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Abstract
Here we report on the development of torsional magnetic microactuators for displacing biological
materials in implantable catheters. Static and dynamic behaviors of the devices were characterized
in air and in fluid using optical experimental methods. The devices were capable of achieving
large deflections (>60°) and had resonant frequencies that ranged from 70 Hz to 1.5 kHz in fluid.
The effect of long-term actuation (>2.5 · 108 cycles) was quantified using resonant shift as the
metric (Δf < 2%). Cell-clearing capabilities of the devices were evaluated by examining the effect
of actuation on a layer of aggressively growing adherent cells. On average, actuated microdevices
removed 37.4% of the adherent cell layer grown over the actuator surface. The effect of actuation
time, deflection angle, and beam geometry were evaluated. The experimental results indicate that
physical removal of adherent cells at the microscale is feasible using magnetic microactuation.
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1. Introduction
Catheters are one of the most widely used medical devices that divert fluid from one part of
the body to another. For certain diseases, chronic usage of catheters is necessary to ensure
patient well-being. A prime example of a disorder that requires a chronic use of catheters is
hydrocephalus. Hydrocephalus, a neurological disorder, is characterized by an abnormal
accumulation of cerebrospinal fluid (CSF) due to an imbalance between CSF production and
absorption. Patients with hydrocephalus are typically treated with an implanted shunt system
that relieves the increased intracranial pressure from the CSF accumulation (Figure 1).

Hydrocephalus patients depend heavily on proper functioning of the shunt system, which
consists of a ventricular catheter, a valve, and a distal catheter that drains excess CSF from
the ventricles to the abdomen. The shunt system is regarded as the gold standard in
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treatment and management of hydrocephalus. Unfortunately, the shunt system, which is
critical in hydrocephalus care, is plagued with a very high rate of failure. Clinical studies
have revealed that up to 40% of shunts fail within the first year of implantation [2, 3], and
85% of patients with shunts undergo at least two or more shunt-revision surgeries within 10
years of initial implantation [4].

The high shunt failure-rate is compounded by the relatively high prevalence of
hydrocephalus. The National Institute of Health estimates that as one in every 500 children
in the US is diagnosed with hydrocephalus and each year estimated 400,000 shunt-related
operations are performed each year in the US [5, 6]. The annual medical costs associated
with the treatment of hydrocephalus thought to be greater than $1 billion [6].

The leading cause of shunt failure is the obstruction of the ventricular-catheter pores, which
is caused by prolonged and slow accumulation of cellular adhesion [7]. Ventricular catheters
contain a multitude of pores on its proximal end, through which CSF in the ventricles flows
into the lumen of the shunt and ultimately into the abdomen of the patient. Due to various
inflammatory and immune-specific responses as well as contributions from red blood and
ependymal cells, the catheter pores become occluded over time [8–14]. Other potential
causes of shunt failure include infection, tissue migration, and overdrainage, for which there
have been considerable research to date with varying degrees of success [15–23]. While a
number of catheter designs with different physical constraints and biomaterial approaches
have been proposed over the past several decades, catheter occlusion still remains a
significant problem in practice [7,19,20,24,25].

Our approach is to use local mechanical force to clear the cellular accumulation at the
catheter pores. Microscale magnetic microactuators are well suited for this application for
several reasons. First, microfabricated devices can be designed and fabricated on the same
physical scale as that of the catheter pores (~1 mm). Second, the magnetic microactuators
described here require no implanted power supply, control electronics, or wires. Lastly,
magnetic microactuators can generate large out-of-plane movements with significant force,
which is well-suited for disrupting or preventing biological accumulation. In the presence of
strong magnetic fields, our torsional magnetic microactuators rotate about its mechanical
suspension to physically sweep accumulated bio-debris from the catheter pores. Our
hypothesis is that the microactuation will result in an open pore following each actuation
sequence.

Other groups have also proposed using microfabrication technology for the treatment of
hydrocephalus. These attempts include using wireless pressure sensors [26], electromagnetic
micro-pumps [26,27], and micro-needles and valves [28]. Although these researchers have
demonstrated feasibility of using microscale sensors and actuators for hydrocephalus
management, none has yet addressed the core issue of cellular accumulation that leads to
catheter failure.

