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Resonant magnetoelastic microstructures for wireless
actuation of liquid flow on 3D surfaces and use in
glaucoma drainage implants
Venkatram Pepakayala1, Joshua Stein2 and Yogesh Gianchandani1

Magnetoelastic resonators made from metal alloy foils are widely used for miniature wireless anti-theft tags and have also been
explored for use in various sensing applications. Through annealing within three-dimensional (3D) molds, these foils can be formed
into curved structures. Consequently, magnetoelastic materials present an opportunity for the development of a new class of
wireless, actuators that have small form factors and low surface profiles and that can conform to curved surfaces. This paper
describes passive, wireless, resonant magnetoelastic actuators intended for the generation of fluid flow on the surfaces of
implantable Ahmed glaucoma drainage devices. The actuators are remotely excited to resonance using a magnetic field generated
by external coils. The fluid flow is intended to limit cellular adhesion to the surface of the implant, as this adhesion can ultimately
lead to implant encapsulation and failure. The actuators are micromachined from planar 29-μm-thick foils of Metglas 2826MB
(Fe40Ni38Mo4B18), an amorphous magnetoelastic alloy, using photochemical machining. Measuring 10.3 � 5.6 mm2, the planar
structures are annealed in 3D molds to conform to the surface of the drainage device, which has an aspherical curvature. Six
actuator designs are described, with varying shapes and resonant mode shapes. The resonant frequencies for the different designs
vary from 520 Hz to 4.7 kHz. Flow velocities of up to 266 μm s−1 are recorded at a wireless activation range of 25–30 mm, with
peak actuator vibration amplitudes of 1.5 μm. Integrated actuators such as those described here have the potential to greatly
enhance the effectiveness of glaucoma drainage devices at lowering eye pressure and may also be useful in other areas of
medicine.
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INTRODUCTION
Magnetoelastic devices have wide appeal for use in applications
that demand passive, wireless operation. Resonant magnetoelastic
devices are commonly used in anti-theft tags1. Sensors targeting
measurements of mass loading, viscosity, fluid flow, pressure,
strain, and other physical parameters have been described2–7.
Linear and rotary actuators have also been reported8,9, as have
passive sensors that detect occlusions in biliary and peripheral
artery stents10,11. Although most magnetoelastic devices are of the
order of 1 cm in size in at least one dimension, tags as small as 1mm
have been reported12,13, demonstrating the degree of miniaturiza-
tion that is possible with this technology.
Whereas the vast majority of reported magnetoelastic devices

have been planar, a few curved structures have been described
for use in sensing applications10,14,15. These three-dimensional
(3D), out-of-plane geometries have been achieved by thermal
annealing or by inducing elastic or plastic deformations. However,
until now, these geometries have been limited to simple, single-
axis curvatures. For instance, sensors reported for detecting
occlusions in biliary stents had tubular curvatures to match stent
geometry10.
Glaucoma is the second leading cause of blindness globally

and is expected to afflict 79.6 million people by 202016,17. It is
commonly associated with high intraocular pressure (IOP), which
results from increased resistance to the outflow of aqueous

humor (AH) from inside the eye; this causes damage to the optic
nerve and an irreversible loss of vision. High IOP is typically
managed by pharmaceutical treatments or surgical interventions
performed by laser or incision18. The pharmaceutical treatments
are typically administered as eye drops19, whereas the surgical
methods include laser trabeculoplasty and, to a lesser extent,
glaucoma filtration surgeries20,21. Glaucoma drainage devices
(GDDs) are used for cases of intractable glaucoma, although
findings from recent clinical trials support the use of these devices
much earlier in the disease course22. As a result, the utilization of
GDDs has increased considerably over the past decade.
The Ahmed glaucoma drainage device (AGDD) uses a drainage

