors detect the change and send the
information to a central processor, which calculates the changes
and controls the valve to respond. The valves in these systems
are called active valves. Although active valves respond rapidly
and have accurate control of the flow, they have drawbacks such
as the requirement of many sensors, processors, actuators, and
software to work collaboratively, which increases the control
complexity, failure risk, and maintenance cost.

Alternatively, passive valves that respond to pressure changes
and operate adaptively without the assistance for external de-
vices could significantly simplify the valve structure and opera-
tion [25-28]. An excellent example of the passive valves is the
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Fig. 1. Designs for the passive valves and their potential applications. (a) Applications in the biomedical and chemistry areas that require the flow rate to be
accurately controlled. (b) Existing passive valve designs that utilize sub-channels (top panel, reproduced from Fig. 1 from Ref. [23]) or a single channel (bottom panel,
reproduced from Fig. 3 from Ref. [24]). (c) Schematic graph of the design for the self-adaptive flexible valve as a passive flow regulator.

heart valve, which opens and closes passively due to the pressure
difference across the valve [29]. With the passive response, these
valves allow the possibility for a closed-loop control over the
flow without complicated sensors and computing algorithms.
Currently, most of the passive valves rely on creating a structure
that includes a sub-channel (serving as the control channel) to
regulate flow. For example, Doh et al. [23] demonstrated a pas-
sive flow regulator relying on using two sub-channels to control
the autonomous deflection of parallel membrane valves (the top
panel in Fig. 1b). There are also works utilizing a single chan-
nel, while it lacks flexibility and has few degrees of freedom
to be designed. For example, Yang et al. used a self-adaptable
check-valve to obtain a stable flow rate under a range of pres-
sure change (70-200 kPa; the bottom panel in Fig. 1b) [24,30].
In their design, three edges of the flap are clamped so that
the flap-stopper contacting area and the flow resistance can
passively respond to pressure changes via the bulging deforma-
tion of the flap. Despite these progresses, the existing passive
valve designs still suffer from some limitations, such as the re-
quirement of complicated structures and fabrication process. For
example, the sub-channel design, which is the most popular type,
requires multiple channels to be arranged in different spatial
locations, leading to complicated procedures to fabricate [31-33].
Additionally, careful studies on the nonlinear flow rate-pressure
relationship, which are important in determining design param-
eters in these designs, are very limited. Very recently, Xiang et al.
developed a new flow regulator with a very simple structure
and a high throughput up to several milliliters per minute. By
embedding a suspended elastic membrane with a hole into the
flow channel, the regulator they developed is able to stabilize the
flow rate under a low threshold pressure [34].

In this paper, we present a simple yet efficient design of a fluid
channel that can act as a passive valve to maintain a constant
flow rate over a certain range of pressure. The key concept is
to embed a cantilever-beam like flexible flap as a valve into a
long, narrow channel (Fig. 1c). The design presented here allows
the quantitative selection of the relevant structural parameters
for accurately tuning the nonlinear flow rate-pressure relation.
Different from the existing designs, our design uses single flow

channel and leverages the flap bending to self-adaptively respond
to the pressure change, thereby enabling a rather simple structure
but with a highly tunable response. In order to understand the
flow characteristics of this design, we also develop a theoretical
model for the nonlinear flow rate-pressure relationship that in-
corporates the relevant design parameters of the flap. To validate
the model, a finite-element analysis (FEA) that considers the
fluid-structure interaction is performed. Based on the model,
we provide the design guidelines for the valves with optimized
flow-regulating performance. Following the guidelines, we se-
lect a specific design as an example for fabricating a valve that
can provide an almost constant flow over the pressure range of
20-60 kPa. According to requirements, other design points that
alter material and geometric properties can also be chosen for
obtaining a different pressure change. We anticipate that our
new valve design can be useful for potential applications such
as chemical reactions, microfluidic sorting, and portable drug
infusion systems.

