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Valves are essential components for building integrated microfluidic circuits and enable control of fluidic
transport for performing complex operations. Electronic actuation of microfluidic channels can enable
fully integrated miniaturized fluidic systems with ultra-compact footprints. Here, we present a novel
method for electronically actuating miniaturized microfluidic valves that consume zero-static power,
using electropermanent magnets (EPM) in conjunction with elastomeric membranes. The proposed actu-
ator design is compatible with standard soft-lithography fabricated channels allowing lab-on-a-chip
researchers to integrate these valves in their existing Polydimethylsiloxane (PDMS) microfluidic sys-
tems. The use of electropermanent magnets enables zero static power consumption (holding mode), and
uses on the order of millijoules of energy per actuation (switching/active mode). Using this configuration,
we demonstrate on-demand control of fluidic transport in channels with a Y-junction. In this manuscript,
we study and characterize the performance of EPM based valves using particle image velocimetry and
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compare the results with valves actuated using permanent magnets.

© 2019 Published by Elsevier B.V.

1. Introduction

Point-of-use biological, biomedical, and chemical analysis sys-
tems require the ability to transport and actuate fluids on the
micro-scale while maintaining an ultra-compact instrumenta-
tion footprint. Over the last several decades, there has been an
increasing interest in developing micro- Total Analysis Systems
(MicroTAS) capable of performing controlled chemical and bio-
chemical reactions on the micro-scale [1-5], which allows for
minimizing chemical reagent consumption and improving assay
speed due to enhanced transport and reaction kinetics [6-8]. In
the context of biomedical applications [9-12], microfluidics have
shown promise to enable portable point-of-care diagnostic assays
[13]. Micro-valves for reliable control of micro-channels have
enabled successful miniaturization and integration of lab on chip
systems [14-17]. Despite immense progress made in miniaturiza-
tion of fluid handling, the vast majority of solutions for controlling
and actuating valves, to the best of our knowledge, requires costly
bulky instrumentation [1,18,19]. Commercial instruments such
as syringe pumps, peristaltic pumps, air-pressure sources, and
solenoid valves are still the dominant tools used for precise sam-
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ple injection and control in microfluidic systems [20-22]. The large
size and complexity of these structures makes them incompatible
with portable fully integrated devices.

For use in practical applications, valves need to be ultra-
compact, low-cost, consume minimum power, and can be easily
integrated into microfluidic devices. On-chip biological assays for
analyzing proteins and DNA, such as immunoassays and Poly-
merase Chain Reaction (PCR), can involve multiple steps and a
large number of valves, and thus low static power consumption is
extremely important so EPM based micro-valves can be an impor-
tant part of these devices [23-25]. Considering the wide use of
soft-lithography for rapid prototyping of microfluidic devices, eas-
ing the integration of the valves/actuators into PDMS devices would
enable users to efficiently adapt the technology into their own
designs.

The most commonly used type of microfluidic valve is a
membrane-based actuator. Microchannels, with a thin membrane
acting as the actuator, are opened and closed by deformation of
the membrane due to an external force. The force can be pneu-
matic [18,26], electrostatic [27,28], mechanical [29,30], thermal
[31,32], or magnetic/electromagnetic [33-38], each with its own
advantages and disadvantages. For example, a pneumatic valve
normally requires a bulky external pressure source to operate,
which makes miniaturization of the full platform challenging.
Permanent-magnet valves involve moving parts. For example, an
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Fig. 1. Schematic of the concept of the electropermanent magnet (EPM) integrated with an elastomeric membrane. Applying a short current pulse switches ON or OFF the
external magnetic field of the EPM, attracting or releasing the magnet below the elastomer membrane, thus closing and opening the valve respectively.

external motor is needed to displace the magnet. Localized actua-
tion and lack of on-demand switching capability is difficult if the
size of the magnet is large. Electrostatic and piezoelectric valves
usually require continuous application of high voltage in order to
generate sufficient force to actuate a membrane [37]. Electromag-
netic valves involve no off-chip moving parts, use micro-fabricated
coils and can be easily integrated with PDMS channels. However,
they require large continuous currents to maintain the magnetic
field to hold the valve in closed position, resulting in high static
power consumption and significant joule heating.

