ABSTRACT

ZACCARDO, VICTOR MICHAEL. Active Magnetic Bearings for the Intra-Arterial
Positioning of a Clinical Microcatheter (Under the direction of Dr. Gregory Buckner).

Radioembolization, a targeted treatment for advanced stage liver cancer, is a medical
procedure in which radioactive microspheres (20-40um in diameter) are released into the
vessels feeding liver tumors. Microspheres kill cancerous tissue in which they embed, as well
as embolize the vessels feeding the tumor. While effective, they also pose a threat to non-
target tissue in which they embed. Recent research (both theoretical and experimental) has
established a strong relationship between microsphere release location in the artery cross
section and terminal vessel, indicating that given sufficient control over catheter tip location,
a terminal vessel can be targeted. One such method for actuating the catheter tip, the subject
of this research, is to use an active magnetic bearing (AMB). A bifurcated hepatic artery
(HA) model and AMB were constructed, and a ferromagnetic ring was attached to the tip of a
clinical microcatheter. The AMB was used to position the microcatheter, and microsphere
injections were made in two locations. Microsphere distributions were found to be dependent

on release location, and the AMB was shown to be a viable option for catheter positioning.
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Introduction

Primary liver cancer (hepatocellular carcinoma, HCC) ranks sixth in cancer
occurrence and third in cancer related deaths worldwide; in the US, its occurrence rate is
increasing faster than all other solid tumor cancers. Early stage treatments focus on ablation,
resection, and complete liver transplant, while intermediate and advanced stage treatments
focus on chemoembolization and medication, respectively [1] [2].

A more recent treatment for intermediate stage HHC, microsphere radioembolization
(RE), uses injected radioactive microspheres to kill cancer cells on the tumor periphery (See
Figure 1). Microspheres are typically 20-40 microns in diameter and encapsulate 90Y, a
radioactive element that balances low tissue penetration (d90 = 2mm) with high radiation
dose rate and energy deposition (0.97 MeV). Treatment is performed by releasing
approximately 4 million microspheres into the hepatic artery via a microcatheter positioned
as distally as possible to the tumor. Microspheres embed preferentially in the tumor,

irradiating and killing nearby tissue [3] [4].
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Figure 1: Two deposition scenarios of radioembolization, (A) incomplete, and (B) full tumor coverage [5]

Despite its documented benefits versus chemoembolization, RE introduces additional
risks. Microspheres which embed in healthy liver tissue can cause radiation-induced liver
disease, and extrahepatic deposition can result in gastrointestinal ulceration, radiation
pneumonitis, and other radiation related complications [6]. Procedure-specific microcatheters
have been developed to prevent reflux, a phenomenon that occurs when excess microspheres
are injected and travel proximal to the injection location [7]. These catheters focus on
preventing retrograde flow, but still rely on being located as distally as possible to target
cancerous tissue, and still allow for microsphere deposition in healthy liver tissue [8].

Clearly, the ability to target only cancerous tissue would provide a significant
advantage in reducing undesired side effects. Previous work by Richards, et al. [5] showed a
strong correlation between the microsphere injection location (in the artery cross section) and

the destination vessel, demonstrating the potential for vessel specific targeting. In [5], a



generalized hepatic artery model was simulated using a commercial computational fluid
dynamics package (ANSYS CFX v12.1). Simulated microspheres were released at various
points in the artery cross section and their destination vessel was recorded. The results of this
study, presented graphically in Figure 2, indicate a strong relationship between microsphere

release location and destination vessel.
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Figure 2: Computational fluid dynamics predictions, left, shows a strong correlation between
microsphere release point in the artery cross section and destination artery.

These results were experimentally verified by constructing a physical model, scaled
approximately 4.4 times to facilitate fabrication and experimental measurements. Surrogate
(non-radioactive) microspheres, also approximately 4.4 times larger than those used
clinically, were released from a 72.5 cm long section of 15-gauge hypodermic tubing. The
tubing was supported at two axial locations using three stainless steel wires attached radially.
Each wire traveled through the inlet pipe and was connected to a screw-driven positioning

system, shown in Figure 3.
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Figure 3: Hypodermic tubing position system used in [5], consisting of six screw-driven mounts. The
hypodermic tubing was attached to the mounts using stainless steel wire.