Here we report on the initial development of torsional magnetic microactuators for the
amelioration of hydrocephalus. Several versions of torsional designs were microfabricated
and tested to evaluate the feasibility of using the magnetic actuators to cause sufficient
physical agitation that can clear cellular accumulation. We have quantitatively assessed the
efficacy of the magnetic microactuators and shown that our device can produce significant
reduction in cellular accumulation. Finally, we evaluated the effect of fatigue on the
mechanical robustness of the torsional magnetic microactuators. Successful implementation
of our magnetic microactuators may lead to the next generation of ventricular catheters with
a greater lifespan.
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2. Design and Fabrication
2.1. Design and Theory of Torsional Magnetic Microactuators

The use of magnetic microactuators in biological fluids has been demonstrated in the past
[29, 30]. Our early attempts to fabricate magnetic microactuators, however, were met with a
few challenges. Our first-generation devices were related using a potassium-hydroxide
(KOH) etch. Due to the rectangular design of the 1st-generation magnetic microactuators,
testing of a wide range of actuator designs was limited by the fact that devices with very
wide torsion beams (>60 μm) failed to fully release due to the slower etch rate of <111>
planes of the single-crystal silicon (Figure 2, [31]). and the alignment of the beams in the
<110> directions.

For the second-generation devices, we modified the design to overcome this issue by
aligning the torsion beams in the <100> directions. In addition, we also modified the devices
to have larger structural plate to facilitate cellular growth (Figure 3) We also modified the
devices to have larger structural plate to facilitate cellular growth (Figure 3) [32]. Using
these second-generation rectangular devices, we were able to qualitatively demonstrate that
the cellular clearance is indeed possible using our torsional magnetic microactuators (Figure
4).

Building upon our investigation of ventricular-catheter obstruction and our previous
fabrication attempts, we designed a novel third-generation magnetic microactuators that are
produced using deep reactive ion etching (DRIE) [33]. By using DRIE instead of anisotropic
etching of silicon using KOH, the in-plane geometry of the devices had much greater
flexibility (i.e., circular geometry, and complete freedom of torsion-beam width and
orientation) (Figure 5). Since our ultimate goal is to incorporate the magnetic microactuators
into implantable ventricular catheters, the circular geometry will be particularly useful for
facilitating the integration of the magnetic microactuators into the circular pores of a
ventricular catheter.

As can be seen in Figure 5a, the magnetic microactuator features a structural plate, which is
anchored on two sides by torsion-beams. An electroplated nickel magnet is attached to the
top of the structural plate to apply magnetic torque on the device. The top and side views of
the actuator design are shown in Fig 6.

In the presence of a magnetic field, the torque generated by the ferromagnetic element
causes the structural plate to rotate about the long axis of the torsion beams (Figure 5b).
Assuming full magnetization of the ferromagnetic element, the angular rotation of the
structural plate can be described by the following equation [30,34]

(1)

with angular rotation φ, magnet volume ν, induced magnetization vector M ⃗, applied
magnetic field vector H ⃗, and the angular torsion-beam stiffness kφ. The angular stiffness of
the torsion-beam is defined by [30]

(2)
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with shape-dependent factor K, shear modulus G, polar moment of inertia J [35], residual
beam stress σ, and the torsion-beam length lbeam. The shape-dependent factor K in our
rectangular torsion beam can be expressed as [36]

(3)

with the torsion-beam thickness tbeam and width wbeam. To verify the effect of torsion-beam
width and gap distance on the cell clearance, we created a 5 × 5 array of 25 microactuators
on each die, which were comprised of a combination of gap distances (5, 10, 20, 40, and 80
μm) and torsion-beam widths (20, 40, 60, 80, 100 μm).

2.2. Design of the Ferromagnetic Element
As can be seen in Figure 6, the length of the beam and the width of the magnet is in a zero-
sum relationship

(4)

with pore diameter dpore, torsion-beam length lbeam, magnet width wmag, and spacing δ.

The torsion-beam length is directly proportional to its stiffness as described by Equation 2.
Simultaneously, the magnet width is linearly proportional to the angular rotation φ, as can be
seen in Figure 5, given by Equation 1.