Alternatively, electropermanent magnets (EPM), commonly
used in large-scale industrial applications [39], provide the strong
magnetic force offered by permanent magnets and the digital elec-
tronic control enabled by electromagnets without the requirement
of large continuous current and the associated heating [40]. Addi-
tionally, EPMs provide localized actuation and require only a short
current pulse to activate or deactivate the magnetic field. The
zero static energy consumption of EPMs and the minimal dynamic
energy consumption are ideal for applications requiring portabil-
ity. Recently, miniaturized EPMs have found use in several novel
applications including micromotors, programmable matter, and
reconfigurable smartphones [41]. In recent work, wirelessly con-
trolled low-power actuators using super-capacitor energy buffers
in conjunction with EPMs have been demonstrated, showing their
potential utility in portable systems [42]. In the context of lab on
a chip research, an EPM actuator for droplet ferro-microfluidics
was developed to sort droplets in a continuous flow microfluidic
channel [43]. Electropermanent magnets have also been used in
soft-robotics [47].

In this work, we present EPM actuated elastomeric membrane-
based valves designed to control fluid flow in PDMS-based
microfluidic systems. Fig. 1 shows the basic concept of the device.
A microchannel was made with a thin deformable membrane at
its base. A small magnet is placed below a thin PDMS membrane
and an EPM is placed above the channel. Turning on the magnetic
field will pull the small magnet towards the EPM, thus closing the
channel, while turning the field off will release the magnet, thus
opening the channel.

The EPM consists of a two permanent magnets that are
bridged together by two millimeter sized magnetic rods, one hard
(Neodymium-Iron-Boron) and one soft (Aluminum-Nickel-Cobalt).
The hard magnet has higher magnetic coercivity (the resistivity of
a magnetic material to changes in magnetization) compared to the
soft magnet. An electromagnetic coil is wrapped around the two
cylinders. In the default state, the EPM is ON because the hard
and soft magnet have the same polarity. The magnetic field lines
thus extend outside the EPM, around the full device, applying force
to deform the membrane. When a short positive current pulse is

applied across the EPM, the polarity of the soft magnet would be
switched and turn into the opposite of that of the hard magnet,
moving the magnetic field to a path entirely contained within the
EPM, which allows the membrane to relax. In this state, the EPM
is effectively OFF. To turn on the EPM, a negative current needs to
be applied to bring back the polarity of the soft magnet to its initial
condition.

In this EPM-based valve design, a short current pulse switches
ON or OFF the magnetic field within microseconds and the defor-
mation of membrane actuates the valve. First the EPMs were
assembled and we characterized their magnetic behavior using
various electrical excitation parameters. Second the capability of
using the EPM for actuating microfluidic channels by fabricating
and testing both simple rectangular and Y-junction channels was
investigated. Then the mechanism of opening and closing of the
valves was investigated in different flow conditions. In the next
step, we compared the behavior of EPM-based valve with perma-
nent magnet based valve in several different ranges of flow rates.
To the best of our knowledge, this is the first use of EPMs to fabri-
cate valves inside PDMS based microfluidic channels. These valves
can serve as the building blocks in more complex designs with a
network of channels serving as a microTAS system.

By applying a negative current pulse for a sufficiently long period
of time, the magnetic field can be cancelled so the EPM-based valve
is highly energy efficient. A key limitation of all magnetic valves
is that the force from a magnetic dipole diminishes sharply with
distance. Here, we use a thin substrate of PDMS with a thickness
on the order of micrometers instead of glass, which enables us to
minimize the distance between the EPM and the magnet below the
deformable elastomeric membrane. The ability to rapidly switch on
and off the EPM with controlled frequency in a repeatable manner
can be used to implement pumping. A peristaltic pump can be built
by fabricating three EPM valves serial to each other and applying a
square wave pulse to each in peristaltic motion. Switchable perma-
nent magnets involve moving parts and electromagnets require a
continuous source of current. EPMs only require short pulses to
be switched ON and OFF, and thus are attractive candidates for
portable Micro Total Analysis Systems.