2. Design, analysis, and methods
2.1. Structure and design principle

The inset in Fig. 2a schematically shows the cross-section of
the valve in our design. To provide a closed-loop control of the
flow, a tilted deformable flap (dashed line in Fig. 2a) is fixed to the
inner ceiling of the channel, serving as a flow regulator. When the
flow rate is higher than the targeted value, a higher pressure is
applied to the flap, which bends the flap toward the bottom wall
of the channel (the deformed configuration; solid line in Fig. 2a)
and reduces the gap between the flap tip and the bottom wall to
lower the resultant flow rate. And vice versa. In this way, the flow
rate within the channel can be regulated by the flap via its passive
deformation under the changing pressure. The dimension and the
material property of the flap affect its bending behavior and thus
the flow-regulation performance. In this work, we use the same
material for the flap and investigate how the flap’s geometrical
parameters affect the flow-regulation performance. Three critical
geometry parameters are studied, including the flap thickness t,
the tilt angle of the flap relative to the top wall 6, and the initial
gap between the flap tip and the bottom wall d; (Fig. 2b).
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Fig. 2. Schematic diagrams of the valve design for passive flow regulating. (a) Schematic graph of the fluid flow and deformation of the flap within a channel (height,
H) under a pressure difference (P; — P,). (b) Schematic graph of the details of the flap deformation. The flap with a tilt angle of 6 and flap thickness of t changes
from its initial configuration (dashed line) to a new position (solid line), during which the gap changes from dy to d. (c) Schematic graph of the deformation of a
Timoshenko cantilever beam under a uniformly distributed load q. This can be used as a rational approximation of the flap deformation induced by the fluid pressure
in Fig. 2b. The local coordinate (s) along the neutral axis of the beam and the Cartesian coordinate o-xy are denoted in the figure, respectively.

2.2. Theoretical analysis

To gain insight into the physics behind the different regulation
behaviors governed by the design parameters, t, 6, and dg, we
theoretically analyze the deformation of the flap and its influence
on the flow rate-pressure relation. As shown in Fig. 2a-b, we
consider a two-dimensional fluidic channel (of height H) with a
flap, which has a thickness ¢t, tilt angle 6, and initial gap do. At
the initial moment, the channel is filled with a working fluid and
the flap is in its initial undeformed configuration. The fluid starts
to flow due to a pressure difference AP (AP = P; — P,) across
the channel. The top and bottom channel walls are considered to
be rigid. As the flap is soft, it deforms under the flow-induced
pressure. Its deformation is determined by the magnitude of the
pressure acting on it, which further contributes to the flow rate
control. We consider that after a series of quasi-static equilibrium
processes as the pressure difference gradually increases from 0 to
AP, the flap eventually transforms from the initial undeformed
configuration (dashed line) into a new deformed configuration
(solid line) and the gap between the flap tip and the bottom wall
has a new value d (Fig. 2b). In order to quantitatively describe
the flap deformation and calculate d, we consider the flap as a
straight cantilever (Fig. 2b vs. c¢). Hence, the length of the beam [
is determined by the distance from the flap tip on the top surface
to its root, which can be written as

I=(H —dy—tcos6) /sind (1)

Here, we consider a relatively thick beam, i.e. [/t < 5. Moreover,
considering that the boundary layer is very thin and the pressure
is nearly homogeneous across the cross section, the pressure
difference AP that the surrounding fluid applies on the flap can
be approximately represented as a uniformly distributed load g
applying on the beam surface through the relation ¢ = APWjqp,
where Wjg, is the width of the flap (Fig. 2c). It should be noted
that large beam deflection under high pressure would cause
nonlinear behavior of the beam, which affects the approximation
using our model. To include the nonlinearities caused by the
finite rotation of the flap, and note that the length-thickness
ratio of the flap is relatively small, we employ the nonlinear
Timoshenko beam theory to calculate the beam deformation.
Following the schematic graph of the beam deformation in Fig. 2c,
when subjected to a distributed load g, the thick beam deforms
from the reference configuration (dashed line) into the current

configuration (solid line). Using the Lagrangian description, the
kinematic relations during deformation can be expressed as [35]

Ux (X,y) =u—ysing (2a)
uy (x,y) =w(x) =y (1 —cosg) (2b)

where u, and u, denote the displacement components at an
arbitrary position in the beam in the x- and y-axis directions,
respectively. u and w are the displacement components at the
neutral axis in the x- and y-directions, respectively. ¢ represents
the rotational angle of the normal to the mid-surface of the beam.
If ¢ is restricted to small values, then sing &~ ¢ and 1—cos¢ =~ 0,
and Eq. (2) recovers to the classical linear Timoshenko theory. It
should be mentioned that although the rotation here can be large,
the strains in the flap are still in the small-strain range. Therefore,
the length of the neutral layer of the beam does not change
and still holds for I. From the strain-displacement relations for
small strains, the non-zero strains based on the Timoshenko
assumptions are [35]

oy asing
= — = — 3
Ea = Y o (3a)
1 (0duy Oduy 1 . w
=— 2)=—(- — 3b
Ex 2<8y + 8x> 2( sing + 8x> (3)

The expressions for the bending moment M, and shear force Q,
in the beam can be written as follows [35]
do