If we set the magnet length to be 500 μm, and set the spacing δ, magnetization M ⃗, shape-
dependent factor kbeam, shear modulus G, residual stress σ, and polar moment of inertia
Jbeam to be constant values, we see that an optimum magnet width which generates the
maximum deflection at a given magnetic field strength is found to be 380 μm (Equation 5).

(5)

Since the magnet needs to be circumscribed within the structural plate, increasing the width
of the rectangle also decreases the magnet length. As such, we chose the magnet width to be
350 μm. Increasing the volume of the magnetic material increases magnetic torque and thus
produces more deflection for a given magnetic field strength. To test the effect of angular
deflection on cell clearance, one of three different magnet designs were implemented per
die: a smaller magnet with a lower aspect ratio (350×400 μm2), a larger rectangular magnet
with a higher aspect ratio (350×500 μm2), and an irregularly shaped maximum magnet
volume for maximum magnetic torque (Figure 6). On a 100-mm-diameter substrate, a total
of 16 dies were fabricated: four copies containing one of the three magnet designs, three
copies of control devices without magnets, and a single die with empty pores to monitor the
fabrication process.

2.3. Fabrication
The torsional magnetic microactuators were fabricated using conventional microfabrication
techniques on a 100-mm-diameter single-crystal <100> silicon wafer (TechGophers
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Corporation, Chino Hills, CA, USA). Figure 7 illustrates the top and cross-sectional views
of the fabrication process for the round third-generation torsional magnetic microactuators.
After cleaning and etching away native oxide using hydrofluoric acid (HF, Fisher Scientific
International, Waltham, MA, USA), we conformally deposited a 1-μm-thick layer of low-
stress silicon nitride using low-pressure chemical-vapor deposition (LPCVD, Tytan Furnace
System, Tystar Corporation, Torrence, CA, USA). In the first photolithography step, the
nitride was patterned with a thin photoresist layer (AZ 5214-E, Clariant Corporation,
Somerville, NJ, USA) to define the boundaries for the structural features of the actuator. The
nitride layer was then selectively etched using an Advanced Oxide Etcher (AOE, Multiplex
Platform, Surface Technology Systems, Imperial Park, Newport, UK). The protective
photoresist was subsequently etched away using a downstream plasma etcher (System One
Stripper 105R, Matrix, Richmond, CA, USA).

Next, we used AZ 5214-E photoresist in a second pattern that exposes areas of the wafer for
the metal-adhesion process, which deposited a 10-nm thick layer of chromium and a 100-nm
thick layer of nickel. The metal layers were deposited using an e-beam evaporator (Mark 40,
CHA Industries, Fremont, CA, USA). Using a lift-off process, the metal layers were
patterned. A 200-nm-thick titanium conduction layer was evaporated over the patterned
metal layers to connect the chrome and nickel seed layers.

To electroplate the nickel ferromagnetic element, we defined a 10-μm-thick plating mold
using a thick layer of photoresist (SPR 220-7.0, Shipley Company, Marlborough, MA,
USA). We used a 90-s-long dip in a dilute (200:1) HF solution to etch away the titanium
layers and expose the underlying nickel seed layer at the base of the photoresist mold. We
then placed the wafer in a nickel-plating solution (1-M nickel sulfamate and 0.4-M boric
acid) and passed a constant current density of 10 mA/cm2 to the seed layer for 25 min. After
plating a 7-μm-thick nickel magnet, the photoresist mold was removed by rinsing the wafer
successively in acetone, methanol, isopropanol, and finally in deionized water. The titanium
conduction layer was then completely removed with a 2-min-long etch using the dilute HF
solution.

To release the microactuators, we used a dry, fast, and deep silicon etch (FDSE III,
Versaline, OC Oerlikon Balzers AG, Balzers, Liechtenstein). In order to etch through the
entire 500-μm-thick wafer using the deep anisotropic etch, a 1-μm-thick layer of silicon
dioxide was deposited on the backside of the wafer to serve as a hard mask. Following the
backside deposition, 6 μm of polyimide (PI-2611, HD Microsystems, Cupertino, CA, USA)
was deposited to the front-side of the wafer to serve as an etch stop for the release process.