2. Materials and methods
2.1. Electropermanent magnet assembly

We fabricated and assembled the EPM based on the design pre-
viously developed by Knaian [40]. The schematic of the EPM set up
is shown in Fig. 1. The ferromagnetic poles were cut from a 0.014”
thick Hiperco 50 coil (Ed Fagan Inc. Franklin Lakes, NJ). This Iron-
Cobalt-Vanadium alloy has desirable magnetic properties such as
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Fig. 2. Microfluidic valve fabrication steps. a) Soft lithographic patterning of SU-8 mold (flow channel pattern) on a silicon wafer, b) Spin coating of PDMS on the mold,
c) Fabrication of PDMS substrate layer contains hole to embed tiny magnet, d) Bonding PDMS substrate layer onto the spin coated PDMS membrane using oxygen plasma
bonding, e) Removing the two PDMS layers from the mold, f) Fabrication base PDMS layer to hold the EPM, g) Bonding of the all three layers together with oxygen plasma.

low coercivity and low A.C. core loss [44] that allows fast magnetic
switching. High magnetic saturation of this material grants the
poles to magnetize to the full amount of the magnetization with-
out saturation. Two cylindrical magnets (2 mm diameter x 3 mm
length) with same remnant magnetization but different coercivity
were used. Sintered Neodymium Iron Boron Magnet (NdFeB model
N38SH) and cast Aluminum Nickel Cobalt (Alnico grade LNG40)
(BJA Magnetics, USA) were utilized as the hard and soft magnets
respectively. The hard magnet has a coercivity (H¢) of 907 kA/m
and a remnant magnetic flux (B;) of 1.22 T and the soft magnet has
a coercivity (H¢) 44 kA/m and a remnant magnetic flux (B;) of 1.2 T.
The pole pieces and the two magnets were assembled using Loctite
Hysol E60-HP epoxy adhesive (Henkel, Westlake, OH). Mechani-
cal pressure was applied overnight to fully bond the EPM pieces
together. A length of 40 American wire gauge (AWG) insulated
magnet wire (MWS Wire Industries) was used to make the coil.

2.2. Electropermanent magnet characterization

The EPM coil can be represented using an equivalent circuit con-
sisting of an inductance in series with resistance. The resistance of
the coil was measured with a digital multimeter that varies with
the number of coil turns. The inductance of coil was measured by
applying an AC sweep with a function generator and oscilloscope.
To switch the EPM (from on to off or vice versa), a short pulse width
with high currentis required. The short pulse is provided with a pro-
grammable function generator which switches a MOSFET H-Bridge
circuit to generate high power positive and negative pulses, com-
monly used to drive D.C. motors. The power was supplied from a
D.C. power supply.

2.3. Fluidic device fabrication

Microfluidic chips were made of three layers of PDMS (Sylgard
184, Dow Corning) using standard soft lithography (Fig. 2). The SU-
8 mold was patterned on a silicon wafer and then the microfluidic

channel layer (10 + 2 m thickness) was cast onto the wafer by spin
coating a 10:1 (v/v) ratio of base to curing agent with a spin rate of
4000 rpm and cured for 1 hat 80 °C. The thickness of this membrane
is 15+ 2 pm. A2 mm top layer with an embedded tiny disc magnet
(1.5 mm diameter) was attached to the channel membrane with
oxygen plasma bonding. The whole structure was then peeled off
from the silicon master mold wafer and bonded to the substrate
layer. The thin part of the substrate polymeric layer is a 100 pm
thick and 3 mm wide, designed to reduce the distance between the
EPM and the valve.

3. Results and discussion
3.1. Electropermanent magnet operation

The EPM magnetic response was tested using an H-Bridge
configuration circuit. A 120 s positive current square pulse was
applied to switch ON the EPM and the opposite current pulse was
used to turn OFF the external magnetic field of EPM. The DC actu-
ation voltage was applied and the current response was measured
with a 0.1 €2 series resistor using an oscilloscope (Fig. 3a). The cur-
rent response for a 120 turn coil EPM has a 7 s time constant with
a maximum current of 1.84 A. The maximum actuation time of the
EPM, defined as 57; [43], is 35 ws. Fig. 3b demonstrates the mag-
nitude of the external magnetic field for different applied actuation
voltages for the EPM (Fig. 3binset) coil with 120 turns. The magnetic
field was measured using the Hall-Effect probe of the gaussmeter.
To study the magnetic behavior of EPM, the voltage was swept from
13V to30V. A positive current pulse was used to turn ON the mag-
net. It shows as the blue curve in the figure. A negative current pulse
was used to turn OFF the magnet (the red curve in the Fig. 3a). The
results indicate that between 25V to 30V, the pulse has sufficient
power to completely switch OFF the external magnetic field. As the
voltage is increased, the amplitude of the magnetic field in the ON
configuration raised. We have found that 13V pulse does not carry
sufficient power to perform magnetic switching. For the applied



