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Minimally invasive surgical tools using catheter based technology plays an important role in biomedical
diagnostics and treatments. Much research has focused on producing an actively controllable tip catheter
to improve accuracy and efficiency over traditional passive catheters when navigating inside patients.
In this work, we describe the design, fabrication and characterization of a novel laser-micromachined
polypyrrole (PPy) based active catheter. Two-dimensional controlled bending motion of a four-electrode
catheter is demonstrated. Combining such catheter with optical coherence tomography, which can pro-
vide subsurface visualization of biological tissue, imaging capability using the active catheter tip is also

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, there has been increasing interest and demand
for minimally invasive surgical (MIS) tools to aid with medical diag-
nostics and treatments. Many of these MIS tools involve the use of
catheters, which depend on translational force and torque applied
at the proximal end and rely on the intrinsic mechanical property
of long flexible catheters to transmit the motion to the distal tip
[1]. Hysteresis and recoil may decrease the controllability of these
catheters. Hence they lack the accuracy and efficiency in reaching
their desired destinations, leading to long procedure times, peri-
operative risk, and other procedural complications.

Many advanced catheter designs aiming to provide an actively
controllable tip have been proposed and developed. Microelec-
tromechanical systems (MEMS) [2-4], shape memory alloys (SMA)
[5-8] and artificial muscle actuators (AMA) such as ionic poly-
mer metal composites (IPMC) [9-11], and conducting polymers
(CP) [12-16] are among the leading designs as they possess attrac-
tive characteristics including large strain, low operation voltage
and potential for miniaturization [7,11,15,17]. However, the fabri-
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cation process of MEMS devices is often complex. And unlike shape
memory alloys, conducting polymers do not require high operating
current [8,15], making them more suitable for in vivo biomedical
applications. Furthermore, conducting polymers offer higher stiff-
ness than IPMCs, which is an attribute often important in catheter
design [18].

Polypyrrole (PPy) is one such type of conducting polymer, which
distinguishes itself by additional features such as ease of fabrica-
tion and biocompatibility [15]. The PPy actuator typically exhibits
strains of between 2% and 8% with corresponding stress of 5 and
22 MPa respectively [15,17,19]. The strains are associated with the
insertion and removal of ions to and from the polymer as it is
charged and discharged. A PPy-based active catheter has been
recently developed for controllable intravascular maneuvers [20]
in which the actuators work well in an antagonistic configuration
such that one polymer releases ions and contracts while the other
accepts ions and expands.

Current active catheter designs lack effective two-dimensional
control of motion. Such motion would be of tremendous value in
procedures such as angiography, stent deployment, and coiling of
cerebral aneurysms. Laser micromachining by ablation is a well-
established technique used for the production of 3D features in
a wide variety of materials. It has been used in the fabrication
of competing SMA-based active catheter designs [7] and many
other medical devices, such as commercially available intravascular
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Fig. 1. Designs of PPy-based artificial muscle actuated catheters showing the PPy actuators grown onto a catheter with spiral skeletons and plastic substrates. (a) Two-electrode

and (b) four-electrode versions.

stents. In most cases, these devices have much more complex
geometries as compared to the linear micro-channel thatis required
for our proposed catheter design. We thus sought to investigate
and characterize laser micromachining to enable precision manu-
facturing of active catheters capable of two-dimensional positional
control.

In this paper, we describe a method of micromachining the
polypyrrole coatings using pulsed laser ablation. To investigate
the feasibility of this catheter design in intravascular guidance
and navigation, we also characterize the bending movement of a
two-electrode PPy-based catheter (Fig. 1a). The characterization is
performed by monitoring catheter’s radius of curvature and curva-
ture difference as a function of time. To the best of our knowledge,
we demonstrate here the first working prototype of a four-electrode
PPy-based catheter (Fig. 1b) that is capable of two-dimensional
motion on a plane, which may be suitable for use in intravascu-
lar guidance and navigation. We also use a two-electrode catheter
in conjunction with an optical coherence tomography (OCT) sys-
tem as a preliminary demonstration and exploration of the use of
PPy-based catheter in intravascular forward imaging.

2. Fabrication method

The basic catheter used in this study is the Ultraflow™ HPC
(Micro Therapeutics Inc., Irvine, CA) with a 0.5 mm OD and 0.28 mm
ID, chosen for its flexibility. Polymerization of PPy onto the catheter
was performed in two steps—electro-less deposition followed by
electrochemical polymerization. In the first step, the catheter was
uniformly coated with approximately 1 wm PPy layer, which acts as
the seed layer in the electrochemical deposition step. The electro-
chemical deposition was accomplished by polymerizing the pyrrole
monomer through electrochemical oxidation using the method of
Yamaura et al. [12]. For a resulting PPy thickness of approximately
10 wm we employed a current density of 0.125 mA/cm? at —30°C
for 6 h of deposition.