Release location was controlled by manually adjusting the positioning mounts, as
well as by rotating the inlet tube relative to the model. The experimental results closely
resembled the CFD results, indicating that given sufficient ability to control microsphere
release location, hepatic vessels can be targeted. These results are promising, but first a
method to position clinical catheters in vivo, without penetrating or damaging the artery
walls and without disrupting the laminar arterial flow, must be developed. One option for in
Vivo positioning, the focus of this paper, involves actuating the microcatheter tip using
feedback-controlled electromagnets. Such devices are commonly referred to as active
magnetic bearings (AMBS).

AMBs use pairs of electromagnets to levitate high-speed ferromagnetic rotors where

bearing wear and maintenance are problematic (Figure 4). The attractive forces exerted by



each electromagnet are nonlinearly dependent on the applied coil current and separation gap:
force increases with the square of coil current and is inversely proportional to the square of
air gap. For this reason, AMBs are inherently unstable electromechanical systems, and
require sophisticated feedback controllers for stable operation. The controller measures rotor
position, compares it to the setpoint, and calculates a control signal which is sent to the
power amplifier. This control action stabilizes the system, and enables the dynamic

adjustment of bearing stiffness [9].
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Figure 4: Operating principles of an active magnetic bearing, adapted from [10]. An electromagnet
exerts a force on a rotor, which is made of a ferromagnetic material. Sensors measures rotor position,
which the controller compares to the setpoint, resulting in a signal to the power amplifiers, which supply
the electromagnets.

In this paper, we detail the design and experimental demonstration of a novel AMB to
position the tip of a RE microcatheter tip in a hepatic artery model that model replicates

human flow characteristics. Two performance criteria are evaluated: the dynamic response of



the microcatheter to changes in setpoint, and microsphere distributions when released from

AMB-controlled locations within the model's cross section.

Methods

Hepatic Artery Model

A two-generation, bifurcated hepatic artery (HA) model, designed to replicate the
vessel diameters and flow rates of a portion of human HA anatomy [11] [12] [13] [14] [15],
was created for experimental AMB testing (Figure 5). Fabricated using stereo lithography
from an optically transparent liquid photopolymer, this rigid planar model consists of one
inlet and four terminal vessels. The inlet has an inner diameter of 4mm, and is barbed to
accept standard 9.5mm OD tubing. Each terminal vessel has an inner diameter of 1mm, and
is connected to clear polyvinyl chloride tubing. The output of each vessel is connected to a

100-micron mesh basket filter, which allows for the collection and quantification of

microspheres terminating in each vessel.

Figure 5: Two-generation, bifurcated hepatic artery model used with the AMB, 3D printed using a
stereolithographic process. Overall dimensions are approximately 177mm long by 22mm wide, with an
ID at the inlet of 4mm.



Water (approximately 25°C) was selected for the working fluid, as its density closely
matches that of human blood. As shown in Figure 6, this working fluid is pumped through
the HA model using a computer-controlled positive displacement gear pump (Greylor
Company, Cape Coral, Florida) at a flow rate of 28.3 mL/min (7.1 mL/min per terminal

vessel), the average of published measurements [15].

Figure 6: Schematic for the HA model, adapted from [5]. Supply reservoir (1), collection reservoir (2),
gear pumps (3), flowmeter (4), syringe pump (5), AMB (6), microcatheter (7), HA model (8), microsphere
filters (9). Arrows indicate the direction of flow.