tube that permits the flow of fluid out of the eye when the IOP
exceeds a certain threshold. The tube drains AH into the space
created by the plate body, located in a subconjunctival space
over the sclera (Figure 1a). Over time, a fibrous capsule of tissue,
or “bleb,” is formed around the AGDD, serving as a reservoir for
the extra AH that drains from the eye23–29. In a well-functioning
implant with a controlled IOP, the bleb has a thickness of less
than 500 μm24. However, in a subset of patients, a thick, dense
inner layer of collagen forms around the plate body, reducing
permeability to AH, which, in turn, increases the resistance to AH
outflow30,31 (Figure 1b). The formation of the fibrous bleb is
mediated by the adhesion and proliferation of fibroblasts and
vascular endothelial cells on the implant surface. Hence, the
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extent of this fibrovascular tissue response can be correlated to
the initial adhesion of these cells to the implant surface31,32.
Chemical and physical surface modification measures such as

plasma treatment, deposition of bioactive coatings, and texturing,
among other methods, have shown promise in improving tissue
integration with implantable biomaterials33–37. However, these
measures are ineffective at limiting fibrous encapsulation33,37,38.
Surface microstructures have been shown to lower the fibrous
response to certain biomaterials39,40. Conversely, greater surface
roughness has been associated with increased fibrous encapsula-
tion in GDDs31,32, calling into question the feasibility of using this
approach for GDDs. Other efforts targeted at reducing encap-
sulation in GDDs have been focused on the use of anti-fibrotic
agents such as mitomycin C, 5-fluorouracil, and triamcinolone
acetonide, but these interventions have also met with limited

success41–43. In addition, these measures can lead to complications
such as necrosis of the conjunctival tissue or can contribute to an
increased risk of complications such as hypotony (i.e., low IOP) or
serious infection30,44.
In vitro studies have shown that local vibrations and fluid

agitation that generate shear stresses can influence the adhesion
and proliferation of cells45–47. Above a specific oscillating stress
limit, human fibroblasts fail to adhere to the substrate45. Addi-
tionally, in vitro studies have also shown that vibrations nega-
tively influence the proliferation of certain types of mouse
embryonic fibroblasts46, with vibration amplitudes measuring
approximately 100 nm at frequencies of 100 Hz and 1 kHz being
tested. Separately, the use of magnetoelastic resonators as planar
vibrating substrates has also been evaluated for the control of
cell adhesion48. A significant reduction in the adhering fibroblast
cell count was found for vibration amplitudes of 150 nm,
using planar rectangular magnetoelastic resonators operating at
176 kHz.
We envision that magnetoelastic actuators can be integrated

with GDDs to limit cellular adhesion on the implant surface. The
actuator could be either embedded within the GDD or affixed to
it prior to surgical implantation. The shear stresses generated
directly by the vibration of the actuator and indirectly by the fluid
agitation resulting from this vibration would reduce the adhesion
of fibroblasts and endothelial cells45–47. As a result, the actuation
would impede complete encapsulation by preventing cells from
adhering to large portions of the implant. This is expected to
increase the permeability of the surrounding tissue to the AH
draining from the AGDD, enabling the AGDD to better control the
IOP. Post-implantation, the actuator could be deployed periodic-
ally—perhaps for only a few minutes per day—using a small
external coil to generate an oscillating magnetic field. The
external coil, positioned a few centimeters from the implant,
would need to generate only a weak magnetic field (<20 G) and
could even be embedded in a toothbrush or a wearable device.
This procedure could be safely administered by the patient or a
caregiver with minimal instruction.
Although magnetoelastic materials are attractive for use in

wireless sensors and actuators, the fabrication of complex 3D
geometries and curved surfaces remains challenging. This is
especially important for implantable applications in which such
shapes are necessary to conform to biological features or devices
such as the AGDD. This paper describes the design and
fabrication of actuators from amorphous magnetoelastic materi-
als and results from in vitro experiments performed with these
actuators. The actuators have customized 3D shapes and curva-
tures to conform to an AGDD (Figure 1c). Six actuator designs are
evaluated, with varying implant coverage areas and resonant
frequencies. The following sections describe, in sequence, the
design and modeling of the actuators, the fabrication process,
and the experimental results, followed by discussion and
conclusions.