The PPy-coated catheter was ablated by a laser in order to elec-
trically isolate individual segments of the PPy, thus patterning 4
electrodes. The laser micromachining setup consists of an excimer
Laser (Pulsemaster series, Lumonics, Novi, MI) with a center wave-
length of 248 nm, beam-shaping optics (10x demagnification) and
a XY motorized stage (ATS100 Aerotech, Pittsburg, PA) for sample
translation. To create the individual electrodes, an aluminum mask
of a 1mm x 1 mm square was used to obtain a 100 wm channel cut
on the samples. A static etch rate characterization for the polymer
coating was performed on a glassy carbon slide coated with PPy
as shown in Fig. 2 to determine the optimal laser parameters to be
used. The ablation was performed by using 50, 100 and 200 pulses
focused on a planar sheet of PPy at different laser powers. The laser
power was measured after the aluminum mask with a power meter
(COHERENT Sigma power meter, COHERENT J25LP-MB power head)
and the target fluence was subsequently calculated. The depth of

the 100 wm x 100 pm square holes were then measured by optical
profilometery (Veeco Instrument Inc., Plainview, NY), which used
white light to provide depth profilometry at 50 nm resolution.

A custom-built plastic V-groove was designed to be fixed onto
the laser system’s translation stage to etch the coated catheter. A
guide wire was inserted in the catheter to keep it rigid during the
micromachining process. The catheter was fixed on the plastic jig
with adhesive tape. A simple G-CODE program was written to cut
a 30-40 mm straight line at a speed of 10 mm/min by translating
the motorized stage. The translation speed was calculated based
on the etch rate characterization for completely removing the poly-
mer coating while simultaneously minimizing the ablation of the
catheter underneath. Once a single line was etched, the sample was
rotated by 90° and the process repeated. The resultant catheter with
four independent actuator strips (Fig. 3a and b) was then tested via
resistance measurements to ensure no short circuits were present.

For easy electrical wiring to each individual PPy actuator at one
end of the catheter, ablation is repeated several times over the same
length to ablate through both the PPy and the catheter underneath.
This creates strips of PPy actuators that can be bend away from the
catheter as shown in Fig. 4.

3. Bending characterization

A two-electrode catheter (Fig. 1a) was electrically driven with
a 0.005Hz, +£0.5V square waveform in an aqueous solution of 1M
NaPFg salt measured against an Ag/AgCl reference electrode (BASi,
West Lafayette, IN) (see Fig. 5a). In the data analysis, the catheter
was split into two sections, the half of the catheter closer to the
electrical contacts called the “root” and the remaining half called
the “tip” (see Fig. 5b). Pictures of the bending catheter in either
direction are also shown in Fig. 5b and c. Here we have used low fre-
quency actuation in an attempt to observe the maximum achievable
bending curvature since large degree of bending is highly desirable
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Fig. 2. Characterization of excimer laser ablation of PPy at different fluence rate and
number of pulses used.
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Fig. 3. SEM photographs of a four-electrode PPy-based active catheter, showing the catheter and the strips of polymer actuators after laser micromachining.

inintravascular navigation. The use of low voltage was to ensure the
reusability of the same catheter for multiple trials as it has been pre-
viously reported that polymer degradation is likely to occur when
voltage exceeds 1V [16].

We captured the motion of the bending catheter with a digital
video camera and then developed a LabVIEW™ software program
to analyze both the radius of curvature (R) of the tip and root seg-
ments as a function of time (see Fig. 5d). Immediately after the
potential was applied, the root segment showed a decrease in R
while the tip showed an increase in R in the negative direction,
where the positive direction was taken to be to the right of the
starting position. This was due to the initial catheter configuration
in an S-shape as can be seen in Fig. 5a. The potential was reversed
at t=100s, and both segments responded with immediate increase
in R. In Fig. 5d, the gray areas are the transition bands. Each band
indicates a time period in which the particular segment is switching
between the negative and positive R, and vice versa. The minimum
R of the root and the tip is 13 mm and 54 mm on the forward sweep,
and 26 mm and 22 mm on the reverse sweep, respectively.

It has been shown that the curvature ((1/R) — (1/Ry)) is linearly
proportional to the induced polymer strain [21], and is an appro-
priate measure to analyze the electrochemical actuation response
of the PPy-based catheter. Therefore, in Fig. 6a and b, we plotted
both the experimental and the theoretical curvature as predicted
by a simplified version of the variable resistance transmission line
(VRTL) model. The model was developed employing different time
constants to predict the time dependent response of PPy actuators
[22]. It should be noted that the curvature is a relative measure-
ment, which compares the curvature of the segment to its initial
curvature. Therefore, a zero curvature does not necessary indicate
that the segment is straight; instead it indicates that the segment
has returned to the starting shape. In Fig. 6a and b, the discontinu-
ities in the experimental curvatures correspond to the transition
bands highlighted in Fig. 5d, during which the recorded radius
crosses zero as the catheter changes its bending direction.