AMB Design

The novel AMB used for microcatheter tip position control uses four electromagnets
(two differentially driven pairs) to exert two-dimensional reluctance forces on a
ferromagnetic ring attached to the microcatheter tip. Because both the HA model and
working fluid are transparent, microcatheter tip position is measured optically using two

linear arrays. A schematic of this AMB is presented in Figure 7.
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Figure 7: Schematic of the AMB for microcatheter tip control. a) Two pairs of differentially-driven
electromagnets exert controllable reluctance force on microcatheter ring. b) Details of single
electromagnet (1), controller (2), N-channel MOSFET (3), linear optical array (4), ferromagnetic ring (5),
and UV LED (6).

A Terumo Progreat microcatheter, with a 0.93mm OD and 0.7mm ID, was used for
microsphere delivery in the HA model. To enable the application of controllable reluctance
forces, a mild steel ring was attached approximately 22mm from the tip. Machined on a lathe,
the ring had an outside diameter of 2mm, an inside diameter of 1mm, and an axial length of
Smm.

Reluctance force generated by the electromagnets was maximized using Finite
Element Method Magnetics (FEMM), a magnetic finite element analysis (FEA) software
package. Electromagnet geometry was drawn in SolidWorks and imported into FEMM,
where forces in the vertical and horizontal directions were calculated for a range of currents.
Typical FEA results are shown in Figure 8.

Using an iterative design process, electromagnet geometry was optimized to provide
reluctance force magnitudes ranging from 2.7mN to 66.9mN (corresponding to maximum

and minimum gaps between AMB poles and microcatheter tip) for continuous coil



excitations of 400mA (the peak current rating of the 36 AWG magnetic wire used in the
coils). This force range was deemed sufficient to actuate the microcatheter assembly, as the
heaviest component (the steel ring) had a weight of approximately 0.65mN, thus the AMB
was capable of lifting the microcatheter when resting on the bottom of the HA model. It
should be noted that nominal coil current was less than half of the peak current to avoid

thermal degradation of the magnet wire's insulation.
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Figure 8: Finite Element Method Magnetics (FEMM) simulation results for top and left electromagnet
excitation of 200mA. The net force in this scenario is 5.2mN to the left and 5.2mN up.



Each electromagnet was made of 12 laminations of electrical steel and one electrical
winding per leg. Laminations were waterjet cut from a 0.020" thick ultra-low carbon
electrical steel (CMI-B, CMI Specialty Products, Bristol, CT). After waterjet cutting, the
laminations were heat treated per the datasheet schedule. The windings, two per
electromagnet, each consisted of approximately 700 turns of 36-gauge magnet wire, and were
wound using a customized CNC milling tool. Each electromagnet was controlled individually
using pulse width modulation (PWM) of an N-channel MOSFET, one per electromagnet.

Position feedback was achieved using two TSL1402R linear optical arrays (ams AG,
Unterpremstaetten, Austria), pictured in Figure 9. Each optical array consists of 256 pixels,
spaced 63.5 microns on center, and functions like a digital camera; its pixels are exposed to a
light source for a period of time, and the analog output voltage at the end of the exposure
period is proportional light intensity. To enhance optical contrast of the microcatheter tip, a
red fluorescent coating was applied to the microcatheter tip (distal L0mm). The region was
illuminated by 12 ultraviolet LEDs, each driven at 6.5mA using pulse width modulation
(PWM), a value that was experimentally determined to provide optimal exposure for the
linear optical arrays. To ensure consistent lighting of the microcatheter, the PWM period was
synced to the exposure time of the linear optical arrays; the LEDs were illuminated at the
beginning of each exposure interval and turned off at the appropriate time. To enhance
signal-to-noise ratios, optical filters were attached to the linear optical arrays; one red and
one black. The red filter prevented all but red light from reaching the sensor, thus blocking

the UV source and allowing the light fluoresced from the microcatheter tip to pass. The black

10



filter reduced the amount of ambient light reaching the linear optical arrays, reducing

background noise and helping achieve a desirable exposure.

Figure 9: A TSL1402R linear optical array used in this paper. Each array was mounted to prototyping
board for electrical connections, and adhesive backed filters were applied to the sensing side (shown).