M, = /yaxdi = nyeudA = —EI cos gaa (4a)

d
Q =« / OydA = i / 2Ge,ydA = KAG (— sing + di’) (4b)
X

where E is the elastic modulus, I is the moment inertia of the
cross-sectional area, « is the Timoshenko shear coefficient, A is
the cross-section area, G is the shear modulus, respectively. For
the convenience of describing the large deflection of the beam,
we also need to describe the bending moment and shear force in
the local coordinate s that is along the neutral axis of the beam
in the deformed configuration (Fig. 2¢). In the local coordinate s,
the shear force on a surface that is perpendicular to the neutral
axis can be expressed asQ,; = gscos« (where « is the rotation
angle of the plane tangent to the mid-surface), while the shear
force in a surface that is along the y-axis direction is Q, = gs. The
equilibrium equation in the deformed configuration requires that
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dM, /ds = Q. With these relations, Eq. (4) can be rewritten as
d do
— El— — = 5
s (cosgadx> gs cos o (5a)
. dw
gs = kAG | —sing + — (5b)
dx
Eq. (5) involves both the coordinate o-xy in the undeformed

configuration and the local coordinate s in the deformed con-
figuration. The two coordinate systems satisfy the relationship

dx _ cos (6a)
ds ¢
d
Y _sing (6b)
ds
where « obeys the following relation
d
tana = — (6¢)
dx

It should be noted that dw/dx # ¢ due to the shear effects
considered in the Timoshenko beam hypothesis. Inserting Eq. (6)
into Eq. (5) and use the trigonometric operations, we arrive at

d2
S EIcosgo(l—i—(%—i—singo))
dw S sin
do _ q N ¢
KAG\/<1 + (% +sing)’) \/(1 + (% +sinw)”)
(7b)

More details for deriving the above two equations can be found
in the Supporting Information.

The above two equations constitute the governing equations
for the large deformation problem of the beam under the dis-
tributed load q. The boundary conditions for this problem are
¢ (s=0 =0, ¢(s=1) =0, and w(s=1) = 0. After solving
the equations, the deflection of the flap tip (bottom-right corner
of the flap in Fig. 2b) wyp, the rotation angle of the flap end
@rip, and the horizontal displacement of the center point at the
flap end uyp, for different levels of pressure can be obtained. To
further calculate the new gap d in the deformed configuration, it
is feasible to use the geometry relations that relate the bending
flap to the initial straight one to express d in the function of wyp,
@ip, and ugp. This is expressed as

Usip + £ sin gy
d = dy — cos (0 + tan™! ( i — $rip - )) X
Wtip + 5 COS Prip — 5

t 2 t t\2
(Urip + 5 sin (ptip> + (wn‘p + 5 COS @rip — 5)

More details for deriving the above equation can be found in
the Supporting Information. Eq. (8) can be further normalized by
dividing H on both sides, which is expressed as

Utip t oo
d d — 4 55 SIN @y
RR— £ —cos |6 + tan’l o H : 2H Qﬂnp - x
H H -t 35 COS @ip — 3

2 2
utl + L Sin . _l’_ wtip + L Ccos P L
g oy > H " 2H ¥ T oy

After obtaining d for different levels of pressure, we couple
it with the flow rate. Here, we avoid using Navier-Stokes equa-
tions to calculate the accurate velocity distribution inside the
channel as it would involve complex computation due to the
fluid-structure interaction. We make some simplifications so that

(9)

an approximate relationship can be derived theoretically. We first
consider the inviscid flow. After obtaining the volume flow rate
for the inviscid flow, we can then add a constant which we refer
to as the viscous correction coefficient () to obtain the flow rate
for the actual viscous fluid. » is used to lump the influence of the
viscosity on the final flow rate. Following the above discussion,
we first seek to obtain the flow rate for the inviscid flow within
the channel. Under this condition, the pressure drop across the
channel before the flap is zero due to no cross-section change,
and the velocity of the fluid for that part is homogeneous which
can be denoted as v;. This is also applicable to the fluid after the
flap where the velocity is denoted as v,. The pressure gradient
across the channel now equals the pressure difference across the
fluid flowing through the flap. In Fig. 2a, from left to right, we can
apply the Bernoulli’s equation along a streamline [36]

T 5 T 5
5PV +P = 5PV + P, (10)

where v, Py is the velocity and pressure of the fluid on the left of
the flap, vy, P, is the velocity and pressure of the fluid on the right
of the flap, respectively. The gravitational contribution to the total
potential energy is negligible and does not appear in Eq. (10). Due
to the conservation of mass, we have the relation as follows [36]

Q:A]U1:A2U2 (11)

where A; and A, are the cross-sectional areas of the fluid in the
left and right of the flap, respectively. Considering a channel with
a width of W, substitute HW for A; and dW for A;, Eq. (11) can
be written as