Catheter

Imm

Fig. 4. One end of the PPy-based active catheter showing strips of PPy actuators
ready for easy electrical wiring.

The bending of the root segment seems to be in close agreement
with the model, except that the actual charging rate is slower than
predicted (see Fig. 6a). For the tip, the amplitude of bending is less
than expected, and the initial deflection of the tip starts earlier in
time than expected in the model (see Fig. 6b). The overestimate
of the tip bending appears to be due to a thinning of the active
polypyrrole layer as the distance from the root is increased, which
is likely the result of lower potential during electrodeposition. In
the model it is assumed that the tip does not deflect until times
exceeding a time constant proportional to the length squared and
to the catheters electrochemical capacitance. The model assumes
that the capacitance is the full capacitance of the catheter up to
the start of the tip, which is an overestimate since in fact limited
rates of ionic diffusion into the polypyrrole suggest that only a frac-
tion of the total capacitance is accessible at short times and low
frequencies. As a result, the time at which the tip bending begins
is greatly overestimated by the model. The initially slower than
expected deflection of the root is probably also due to the under-
estimate of the actively charging length of the catheter, with more
charge going to the tip and less to the root than expected. Finally,
there is a slow but steady change in deflection after the model pre-
dicts that steady state deflection is achieved. This is due to the use
of a time constant to describe full charging, which in fact continues
- albeit at a much reduced rate - at times after the charging time
constant is reached. Furthermore, the model did not account for
possible residual strain in the catheter at the start of the actuation.
We hypothesize that the initial deflection of the tip was partially to
overcome the initial residual strain and the bending was resulted
from the bending of the root segment.

4. Initial demonstration of 2-directional actuation

For intravascular navigation in a 3D environment, torsional force
would be required to provide additional degrees of freedom when
using a passive catheter. A paradigm change will occur if one consid-
ers the use of active catheters. Each opposing pair of PPy actuators
allows for one directional movement perpendicular to the length of
the catheter. In order to minimize the need for torsional force, we
proposed a four-electrode catheter, which would move in two inde-
pendent directions under control. The two opposing actuator pairs
of a four-electrode catheter (Fig. 3a) were electrically driven inde-
pendently by 0.5Hz, +0.5V square waveform and 0.02 Hz, +0.5V
sine waveform in the x and y direction respectively. The salt solution
and the reference electrode used were identical as above.

Four cycles of the actuation were recorded using a digital video
camera, and analyzed using a modified version of the software
program mentioned above, which tracked and recorded the center
of the catheter tip. Fig. 7a shows the reconstructed trajectory of the
catheter with distance measurements. The time interval between
each point is 166 ms. A plot of x and y displacement as a function
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Fig. 5. Individual video frames of a two-electrode catheter at different times during actuation. (a) Starting shape, (b, ¢) shapes during the forward and reverse sweep,
respectively. (d) Measured radius of curvature of the tip and the root of the catheter. The radius of curvature and the corresponding shape shown in (a-c) are indicated by the

dashed arrows.

of time (Fig. 7b) displays the same frequencies as the driving
waveforms.

Periodic position drifts can be observed in both scanning direc-
tions. More apparently, the frequency of the drift in the x-direction
matches closely to the actuation frequency in the y-direction. This
is mainly due to the imperfections during fabrication leading to
the coupling of the motions in the x and y direction. As can been
seen in Fig. 3, the four strips of PPy actuators are not equal in size
and/or separated by exactly 90°. In addition, drift and hysteresis
of PPy-based actuators have been observed in both fixed position-
ing [23,24] and oscillation experiments [24]. It has been suggested
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that if the drift is reproducible, then the level of DC bias required
to counteract the drift can be experimentally determined for future
uses of the same catheter. A PID controller based on a position feed-

back using a laser sensor has also been developed to minimize the
drift [25].

5. Preliminary imaging and scan conversion

Previously, electroactive ionic polymer-metal composite can-
tilever has been reported for optical coherence tomography (OCT)
[11]. Here we demonstrate laser micromachined PPy-based active
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Fig. 6. Theoretical and experimental curvature difference of the root (a) and the tip (b) of the active catheter.
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Fig.7. (a)Reconstructed trajectory of the tip of a four-electrode PPy-based active catheter moving in two (x and y) directions to form a raster scan pattern. (b) Tip displacement

in both the x- and y-direction as a function of time.
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Fig. 8. Scheme of forward OCT imaging using PPy-based active catheter.

microcatheter can also be used for forward viewing optical coher-
ence tomography (OCT) imaging. A single mode fiber (125 pm in
diameter) was fitted through and fixed to the inside of the PPy-
based catheter (280 pm inner diameter). The catheter and the
fiber are then placed inside another catheter that has a GRIN lens
mounted at the end to provide focusing of the light (see Fig. 8). A
1325 nm swept source OCT system (Thorlabs, Newton, NJ) was used
to acquire, process and display data.

