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Abstract— Manual navigation of a guidewire is the first step
in endovascular interventions. However, this procedure is time
consuming with uncertain results due to tortuous vascular
anatomy. This paper introduces the design of a novel COaxially
Aligned STeerable (COAST) guidewire robot that is 0.40 mm in
diameter demonstrating variable curvature and independently
controlled bending length of the distal end. The COAST design
involves three coaxially aligned tubes with a single tendon
running centrally through the length of robot. The outer tubes
are made from micromachined nitinol allowing for tendon-
driven bending of the robot at various segments of the robot,
thereby enabling variable bending curvatures, while an inner
stainless steel tube controls the bending length of the robot.
By varying relative positions of the tubes and the tendon
by insertion and retraction in the entire assembly, various
joint lengths and curvatures can be achieved, which enables
a follow-the-leader motion. We model the kinematics, statics,
as well as the coupling within tubes of the COAST robot and
develop a simple controller to control the distal tip of the robot.
Finally, we experimentally demonstrate the ability of COAST
guidewire to accurately navigate through phantom anatomical
bifurcations and tortuous anatomy.

I. INTRODUCTION

Cardiovascular diseases (CVDs) such as chronic heart
disease, stroke, or high blood pressure are among the top ten
leading causes of death in the US, resulting in direct and in-
direct costs of about $330 billion in 2014 [1]. The minimally
invasive treatment of most CVDs begins with the clinician
inserting a guidewire from a suitable location in the patient’s
vasculature and navigating it to the blocked (or diseased)
blood vessel. The guidewire is a passive wire, typically
made of nitinol, with a diameter of 0.3556 mm - 0.889 mm
(typical wires are in the range of 0.3556 mm - 0.4572 mm or
commonly referred to as the 0.014” to 0.018” guidewire) and
a length of 50 cm - 260 cm depending on intervention paths.
Once the guidewire is navigated to the blocked vasculature,
the clinician can use the wire as a carrier for a variety of
catheters that help to clear the blockage. Navigation of the
guidewire remains largely manual, with proximal insertion,
retraction, and rotation being the only degrees-of-freedom
(DoFs) available to the clinician to control the distal tip.
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However, angulation, vessel tortuosity, or calcification of the
blood vessel can make this control challenging [2], [3], and
can result in kinking and breakage of the guidewire [4]. One
solution may be changing the wire to alternative guidewire
with a different stiffness/curvature [5], [6], but this requires
multiple sets of guidewire and the repeated replacement
can cause vascular trauma. These challenges in the manual
navigation result in increased procedure times and radiation
exposure [7], [8] for the patient, clinician, and the operating
room staff.

In previous work, steerable guidewires and micro-catheters
have been proposed; however, due to the size constraints on
the wire diameter, a majority of these are actuated externally
using a magnetic source [9], [10] or are tendon driven [11],
[12]. The bulky setup required for magnetic actuation may
interfere with imaging modalities such as fluoroscopy and
magnetic resonance imaging (MRI). Tendon driven designs
have fixed joint lengths and do not perform any sort of
follow-the-leader motion making it difficult for these wires
to navigate into tortuous anatomical paths. To implement
the follow-the-leader motion, an extensible bending section
design [13] has been applied for tendon-driven continuum
robots. However, its limited range of extensible length makes
it difficult to achieve the ideal follow-the-leader motion
and its dimension/complexity cannot be feasible for the
guidewire application. Mechanisms such as concentric tube
assemblies allow the curvature and bending angle of the robot
to be varied with increasing joint length [14], but suffer
from complex modeling and instabilities arising from the
presence of multiple minimum energy states resulting in the
robot ‘snapping’ from one minimum energy state to another
during operation [15]. The authors in [16]-[18] suggest a
way to avoid these problems by introducing notch structures
within the individual tubes. However, in all designs, coupling
between the joint lengths and bending angle of the robot is
retained, i.e. the bending length and the bending angle of
these robots cannot be individually controlled.