DESIGN AND MODELING

Design
The complex geometry of the AGDD warrants special considera-
tions for actuator development. The actuator should closely
conform to the AGDD surface to avoid changes to the manner
in which the device fits the eye and to prevent any damage to
the surrounding ocular tissue. This is a design and fabrication
issue because amorphous magnetoelastic materials, from which
the actuators are patterned, are generally available only as flat
foils. The design of the actuator must also accommodate various
features on the AGDD (Figure 1c). Three perforations in the
posterior portion of the implant allow the growth of fibrous
tissue that “rivets” the plate body of the implant to the scleral
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Figure 1 (a) Implantation of the Ahmed glaucoma drainage device
(AGDD). The conjunctiva is not shown for clarity. (b) Cross section
of the implant showing the formation of the bleb, which serves as a
reservoir for aqueous humor (AH) exiting the eyeball. As pictured
on the right, a thick, encapsulated bleb with low permeability to AH
results in the inability of the device to drain AH as intended,
leading to an elevated IOP. (c) A magnetoelastic actuator (Type A)
attached to the plate body.
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surface on which it rests, whereas two are located in the anterior
portion for suturing the implant in place. In addition, there are
two ridges located on the posterior of the implant. The actuator
design must avoid both the perforations and ridges on the
plate surface.
Additionally, there are considerations related to the handling of

the AGDD during the implantation procedure. During the
implantation procedure, the AGDD is grasped with forceps by
the surgeon (on the portion of the device posterior to the
valve mechanism) and placed under the conjunctiva before it is
sutured to the sclera. The actuator should avoid the area of the
plate body where the forceps are typically positioned during this
procedure.
To enable the design, fabrication and simulation of the complex

actuator geometry, a 3D model of the AGDD was necessary. An
AGDD was scanned using a Scanco μCT 100 micro-computed
tomography (μCT) system. A software package (Mimics™ 14,
Materialise NV, Leuven, Belgium) was used to create a 3D mesh
from the scan data, which could then be imported into computer-
aided design and finite element analysis tools. Another software
module (Materialise 3-Matic™) was then used to repair the mesh
and remove any imperfections and artifacts caused by the scanning
process. The AGDDmodel that was created from the CT scan data is
shown in Figure 1c.
Six actuator designs were evaluated, each covering different

areas on the AGDD. The actuators were designed for fabrication
from 29-μm-thick foils of an amorphous magnetoelastic alloy and,
hence, are of this same thickness. Each of the actuators includes
three types of elements—paddles, anchors, and springs. The Type

A design consists of a paddle circumscribing the posterior
(downstream) portion of the plate body (Figure 2a). The resonant
vibration of this paddle causes agitation and flow in the fluid in
which it is immersed. The outer radius of the paddle is 5.1 mm,
and the inner radius is 4.2 mm, making the width approximately 1
mm. Both ends of the paddle are attached to compliant segments
to relieve the stress from the anchors. The compliant segments
are folded structures measuring 125 μm wide, with the entire
suspension on each side measuring 1.6 � 0.75 mm2. Attached to
the springs are anchors measuring 1.3 � 1.3 mm2, each with a
perforation measuring 0.7 mm in diameter. To anchor the
actuator, an adhesive is used that, once hardened, will rivet the
anchor to the plate body. The entire actuator footprint measures
10.3 � 5.6 mm2 on a planar foil.
Type B includes two similar designs with increased coverage of

the plate body (Figure 2b and c). In addition, a central anchor is
provided for added security during implantation when the AGDD
is pushed underneath the conjunctiva with the forceps. The
anchor measures 1.3 � 1 mm2 and is made of beam elements that
are 125 μmwide. For Type B1, the paddlesmeasure approximately 2
mm wide at the widest point (Figure 2b), whereas for Type B2, they
measure 4 mm at the widest point (Figure 2c). The outer springs
and anchors are identical to those of the Type A actuator. Both
designs measure approximately 10.3 � 5.6 mm2.
Type C is a hybrid of Types A and B, with wide paddles attached

to a thin strip circumscribing a portion of the posterior of the
plate body, divided by the central anchor (Figure 2d). The central
anchor is identical to that in the Type B actuators. The outer
radius of the strip is 5.1 mm, and the inner radius is 4.7 mm,
making the strip approximately 0.4 mm wide. The paddles
attached to the spring measure 3.25 mm at the widest point.
The outer anchors and springs are identical to those of the
previous actuators. The entire actuator measures 10.3 � 5.6 mm2.
Finally, Type D includes two designs with physically separate

