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Abstract—A critical problem of quick evaporation speed of flu-
ids in the microscopic scale can cause many unexpected results and
failures. Here, we introduce evaporation speed controlling effects
of a thin liquid-film-based microfluidic valve in a microfluidic
droplet ejector. The thin liquid film with nonvolatility and immis-
cibility exhibited an excellent microfluidic valve function without
any stiction problem between valve components and provided a
very effective evaporation protection barrier for the microfluids in
the device. We have investigated its effectiveness for evaporation
control at a microfluidic port with a liquid–air interface. Success-
ful evaporation control by the liquid-film-embedded microfluidic
valve has been demonstrated. We believe that this novel approach
has immense potential in many microfluidic devices requiring a
high level of evaporation control. [2011-0328]

Index Terms—Ejector clogging, evaporation control, microflu-
idic valve.

I. INTRODUCTION

IN RECENT years, microfluidic devices and systems have
been widely utilized in many applications. Size reduction

in fluidic devices introduces a wide range of benefits in terms
of quick analytic speed, low manufacturing cost, and easy
portability [1], [2]. With broad utilization of various microflu-
idic devices, even very small volumes can be readily and
easily analyzed as compared to many traditional laboratory-
based analytical tools. Multiprocess capability in a tiny device
is very attractive, and various small lab-on-chip devices find
applications in life sciences, chemistry, and other disciplines
of sciences—from mass spectrometry to tissue building micro-
droplet dispensers [3]–[8]. However, it is still very difficult to
use the microfluidic devices for many lab-on-chip applications
due to the extremely rapid evaporation of microfluids through
tiny open ports with liquid–air interfaces. For example, 10 nL
of water evaporates within 30 s under a standard laboratory
environment, whereas 10 pL of water evaporates in less than
a second [9]. In general, vaporization of microfluids at the
microfluidic ports with open liquid–air interfaces can easily
leave evaporation residues, which often cause port failures. It
can also easily cause significant volume loss, concentration,
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osmolarity, and even viscosity change of the microfluids [10].
Thus, quick evaporation has inevitably been a very critical
problem for many microfluidic systems having open liquid–air
interfaces.

In macroscale, the most straightforward and common way to
avoid the rapid evaporation is to completely cover or block the
liquid–air interface by using a valve so that its direct air expo-
sure can be prevented. However, in microscale, it is not easy
to cover/uncover the liquid–air interface with generic microflu-
idic valve mechanisms utilizing solid mechanical parts without
stiction-related issues. There have been several approaches for
minimizing the quick evaporation problems in various microflu-
idic systems by employing humidified environments [9], [11],
sacrificial liquids [12], and optimized geometry [13]. However,
the quick evaporation problems have not been completely re-
solved yet. These techniques retard the evaporation rate by
altering the surrounding environment. In some other cases, un-
wanted condensation by the presence of temperature gradients
may cause even worse problems [10]. Moreover, a quantitative
analysis for assessing the reduction in evaporation rates is very
difficult. An easy method would be to simply use a microfluidic
valve to cover/uncover the fluidic port whenever needed. In this
way, the evaporation rate can be entirely curbed while the valve
is in a closed state. However, tiny valve structures are often
vulnerable to stiction, which is a well-known major problem
in microscale. Stiction is caused by adhesion or interfacial
bonding and becomes even more problematic when the two
solid surfaces are brought into contact with a liquid. Thus, solid
mechanical components in microfluidic devices can be simply
immobilized due to the strong adhesive forces comprised of
the meniscus and viscous forces. When stiction occurs, the
restoring force of the component is not enough to release it
from the liquid. Stiction can be reduced by various methods
and one of the commonly used methods is reducing the actual
contact surface area with tiny bumps [14]. Such roughened
surfaces, however, cannot provide an ideal condition of leak-
tight sealing required for a “zero evaporation” condition. Thus,
it seems not trivial to control microscopic evaporation at the
liquid–air interface in a microfluidic port.