Q = HWv; = dWvu, (12)

Inserting Eq. (12) into Eq. (10) and compensating the flow rate
loss due to fluid viscosity, we arrive at

2AP

d\—2
p((H)7=1)
where 7 can be determined by fitting the FEA simulations. By

introducing the dimensionless flow rate Q = Q/(HW /E/p) and

the dimensionless pressure difference P = AP/E, Eq. (13) can be
rewritten as

Q = nHW

2P

Through the analysis above, we find that the dimensionless de-
sign parameters t/H, do/H, and 6 govern the bending behavior of
the flap (d/H — P) and regulation behavior (Q — P) for different
levels of pressure.

(14)

2.3. Finite element analysis

To validate the theoretical model proposed above, we conduct
FEA simulations using the commercial FEA package, COMSOL
Multiphysics® (ver. 5.4; Burlington, MA, USA). Specifically, a two-
dimensional model consisting of both a solid domain (flap) and
a fluid domain (rectangular channel) is established. The solid
domain is modeled as an incompressible neo-Hookean material
while the fluid domain is modeled as water (which is consistent
with the experiments). To account for the interaction between
the solid and fluid domain, the fluid-structure interaction (FSI)
module in COMSOL is adopted. In the simulation model, a fixed
boundary condition is applied to the top end of the flap, which is
consistent with the designs (Fig. 2a). The pressure difference AP
across the entire channel is applied by setting the inlet pressure
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of the fluid domain to be AP while keeping the outlet pressure of
the domain to be zero. Considering that the deformation involved
in the simulation can be large, the geometrical nonlinearity is
included. A mesh sensitivity analysis is performed to ensure the
numerical convergence. The parameters used for modeling are
listed in Table S1 in the Supporting Information. After the sim-
ulation, both the deformation field (solid domain) and the flow
field (fluid domain) can be obtained. To extract the volume flow
rate, the integration of the horizontal velocity component along
the cross-section of the outlet is performed.

2.4. 3D printing and fabrication

In this paper, we use digit light processing (DLP) 3D print-
ing technique to directly fabricate the fluid channel with the
proposed valve design. Figure S2a in the Supporting Information
shows the DLP printing setup. It is composed of an ultraviolet
(UV) light projector (PRO4500, Wintech, San Marcos, CA, USA)
and a linear translation stage (LTS150, Thorlabs, Newton, NJ,
USA). The operation of the platform is controlled by a MATLAB
script (MathWorks, Natick, MA, USA). In addition, a photocurable
liquid resin is prepared by mixing 2-hydroxyethyl acrylate (HEA;
Sigma-Aldrich, St. Louis, MO, USA), isodecyl acrylate (IA; Sigma-
Aldrich), and Ebecryl 8807 (Allnex, Alpharetta, GA, USA) at a
mass ratio of 69.48%: 19.85%: 9.93%. In this material system,
HEA and IA are monomers and Ebecryl 8807 is the cross-linker.
0.7 wt% photoinitiator phenylbis (2, 4, 6-trimethylbenzoyl) phos-
phine oxide (Sigma-Aldrich) and 0.04 wt% photo absorber Sudan
I (Sigma-Aldrich) are added into the resin for reaction initiation
and improving printing resolution. The mechanical properties
of this material are tested on a DMA tester (model Q800, TA
Instruments; sample size: ~8 mm x 4 mm x 0.26 mm) and the
results can be found in Figure S3 in the Supporting Information.

For the convenience of connecting the valve into the testing
system and characterizing the flow rate-pressure responses, a
cylindrical inlet and outlet are added at the two ends of the valve
channel (Figure S2b, Supporting Information). A full geometry of
the valve for testing can be found in the Supporting Information.
The length of the main flow channel is 22 mm and the channel
height and width are both set to be 1 mm. The dimensions
of the flap embedded in the channel vary and depend on the
specific design parameters. In addition, a narrow gap between
the flap and the sides of the channel is set to be 75 ywm so that
the flap can move freely without connection to the inner wall
at two sides. After determining the geometry of the valve for
testing, the final design of the valve is then created in Solidworks
(Dassault Systémes, Vélizy-Villacoublay, France) and transferred
to the printing platform for slicing and printing. For the printing,
the layer printing time and thickness are set to be 2 s and 100 pm,
respectively. For a channel with a length of 30 mm, the printing
time is ~30 min. After printing, the sample is fully cleaned with
ethanol and transferred to a UV box for overnight post-curing.