Thick photoresist (SPR 220-7.0) was used again to pattern the backside and to define the
regions for the release etch. A 6-min-long etch in the AOE defined both the silicon-dioxide
and silicon nitride layers. To provide a smooth and clean surface for the DRIE process, the
photoresist was fully removed prior to the release etch using the downstream plasma etcher.
A 50-min-long, backside DRIE etch then removed the silicon substrate bulk and formed the
pit below the microactuator. The polyimide etch stop was removed in three consecutive
etches in the downstream plasma etcher, splitting 100-mm-diameter substrate into 16 dies,
each containing an array of 25 devices. Finally, the devices were conformally coated with a
biocompatible polymer, parylene C (poly-para-xylylene C, Specialty Coating System,
Indianapolis, IN, USA). A completed device with maximum magnet volume is shown in
Figure 8.
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3. Device Characterization
3.1. Saturation Magnetization of Electroplated Nickel

We characterized the magnetic properties of the electrochemically-plated nickel magnet
using a vibrating-sample magnetometer (Digital Measurement Systems, Westwood, MA,
USA). A complete B - H loop was obtained and the saturation magnetization of the nickel
magnet was measured to be 0.6 T.

3.2. Static Response
Next, we measured the angle of rotation produced by each microactuator as a function of
known applied magnetic field. We quantified the angular deflection by recording the
changes in position of a laser beam (Class IIIA, Alpec-Team Inc., Livermore, CA, USA)
that was reflected off of the nickel surface of a magnetic microactuator. The laser-deflection
experimental setup used for device characterization is illustrated in Figure 9. The values for
the material properties of LPCVD SixNy, such as the elastic modulus (170 GPa) and the
intrinsic stress (100 MPa), were obtained from literature for the theoretical deflection [34,
37]. A plot of the measured and theoretical deflections is shown in Figure 10.

3.3. Dynamic Response
Dynamic magnetic behavior was also characterized to obtain actuation parameters for
testing devices in a clinically relevant fluidic environment. The theoretical resonant
frequency of each device in air Ωair can be expressed by

(6)

with the moment of inertia of the magnetic component including the structural-layer J,
magnet and structural-layer mass mtotal, and structural-layer length lstruc.

Previous studies have shown that increasing the viscosity of the environment surrounding
the MEMS actuators results in a decrease in resonant frequency and amplitude [38–42].
Since the fluid surrounding the device must be actuated along with the structural plates, the
effective mass of the device is increased by an additional mass madded, which decreases the
resonant frequency. The resonant frequency in fluid is given by

(7)

When tested in water, the devices tested produced resonant frequencies that spanned from
70 Hz to 1.5 kHz. As can be seen from the Equation 7, we expected beam stiffness,
structural mass, and device length (gap distance) to directly affect resonant frequency in
water. Figure 11 shows that the resonant frequency does indeed increase with increasing
beam width and also with increasing gap distance. This later result is expected because, for a
given pore diameter, as the gap distance increases, the structural plate area decreases, which
in turn reduces madded. A one-way ANOVA (STATA/IC 10, Stata Corp, College Station,
TX, USA) confirmed the strong dependence of resonant frequency on beam width (p <
0.00001) and weaker dependence on gap distance (p = 0.0590).
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The theoretical quality factor Qair for devices tested in air is given by

(8)

with damping coefficient γ. Similarly, using the effective mass value, the theoretical quality
factor for a device operated in water Qwater is given by

(9)

Using the data we collected, we determined the quality factor to be 600 in air and 5 in water
(Figure 12).

3.4. Effect of Fatigue
To ensure reliable long-term operation of the magnetic microactuators, we subjected these
round torsional microactuators to an accelerated testing protocol. One way of measuring the
effect of fatigue in micromechanical structures is to compare the change in resonant
frequencies before and after an extended actuation cycle [43,44]. To perform this study, we
first measured the baseline frequency response of eight magnetic microactuators in air using
a laser-deflecting setup (Figure 9). Devices were then divided into two groups: non-actuated
control (n = 4) and actuated (n = 4). The resonant frequencies of the actuated-group devices
were measured in water to determine the actuation frequency. Two devices from the
actuated group were lost due to mishandling prior to the long-term actuation and the
corresponding data were omitted.