In this paper, we introduce a newly invented method, which
can overcome all the problems described earlier and provide
excellent microscopic evaporation controllability. Such a tech-
nique has been originally inspired by nature; in human eyes, an
oily liquid layer protects tear evaporation and avoids dryness
of the eyeballs very effectively. The tear film (precorneal film)
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Fig. 1. Illustration of three layers of the tear film in human eye. A thin oily layer prevents quick evaporation of aqueous layer very effectively.

Fig. 2. Schematic illustration of the device with the microfluidic valve in the open and closed positions. (a) Ejection is commenced immediately after the valve
is opened and continues until the desired amount of fluid has been dispensed. (b) After ejection, the valve is closed to prevent evaporation.

has three distinct layers as shown in Fig. 1. The outermost
oily lipid layer (secreted by the meibomian glands) coats the
underlying aqueous layer and provides a hydrophobic barrier,
retarding evaporation of tears. Thus, a liquid can be an effective
material to control the evaporation of another liquid. Likewise,
we have utilized a thin protective liquid film on top of another
liquid.

Eyelids help keep the thin lipid (oily) layer effectively over
the eye ball by blinking, which is not an easy or efficient
way to handle fluids in the microscale. Thus, we added simple
electrical microfluidic motion controllability to the protective
liquid layer. Interestingly, liquids have numerous interesting
and unique properties, which are very helpful for our applica-
tion, as follows: 1) Some liquids do not stick on hydrophobic
surfaces but move very easily; 2) some liquids evaporate very
slowly and almost negligibly; and 3) some liquids cannot be
mixed with other liquids and are thus completely immiscible.
Thus, when a nonvolatile and immiscible liquid covers another
liquid (working fluid in the system) and forms a thin layer over
it, the working fluid can be protected from direct air exposure,
and its evaporation speed can be significantly reduced. We have
studied how such a thin protective liquid film can move for
the open/close operation at the microfluidic port to work like a
valve. Unlike most microfluidic valves using solid valve cores
(membrane, cantilever, etc.), implementing a nonvolatile liquid

film as a valve core is a very novel approach to control the rapid
evaporation rate of microfluids.

II. DEVICE DESIGN AND PRINCIPLES

We have investigated how a thin liquid film in a microfluidic
device acts as an evaporation barrier, which can prevent evapo-
rative volume loss of the underlying fluid. As can be learned
from nature, the well-known quick microscopic evaporation
problem can be resolved when an immiscible liquid film blocks
the liquid–air interface. To prove this concept, we have built a
microfluidic system (microfluidic droplet ejector) with an open
microfluidic port (nozzle) having an air-exposed interface of
the working fluid, and a thin liquid-film-embedded (LiFE) mi-
crofluidic valve was designed to control the quick evaporation
problems at the nozzle area. A conceptual design of the device
has been illustrated in Fig. 2. When the ejector is not in use, the
nozzle can be closed to stop the evaporation.

A. Evaporation Rate Control at the Liquid–Air Interface

Since the liquid–air interface at the nozzle of the microfluidic
ejector is exposed to the ambient air at all times, it is vulnerable
to the effects of evaporation. Residue left by quick evaporation
of the working fluid in the ejector through the tiny nozzle causes
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Fig. 3. Cross-sectional view of liquid-film-based microfluidic valve. The fluidic valve can be used to open and close the ejector nozzle. (a) Microfluidic valve is
in the “open” state. (b) Microfluidic valve is in the “closed” state.

complete blockage/failure of the microscopic fluidic passage
[15]. The presence of an evaporation barrier at the interface can
prevent the undesirable effects of evaporation. At the time of
dispensing the working fluid, the barrier can be moved away to
open the port and kept closed for the rest of the time to prevent
any evaporative losses as illustrated in Fig. 3.