A. Gholizadeh et al. / Sensors and Actuators A 296 (2019) 316-323 319

(b)
1400
1200 | °® e
E a®
S 1000 | o® ©EPM ON
z o® ©EPM OFF
5
Z g00 | ”
2 ®
. @ o
£ o0 | .o
e
£ ®
T 400 ®
on @
200 @ o
o
. %%00900000¢

10 15 20 25 30 35
Applied pulse voltage (V)

Fig. 3. a) Oscilloscope image of pulse properties required to switch EPM magnet. A 120 s electrical pulse with activation voltage of 30V is applied to switch an EPM with
120 Coil turns. b) The ON-OFF characterization of the EPM with respect to the applied pulse voltage. Inset shows the Image of a fabricated EPM (the distance between poles

are 3 mm).

switching voltage of 30V, the magnetic field strength (B field) for
the EPM is estimated as 1.3 T and 0.02 T for the ON and OFF stages
respectively. During the short (15 ps) switching of the EPM, it con-
sumes 55.2 W of power (dynamic) and requires 6.6 m] energy. The
effect of the number of turns of the coil on the electromagnetic
behavior of EPM was also investigated. Table 1 shows coil resis-
tivity and maximum current pulse for different coil turns ranging
from 80 to 150 and also the corresponding magnetic field intensity
for the EPM in the ON and OFF states when applying 30 V.

3.2. Valve actuation simulation

Valve actuation was modeled using the finite element method
in COMSOL multiphysics. The magnetic flux density was obtained
for the ON and OFF states of the EPM. The remnant magnetic field
of soft magnet was defined to be equal in magnitude, but opposite
in direction of the hard magnet in the OFF state of EPM. For the ON
state, the remnant magnetic field of the soft magnet was defined
with the same magnitude in the same direction as the hard magnet.
Fig. 4a shows the magnetic flux density of the EPM in the ON and
OFF situation. In the OFF state, the external magnetic field is weak,
on the other hand in the ON state there is strong external magnetic
field, therefore there is maximal magnetic field in the valve area. To
understand the time dependent valve deformation in response of
the magnetic field, a 3D dimensional model of the channel was cre-
ated. The magnetic field density was used to calculate the applied
force on the valve membrane. Fig. 4b shows the simulation results
of the valve membrane with 700 wm diameter and 10 wm thick-
ness in the range of 100 ws. The channel thickness was designed as
30 pm thickness. In Fig. 4c, we can see the amount of displacement
of the valve membrane with respect to time at 0.4 s intervals. At
the channel entrance, laminar flow with a speed of 100 wm/s was
assumed and no slip condition was imposed on the channel walls.
The membrane deformation was almost completed in 100 ws from
the instant where magnetic force was applied.

Table 1
Electropermanent magnet properties.

A EPM Properties (30 V Actuation)
EPM coil turns

Resistivity (Ohm) Magnetic flux Current (A)
density when
EPM is ON/OFF

(Gauss)
80 6.4 1070/97 2.36
100 74 1070/76 2
120 8.2 1230/24 1.84
150 8.4 1240/18 1.76