Both groups of devices were then submerged in body-temperature (37 °C) phosphate
buffered solution (PBS) to mimic physiological conditions. Only the actuated-group devices
experienced the ac magnetic field, which was driven at a frequency of 115 Hz and a
magnetic field strength of 8 kA/m (~10 mT) in PBS. Since the experiment lasted 26 days,
the actuators were put through >2.5 · 108 cycles. Figure 10 shows that the devices should
deflect approximately 35 degrees at static magnetic field strength of 10 mT. Although the
Ωwater of one actuated device was greater (152 Hz) than the actuation frequency, this device
still fully deflects (Figure 11) at 115 Hz given the width of the resonance peak (Figure 12).
After 26 days, all devices were removed from the PBS, rinsed, dried and re-characterized in
air for their resonant frequencies. Figure 13 shows the ~2% increase in resonance frequency
of an actuated device following >2.5 · 108 cycles.

4. Cell-Removal Capability
The success of our magnetic microactuators will be determined by the ability of actuation to
clear cellular material. As such, we sought to quantify the cell-removal capability of our
devices. The cell types that contribute to occlusion of catheter pores ought to be used to
measure the cell-removal capacity of our devices. With our previous generation of devices,
we evaluated the three readily available adherent cell types: Chinese Hamster Ovary cells
(CHO-K1, #CCL-61, American Type Culture Collection, Manassas, VA, USA), adipose-
derived stem cells, and normal human astrocytes. Unfortunately, these three types of cells,
which were chosen to grow over our prototype microactuators, did not proliferate as
expected.
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After investigating various cell lines, we chose the murine vascular smooth muscle cell line
(SV40LT-SMC Clone HEP-SA, #CRL-2018, American Type Culture Collection, Manassas,
VA, USA) for its ability to adhere and proliferate on unconventional surfaces, such as
parylene C. Although vascular smooth muscle cells are typically not found within the CSF
of hydrocephalus patients, we can obtain critical information regarding the performance of
our device against these aggressively growing adherent cells.

We used jet impingement as described by Deshpande and Vaishnav [45] to determine that
the adhesion strength for the smooth muscle cells grown on parylene-C was identical to that
of MC3T3 fibroblast cells (MC3T3-E1 Subclone 4, #CRL-2593, American Type Culture
Collection, Manassas, VA, USA) grown on conventional polystyrene dishes (Table 3). We
stained the live cells with a fluorescent dye (5(6)-CFDA, SE(5-(and-6)-Carboxyfluorescein
diacetate, succinimidyl ester), Biotium, Inc., Hayward, CA, USA) to allow us to quantify the
density of living cells through imaging.

To facilitate cellular adhesion, each array of devices was placed into a separate 35-mm-
diameter tissue culture dish and covered with 2 ml of warm (37 °C) fresh frozen plasma
(FFP) for 12-hr-long prior to cellular experiment. We then trypsinized the cells and isolated
them with fresh media to be seeded onto the devices. An array of devices was then removed
from the FFP bath and placed into a new tissue-culture dish. After loading 2 ml of fresh
media containing one of the adherent cell types onto the center of the device array, we
incubated the device in a sterile incubator for further cellular proliferation.

Following successful cellular seeding and proliferation, the devices were individually
imaged with an illumination wavelength that excites green fluorescent protein. To confirm
cell adhesion to the device surface, the media was gently exchanged prior to imaging. By
measuring the surface area over the microactuator that displayed fluorescence, we were able
to calculate a baseline cell density using image analysis software (Metamorph 6.3,
Molecular Devices, Sunnyvale, CA, USA), which we compared to the cell density after
actuation. As a result, this change in cell density represents a quantified value for cell
clearance. The devices were then actuated at a magnetic field of 17.8 kA/m for either 30, 45,
or 60 min at a frequency of 100 Hz, which is below the resonant frequency of most devices.
We then imaged each actuator and observed the effect of actuation by comparing the cell
density over the devices before and after actuation.