In this work, we propose a tendon-driven ‘COaxially
Aligned STeerable (COAST)’ guidewire robot that can si-
multaneously and independently control the bending angle
and the length of the bending segment, thereby executing
‘follow-the-leader’ motion at its distal bending segment.
Finally, the entire robot assembly can be miniaturized to
a total outer diameter of 0.40 mm. These characteristics
make the COAST mechanism extremely suitable for use
as a micro-scale steerable robotic guidewire. The guidewire
is capable of advancing its distal end through complex
vasculature of varying curvatures with minimal interaction
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Fig. 1: (a) Schematic of the coaxially aligned steerable (COAST) guidewire
robot with the various tubes used in the assembly, (b) Schematic of the
actuation module used to control the tendon and coaxial tubes.

and support from the vessel walls. Therefore, the proposed
study can implement a vascular intervention procedure with a
single COAST guidewire navigation without any replacement
to alternative guidewires, which may significantly reduce the
operational time and effort. We first introduce the mechanism
of the robot along with the design and assembly process of
the coaxial tubes in Section II. We analyze the kinematic
model of the robot’s curvature and the tendon stroke for
the tendon controlling the robot in Section III-A, followed
by a static model of the robot and coupling analysis in
Section III-B. Section IV describes a control strategy used
to navigate the robot through the vasculature of various
curvatures followed by an experimental demonstration of the
same in a phantom vasculature (see Section IV-B).

II. MECHANISM AND DESIGN

To implement the ‘follow-the-leader’ motion with limited
DoFs in the compact space required for a guidewire, the
COAST robot has coaxially aligned three layered structure
consisting of inner, middle, and outer tubes (see Fig. 1(a)).
The inner tube is made of stainless steel and has a regular
cylindrical cross-section with an inner channel, while the
middle and outer tubes are nitinol tubes with notch patterns
micromachined along the lengths of each tube. These notches
are unidirectional asymmetric notch joints such as the ones
proposed in [19], [20]. Each of the tubes has suitable
dimensions so that they can respectively slide within each
other. To avoid collision/interference between the notches
on the middle and outer tube, there is a 180 degree phase
difference in the notches. A tendon passes through the inner
tube and is connected to the distal end of the middle tube.
Depending on the relative positions of each tube and notch
pattern, the proposed structure is divided into three segments
(i.e., segments 1-3 in Fig 1(a)). In segment 1, the notch

Assembled COAST guidewire with outer tube ~y

Fig. 2: (a) Controlling the tendon stroke (X1) and joint length (X2) allows
for variable curvature, (b) Controlling X1 and X2 while advancing the
actuation module (X4) allows for follow-the-leader motion, (c) outer tube
advanced individually (X3) to go further into a target vasculature, while
retaining the curvature at the location of the vessel tortuosity.

pattern on the middle tube decreases its second moment
of area and shifts its neutral axis to the un-notched side,
which increases compliance as well as the moment arm of
the tendon. In segment 2, however, introducing the stainless
steel inner tube increases the second moment of area of the
combined structure, resulting in a significant increase in the
stiffness of segment 2 as well as decrease of the moment
arm. Lastly, only the outer tube retains its notch patterns
in segment 3, which contributes to an increased stiffness
of segment 3. Therefore, the proposed structure has three
segments with varying stiffness and can be largely classified
into bending (i.e., segment 1) and non-bending segments
(i.e., segments 2 and 3) depending on the relative position
of the inner tube.

The proposed coaxially aligned tubes and tendon are
connected to an actuation module (see Fig. 1(b)). The tendon,
inner tube, and outer tube, are connected to linear motors
respectively, while the middle tube is fixed to the actuation
module itself. Therefore, the actuation module has four
control variables: X;, X5, X3, and Xy, corresponding to
tendon stroke, relative distance between the inner and middle
tubes, displacement of the outer tube, and displacement of
the actuation module respectively.