3.3. EPM valve testing

To benchmark the performance of the microfluidic EPM valve,
we built a Y-junction channel with two identical circular-shaped
valves on two of the channels. Fluids of two different colors (green
and red food dye) are injected into the two inlets (top of the device
Fig. 5). When both valves are open, both fluids flow through the
junction resulting in two laminar flow streams moving parallel to
each other down a single channel until reaching the outlet. When
one valve is closed and the other is open, only a single color of
fluid will flow all the way to the outlet. Fig. 5 shows the steps of
valve operation when switching the valve ON and OFF in the top
right channel. When a negative current pulse was applied to the
EPM, the magnetic force was cancelled and the valve remained open
(Fig. 5¢) and upon application of a positive current pulse, the thin
membrane became deflected thus closing the valve (Fig. 5d). We
experimentally determined that maximum performance is attained
when the EPM is positioned vertically and the edge of the pole is
located on top of the active valve area. The insets of Fig. 5 show
the enlarged Y junction area for various valve states. The thickness
of PDMS substrate is thinner on top of the valve compared to the
other parts in order to minimize the distance between the EPM and
the valve, thus maximizing magnetic field on top of the valve area.
Capillary flow was the mechanism behind driving the fluid flow in
this channel (no syringe pump).

We also studied the effect of pressure and the various modes
of syringe pump operation on the valve response. The behavior
of the valve immediately after applying a positive and negative
pulse shown in Fig. 6. Fig. 6a shows the gradual injection of the
green food dye into the junction as the valve in the top right chan-
nel is opened. Though the EPM response is on the order of tens of
microseconds, the valve response time is on the order of several sec-
onds. This delay in response time might be due to the diameter of
the PDMS valve. Smaller circular valves can potentially improve the
response time. In our current setup the channel width and height is
300 wm and 12 pm respectively, each valve is consists of a 700 um
diameter circle and the distance between the Y junction and the
valve was 1cm. A negative pulse was applied to actuate the EPM
located on the upper right channel valve (red dye) that was initially
in the closed state. Real time video demonstrating the opening of
the valve can be found in the supplementary information. For the
specific geometry fabricated, the response time for fully opening
the valve and allowing fluid to flow through was approximately
6s. Real-time closing of the valve is also demonstrated (Fig. 6b). In
this case, the valve was initially open and a positive current pulse
was applied which turns on the magnetic field of the EPM, thus
closing the membrane stopping the red fluid from being injected
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Fig. 4. Simulation of the EPM valve system. The EPM was simulated using the remnant magnetic field of the magnets. The microchannel was simulated at separation of
100 pm from the valve. a) Magnitude of magnetic flux density for EPM in OFF and ON states. b) Time dependent deformation of the thin membrane of the PDMS in the range
of 100 wm on top of the 30 wm water channel. c) The plot of the membrane deformation versus the time for the valve with diameter of 700 um and initial water speed of

100 wm/s.
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Fig. 5. a) Image of the 300 wm wide microfluidic channel with circular valves of 700 wm diameter, b) Channels are embedded with a 1.5 mm magnet, ¢) Y-junction state
when EPM is OFF and top right inlet channel (injecting red fluid) is open, d) Y-junction state when EPM is ON and top right inlet channel (injecting red fluid) is closed. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in, allowing the green dye to fully be injected into the bottom chan-
nel towards the outlet. The response time for closing the valve in
this configuration is approximately 6 s, however the time required
to completely evacuate red dye from the main channel (lower left)
was approximately 10s. The real time video demonstrating clos-
ing of the valve can be found in supplementary information. This
evaluation of the valve response time can be insightful for design of
chemical reactions inside the channels, particularly when multiple
reagents are involved.

3.4. Pressure characterization of EPM valve

We characterized the ability of the EPM valve to withstand fluid
flow in channels of varying flow rates (for both fluid infusion and
withdrawal). The performance of EPMs for actuating the valve was
compared with that of permanent magnets. We used particle image
velocimetry (3 wm beads) to precisely measure the drop in fluid
speed inside the channel. To measure the fluid velocity, the sus-
pension of beads was injected using a syringe pump, and the beads
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Fig. 6. a) Time lapse image of valve immediately after applying electrical pulse to EPM controlling top inlet channel allowing red food dye to get injected into junction. b)
Time lapse image of valve immediately after applying electrical pulse to EPM closing the top inlet channel preventing red food dye from getting inject. Only the green food
dye getting injected from the right inlet channel is fully passing through the junction into the outlet (left channel). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 7. a) A schematic of the experimental setup for optically estimating the pressure in the channel based on particle image velocimetry using 3 pm polystyrene beads. b)
The y-axis shows the actual pressure measured in the channel when the magnetic valve is closed. The x-axis is the pressure that is being applied by the syringe pump. The
performance of EPM and permanent magnet based valves are compared with each other in a simple rectangular channel structure. A syringe pump connected to the output

withdraws fluid.