paddles on each half of the AGDD (Figure 2e and f). Each paddle
is attached to a strip that circumscribes a portion of the
plate body, with one end of the strip attached to the outer
springs and anchor and the other end attached to the inner
spring and anchor. Types D1 and D2 differ on the point of
attachment to the strip. In Type D1, the attachment is located
toward the end of the strip: a flexural motion of the strip results
in a torsional motion of the paddle (Figure 3a). Type D2 has a
central attachment: a flexural motion of the strip results in a
transverse motion of the paddles (Figure 3b). For both designs,
the outer radius of the strip is 5.1 mm and the inner radius is 4.7
mm, making the strip approximately 0.4 mm wide. The inner
anchors measure 1 � 0.7 mm2 for each of the paddles in both
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designs. The inner springs measure 0.7 � 0.6 mm2 and are made
from beam elements that are 125 μm wide. The outer anchors
and springs for each of the paddles are identical to those of the
previous actuators. The entire actuator measures 10.3 � 5.6 mm2.
The overall dimensions of the actuators are designed to fit the

Model FP7 AGDD. A meandering shape for the spring provides
compliance within a small form factor. The width of the folded
structures that make up the compliant spring elements (i.e., 125
μm) represents the lower limit of the photochemical machining
(PCM) fabrication process used, further details of which are
provided in the “Fabrication” Section. The anchors are designed
to be sufficiently large to allow easy manual attachment.
The variations in the features of the different actuator types are
designed to provide empirical information on the value of these
various features. Type B designs have a larger area over the
valve plate body than the Type A design to determine the impact
of this area on the flow. Type C actuator paddles are attached to
the strip to determine the impact on paddle compliance and the
vibration displacement amplitude. Type D designs have physically
separate paddles on each half of the AGDD to accommodate any
deformation of the soft AGDD plate body.
The flexibility of the AGDD plate body is an important feature

of the AGDD that enhances its performance49. The compliant
spring elements of the actuator, the overall thin structure, and the
fact that there are only two or three anchor points ensure that
the flexibility of the AGDD plate body is not compromised.
Through finite element simulations in COMSOL Multiphysics 4.4
(COMSOL AB, Stockholm, Sweden), the out-of-plane compliance
of the Type A actuator was estimated to be nearly six orders of
magnitude higher than that of the plate body. Finally, by locating
the actuator sufficiently far from the valve mechanism, potential
interference with this mechanism is avoided.

Modeling
Magnetoelastic materials exhibit an elastic response to applied
magnetic fields in an effect termed Joule magnetostriction. As a
result, magnetoelastic structures can be excited to mechanical
resonance using oscillating magnetic fields. An inverse effect,
called the Villari effect, describes the magnetization resulting
from applied mechanical strain. In a vibrating structure, this
occurs concurrently with Joule magnetostriction. The coupling
between the magnetization and the mechanical stress or strain
can be expressed by a pair of equations. For a one-dimensional
system50, these are as follows:
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where σ is stress, ε is strain, B is magnetic flux density, and H is
magnetic field intensity. The partial derivatives are as follows: ∂e

∂r jH
is the compliance at constant H, SH; ∂B

∂H jr is the permeability at
constant stress, μσ; and ∂e

∂H jr and ∂B
∂r jH are both represented by d,

the magnetostrictive coefficient. The strength of vibration is
determined by the magnetostrictive coefficient, d, which is
dependent on the direct current (DC) bias conditions. For
maximum resonant response, the DC magnetic field should bias
the material where d is high.
The resonant behavior of the actuators was simulated in