Evaporation is a diffusion-limited process of water vapor
moving away from the air–liquid interface, depending on the
surrounding conditions such as mass concentration of water va-
por or temperature. In the evaporation process, liquid molecules
interchange rapidly between the surface and the adjacent air so
that this air is saturated with vapor. For still air, a concentration
gradient develops by diffusion as the air at infinity is not satu-
rated and vapor diffuses outward. Diffusion-limited evaporation
can be described by Fick’s diffusion equation whereby the dif-
fusive flux is given by J̄ = −D∇̄C with D being the diffusion
coefficient and ∇C being the gradient of concentration. In an
ideal state assuming the gas above the meniscus in the nozzle
is in a quiescent state, the diffusion process will rapidly attain a
steady state, and the diffusion equation reduces to the Laplace
equation. This then results in a boundary value problem with
boundary conditions C = CS (saturation concentration) at the
interface and C = C∞ (ambient vapor concentration) far away
from the interface. A general expression for the evaporation rate
can be given by

E =
D

ρliquid

∫
dC

dn
dS (1)

where ρliquid is the density of the working fluid, C is the mass
concentration of the vapor, n is the unit vector normal to the
interface, and S is the surface of integration [10].

The evaporation flux can be reduced or completely elimi-
nated if the diffusion of vapor from the liquid–air interface
to the outside environment is obstructed by the microfluidic
valve. With the microfluidic valve in the closed state, vapor can
no longer diffuse outward as the liquid–air interface no longer

exists. This prevents the evaporation rate from having a finite
nonzero value.

In order to implement the LiFE microfluidic valve to stop
the evaporation at the liquid–air interface, there are important
properties required of the liquid film to act as an evaporation
barrier. First, complete immiscibility of the liquid-film material
and the working fluid is highly preferred. Otherwise, the liquid
film (valve core) can contaminate the working fluid over time.
In addition, the liquid-film material needs to possess a very low
to almost negligible vapor pressure so that it can be sustained
for a prolonged period of time. Thus, by using an immiscible
and nonvolatile liquid film on top of the working fluid, it is
possible to stop the evaporation flux of the working fluid at the
liquid–air interface.

B. Driving of Liquid Film Acting as a Valve Core

The liquid film can be moved for opening/closing operations
of the valve by forces generated by the presence of an electric
field. Individually addressable electrodes can determine the
next position where the liquid film moves to. The motion of
the liquid film can be driven by an electrowetting phenomenon
when a conductive liquid film is chosen [2], [14]. However,
if the liquid film is dielectric, another driving mechanism is
involved. Due to the polarization of the dielectric fluid in
response to an external electric field, a dielectrophoresis force
is exerted on the liquid film [16]. When an external electric field
is applied, the charges bound in the liquid molecules move in
response to the electric field. This results in the distortion of
the molecular charge density and polarization. Since dipoles are
dominant over molecular multipoles, the electric polarization
P is defined as the dipole moment per unit volume. The
volumetric charge density due to polarization is defined as
ρp = ∇ · P . The polarization charge exerts its influence in the
form of dipole moments, i.e., it acts together with its partner of
opposite sign as a charge pair. This charge pair has zero net free
charge and has a finite dipole moment due to the displacement
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of the two polarization charges. Hence, the polarization charge
is also referred to as the paired charge. The final expression for
this force is written as

fDEP = ρpE. (2)

Moreover, the dielectric property of the liquid film is an impor-
tant parameter for its motion. The driving force exerted on the
liquid film can also be written as

fDEP =
εo(ε − 1)W

2d
V 2 (3)

where V is the driving voltage, W is the width of the two
parallel plates, d is the spacing between the plates, and εo and
ε are the absolute and the relative permittivity of the liquid. For
a given voltage, the driving force would be proportional to the
dielectric constant of the liquid film being polarized. Moreover,
the higher the driving voltage applied, the stronger the force
exerted can be. In addition, the dominant forces opposing the
movement of the liquid film are the shear forces at the surfaces
of the top and bottom plates and the viscous drag exerted
by the surrounding air and the contact-line friction [17]. The
differential equation governing the microfluidic valve motion
based on a semiempirical expression is given as

m
d2x

dt2
= fDEP −

(
6ulν

H

)
(2πr2)