We tested a total of 56 actuated devices with varying gap distances, beam widths, and
magnet volumes, and a total of 51 control devices with varying beam widths and gap
distances, but no magnetic components. Devices with broken beams and structural plates
were removed from the experiment. Additionally, arrays with low cell density (<15% initial
cell coverage) were also omitted from the testing process. Lastly, those images with floating
cell debris, which caused inaccurate intensity readings, were eliminated from the analysis.

We were able to achieve full confluency on the majority of the microactuators and cellular
bridging across the gap distance on 18 devices. Figure 14 shows that actuation pulls the
cellular layer away from the side wall. We actuated the devices with a magnetic field
strength of 17.8 kA/m at 100 Hz. The difference maps illustrating the effect of actuation are
shown in Figure 15.

As expected, the actuated devices (n = 56) with magnetic components decreased the cell
density more effectively than the non-actuated control devices (n = 51) (Figure 16(a), Table
4). One-way ANOVA analysis indicated that the improved cell clearance due to actuation is
statistically significant (p < 0.0001). Additionally, the effectiveness of cell removal
increased in a statistically significant manner with increasing actuation duration (p <
0.0004). Figure 16(b) shows a comparison between experimental and control trials for
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devices that were driven for 30, 45, or 60 min (Table 5). The effect of actuator-deflection
magnitude on cell clearance is shown on Figure 16(c). The collected data indicates that the
cell-clearing increased with greater angular deflection in a statistically significant manner (p
< 0.0001). A Tukey-Krammer pairwise post-hoc analysis (STATA/IC 10, Stata Corp,
College Station, TX, USA) was performed to compare cell clearance between each group.
The results confirmed that a deflection of at least 30° is required to produce a significant
additional clearance compared to the non-actuated control. Comparisons between larger
angular deflection groups were found to be non-significant. The effects of gap distance and
beam width on cell clearance were also non-significant (p = 0.2119 and p = 0.5). No other
significant interactions were found between variables.

5. Discussion and Conclusions
Here we reported on the design, fabrication, and testing of several iterations of magnetic
microactuators for use in a cellular environment as the first step towards developing a
MEMS-enabled self-clearing hydrocephalus catheter. We have experimentally demonstrated
that the static and dynamic response of the microfabricated torsional actuators behave in
accordance to theory. The dynamic behaviors of the microactuators were also characterized
in a biologically-relevant fluid environment. As expected, the devices experienced a heavy
amount of damping. Understanding the dynamic response of the magnetic microactuators in
fluid is critical for the development of appropriate actuation strategies for implanted devices.

The effect of long-term actuation was quantified by measuring the changes in resonant
frequencies of devices. After >2.5 · 108 cycles of actuation, the resonant frequency of
actuated devices increased only marginally (<2%). However, it is unclear as to how many
total cycles of actuation each devices will undergo in a clinical setting. If we assume 30 min
of weekly actuation to keep the catheter pores open, the device will experience
approximately 107 cycles in one year with the actuation frequency of 115 Hz. On average a
typical patient undergoes two revision surgeries in a 10-year-long period [7]. Therefore, the
total number of actuation to ensure that the pores remain open for the 10-year-period is then
~108 cycles.

There are, however, a few caveats of our experimental methodology that should be taken
into consideration. First, these devices were actuated in PBS without any cells or proteins.
Second, implanted devices would experience a continuous flow of CSF through the pore. In
our experiment, the devices were actuated in a static PBS bath. It is unknown as to what
effect the presence of biological material and a persistent low-speed fluid flow will have on
these microactuators in the long term. Lastly, we made an assumption in our experimental
design that a lower-than-resonant actuation-frequency should still fully deflect the device
given the frequency response of a water damped device (Figure 12). It would be beneficial
to experimentally confirm that the devices with various geometry do indeed deflect fully as
expected at a chosen actuation frequency. Since these additional factors may modify the
induced stress on the devices in a chronic term, further experiments with more samples may
be necessary to fully assess the effect of fatigue in a more clinically relevant circulating in
vitro setup.