Given the control variables, the proposed mechanism can
form the shape of any arc within geometric constraints, since
X and X5 control the curvature and arc length of bending
segment, respectively (see Fig. 2(a) - details are introduced
in Section III). Therefore, the bending segment can follow
the curved path of the vasculature, which is a function of the
curvature and arc length by controlling X; and X5 as well as
feeding the actuation module (X,), which leads to a follow-
the-leader motion during guidance along a curved path (see
Fig. 2(b)) without any passive support from the vasculature
wall. Finally, the outer tube can slide and proceed further
along the curved middle tube (see Fig. 2(c)); It can provide
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Fig. 3: (a) Coaxial tubes and dimensions, (b), Demonstration of COAST
achieving various curvatures at different arc lengths (X2) (c) Actuation
stage showing individual linear motors to control the COAST guidewire.

a stable passage for the middle tube to reach proper locations
as an introducer sheath, while retaining the curvature at the
location of the curved path. This entire procedure can then
be repeated at the next curved path to reach the final target
location. The proposed mechanism therefore provides easy
insertion of the guidewire into tortuous vasculature without
replacement of guidewire, thereby significantly reducing the
procedure time.

The proposed COAST guidewire was constructed and
assembled as shown in Fig. 3. The outer and middle tubes are
made using superelastic nitinol for high bending capability
and their notch patterns are fabricated on a femtosecond
laser (WS-Flex Ultra-Short Pulse Laser Workstation, Optec,
Frameries, Belgium). The tendon is also made of nitinol for
ease of insertion through the tubes and ease of attachment.
Finally the inner tube is stainless steel, since it has a higher
stiffness than nitinol. The outer tube, the inner tube, and
the tendon are connected to linear motors (Maxon Precision
Motors, MA, United States, resolution ~ 2.8 um) and
generate linear motion, sliding on each surface (see Fig.
3(c)). Through the motor strokes, we can control the tendon
displacement (X7) and the bending joint length (X5), thereby
achieving variable curvatures at several bending joint lengths
(see Fig. 3(b)). The entire actuation stage is installed on
the base stage with a linear guide and actuated by a base
linear motor (to control X,). The tendon is connected to a
miniature force sensor [21] to measure the tendon tension.
The dimensions of the tubes used in the prototype are
summarized in Table 1. In this paper, the prototype of the
COAST guidewire was fabricated with a shorter length (ly)
than that of conventional guidewires for in vitro feasibility
test.

TABLE I: Specifications of the COAST guidewire prototype.

Ttems Outer Middle Inner Tendon
tube tube tube

Total length 188.4mm 240.0mm 256.6mm 280.0mm
Length of the 940mm  570mm - -
notched section
Outer diameter, 27, 0.400mm 0.31Imm 0.203mm 0.078mm
Inner diameter, 2r; 0.340mm 0.240mm  0.102mm -
d 0.270mm  0.249mm - -
h 0.3mm 0.3mm - -
c 0.3mm 0.3mm - -
Young’s modulus 77.3GPa  77.3GPa 200GPa  53.965GPa
Items lo I lo I3 n
Dimension 136.9mm 14.0mm 89.lmm 16.5mm  92.6mm

III. KINEMATIC AND STATIC MODELS

In this section, we derive the relationship between the ten-
don stroke (X1), the desired curvature (x), and bending joint
length (X5). We also derive a static model for the bending
portion of the guidewire and a model for the coupling in
non-bending portions. We begin by considering the case of
a single notched tube (either the outer or middle tube) with
notch depth, d, notch width, h, and n notches in the joint
(see Fig. 4(a)). Furthermore, r, and r; are the outer and
inner radii of the tube respectively and laser micromachining
creates a cross-section of area (A4, — A;) at the notches
(see Fig. 4(a)(inset)). This cross-section is expressed as a
sector of area, A; = ¢r? /2, subtracted from a sector of area,
A, = ¢r2/2, where ¢ = 2 arccos (&= €.r2) is the central angle
created by laser micromachining. To derive the kinematics
of joint, we must first arrive at an expression for the neutral
axis of the joint. As can be seen in Fig. 4(a), the neutral axis
of the joint is shifted away from the central axis of the tube
along the y-axis, due to the notch pattern. The location of
this axis for the outer circular sector with area, A,, is given
as Yo = 47"0(8111( ))/3¢, and for the inner circular sector
with area, A;, it is given as y; = 47"1(sm( ))/3¢. Finally,
the neutral axis of a composite structure such as our notch
cross-section with area, (4, — A;), is given as follows:

— Aogo - Azgz (1)
R J—p
Therefore, the location of the neutral axis of our notched
tube is given as follows:

4sin (%) (r3 —r?)