COMSOL Multiphysics 4.4. Coupled solid mechanics and magnetic
field physics (approximated by Equations (1) and (2)) were used
to simulate the behavior of the magnetoelastic material in an

oscillating magnetic field. The mechanical and magnetic proper-
ties used in this simulation were derived from manufacturer data
sheets and previous reports51–53. The damping due to the liquid
environment was obtained experimentally from laser displacement
meter measurements performed on the final fabricated actuators.
The details of this method are provided in “EXPERIMENTAL
METHODS AND RESULTS” section.
The resonant frequencies and mode shapes exhibiting the

maximum vibration amplitudes are shown in Figure 4. The
simulations predicted multiple flexural modes for Type A actua-
tors, with the third mode (at 900 Hz) exhibiting the maximum
resonant amplitudes. For Type B, the resonant frequencies with
the largest displacements were 4 kHz and 3.5 kHz for Types B1
and B2, respectively. The Type C actuator had a low resonant
frequency of 450 Hz that resulted in large displacements. For
Type D actuators, target resonant modes were identified at 560
Hz and 850 Hz for Types D1 and D2, respectively.

FABRICATION
Magnetoelastic materials are available in both crystalline and
amorphous forms. Of particular interest for microscale sensing
and actuation applications are amorphous magnetoelastic alloys
that are commercially available as planar foils. Microfabrication
techniques such as micro-electrodischarge machining (μEDM)54

and PCM55 can be used to pattern these materials with spatial
resolutions down to a few tens of micrometers.
In contrast to crystalline materials, amorphous magnetoelastic

alloys operate at a lower bias field, thus reducing the size of the
biasing magnet or electric current that is necessary14,56. More-
over, amorphous magnetoelastic materials can be tailored to
have a high magnetomechanical coupling coefficient (i.e., the
conversion efficiency between magnetic and mechanical energy)
through annealing in the presence of a magnetic field; this results
in a stronger resonant response to a given stimulus57,58. With
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Figure 4 Simulated resonant frequencies and corresponding mode
shapes showing maximum vibration amplitudes.
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these considerations in mind, amorphous alloys were selected for
use in this work.
For this work, the actuators were fabricated from 29-μm-thick

foils of Metglas 2826 MB (Fe40Ni38Mo4B18) (Metglas, Inc., Conway,
SC, USA). This material has a saturation magnetostriction of 12
ppm and a DC permeability greater than 5000051. The high
permeability is beneficial for attracting and directing the biasing
magnetic field along the actuator, allowing some leeway in the
alignment of the DC magnetic field coils.
The fabrication of the actuators is a two-step process: pattern-

ing of the thin-film magnetoelastic alloy, followed by thermal
annealing to induce the desired curvature. The actuators are
patterned from flat sheets of Metglas 2826 MB using PCM (Kemac
Technology, Inc., Azusa, CA, USA). In this process, the foil is first
coated with a photoresist, which is lithographically patterned by
ultraviolet exposure. The exposed regions of the substrate (not
covered by the mask) are then etched away using a spray of
etchant. Advantages of this technique include burr-free fabrica-
tion and retention of the magnetic properties of the material.
The process flow for PCM is shown in Figure 5a–d.
To obtain an actuator with the necessary curvature, a patterned

sheet of Metglas 2826 MB must be annealed in a mold at
elevated temperature to remove the stress induced by the
applied curvature. A longer annealing duration or higher tem-
perature causes the initially flat structure to more closely conform
to the curvature of the annealing mold. The disadvantage is that
a higher temperature also results in embrittlement. Furthermore,
a temperature that is too high can also lead to crystallization of
the material or loss of ferromagnetism (if it exceeds the Curie
point), resulting in a reduction in permeability59. The Curie
temperature for Metglas 2826 MB is 353 °C, and its temperature
of crystallization is 440 °C60,61. Conversely, a shorter annealing
duration or lower temperature prevents the shape of the mold
from being completely transferred to the final actuator. Prelimin-
ary experiments focused on inducing curvature in the actuators

indicated that the recoil is 25–40% of the target deformation
upon removal from the mold. The shape of the mold must
account for this partial recoil. For this study, it was found that
annealing at 275 °C for 12 hours in a mold with an exaggerated
curvature yielded a desirable outcome. It is important that the
curvature of the actuator conform to the AGDD. Inexact curvature
can result in damage to the surrounding tissue, difficulty in
surgical implantation of the device, and reduced actuation
efficacy due to the larger separation from the implant surface.
The annealing mold consisted of two plates (with exaggerated