Our cell-clearing results share similar concerns. The results indicate that the magnetically
actuated microdevices are capable of producing the forces required to remove a large
fraction of adherent cells grown over the microactuator surface. However, non-actuated
control devices have also demonstrated cell-clearance ability to a certain degree (Figure
16(a)). This may be due to the long period of time during which the samples were taken out
of the incubator for experiments. During this time, the cells may have become stressed due
to the non-hospitable external environment. The potential impact of the prolonged exposure
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may be seen in Figure 16. We can see that the control group for 60-min-long actuation had
greater cell clearance compared to the shorter actuation-duration control groups.

The fluorescent imaging process may also have deteriorated cell condition. The
experimental protocol required images of each device pre- and post-actuation, which
prolonged the exposure time. In addition, the frequent handling of devices from the
incubator to the fluorescent microscope to the electromagnet and back to the microscope
may have resulted some unwanted cell clearance. It may be interesting to compare the cell-
clearance data obtained from cells that are kept inside of the incubator for the entire duration
of the experiment to evaluate the potential impact of external exposure and handling.

Despite these concerns, our results clearly demonstrate that the magnetically actuated
devices are capable of producing sufficient forces required to remove a large fraction of
adherent cells grown over the device surface. We have shown that a prolonged actuation
duration may significantly improve cell clearance (Figure 16(b)). We have also shown that
angular deflections of > 30° may generate greater cell clearance. The differences between >
30° and larger deflection groups were not significant, suggesting that there may be an
optimum deflection magnitude.

Moreover, our results highlight the effect of certain device characteristics on cell-clearing
performance. First, we reported that the cell clearance is not significantly related to the gap
distance between the structural plate and the side wall of the device, which may be due to
limited range of gap distances tested. Thus, it would be interesting to test greater range of
gap distances that generates no cell clearance. Although additional experiments are needed
to fully assess the effect of gap distance, our present results tentatively suggest that there
may be an optimum gap distance that results in maximum clearance and CSF flow. Second,
we have also found that the torsion-beam width had little effect on cell clearance. From the
static angular deflection equation (1), we can see that increasing beam width should increase
mechanical stiffness kφ of the beam and produce a smaller angular deflection. Conversely,
the narrower beam results in a greater angular deflection per given magnetic field even
though the beam itself may be more prone to structural damage. Thus, additional data on the
effect of fatigue across various beam widths may be necessary to determine the optimum
torsion-beam width that results in high angular deflection and great mechanical robustness.