2

36(r2 —12) @

The second moment of area of the notched segment of area,
(A, — A;), about the central axis of the tube is given by:

¢ + sin ¢
1, = 00 < St — ) (3)
Now, from the parallel axis theorem and the Eq. (2), the

second moment of area of the notched segment about the
neutral axis of the tube is given by:

(6+sing) S5’ () (3—r?P
8 99(r2—r?)

y] (d7 To, ri) =

Ij (da To, Ti) = (7'3*7"?)

4
In Egs. (2) and (4), the subscript j {out, mid,inn}
represents either the outer, middle, or inner tubes.
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Fig. 4: (a) Bending joint schematic and notch cross-section view, (b)-(c)
The coaxial tube structure geometry in the straight configuration and with
curvature K = (%) (d) Stress-strain curve for the Nitinol tendon, (e) x-X1
relationship for several values of X2 (black lines indicate the experimental
value - colored lines indicate theoretical values).

A. Joint Kinematics

Given a desired curvature, x, and the joint length, X5, the
bending angle required is given by #=kX,. A schematic
of the bending portion of the robot along with the vari-
ous lengths and radii of the tubes is shown in Fig. 4(b).
The tendon diameter is indicated as t;. The initial length
of the tendon in this straight configuration is given by

Li(X2)=\/r2; ;+X3. Here, 7o p=(ry"" —r{"™), is the offset
between the inner tube and the middle notch joint. This is
the length at which the joint begins to bend and is therefore
critical to eliminate any slacking of the tendon at any stage.

As the bending segment of the guidewire bends to a certain
curvature x, the inner wall of the middle tube forms an arc
of angle 6 with center ‘O’ (see Fig. 4(c)). As a result, the
path of the tendon through the middle tube can be divided
into two portions. The straight portion of the tendon, denoted
by line segment AB in Fig. 4(c), runs from the inner wall
of the inner tube and intersects the bending portion of the
middle tube at point ‘A’ such that the line AB is tangential

to the bending curve at point ‘A’. The second portion,
denoted by arc AC in Fig. 4(c), bends with the middle
tube, running along the inner wall of the middle tube with
radius, 7.y, Furthermore, @p,;q(d™, rmid rmid) (derived
in Eq. (2) and abbreviated as %,,;q in future references)
is the location of the neutral axis of the notched section
of the middle tube in its central coordinate frame. From
geometry, we observe that the triangle formed by the straight
portion of the tendon, AOAB, is a right angled triangle,
where OB = 74, = (6—mig—r94rinn—rintyr,) and
OA = reur = (0—Ymia—r""+r¢). Furthermore, § = (1) is
the radius of curvature of the middle joint and r, = t4/2 =
0.038 mm is the radius of the tendon cross-section. The
length of the straight portion of the tendon is then given
as Ly, = +/r%, —r2,,.. The interior angle 6, between
the sides OA and OB is given as 6. = arccos(Teur/Tstr)
and the length of the curved portion of the tendon is: L, =
Teur (0 — Ostr). Finally, the tendon displacement needed for
the target geometry combination of (x, Xs) is given by
ALK (k, X3) = L;i(X2) — (Lstr + Leyy). Furthermore,
motor stroke, X, is highly dominated by tendon elongation
for any (k,X5) combination [22]. We therefore add an
elongation term to our kinematics model as follows:

X1 = ALM™(k, X) + 722;51 )
Here, the applied tendon tension is Fy; and Lipe =
337.2 mm is the un-elongated original length of the entire
tendon from the tip of the robot to the actuator. E; =
53.965 GPa is the Young’s modulus of the Nitinol tendon
in its austenite phase and was experimentally derived (see
Fig. 4(d)). To test our kinematics model, we evaluate -
X, for several joint length, X5, values (see Fig. 4(e)). For
each experiment, the tendon tension, Fy, was used to evaluate
and account for tendon elongation. Motor stroke data from
the encoder was used as the ground truth for each case.
Finally, for each case, the kinematics term, ALF™ g also
plotted. In each case, the tendon elongation dominates the
joint kinematics. Furthermore, Eq. (5) correctly predicts the
joint kinematics, especially for higher values of X5 (Xo =
{37.45 mm, 32.45 mm, 27.45 mm} in Fig. 4(e), RMSE =
0.0324 mm). We infer that the higher deviation from the
model at lower X5 values (X, = 17.45 mm in Fig. 4(e),
RMSE = 0.1331 mm) is due to higher friction losses as the
joint stiffens with decreasing joint length.