2.5. Flow rate measuring system

To experimentally evaluate the performance of the valves, we
develop a flow-rate measuring system for characterizing, testing,
and analyzing the response of valves for different pressure differ-
ence. The system is composed of a pressure regulator (Ultimus V,
Nordson, Westlake, OH, USA), a well-sealed container with deion-
ized water, a valve fixture device (printed by PolyJet printer using
material Verowhite [37]), a flow meter (SLQ-QT500, Sensirion,
Chicago, IL, USA), and a waste-collecting container. In addition,
silicone tube segments are used to connect these components. In
a typical test, we first set a pressure value P, on the pressure

regulator. Then the air on the top of the water container is com-
pressed and its pressure is increased to P . Under the pressure
of P, the water is delivered into the fluidic path, then flows
through the valve and the flow meter, and eventually flows into
the waste-collecting container. The flow meter records the flow
rate and transfers the data to the computer in real-time.

3. Results and discussion
3.1. Theoretical predictions

In Fig. 3a-f, we report the effects of individual design pa-
rameter on the normalized gap d/H and the dimensionless flow
rate Q as functions of the pressure. In general, excellent agree-
ments between the theoretical model and the FEA simulations
are achieved. Fig. 3a shows d/H as a function of P for three
different dimensionless thicknesses (t/H) with & = 30° and
do/H = 0.3. We observe that d/Hmonotonically decreases with
increasing P, which is consistent with our design concept. For a
smaller t/H, d/H is more sensitive to the pressure change and
decreases more with the same amount increase of P. This is
because that with a higher t /H, a more enhanced flexural stiffness
of the flap (proportional to t3) makes it more difficult for the flap
to bend. Furthermore, in Fig. 3a, it is found that a small pressure
P =~ 0.002 could bend the flap to the bottom wall, or close the
channel. Therefore, the flap cannot be designed to be too thin;
otherwise, it is too sensitive to pressure and will overreact to the
pressure change. Figs. 3b and 3c show d/H as a function of P for
three different tilt angles (6) with dyp/H = 0.3 and t/H = 0.3
and three different initial dimensionless gaps (do/H) with t/H =
0.3 and & = 30°, respectively. In Fig. 3b and c, similar results
are observed that for all values of 6 or dy/Hunder investigation,
d/H decreases as the pressure increases; by either increasing 6
or do/H, the decrease in d/H versus pressure becomes slower.
Although the increase in either 6 or dy/H does not change the
bending stiffness of the flap as the increase in t does, the change
of 6 or do/H prominently affects the effective length of the flap [
(I=(H —dy — tcos®) /sinB), which determines the level of the
deflection and rotation achieved at the flap end. Therefore, the
change of 6 or dy/H also affects d/H. In Fig. 3b and c, we also
notice that for a high value of 6 (i.e., 40°) or dy/H (i.e., 0.4), the
decrease of d/H from its maximum to its half can span a larger
range of pressure than that of low 6 or do/H. This is desirable for
the valve design as it can regulate the flow over a wide range of
pressure change.

We next start to analyze the results for the volume flow. In
Fig. 3d-f, we plot flow rate curves under the same conditions
as those in Fig. 3a-c. In Fig. 3d, we find that in general Q first
increases with pressure, reaches a peak, and then decreases. This
behavior can be understood from the results shown in Fig. 3a.
The initial increase in flow is due to the pressure increase, but as
the pressure increases, the gap decreases and the flow resistance
increases significantly, preventing the further increase of the
flow rate. After the peak, the gap decrease dominates and the
flow constantly decreases with pressure. For the same amount
of pressure, with a higher t/H, Q decreases less. The existence of
the peak thus indicates the two competing mechanisms due to
the increase of the pressure: the increase of the flow rate and the
decrease of the gap. In Figs. 3e and 3f, we present the results by
varying 6 and do/H, respectively. For small values of 6 or do/H,
we observe that the behavior of Q is similar to that observed in
Fig. 3d. However, with increasing 6 or dy/H, the peak becomes
less sharp, especially for & = 40° or dy/H = 4, in which the flow
rate changes negligibly over a wide range of pressure. Note that
this behavior corresponds to the situation for high values of 6 or
do/H in Fig. 3b and ¢ where the gap decreases slowly as pressure
changes.
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Fig. 3. Investigation of the effects of the design parameters (do/H, t/H, 6) on the dimensionless gap-pressure relation (d/H — P) and flow rate-pressure relation
(Q — P) using both the theoretical and finite-element models. Solid lines represent the theoretical results and dotted lines represent the FEA results. (a) d/H as a
function of P for three different dimensionless thicknesses (t/H) with & = 30° and do/H = 0.3. (b) d/H as a function of P for three different tilt angles (9) with
do/H = 0.3 and t/H = 0.3. (c) d/H as a function of P for three different initial dimensionless gaps (do/H) with t/H = 0.3 and # = 30°. (d) Q as a function of P for
three values of t/H with § = 30° and dy/H = 0.3. (e) Q as a function of P for three values of @ with dy/H = 0.3 and t/H = 0.3. (f) Q as a function of P for three

values of do/H with t/H = 0.3 and 6 = 30°.