In the future, we plan to evaluate the cell-clearing performance of the magnetic
microactuators in a more clinically relevant setup. A circulating in vitro setup that mimics
the continuous flow of CSF through the ventricles may provide more robust cell-clearance
and long-term fatigue data. Other plans include designing less obtrusive magnetic
microactuators, evaluating magnetic resonance imaging safety, and integrating the
microactuators into implantable catheters (Figure 17). Once we demonstrate the cell-clearing
capabilities in a more complex in vitro model, we plan to replicate these results in one of
many existing in vivo models using the proposed MEMS-enabled ventricular catheters [46–
49]. By producing a self-clearing catheter, our goal is to greatly decrease the probability of
biological shunt obstruction. In turn, we hoped that patients with MEMS-enabled self-
clearing shunt systems will require fewer replacement surgeries, face less risk and stress
associated with surgeries, and maintain a greatly improved quality of life.
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Figure 1.
Illustration of hydrocephalus. (a) the ventricular system of a normal infant and (b) enlarged
ventricles and an implanted shunt system. The ventricular catheter directs CSF from the
ventricles to the the abdomen via the valve, tubing, and the distal catheter. Adapted from [1].
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Figure 2.
(Left) Scanning electron micrograph of a fully released (torsion-beam width = 20 μm)
device and (Right) an incompletely released non-functional microactuator (torsion-beam
width = 80 μm).
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Figure 3.
Photographs of a portion of the microactuator array with 300×500×7 μm3 magnet volumes
and 40-μm torsion beams and a 75-μm-wide gap. Scale bar = 400 μm.
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Figure 4.
Cell clearing images of second-generation magnetic microactuator with 20-μm-wide torsion
beams and a 75-μm-wide gap taken before and after actuation. Note the cellular clearance of
cells grown over the gap on the upper right corner. Murine vascular smooth muscle cells
(SV40LT-SMC Clone HEP-SA, #CRL-2018, ATCC, Manassas, VA, USA) were used.
Scale bar = 400 μm.
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Figure 5.
3D illustrations of a round magnetic microactuator with torsion-beams: (a) without
deflection and (b) under the influence of a magnetic field. The angle of device deflection is
indicated by φ.
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Figure 6.
Above: Top and cross-sectional view of the round torsional magnetic microactuators.
Several key design parameters are noted. Below: Three magnet design variations are
illustrated.
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Figure 7.
Microfabrication process of the round DRIE-released third-generation magnetic
microactuators.
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Figure 8.
Digital photograph of a round magnetic microactuator in a deflected state. Schematic top
view of device shown in Fig 5. Photograph taken by Jeffrey Tseng.
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Figure 9.
A 3D illustration of the laser-deflection setup. As the magnetic microactuator rotates at a
given applied magnetic field, the position sensitive device captures the displacement of the
laser-beam position.
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Figure 10.
Theoretical and measured deflection and torque for an applied external magnetic field of a
sample magnetic microactuators.
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Figure 11.
Plot of the range of resonant frequencies for all devices with 350×500×7 μm3 magnet
volumes. The results are expressed as average ± s.d. See Table 1.
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Figure 12.
Plot of amplitude as a function of frequency for a device with 20-μm-wide torsion beams
and a gap distance of 40 μm in air and also submerged in water. The resonant frequency is
shown to be 180 Hz for water and 1.1 kHz for air.
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Figure 13.
The effect of long-term actuation on resonant frequency. Dynamic responses in air of
control (non-actuated) versus actuated devices are shown before (no-fill) and after (filled)
actuation. Note the close overlap of frequency response in a sample control device compared
to the shifted frequency response in an actuated device. See Table 2. The change in
resonance frequency is ~2%.
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Figure 14.
Images of a round torsional magnetic microactuator with 40-μm-wide torsion beams,
350×400×7 μm3 magnet volume, and a 5-μm-wide gap taken over the course of actuator
deflection. The top diagram indicates the portion of the actuator shown in the bottom
photograph sequence. Actuation was achieved using a hand-held magnet to facilitate
imaging. Note that the cellular layer bridging the gap was torn from the side wall, as
indicated by the white arrow.
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Figure 15.
Images of a round magnetic microactuator with 100-μm-wide torsion beams, 350×500×7
μm3 magnet volume, and a 40-μm-wide gap taken (a) before actuation and (b) after actuating
for 30 min at 100 Hz in a magnetic field of 17.8 kA/m. The difference map showing the
areas where cells were cleared is shown in (c). Control devices with 60-μm-wide torsion
beams and a 5-μm-wide gap were imaged (d) before actuation and (e) after actuating for 30
min at 100 Hz in a magnetic field of 17.8 kA/m. The difference map is shown in (f). Note
that actuation of magnetic devices has reduced the overall cellular density, particularly in the
top left corner (c) of the actuator.
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Figure 16.
Effects of various experimental conditions on cellular deflection. Left: comparison between
non-actuated control group versus actuated devices. Center: the effect of actuation duration
on cell clearance. Right: the cell clearance as a function of deflection magnitude of devices.
The clearance data is expressed as average ± s.d.
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Figure 17.
A 3D illustration of the proposed MEMS-enabled ventricular catheters. Note that the
integrated microactuators are shown in actuated state.
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Table 3

Cell-adhesion forces represented by shear force for smooth muscle cells on parylene and fibroblasts on
polystyrene (n = 12 for both cell types). Shear forces are listed as average ± s.d.

Cell Line and Substrate Material Lesion Radius [μm] Shear Force [Pa]

SV40LT-SMC on parylene-coated SixNy 0.9234 274.92 ± 48.20

MC3T3-E1 on tissue-culture polystyrene 0.9661 244.95 ± 26.45
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Table 4

The number of devices tested for the effect of actuation duration.

Time [min] Control Actuated

30 17 25

45 29 19

60 5 12
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Table 5

The number of devices tested for the effect of angular deflection.

Deflection [deg] n

0 51

20–30 13

30–40 15

40–60 18

60–90 10
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