−
(

1
2
Cρfν2

)
(2rH) − (ςν)(4πr) (4)

where m is the mass of the liquid film, x is the distance traveled,
ν is its velocity, ul is the viscosity, C is the drag coefficient
for a cylinder in cross-flow, ρf is the air density, and ς is a
proportionality coefficient, which depends on the interaction
between the substrate and the liquid at the molecular level
[17]. The second term (6ulν/H)(2πr2) is the opposing viscous
force on the liquid film due to the top and bottom plates. The
third term ((1/2)Cρfν2)(2rH) is the opposing viscous stress,
which is estimated by considering the sandwiched droplet as
a cylindrical rigid body moving through air. The last term
(ςν)(4πr) is the opposing contact line friction force, which
is assumed to be proportional to the velocity. Moreover, hy-
drophobic coatings have been used to maximize the driving
force by reducing all the opposing forces.

III. FABRICATION AND INTEGRATION

The underlying mechanism involves a sandwiched liq-
uid droplet (immiscible to the working fluid) moving to
cover/uncover the nozzle and acting as the microfluidic valve.
The LiFE microfluidic valve sits on top of a microfluidic
ejector to control the liquid–air interface. We have fabricated
the system, and a brief fabrication procedure is shown in Fig. 4.
In step (a), an ejector nozzle (50 μm in diameter) is formed
by an anisotropic silicon etchant (KOH) and cleaned by an
ultrasonic agitation. Steps (b) through (e) depict the fabrication
of the LiFE microfluidic valve onto the ejector surface. For
this, the top surface of the ejector was first coated with a

Fig. 4. Fabrication steps. (a) KOH etching of silicon. (b)–(e) Fabrication of
liquid-film driver. (f) Bonding to PZT ceramic.

5-μm-thick parylene C layer after being treated with an ad-
hesion promoter (A-174 silane). Then, the parylene surface
was mildly treated with oxygen plasma to be roughened and
treated again with the parylene adhesion promoter. This was
done to improve the adhesion of the metal layer on it. After a
0.5-μm-thick aluminum (Al) layer was sputter deposited and
patterned, a fluoropolymer, Cytop (Asahi Glass, Japan), was
used to render the surfaces hydrophobic. Cytop was spin coated
to form a very thin layer (200–300 nm) and cured for several
hours. A low-temperature curing process was carried out in
an inert atmosphere (N2) to avoid sudden degradation of the
underlying parylene layer because degradation in the presence
of oxygen at an elevated temperature reduces the tensile and
dielectric strength of the parylene layer [18]. As illustrated in
step (e), the indium-tin-oxide (ITO)-coated cover glass slip with
an orifice (250 μm in diameter) was aligned and attached to
the device with a 25-μm-thick SU-8 spacer, which secures a
gap for the liquid film between the two substrates. The orifice
in the cover slip was made via ablation by an excimer laser
(λ = 266 nm). Immediately after the ablation of the hole in
the cover slip, the surface was rendered hydrophobic by the
application of a Cytop coating and cured at 180 ◦C for an hour.
In step (f), the patterned PZT ceramic is bonded to the bottom
side of the liquid-film driver using a general purpose epoxy with
a 200-μm-thick SU-8 spacer in between. Finally, a thin liquid
film was squeezed between the cover slip and the ejector surface
with the help of a syringe. The size of the liquid film varies
slightly from device to device, but it did not affect the result
overall.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Choice of Materials for the Liquid Film and Driving