A B-mode OCT image of an infrared card was recorded at 0.1 fps,
containing a collection of 20,000 axial lines shown in Fig. 9a and
b in rectangular and sector scan displays, respectively. Sector con-

Fig.9. (a)Rectangular and (b) converted sector optical coherence tomography (OCT)
images of an infrared card.

version is necessary as the catheter scans in an arc as opposed to
a straight line. In our sector conversion algorithm, we assumed the
catheteris a stiff rod with a pivot point located 10 mm away from the
sample, and the scanning, or actuation rate, was constant. We also
approximated that the radial distance between the probe when per-
pendicular to the sample surface as 1 mm, and the effective sector
scan angle as 25°. These assumptions and approximations may have
been an oversimplification of the scan conversion process resulting
in distorted sector display, as the curvature of the top surface layer
of the infrared card was not fully corrected. Nonetheless, the struc-
tural information is retrained, and features of the infrared card are
easily distinguishable.

An improved algorithm, which takes into account the non-
uniformity of the actuation, can be developed with the help of
a precise mathematical model and/or a position feedback control
mechanism. Inaddition, position tracking methods either using dig-
ital video camera mentioned above or laser sensor [25] can be used
for ex vivo applications, but will not be suitable for in vivo appli-
cations. Therefore, we propose implementing fiber Bragg gratings
(FBG), which react to strain through optical spectral shift in reflec-
tivity, onto the four-electrode catheter to provide real-time in vivo
capable strain measurements for opto-mechanical feedback control
of the bending actuation.

6. Discussion

Currently there exist limited intravascular forward OCT imaging
techniques, some of which have been proposed previously by our
group [26] and others [27,28] including the popular uses of MEMS
mirrors in OCT endoscopes [29-31]. We presented our PPy-based
active catheter as a novel technique but recognized that the slow
actuation speed might be unsuitable for this particular application.
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Therefore we intend to explore the possible use of resonant fre-
quency to drastically increasing the scanning speed up to previously
reported speed of 35-40Hz [32,33].

PPy actuator’s ability to operate in an aqueous environment is
one of its advantages over competing materials. Together with its
proven biocompatibility [15], it was thought to be able to actuate
in blood. Though actuation in blood has not been demonstrated,
it has been shown that the performance of PPy actuator is gen-
erally conserved in various complex buffer media [34]. In our
video-based characterization, we have chosen to use saline because
blood obscures the catheter thus making the analysis difficult. Fur-
thermore, in case of poor performance in blood and/or for better
biocompatibility, our group has considered encapsulation mea-
sures [20].

To address some of the major drawbacks of PPy actuator, namely
speed and controllability, future work will include more elab-
orated modeling and geometry optimization. In this work, we
have attempted to apply the 1D VRTL model to a cylindrical
geometry and the results had shown areas that require improve-
ment as we continue to modify the model to better fit a more
complex and 3D geometry. At the same time, we will explore
another existing phenomenological model developed using finite
element method (FEM) for a very similar tri-layer PPy geome-
try [35]. Since the actuation speed is highly associated with the
rate of ion flux in and out of the polypyrrole, we will explore
ways to increase the porosity of the actuator to improve its
response time. We will also attempt to develop a position feed-
back control mechanism based on fiber Bragg gratings, which can
be used for in vivo applications to increase the controllability of
the catheter by reducing or eliminating drift/creep and hystere-
sis.

7. Conclusion

We have demonstrated a method for producing PPy-based
catheters, which are capable of two-dimensional active steering,
using laser micromachining. The segmented bending character-
istics of a two-electrode catheter show non-uniform activation
of the PPy. The results were compared with the transmission
line model developed for the PPy-based catheter. The curva-
ture of the root segment was found to be in close agreement
of the model, whereas, the curvature of the tip segment sug-
gested that the residual strain and the bending coupling with
the root segment should be included in the model to better
predict the motion of the tip segment. Nonetheless, a simi-
lar two-electrode catheter was used with OCT to demonstrate
the imaging capability of this design. Furthermore, the motion
analysis of a four-electrode catheter reveals coupling between
individual directional motions. By implementing a position feed-
back mechanism, independent uni-directional motions may be
achieved.

With rapid improvement in both fabrication process and con-
trol mechanism, PPy-based catheter may have an important role
in steering imaging probes or guide wires to enhance intravascular
navigation, reduce operative time, and minimize vascular damage,
during interventional angiographic procedures for cerebral, cardiac,
and peripheral vascular diseases.
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