The above analysis indicates that the regulatory behavior of
the channel based on our design scheme is highly tunable; more-
over, with the appropriate design parameters, the flow can be
regulated and be stable over a wide range of pressure, which is
the desired property of a valve for maintaining a constant flow
during pressure fluctuations.

3.2. FEA Results

Fig. 3a-f also show that the FEA simulation results agree well
with the theoretical results. Moreover, using the FEA simulations,
we can understand the deformation of the flap and the flow field
involved in our design. In Fig. 4, we present the FEA results
for the displacement field, flow field, and pressure distribution
for a fluid channel with t/H = 0.3, 6 = 30° and dy/H =
0.365. Fig. 4a shows the results of y-displacement distribution
of the flap subjected to two different pressure values (7 kPa for
the left; 37.5 kPa for the right). Fig. 4a also shows the stream-
line distribution around the flap demonstrating the variation of
the flow field for different flap configuration. Fig. 4b shows the
velocity distribution of the fluid (top panel) and the pressure
distribution (bottom panel) when the channel is subjected to a
pressure difference of 37.5 kPa. On the left of the flap within the
channel, the magnitude of the horizontal velocity component of
the fluid is ~2 mm/s, while it is ~9 mm/s for the fluid on the right
of the flap. In addition, the height of the velocity trace along the
y-axis direction in the fluid area on the right of the flap is very
close to the gap. For the pressure distribution, on the left of the
flap, the pressure is a constant value of 37.5 kPa while on the
right of the flap, the value is very close to 0 kPa. The pressure
drop mainly occur in the area surrounding the flap.

Fig. 4c shows the distribution of velocity V, at the cross-
section A (marked in Fig. 4b) under a series of pressure loadings.
The shape of each curve is very close to a parabola. The fluid
viscosity leads to the gradient distribution of V, along the y-axis
direction where the velocity value is higher at the center than
that in two sides. With increasing the pressure difference, the
value of V, increases but the parabolic shape still holds. Fig. 4d

shows the velocity distribution at the cross-section B (marked in
Fig. 4b). With decreasing y, Vy first holds values close to zero, then
starts to increase rapidly after a certain y-coordinate threshold,
which is the close to the value of the gap. After the threshold, the
curve shape is roughly close to a parabola. We also notice that for
high-pressure loadings (> ~20 kPa), V, appears negative at the
height above the gap, indicating some back flow toward the flap.
Based on the simulation results, we find that behind the valve,
the liquid starts to flow across the channel again after a distance
of ~four times the channel height. Therefore, the flow regulator
cannot be treated as a single element that controls flow, because
its effect also depends on the geometry/length of the channel
behind the flow regulator.

3.3. Experimental results

We further validate both theoretical and simulation models
by conducting experiments on two different samples. They have
the same design parameters (1 mm x 1 mm channel, 30° tilt
angle, 300 wm initial gap) except for the thickness (250 wm and
300 wm, respectively). Here, the centerline of the flap with a
thickness of 300 wm shifts to a higher position so that the initial
gaps of these two flaps are the same. Fig. 5a shows the optical
images of the two 3D printed channels with the flaps (top panel
for the flap with t = 250um; bottom panel t = 300um). Fig. 5b
shows the experimental setup for characterizing the regulation
behaviors of these two samples. Following the method described
in Section 2.5, we connect the sample into the measuring system
and gradually increase the loading pressure Pgs. For each P,
the water flow rate is recorded. Fig. 5c-d shows the experimental
results. In Fig. 5¢, we observe that below a threshold of ~10 kPa,
the flow rate increases as the pressure increases. However, with
further increasing pressure, the flow rate starts to decrease. This
flow behavior is consistent with the discussions in Section 3.1 and
is well captured by the theoretical model and the FEA simulation.
For the thicker flap with enhanced flexural stiffness (Fig. 5d), the
pressure at the peak flow rate shifts to a higher value (~15 kPa).
In addition, the flow rate also increases compared with that in
Fig. 5¢ for the same amount of pressure.
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3.4. Design guidelines for valves with different regulation behaviors