B. Statics Model

Ideally, the design goal is that a tendon stroke of X; will
result in a curvature, « in the bending segment (see ‘segment
1’ in Fig. 1), while the non-bending segments (see ‘segment 2
and 3’ in Fig. 1) will not undergo any deformation. However,
due to the arrangement of the coaxial tubes within the non-
bending segment and the coupling between segments, these
segments too undergo a small amount of deformation. In
this section, we will develop and validate a statics model for
segment 1 and a coupling model relating joint notch depths
and coupling effects on the non-bending segments. Segment
1 (see inset in Fig. 5(a)) is composed of the middle and outer



notched tubes, actuated by the tendon placed along the inner
wall of the middle tube. Since the tendon is connected to
the distal tip of the middle tube, a moment, AM=F;Ay,,
is applied to the entire structure. Here, the moment arm, Ay,
is the displacement between the tendon and neutral axis of
the middle tube in segment-n (see segments 1-3 in Fig. 5(a)).
Furthermore, due to the actuation of the tendon, the middle
tube gets displaced and touches the outer tube (see the cross-
section of the Segment 2 in Fig. 5(a)). The moment arm
of the tendon tension, AylfymidJr'rmldfrt, still remains
constant. We assume that the bending of any of the notched
tubes (middle or outer) occurs due to the accumulation of
the bending segments at every notch along the tube. Since
the number of notches in each joint is high (n={95, 160}
for the middle and outer tubes respectively), for a single
notched element of a tube, the curvature achieved by the
bending element may therefore be considered negligible
(< 2° for a 180° bend in the joint). Furthermore, in this
work, we assume that the total bending angle is distributed
uniformly across all the notches, while the segment of length,
c (see Fig.4(a)), between two notches does not undergo any
bending. Assuming uniform notch spacing within a certain
segment, we define: S=h/(h+c), to indicate the ratio of the
width of an individual notch to the sum of notched and un-
notched individual section of the joint. The notched and un-
notched sections are uniformly repeated for the specific joint
segment. Note that the middle and outer tube were designed
with a same value of c in this work. By applying the Euler
beam equation for the x—F; relationship for the Segment 1,
we obtain:

E(Igzluf + Ifnlid)"f (6)

BAY

Since the two tubes are not bonded together and are allowed
to slide over each other, the resulting curvature, x, occurs
due to the sum of inertial terms in the above equation. In the
above equation, a second moment of area of each tube for
the Segment 1, IS = I;(d;, 77, 1), where j = {out, mid},
is defined in Eq. (4). For segment 2, the tendon is no longer
located at the inner wall of the middle tube, but is located
inside the inner tube (as seen in the cross-section view in Fig.
5(b)). This reduces the moment arm of the applied tendon

tension to Ays = Ayy — (rinm — pinn),

F, =

Furthermore, the addition of the inner tube in segment 2
adds an inertia term in the statics model (see Fig. 5(b)):
S9 So .
F = ( (Iout Imzd)A/ﬂ + Emn‘[mn)}is? 7
Y2

As mentioned previously, the inner tube is made of 304
stainless steel and therefore, we assume F;,,,,=200 GPa from
manufacturer’s datasheet. Furthermore, the inner tube is not
notched and therefore I;2, =1, (0,72,,,,7%.,,) from Eq. (4).
Since tendon tension F; stays constant throughout the length
of the robot, we can substitute the value of F; from Eq. (6)
in Eq. (7) to get the following coupling ratio between the

curvatures of segments 1 and 2 (namely s and rg2):
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Fig. 5: (a) Cross-sections of the three segments of the robot, (b) Schematic
of each segment with inertia values. (c) The decoupling estimate, <ot for
various middle and outer tube depths (in terms of percentage of each tube’s
outer diameter), (d) Experimental result for x-F} relationship.