The output of each optical array is a sequence of 256 analog voltages, each
corresponding to the intensity of light reaching a specific pixel integrated over the exposure
period. As shown in Figure 10, a position-dependent voltage profile is combined with a bias
voltage (ranging between 0.5V and 1.5V). To facilitate the computation of profile centroid,
the bias voltage is first removed digitally. Using this method, the microcatheter’s position

could be determined to within 10 microns.
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Figure 10: Sensor output from one linear optical array with microcatheter tip in two different lateral
positions. The centroid of the output voltage distribution corresponds to the position of the
microcatheter. In the centroid calculation, bias DC voltage was subtracted from each measurement.

The LEDs and linear optical arrays were secured in place by a 3D printed fixture
(Figure 11), which mounted to the AMB chassis (Figure 12 and Figure 13). The LEDs were
oriented such that they provided a uniform illumination source over the range of the
microcatheter's movement. The linear optical arrays were centered with respect to the HA

vessel cross section and located as close to the AMB as possible to maximize the signal to

noise ratio.
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Figure 11: Solid model of the LED and sensor housing. LEDs are aimed in a pattern that minimizing

overlapping and provide a uniform coverage of the area of interest, while the linear optical arrays are

centered on the artery model and positioned as close to the AMB as possible to maximize the signal to
noise ratio.

Figure 12: Solid model of the optimized AMB prototype; microcatheter (1), ferromagnetic ring (2), HA
model (3), stator with windings (4), amplifier board (5), linear optical array (6), ultraviolet LEDs (7), and
acrylic chassis (8). LED and optical array housing not shown for clarity.
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Figure 13: Photographs of the optimized AMB prototype. Left: view from the non-sensor side, visible is
the amplifier board (1), windings (2), and HA model (3). Wiring to the amp board is 12V control power
and PWM signals for each MOSFET. Right: view from the sensor side. The sensor and LED housing (4),
HA model (3), and microcontroller (5) are visible. On the microcontroller's PCB (6), the black and white
knobs control horizontal and vertical setpoint, respectively.

The position controller consists of three hardware components: the linear optical
arrays, a TI MSP430 microcontroller, and an array of transistors to power the electromagnets.
The TI MSP430 acquires voltage data from the optical arrays, computes the microcatheter’s
position, calculates a control action, and updates the PWM output to each electromagnet. The
PWM output is used to switch a 12V power supply via the MOSFET array. This control loop
is executed at a real-time rate of 50 Hz; simultaneously the T1 MSP430 transmits
microcatheter position, tracking error, and control action via serial connection to a desktop
computer, where a custom Python application plots the serial data in real time.

A PID control algorithm, implemented in software on the TI MSP430, was chosen
due to modeling uncertainty of the microcatheter. Both vertical and horizontal degrees of
freedom were treated as independent single input, single output (SISO) systems, and the

output of each controlled the corresponding differentially driven pair of electromagnets.
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Control action was computed on a range of -100 to 100, where sign indicated desired control
direction and magnitude represented duty cycle percentage.

A balanced testing apparatus, shown in Figure 14, was constructed to aid in controller
development and tuning. Designed to resemble the dynamics of a neutrally buoyant
microcatheter, it allowed for gain tuning and debugging to occur in a controlled, repeatable
environment. The resulting controller was able to stabilize and accurately position the

microcatheter; it increased the damping ratio in the vertical direction by a factor of 24.

Figure 14: Balance testing apparatus used to develop hardware and tune controller. The balance
assembly rests on a needle, similar to the construction of a magnetic compass. This configuration
provides for minimal friction damping; when disturbed, the balance assembly will oscillate for several
minutes.