The theoretical model in Section 2.1 can be used for rapidly
optimizing the flap geometry for achieving channels with tailored
regulation behavior. For the sake of simplicity, we fix t/Hto be
several specific values while changing 6 and dy/H to obtain the
desired design space. Through the theoretical model, we find
that there are three types of flow rate-pressure responses, which
we refer to as mode I, II, and III, respectively. Fig. 6a shows
schematically the Q — P curves of these three modes. Note that
these modes are also observed in Fig. 3d-f. For mode I, the flow
rate first increases and then decreases after a certain threshold
of pressure. For mode II, the flow rate first increases and then
nearly stabilizes for a certain range of pressure. For mode III, the
flow rate always increases with pressure. To assist the design,
we further define some performance parameters. First of all, we
can select a pressure upper bound P, , to define the working
pressure range (0 ~ P, ,) for the regulator. Next, we denote the
peak volume flow rate Q as Qeff and the two P values at which Q
satisfies Q = 95/Qeff as P+ and P_, respectlvely The pressure
at which the flow rate Q = aeff is defined as Py. With these
parameters, the three modes can be mathematically distinguished
as

I_)+ = I_)bound , mode |
Po < Ppound < P4, mode II (15)
I_)bound = 130 , mode III.

Based on the above classification, the effective pressure range for
each mode can be defined as Py = E (P, —P_) for mode I,

Peg = E (Ppoung — P—) for mode 11, and Py = E (Ppouna — P) for
mode III, respectively. And the effective flow rate is obtained via
Qo = Qe HW E/p. The t/H value of 0.3 and 0.25 are taken here
as two examples to illustrate the design process. In Fig. 6b, for
the design space covering 6 € [20°,60°] and do/H € [0.2, 0.4],
mode I is mainly located in the lower triangular area, mode III
is located in the upper triangular area, and mode II is located
in the area near the diagonal. In order to design flow regulators
that can maintain a constant flow rate over a wide range of
pressure, we can choose the design points from the mode II area.
Likewise, if we need a regulator that is able to shut off the flow
during overpressure, we can choose the design points from the
mode I area. For other, similar design graphs can be obtained as
Fig. 6b. For example, Fig. 6¢ shows the results for t /H = 0.25. As
the relative thickness of 0.25 is smaller than 0.3, the flap of the
valve in this case is relatively more flexible than that in Fig. 6b.
Therefore, compared with Fig. 6b, for achieving the same efficient
pressure range, a design point with either a higher 6 or dyo/H
is needed. After determination of the design point, we can then
choose the proper cross-section dimension of the valve channel to
obtain the desired flow rate that can be maintained over a certain
range of pressure. Fig. 6d shows the different flow rate range
versus the height and width of the channel for a design point
with t/H = 0.3, 6 = 40°, and do/H = 0.3, which is located in the
design space in Fig. 6b. By properly reducing the cross-section
of the channel, the flow rate can be widely tunable, indicating
the current method can be used to design valves that maintain
different constant flow rates over a wide range of pressure.
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3.5. A flow regulator for stabilizing the flow rate under varying
pressure

In this section, we employ the above design guideline to de-
velop a passive flow regulator that can maintain a constant flow
rate over a wide range of pressure and evaluate its performance.
In order to do this, we firstly select the proper design parameters
from Fig. 6. Our goal here is to ensure the flow can be stabilized
by the regulator despite the pressure changes. Therefore, we can
choose the design point with a relatively large efficient pressure
range from the mode II area in Fig. 6b. Here, we choose the design
point which satisfies t/H = 0.3, § = 40° and dy/H = 0.3.
We next determine both the height and width of the regulator
to be 1 mm. Under these design parameters, we then fabricate
the regulator according to the method described in Section 2.4.
To evaluate the performance of the valve under this design, we
firstly measure the flow behavior of the valve using the setup
shown in Fig. 5b. Fig. 7a shows the flow rate of the regulator
obtained at different loading pressure levels (blue dotted line).
It is found that the flow rate first increases with the increasing
pressure; after ~20 kPa, the flow rate shows no noticeable change
in the range of 20-60 kPa, indicating that the regulator can work
in a system where the pressure fluctuations are within this range.
The constant flow rate is found to be 1850.2 + 106.9 ul/s with
a deviation (5.78%) smaller than 6%. To more clearly show the
stability of the flow rate within this range, we next input a series
of changing pressure to drive the flow and observe the flow rate
response. As an example, we establish a pressure loading process
in which the pressure increases step-wisely from 10 kPa to 60 kPa
with the step set as 10 kPa. Fig. 7b shows the pressure loading
versus time (black line). At the beginning, the initial pressure
value is 10 kPa and it lasts for a period of ~1.3 s. Subsequently,
the pressure is increased by 10 kPa in every 5 s until the pressure
reaches 60 kPa. During this process, the water is continuously
flowing through the regulator and the flow rate is measured
within this period. Fig. 7b presents the results of the flow rate
versus time (blue line). We find that despite the pressure changes,