were tracked through optical microscope. This measurement was
obtained for both the ON and OFF state of the EPM. (Fig. 7a). The
recorded videos were converted to image frames, and the speed
of the beads was calculated based on the average of five different
measurements. Then the speed of the beads was converted to flow
rate based on the cross sectional area of the channel and using the
equation, AP = %Q' it was converted to applied pressure. In this
equation the parameters are as follows: L length, w width, h height
of channel, Q on m3/s and r viscosity of water. Fig. 7b shows the
channel pressure measurements inside the channel for the with-
drawal mode of the syringe pump in a range of 0.4-1250 Pa. In this
experiment, a simple rectangular channel was used (instead of Y-
shaped channels) to make sure the change in flow rate is due to the
valves ability to fully withstand the applied pressure, rather than
the fluid getting diverted to the adjacent channel. The measured
pressure in the channel when the valve was closed was plotted
against the pressure forced by the syringe pump. The results show
that the EPM-driven valve can fully withstand and completely stop
flow as long as the syringe pump is injecting fluid at less than
83 Pa pressure. When the syringe pump injects fluid at a pressure
of 166 Pa, the valve remains 80% closed. The permanent magnet
begins leaking at 20 Pa, but leaks at a slower rate compared to the
EPM valve, and can remain 96% closed until 1250 Pa.

We also investigated the Y-shaped channels using food dye in
the infusion mode of the syringe pump. Fig. 8 shows the results
for applied pressure in the range of 1.2-42 kPa. The top right and

the bottom right channels are the inlets. The left channel is the
outlet. Fluid flows from right to left. The EPM valve is on in the
top right channel. All images were taken after 10s of applying a
current pulse into the EPM. Based on these results, this valve can
prevent fluid from passing until 25 kPa, and beyond that the valve
no longer withstands the fluid pressure. Most of the fluid leakage
stems from the edges of the valve. To minimize loss from the edges
and withstand higher pressures, additional traps can be fabricated
on the four sides of the circular part, thus increasing valve operation
tolerance.

4. Conclusion

In this work, we designed, fabricated and tested a low power,
electronically controlled, magnetically actuated elastomeric valve
suitable for a wide range of microfluidic applications. Our fab-
rication process is simple and compatible with standard soft
lithography processing and PDMS microfluidic channels, widely
used in the lab on a chip community which allows microfluidic
designers to easily integrate this technique in their chip fabrication
workflow. Electropermanent magnets offer the electronic control
of electromagnets, without the high static power consumption,
while exhibiting the strong magnetic force of permanent mag-
nets. As previously demonstrated, EPM control circuits with low
power consumption can be realized using supercapacitors [42],
thus making these novel valve structures suitable for integration
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Fig. 8. Images at different applied pressures (1.2-42 kPa) of the Y-junction where the right channels is the inlet and the bottom left channel is outlet. The syringe pump is in
infusion mode injecting red food dye in top right channel and green food dye in bottom right channel and directing both fluids through the Y-junction to the outlet (bottom
left channel). EPM valve is controlling the top channel where red food dye is being injected. For each applied pressure, both the EPM ON and EPM OFF scenarios are visualized.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

into point-of-care microfluidic devices. To design several valves
in one device, the size of valve needs to be scaled. One solu-
tion to realize this involves using a control channel filled with
magnetic particles instead of using hard magnets. In addition,
EPMs can be isolated with PDMS walls to minimize interference
between them. To enable practical integration into a large network
of microfluidic channels, a 3D printed package can be developed
for holding an array of electropermanent magnets, upon which the
microfluidic channel substrate can be placed. Future efforts will be
dedicated to build an array of EPMs, which enables on-chip peri-
staltic pumping and control of several channels for development of
domain specific sample-to-answer systems. To enable large-scale
fluidic integration, further miniaturization of the valves is feasible
using micro-machining and microfabrication techniques [45,46].
Integration of magnetic actuators with microfluidic channels by
incorporating microfabrication of the EPM can enable large scale
integrated systems.
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