To begin with, many liquid materials were evaluated to find
the appropriate material having the desirable characteristics for
the liquid film as a valve core. The list was narrowed down to
six potentially good candidate materials after comparing key
parameters, and the results have been summarized in Table I.
Various parameters such as dielectric constant, surface tension,
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TABLE I
COMPARISON OF THE DIFFERENT LIQUIDS TO BE USED FOR THE LIQUID FILM ALONG WITH THE ACTUATION VOLTAGE,

DIELECTRIC CONSTANT, SOLUBILITY IN WATER, SURFACE TENSION, VAPOR PRESSURE, AND TOXICITY

vapor pressure, actuation voltage, and toxicity of each and every
material have been investigated. A liquid metal (mercury) was
initially chosen for the liquid-film valve core because of its
easy actuation by electrowetting and its high surface tension
of 484 mN/m, which prevents it from sticking to any surfaces.
However, mercury is a toxic and environmentally unfriendly
material. In addition, it is highly possible that chemical re-
actions could occur at the liquid–liquid interface since the
working fluid is in contact with the liquid-film valve core
while the valve is in the closed position. For example, mercury
could react with the working fluid at the interface and produce
salts of mercury, which are highly toxic. Although galinstan is
also a liquid metal alloy at room temperature, it was simply
excluded because of its vulnerability to oxidation in an ambient
atmosphere. A measure of the toxicity of the different materials
tested is given by the “median lethal dose” (LD50) values from
their respective material safety datasheets and listed in Table I.

From the many parameters shown in the table, silicone oil
meets most of the desirable characteristics and has been chosen
for the purpose. Silicone oil is highly immiscible with most
aqueous solutions and has a dielectric constant of 2.75 and
a dielectric strength of 390 KV (100 mil gap). Additionally,
silicone oil has a very low electrical conductivity of less than
10−10 cm/Ω and does not require any additional dielectric
layers over the electrodes for driving. However, silicone oil
requires a relatively high actuation voltage for its movement
compared to conductive liquids in electrowetting devices.

B. High-Speed Imaging Technique for the Ejector

The microfluidic ejector with the LiFE microfluidic valve
was tested first with ultrahigh-purity deionized (DI) water.
The fluidic chamber in the ejector system was primed with
DI water delivered by a syringe pump. A schematic of the
experimental setup used for the visualization of the ejection
process is illustrated in Fig. 5. Because droplets are ejected very
quickly and travel very fast, the motion of the ejected droplets
was captured stroboscopically. A 1 Vp-p sinusoidal signal at
around 2 MHz was fed into an RF switch and modulated with a
29.97-Hz signal having a pulsewidth of 3 μs to synchronize
with the frame rate of the charge-coupled device (CCD) camera.
A digital delay/pulse generator (Stanford Research Systems

DG535) was triggered externally at 29.97 Hz using a waveform
generator (HP 33120A), which was used to precisely control
the pulsewidths and the timings of the signals sent to the strobe
circuit and the ejector. The modulated signal was then amplified
by an RF amplifier (Amplifier Research 150A100A) to run
the piezoelectric-based microfluidic ejector. A standard CCD
camera connected to a microscope was used to capture the
images. Individual frames were later analyzed through an image
acquisition system.