the flow rate within this period is overall steady and nearly not
changing. Specifically, for the first ~1.3 s, the flow rate is ~1500
wl/s, subsequently, there is an overshoot in the flow rate after
the first step increase in pressure (from 10 kPa to 20 kPa). The
overshoot then disappears in the next few seconds and the flow
rate recovers to a steady-state value before the next pressure
increase. Small overshoots are also observed in the next few
step-increases of pressure but the steady flow rate value after
each overshoot is nearly identical. It is understandable that the
overshoots observed here are caused by the large pressure change
in the step pressure input, which is consistent to the overshoot
phenomenon frequently observed in the output of low-pass filters
for a step signal input [38,39].

To demonstrate the capabilities of the above flow regulator in
real applications, we next conceive an application scenario. In the
scenario, we consider a container of water flowing out through a
channel connected to its bottom (the schematic graph in Figs. 7c
and d). On the top of the water, there is an amount of compressed
air. At the initial moment, the pressure of the compressed air is
set to be 50 kPa. When the switch is open, the water starts to flow
out of the container due to the air pressure. As the top surface
of the water drops, the pressure of the air also drops. Without
a regulator, the flow rate will continuously decrease. Our goal
here is to maintain a constant flow rate as the water drains using
the regulator we create. For performance comparison, we also
fabricate a simple long and narrow channel (with a cross-section
of 500 x500 pm) without any internal flaps as a reference.
Fig. 7a shows the flow behavior as a function of the pressure
for this reference channel (orange dotted line). It indicates that
the flow rate monotonically increases as the pressure increases,
showing no regulatory effects on the flow rate. When connecting
this simple channel into the setup, as expected, the flow rate
continuously decreases, as shown in Fig. 7c. By contrast, when
connecting the flow regulator into the setup, the flow rate is
almost constant in the first 100 s, as shown in Fig. 7d. After
~100 s, the flow rate begins to decrease because the pressure of
the compressed air at this moment is below 20 kPa (dotted line
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in Fig. 7d). Through this comparison, we conclude that the flow
regulator used here is efficient for stabilizing the flow rate over a
wide range of pressure.

3.6. Discussion

Previous researches have shown that the high-throughput
flow rate control is very useful for applications such as the
continuous concentration of trace blood cells from large-volume
biofluids [34]. It should be mentioned that although a large
flow rate can possibly be exploited for high-throughput flow
rate control in the microfluidic environment [18], the flow rate
scale (~1000 pl/s) we experimentally demonstrate in this work
is relatively larger than other researches (~1-70 wl/s) [23,32].
However, the geometry of the valve based on our design can
be properly scaled to provide any desired flow rate and most of
the discussions in this work should still be valid. For example,
by decreasing both the height and width of the cross-section
of the regulator demonstrated in Section 3.5 from 1 mm to
200 wm while changing the parameters of the flap to be the
corresponded scaled values (that is, the tilt angle holds for 40°
while the thickness becomes 60 wm, and the initial gap becomes
60 wm), based on prediction, we can achieve a stable flow rate
of ~70 pl/s (Fig. 6d). With the latest advances in using 3D
printing techniques to fabricate microfluidic devices down to
~ 20 wm [40-44], it is feasible to manufacture our valves with
a finer size to provide smaller flow rates. On the other hand,
for applications such as flow-driven soft robotics where a higher
flow rate is required, we could accordingly scale up the geometry
of the flow regulator to accommodate the application task. For
example, by enlarging the channel size and flap at the same scale,
the performance of the obtained regulator (nondimensional flow
rate-pressure) will keep unchanged while the flow rate will be
scaled up. In all, the new structural design and the associated
quantitative design tool proposed here can enrich the existing
valve designs, providing the possibility to develop a variety of
devices for different applications such as portable drug delivery
systems.

4. Conclusion

In this work, we present a new design for creating a fluidic
channel that can serve as a passive valve to regulate the flow
rate under pressure variations. A theoretical analysis is performed
to understand the effects of the critical design parameters on
the nonlinear flow rate-pressure relations. The model is validated
by the FEA simulations and the experiments. We then use the
theoretical model to develop a rational design tool for guiding
the design of the valve to obtain different flow rate responses and
optimized performance. Based on the quantitative design tool and
the printing platform, we create a passive valve that can stabilize
the flow rate under varying pressure conditions and show good
capabilities.
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