Testing Methodology

To quantify targeting performance, microsphere injections were made at two
locations in the HA model cross section, labeled A and B in Figure 15. Polypropylene
microspheres (Cospheric, Santa Barbara, CA), approximately 100 microns in diameter, were

added to 25°C tap water at to create a microsphere suspension with a density of

15



approximately 1000 microspheres/mL. Tests were conducted by positioning the
microcatheter in the desired cross-sectional location, approximately 5mm proximal to the
first bifurcation in the HA model (as indicated in Figure 5). Eight injections of agitated
microsphere solution (0.5mL each) were made at each cross-sectional location using a
computer-controlled syringe pump, with the injection rate configured such that the exit

velocity of the microspheres matched the fluid flow rate inside the HA model (28.3 mL/min).
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Figure 15: Release locations for the microsphere injection tests, as viewed from the AMB's sensor side.
Position A is located 1.12mm above the center and 0.06mm to the left. Position B is 1.12mm below the
center and 0.32mm to the left.

Resulting microsphere distributions were quantified using 100-micron nylon mesh filters.
Prior to each test, these filters were cleaned, dried, and inspected. Following each injection, a
light source and a frosted glass element were placed under each filter, and photographs were

taken from above the filter. As shown in Figure 16, this method provided excellent contrast

16



between the white filter background and the dark blue microspheres. A graphical user
interface for MATLAB's image processing toolbox was used to count the microspheres in

these images.
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Figure 16: Typical image used for quantifying microsphere distributions. The blue microspheres are
easily distinguished from the lighter background. The MATLAB program has identified and counted
individual microspheres (37 total in this image, circled in red).

Results
Initial trials were conducted on the balanced test apparatus to demonstrate the AMB’s

positioning performance, as shown in Figure 17. Gains were tuned to maximize position
stiffness and minimize oscillations of the underdamped test apparatus, however nonlinear
relationship between reluctance force and air gap precluded the use of integral control and
thus the gain was set to zero. Without intervention from the AMB, the testing apparatus
would oscillate in the vertical direction for several minutes if left undisturbed. When the
AMB was enabled with the optimized gains, the oscillations were damped out quickly (<1

second).
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Subsequent testing was conducted in the hemodynamic environment of the HA
model. At the start of each test, the microcatheter was at rest on the floor of the HA model
(corresponding to y=-0.8 mm in Figure 18). A vertical setpoint corresponding to the center of
the HA cross-section (corresponding to y=0.0 mm in Figure 18) was specified, followed by
manual setpoint ramps corresponding to the floor and center of the HA cross-section. The
noise and high-frequency artifacts in the position signal of Figure 18 are associated with
optical non-linearities in the HA model, which were more pronounced near the floor and

ceiling of the model.
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Figure 17: Top: Dynamic response of the testing apparatus to control input in the horizontal direction.
Bottom: Trace of balance assembly position versus setpoint.
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Figure 18: Top: Dynamic response of the microcatheter to control input in the vertical direction. Bottom:
Trace of microcatheter position versus setpoint.

Figure 19 highlights the terminal microsphere distributions associated with the HA

model injection tests. A total of 5,501 microspheres were injected from Position A, and 3,440

from Position B. The differing microsphere counts were due to variations in microsphere

concentration in the constant volume injection process. Post-injection measurements reveal

that that from Position A, 75.7% of the microspheres terminated in Vessel 2, with 2.014

resulting as the average vessel. From position B 52.7% of microspheres terminated in Vessel

3, with the average vessel shifted to 2.889. The standard deviation for position A was 0.575

vessels, while in Position B it rose to 0.682.
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Figure 19: Microsphere distributions corresponding to injections from Position A (a) and Position B (b).
Microsphere counts have been normalized for comparison purposes.

Discussion

As demonstrated in Figure 17, the AMB proved capable of precisely positioning the
balanced test assembly in the horizontal direction. Command following was excellent and
because the balance assembly had very little friction, steady state error was close to zero.
This lack of friction also yielded minimal system damping, thus the derivative gain was set to
the highest value allowable without driving the system unstable.

The balanced test assembly exhibited a modest amount of crosstalk between the
vertical and horizontal directions, as demonstrated by the vertical movement as the balance
assembly moves horizontally (Figure 17). This crosstalk has two potential sources: the linear
optical arrays not being centered on the HA model and electromagnet misalignment. The

more likely source is vertical misalignment of the electromagnets (i.e. being located slightly
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higher than the centerline of the AMB). Such misalignment would produce small
components of vertical force during horizontal actuation commands, resulting in small
displacement coupling similar to those shown in Figure 17.