In order to observe the ejected droplets, short pulses of laser
or light-emitting device (LED) can be used as back illumina-
tion. In many strobing applications where intensive light pulses
are required, the LEDs often lose intensity during the short du-
ration pulse periods and are thus forced to operate significantly
beyond their damage threshold to keep the brightness. Initially,
we set an LED illuminated for a short time period (5 μs) at
the same frequency of the modulating signal (29.97 Hz) that
envelops the piezoelectric driving frequency. Since we needed
a wide field of view image to include ejected droplets and
the moving microfluidic valve simultaneously in a frame, the
image quality became very poor due to the weak illumination
during the short period of the ejection time. Thus, we have
used a bright white LED rated at 300 K millicandela (MCD)
and a new strobing circuit as shown in Fig. 6. The strobing
circuit is a switched current source to the high-power LED. The
capacitors are charged through the power supply (∼25 V), and
the MOSFET power transistor (T1) is triggered via a MOSFET
driver circuit (U1). The LED cathode is connected to the drain
of the power transistor whose source is connected to ground via
a low resistance power resistor (R2, typically 0.01–0.1 Ω). The
LED can also be protected from the reverse currents that arise
during the rapid switching transients of the circuit by diode D1.
The LED, if operated in continuous mode, can be detrimental
to it, and R1 acts as an overcurrent protection element. It also
limits the charging current of the capacitors between the current
pulses [19]. Consequently, illumination over the wide area of
interest has been significantly improved.

C. Ejection With the LiFE Microfluidic Valve

Before ejection, the LiFE valve was actuated for the “open”
mode operation. Since a transparent ITO was used as the top
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Fig. 5. Schematic of the test setup with short pulse stroboscopic illumination to image ejected droplets.

Fig. 6. Schematic of a new strobing circuitry with a high-power LED.
Typical values: R1 ∼ 1 − 2 Ω; R2 = 0.02 Ω; C1 = 1 μF metallized poly-
ester film type; C2 = 2200 μF electrolytic type; D1 = BYT01–400; T1 =
IRFB3206GPbF; U1 = UCC37322P; and LD1 = 300K MCD.

ground electrode, the movement of the liquid film (valve core)
was clearly observable. The two images in Fig. 7 represent
the “open” and “closed” modes of the LiFE valve. The same
CCD camera was used to capture the images of the ejected
droplets from the microejector nozzle (50 μm × 50 μm) using
the strobing white LED.

The minimum voltage required for valve operation was
350 Vdc. It took about 3 s to open/close the port completely.
Since the vapor pressure of silicone oil is almost negligible, no

shrinking of the liquid film (valve core) has been observed even
after a period of 120 days.

While the LiFE microfluidic valve was in the “open” posi-
tion, ejection was carried out as shown in Fig. 8. The ejected
fluid can be controlled by the pulsewidth of the modulated sig-
nal sent to the ejector. It was observed that signals with longer
pulsewidth (> 40 μS) produced a jet stream while signals with
short pulsewidth (3–5 μS) generated the ejection of individual
droplets. Fig. 8 shows that the ejected droplets clearly pass
through the cover orifice while the LiFE microfluidic valve is
in the “open” position. As soon as ejection was completed,
the liquid film (valve core) returned to the “closed” mode
by covering the nozzle. Furthermore, no contamination of the
liquid film from the working fluid has been observed even after
a long period (>120 days) in the “closed” mode.

D. Evaporation Controllability

The efficacy of the thin liquid film (valve core) for the evap-
oration control was tested with DI water and a general purpose
aqueous ink as the working fluid. Quick evaporation-related
nozzle failures have been observed in the aforementioned ejec-
tor when the LiFE valve was not utilized. It was observed
that dried and solidified ink pigments completely clogged the
fluidic pathway at the nozzle area when the nozzle had been
left open for an extended period of time. In our previous
studies [3], it was seen that the nozzle had clogged within
30 min when a general purpose ballpoint ink had been used.
The relatively viscous ballpoint ink (even after dilution with DI
water) tends to dry out quickly and solidifies. In recent testing,
a general purpose fountain pen ink and DI water were used
separately as the working fluids. No additives such as viscosity
or surface tension modifiers were used when testing with DI



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

ALMEIDA AND KWON: NONVOLATILE LiFE MICROFLUIDIC VALVE FOR MICROSCOPIC EVAPORATION CONTROL 7

Fig. 7. Images of a LiFE microfluidic valve using silicone oil in (a) “open” position and (b) “closed” position. The liquid film moves away and onto from the
ejector nozzle.