curvatures) between which a PCM-patterned sheet of Metglas
2826 MB was sandwiched during the annealing process (Figure 5e).
The annealed actuators were then coated with a 1-μm-thick layer
of Parylene-C to prevent corrosion in the aqueous testing envir-
onment and to provide in vivo biocompatibility62 (Figure 5g). The
as-fabricated actuators (prior to annealing) and the annealed
actuators are shown in Figure 6.
The plates used for annealing were designed based on the 3D-

scanned model of the AGDD and fabricated by direct metal laser
sintering (DMLS) of a cobalt-chrome alloy (GPI Prototype and
Manufacturing Services, Lake Bluff, IL, USA). In the DMLS process,
which is an additive manufacturing process, a laser is used to sinter
powderedmetal layer by layer to create the required solid structure63.
In addition to the plates used for annealing, DMLS was also used to
fabricate test plates that mimicked the curvature of the AGDD. During
the experimental measurements, the actuators were attached to
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these test plates to replicate the curvature of the AGDD. The
fabricated plates used for annealing and testing are shown in Figure 7.

EXPERIMENTAL METHODS AND RESULTS
The annealed and coated actuators were experimentally evalu-
ated using an optical approach to determine the resonant modes
that generated the maximum liquid motion. Each actuator was
placed in an aqueous suspension of 3.1-μm-diameter particles
(Fluoro-Max dyed green aqueous fluorescent particles, Thermo
Fisher Scientific Inc., Waltham, MA, USA) at a concentration of 6
ng ml−1. These particles have an excitation wavelength of 468 nm
and an emission wavelength of 508 nm. The motion of the
particles was observed under a microscope (Olympus SZX12
stereo microscope, Olympus Corporation, Tokyo, Japan), and the
images were recorded using a digital camera (Pentax K7, Ricoh
Company, Ltd., Tokyo, Japan). The particle trajectories were
captured in long-exposure (0.6 s) photographs acquired through
the microscope. The particle velocities were estimated based on
the distances traveled by the particles during the exposure time
of the photographs. All measurements were collected at 23 °C.
Magnetic biasing was provided by a set of Helmholtz coils that

generated a DC magnetic field, and activation was achieved using a
second set of coils, coaxial to the first, that transmitted an alternating
current (AC) magnetic field (Figure 8). The DC biasing field measured
20 G, whereas the AC excitationmagnetic fieldmeasured 4 G rms. The
frequency of the AC excitationmagnetic field varied from 0.1 kHz to 5
kHz. Each annealed actuator was attached to theDMLS-fabricated test
plate at its anchor points using cyanoacrylate adhesive. The coils
generating the AC excitation magnetic field were located 25–30 mm
away from the anchored actuator.
Figure 9 shows streaks of particle motion generated by a Type A

actuator, as observed in a long-exposure photograph. At this
location, the particles traveled an average distance of 149 μm
in 0.6 s. The velocity of the particles was thus estimated to be
248 μm s−1. Figure 10 shows the particle velocities estimated for
each of the actuators using this technique. The regions of the
actuators exhibiting particle motion correspond to the antinodes
of that particular resonant mode. The mode shapes indicated by
the observed antinodes correspond to the simulated mode shapes
shown in Figure 3. The Type A actuator had six regions where
particle flow was generated, with an average flow velocity of 230
μm s−1 at a resonant frequency of 890 Hz. The flow pattern
indicated the third flexural mode of the paddle, confirming the

simulated mode shape. Both Type B actuators had five regions
where particle flow was generated on each paddle. For Type B1, an
average flow velocity of 200 μm s−1 was recorded, whereas for
Type B2, an average flow velocity of 135 μm s−1 was found. The
resonant frequency was 3.8 kHz for Type B1 and 4.7 kHz for Type
B2. Type C actuator had five regions on each paddle where particle
flow was generated, with an average flow velocity of 118 μm s−1 at
a resonant frequency of 520 Hz. The Type D1 actuator had two
regions on each paddle where particle flow was generated, with an
average flow velocity of 73 μm s−1 at a resonant frequency of 740
Hz. Finally, the Type D2 actuator had four regions on each paddle
where particle flow was generated, with an average flow velocity
of 70 μm s−1 at a resonant frequency of 740 Hz.
To estimate the influence of the viscous damping caused by the