Positioning the microcatheter in the hemodynamic environment of the HA model
proved to be more challenging. The microcatheter’s stiffness was more problematic than
expected, as lifting and bending the microcatheter’s tip (while the microcatheter body
remained on the HA floor) required significant actuation. Thus the PD controller exhibited
steady-state tracking errors in the vertical direction for setpoints other than the
microcatheter's natural resting place (the HA floor, corresponding to y=-0.8 mm). For a given
set of controller gains, the response to a change in setpoint was highly dependent on the
position and orientation of the microcatheter. In some positions the AMB drove the
microcatheter into steady-state oscillations, while in others derivative control action was
sufficient to eliminate or greatly reduce overshoot and oscillations. The results presented in
Figure 18 show a response somewhere between these two extremes, and was typical of the
responses observed when microsphere injections were made (at cross-sectional locations A
and B).

In the future, more sophisticated controllers (multivariable and perhaps non-linear)
should be investigate to improve positioning performance. Controller performance could be
improved by including an output linearization term between the controller and the plant.
Such a term could account for the nonlinear nature of the reluctance force, thus allowing for

integral control to drive steady state error to zero.
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Vessel Targeting

The experimental results show a strong correlation between microsphere release
location and terminal vessel distributions. These results add to the findings of [5], indicating
that vessel targeting is achievable on a 1:1 scale model using a surgical grade microcatheter.

When microspheres were released in Position A, greater than 75% terminated in
Vessel 2, with the remaining 25% were approximately evenly distributed between the other
vessels. When released from Position B (only 2.25mm away), the distribution statistics
changed dramatically. The vessel with the highest microsphere count was Vessel 3, with
52.7% of the injected microspheres terminating there. These results are comparable to those
found by [5], in that some locations show an extremely strong correlation and others exhibit a
distribution with a clear peak.

In addition to potential sources of error encountered by previous work, these results
could potentially be affected by the microcatheter not being parallel with the flow, flow
disturbances caused by the microcatheter resting along the artery model wall, and movement
of the microcatheter during injections. During injections, it was found that the position of the
microcatheter upstream affected the flow of the working fluid around the tip. Resulting eddy
currents had the effect of dispersing the microspheres in the flow over longer distances
(>20mm). It was found that if the microcatheter tips was positioned within 5mm proximal to
the first artery model bifurcation (Figure 5), targeting was minimally affected by such flow
disturbances.

This demonstration shows that non-contact positioning of a surgical microcatheter is

indeed possible, and that targeting could be achieved with a patient specific modeling. If a
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large enough AMB could be constructed, the patient could be positioned inside the AMB
while the procedure is being performed. The largest challenges facing this type of procedure
are scale and position feedback. Reluctance force decreases with the square of distance, and
therefore very large currents and magnetic fields would be required to exert appreciable force
on the microcatheter. Additionally, the AMB in this paper benefits from a simple, high
resolution position feedback mechanism. Clinical trials would need a similarly high
resolution transducer, despite the additional challenges imposed by intravascular procedures.
If these challenges can be overcome, using an active magnetic bearing for targeted RE

treatments may prove to be an effective procedure.

Conclusion

Results from microsphere injections built on the results of [5], demonstrating that
vessel targeting is possible using a clinical microcatheter in a 1:1 scale HA model. Despite
being only 2.25mm apart, the two injection locations had significantly different terminal
vessel distributions. Flow disturbances were found to have a dispersing effect; thus the
microsphere injection location should be located as distally as possible to the target vessel.

The active magnetic bearing was shown to be effective at positioning the testing
apparatus, and a viable option for positioning a clinical microcatheter. A PD controller was
used, and thus steady state error was present when positioning the microcatheter. With
additional modeling of the microcatheter’s dynamics, an improved controller can be

designed.
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