Fig. 8. Images of ejector with the LiFE microfluidic valve. (a) Ejected droplets pass through the cover orifice while the LiFE valve is left open. (b) Magnified
view of the cover orifice area. A 10% polypropylene gycol MW 200 solution has been used as the ejection fluid to improve ejection.

water. With the microfluidic valve left open, the nozzle was
clogged within 6 h, and no further ejection was possible even
with increased amplitudes of the driving voltage with ink as
the working fluid. However, even after a long period (120 days)
of the “closed-valve” mode, ejection could still be resumed. It
was very obvious that the fluidic loss via evaporation occurred
only through the nozzle (exposed to the air for the extended
period of time) and led to the nozzles being clogged. When DI
water was employed as the working fluid, we found that the
ejection stopped soon after evaporation lowered the fluid level
down and led to the formation of an air pocket inside of the
nozzle. For quantitative analysis, we have tried to measure the
evaporation rate through the nozzle by monitoring the growth
rate of the air pocket in the ejector. For this, a transparent
glass plate was attached at the bottom of the ejector in place of
the piezoceramic so that any evaporation-related phenomenon
could be visually observed. As shown in the images in Fig. 9,
when the nozzle (50 μm × 50 μm) was left open, the volume
of the working fluid (DI water) in the reservoir decreased over
time due to evaporation. While the ejector was not operating,
the meniscus at the nozzle lowered continuously due to the
quick evaporation of the working fluid. Eventually, air entered
the reservoir through the nozzle and formed an air pocket. From
the size growth of the air pocket with time, the evaporation

rate through the nozzle was calculated to be about 60 nL/h. On
the other hand, when the nozzle is closed by the LiFE valve,
evaporative fluidic loss in the reservoir was not noticeable even
after extended periods of time (>120 days). As shown in the
graph in Fig. 9, the evaporation problem through the open
liquid–air interface is entirely eliminated and well controlled
by utilizing the LiFE microfluidic valve.

Moreover, we have studied the evaporation controllability
over the evaporative aqueous-based ink which causes serious
clogging problems. With the LiFE valve left in the “open”
position continuously for about 6 h, the droplet ejector could
not resume ejection any longer. We found that the nozzle area
dried up completely and the meniscus of the ink could not be
seen at all. However, with the LiFE valve in the “closed” posi-
tion immediately after ejection, the nozzle condition remained
fresh, and ejection was resumed immediately. Even after 120
days in the closed mode, it still showed stable ejection with
a clean nozzle condition. As compared in Table II, we have
found that the quick evaporation rate of the working fluids
through the tiny nozzle was very well controlled when the LiFE
microfluidic valve was in use. When the oil film covers the
nozzle area completely, microscopic evaporation of the working
fluids (water and ink) through the tiny nozzle hole was very well
prevented, and any volume reduction was entirely eliminated.
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Fig. 9. (a) Images of growing air pocket size due to the quick evaporation through the nozzle when the microfluidic valve is in the “open” state. (b) Graph of
liquid reduction data when the valve was left open or closed for a while.

TABLE II
EVAPORATION SPEED DATA WHEN THE LiFE MICROFLUIDIC

VALVE IS OPENED OR CLOSED

V. CONCLUSION

A microfluidic valve based on an immiscible and nonvolatile
liquid film as a valve core has been developed and used to
successfully prevent evaporation of working fluids through
microscopic ports. Many immiscible fluids to various aqueous
solutions were tested to determine the most suitable candidate
valve-core material. By moving the thin liquid film to cover
or uncover a tiny microfluidic port with a liquid–air interface,
microscopic evaporation through the port has been very well
controlled. It has been clearly shown that the fluidic loss of
the working fluid by quick evaporation as well as clogging due
to residue left by evaporation can be stopped by employing
the LiFE microfluidic valve. We believe that this finding has
immense potential in the prevention of clogging problems in
various microfluidic systems having air-exposed microfluidic
ports.
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