aqueous environment surrounding the plate body of the AGDD on

Annealing plate Test plate

Figure 7 Fabricated plates for annealing and actuator testing. Each
patterned foil of Metglas 2826 MB was sandwiched between two
annealing plates during the annealing process. The test plate
mimicked the curvature of the AGDD.
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Figure 8 Test setup for the particle flow measurements. DC bias
coils generated the DC magnetic field for biasing the actuator in
the high-magnetostrictivity region. AC excitation coils generated
the AC magnetic field to induce actuator vibration.
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Particle motion
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Figure 9 Moving fluorescent microparticles observed as streaks in a
photograph of a Type A actuator resonating at 890 Hz with 0.6 s of
exposure. Image thresholding was applied to improve visibility.
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the vibration amplitudes and the quality factor of the resonance,
the mechanical frequency response was measured for the Type A
actuator. A laser displacement sensor (Model LK-G32, Keyence
Corporation, Osaka, Japan) was used to measure the vibration
amplitudes. The displacement of the center of the Type A actuator
(in air) as a function of frequency for an AC excitation magnetic
field of amplitude 0.2 G is shown in Figure 11a. The experiment
was repeated with the actuator submerged in water (at a depth of
less than 1 mm) (Figure 11b). The excitation field was increased to
2 G amplitude to generate a measureable response in this high-
damping environment. Peak amplitudes of 2.4 μm were observed
in air, whereas in water (with a 10-fold increase in the applied
magnetic field), the peak amplitude was approximately 1.5 μm.

DISCUSSION
The flexural modes of vibration of the actuators are difficult to
detect using magnetic means because the vibrations cause
simultaneous tensile and compressive strains. These strains have
opposing effects on the generated magnetic field, making
detection of resonant peaks using inductive coupling methods
difficult. The expected functionality of the actuator is that of
prevention of cell adhesion and removal of adhered cells through
vibration. The direct observation of these effects of vibration,
through particle flow measurements, offers a superior assessment
of this functionality. This approach also enables the localization of
regions of high vibration amplitudes, which would not be
possible using an inductive coupling method.
The particle velocities, on average, were inversely proportional

to the area of the actuator. This was anticipated, as a wider
paddle transfers more energy to the surrounding liquid. However,
a wider paddle also covers a greater portion of the AGDD and is
subject to more damping. In future designs, the paddles may be
perforated.

A possible concern associated with the use of amorphous
magnetic alloys such as Metglas 2826 MB for implantable devices
is compatibility with magnetic resonance imaging (MRI). The
small form factor of the actuators and the low-eddy current and
hysteresis losses64 of amorphous magnetic alloys diminish tissue
heating. Preliminary calculations show that for a 64-MHz system
with a 10-μT oscillating field magnitude (i.e., a B1 field), the tissue
heating due to eddy current and hysteresis losses is within the
specifications of the IEC 60601-2-33 standard, which establishes
the safety limits in an MRI environment65,66. The small form factor
of the actuators also ensures that any artifacts in the MRI image
(due to the high permeability of the material) are localized to the
immediate vicinity of the actuators.
Despite the fact that the target application of the actuators

described in this work is to minimize cell adhesion through
vibration, it is quite possible that some accumulation of cells on
the actuator surfaces may occur nonetheless. Any change in the
resonant frequency due to such tissue loading can be accommo-
dated by using a wideband AC excitation magnetic field rather than
a single tone. In addition, previous studies have reported appre-
ciable resonant amplitudes for significant mass loading (in excess of
five times the resonator mass)10. Finally, Parylene-C, with which the
actuators are coated, exhibits excellent long-term stability and
efficacy as a biocompatible material62. It does not exhibit any
swelling in aqueous environments67. As a result, Parylene-C-coated
magnetoelastic actuators are expected to remain stable in vivo.
The simulation model, in conjunction with frequency response

measurements, enabled the determination of the energy transfer
efficiency between the applied magnetic energy and the induced
kinetic energy of the liquid. The quality factors of the Type
A actuator in air and water were determined from the frequency
response plots shown in Figure 10. The quality factor Q is
approximately equal to f0=Δf , where f0 is the resonant frequency
and Δf is the 3-dB bandwidth. From Figure 11a, the quality factor
in air is given by:

Qair≈
f0
Δf

¼ 2060
15

¼ 137 ð3Þ

Similarly, from Figure 10b, the quality factor in water is given by:

Qwater≈
f0
Δf

¼ 900
75

¼ 12 ð4Þ

The quality factor in water, Qwater, can be expressed as the
following equation of its constituent parts:

1
Qwater

¼ 1
Qint

þ 1
Qvisc

ð5Þ

where Qint is the intrinsic loss, including material losses and
anchor loss, and Qvisc is the loss due to viscous damping in water.
Ignoring viscous losses in air (under the assumption that intrinsic
losses dominate in air), Qair is approximately equal to Qint. Hence,
from Equation (5), Qvisc is approximately equal to 13.
The experimentally determined quality factors and frequency

response plots were used to model the damping in the custom-
coupled magnetomechanical simulation implemented in COMSOL
Multiphysics. The frequency response as simulated by COMSOL is
shown in Figure 10b, superimposed on themeasured response. The
simulated average magnetic energy, Emag, delivered to the reson-
ator by the excitation coils is 2.9 � 10−10 J. The simulated
mechanical energy, Emech, of the resonator is 3 � 10−12 J. The
energy transferred per cycle (through viscous damping) to the
liquid, Eliquid, is Eliquid/Qvisc and is equal to 2.3 � 10−13 J. Finally,
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Figure 10 Measured resonant frequencies and particle velocities (in
μm s−1) for the actuators in water.
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the conversion efficiency for the energy transferred from the input
magnetic field to the liquid is estimated to be Eliquid/Emag, i.e., 0.08%.
The magnetomechanical coupling coefficient, k2, that deter-

mines the energy conversion efficiency between the mechanical
and magnetic domains is given by an expression that depends
solely on the material parameters68:

k2 ¼ d2

sHlr
ð6Þ

where d is the small signal magnetostrictivity, SH is the stiffness at
constant magnetic field, and μσ is the permeability at constant stress.
As stated in “Fabrication” section, in an amorphous alloy, this property
can be tuned by annealing in amagnetic field. This provides an avenue
for improving the efficiency of the energy transfer into the liquid.
The results for the Type A actuator in water indicate vibration

amplitudes exceeding 1 μm. Extrapolating these results to the other
designs using the particle velocity measurements, it is safe to
assume vibration amplitudes on the order of hundreds of nan-
ometers for all fabricated actuators. Vibration amplitudes and
frequencies on the order reported here have previously been shown
to reduce cellular adhesion46,48. Hence, it can be concluded that the
actuators fabricated in this study show vibration amplitudes that are
sufficient to impact cell adhesion and proliferation, and can
ultimately result in improving the effectiveness of the AGDD in
lowering the IOP and preventing vision loss from glaucoma.
Whereas the experimental results reported here for the wireless

actuators demonstrate the ability to generate liquid flow, further

studies are needed to establish the appropriate usage modality
for fibrosis mitigation. Parameters such as amplitude, duration,
and periodicity could influence the efficacy of the technique and
can only be determined through in vivo studies in animal models.

CONCLUSION
This paper describes the design and fabrication of passive,
wireless magnetoelastic resonant actuators for microfluidic actu-
ation targeted at mitigating fibrosis in a glaucoma drainage
device, as well as the results of in vitro experiments with these
actuators. By means of three-dimensional scanning, printing, and
molding techniques, complex geometries were fabricated from
commercially available amorphous magnetoelastic foils. Particle
flow and laser displacement meter measurements were per-
formed to characterize the operation of the actuators in an
aqueous environment. Type A and B actuators exhibited the
highest particle flow velocities among the set that was evaluated.
Type B actuators, with a central anchor for improved surgical
compatibility, showed promise as a viable and practical enhance-
ment for the AGDD. Future efforts should be directed at
establishing the most suitable usage modality for effective
mitigation of fibrosis. This concept can also be extended to other
biomedical implants in which microfluidic actuation is required.
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