Similar to segment 2, segment 3 is composed of all three
tubes. However, the key difference is that in this segment,
the middle tube is not notched (see Fig. 5(c)). The moment
arm of the applied tendon tension is reduced to Ays =
Ays — Ymiq and the coupling relationship between segment
1 and segment 3 is given as follows:

Fsy _ E(,, +1".,) (Ay3> ©)

K (Igzt ijsrfzd) /BEznnIfTLTL Ayl
Here, I°% =I,ia(dmia = 0,72,4.75,:4) is the moment of
inertia of the un-notched middle tube and is defined in Eq.
(4). From Egs. (8) and (9), it is clear that the ratio of
coupling between the bending and non-bending segments
depends only on the geometry of the cross-section of the
segments (and not their relative lengths). Therefore, (d;,id,
doyt) are the only two parameters that can affect coupling. In
this work, we have simply used a sum of the coupling ratios,
Ktot = | %| as a cost function for optimization.
Fig. 5(c) shows (dyids dout) VS. Kiot- The parameters (d 4,
doyt) are denoted as a percentage of their corresponding
outer diameters. As the depth of the micromachined notch
increases, the extent of coupling between segments reduces.
However, this decoupling is achieved at the expense of robot
tip stiffness. We micromachined three samples corresponding
to varying values of (did, dout) (see Fig. 6). As expected,
we find the highest coupling in ‘G1’ and negligible coupling
in ‘G2’ (see Fig. 6). While joint ‘G1’ is sufficiently stiff for
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Fig. 6: Three samples with varying depths of middle and outer tubes demonstrate varying coupling between the bending and non-bending segments.

navigating vasculature but highly coupled, sample ‘G2’ is
extremely compliant and can be used only in cases where
a large curvature is required with minimal interaction with
the walls of the blood vessels. As a result, for the purpose
of this paper, we choose the joint ‘G3’ as the most likely
candidate to achieve high curvatures with minimal coupling
and high stiffness. Next, we validated our statics model for
segment 1 (see Eq. (6)) for this sample ‘G3’. We actuated
the COAST guidewire to reach several curvatures to obtain
a k-F} relationship (see Fig. 5(d)). First, we must note that
for a variety of curvatures and bending joint lengths (X5 =
{37.45 mm, 32.45 mm, 27.45 mm, 22.45 mm, 17.45 mm}),
the k-F; relationship stays constant and can be approximated
for this geometry by a linear fit (RMSE = 0.064 N). Using
this linear approximation and Eq. (6), and knowing the values
for (I5., +1I7.,)/BAy, from the geometry of sample ‘G3’,
we can estimate the elastic modulus of the assembly, E =
77.3 GPa, which is within the range of valid values for
superelastic nitinol in the austenite phase.

IV. CONTROL AND EXPERIMENT

A. Actuation and Control

From Egs. (5) and (6), we derive a direct relationship
between x and X; with given X5 as follows:

X1 = f(k, X2)

E(I;'llLt + Ir,snlid)Ltotal
BAy mEr?
Therefore, x can be directly controlled by X; without the

need for any force information.

= ALM™(k, X3) +

(10)
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Fig. 7: Control system for the COAST guidewire robot.
Based on Eq. 10 ‘and the geometric information of the

vessel, G=[3,0,a1,as]”, (see Fig. 7), we can control the
variables (i.e, X7, X5, X3, and X4) to follow the specific
path of the vasculature. It is assumed that G of the vas-
culature can be identified by using non-invasive imaging
observations such as fluoroscopy or MRI and the curve has a
constant curvature. The intervention distance, s, in the form
of a path variable, along the central line of the vessel is
fed into the kinematic/static model with G and it generates
references of n-th linear actuators, X,..r, (n=1, 2, 3 and 4).
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Fig. 8: (a) Follow-the-leader motions of the COAST guidewire with respect
to given reference paths in free space, (b) Demonstration of the follow-the-
leader motion with § = 22.2 mm.
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Fig. 9: (a) The COAST guidewire is advanced to a point of bifurcations in
a linear path, (b)-(d) Given an X..f, the guidewire can advance along any
of the channels in the bifurcation. A red dot indicates the guidewire tip.

Then, Xref:[X,,ef_l,X,,ef_27X,,ef_37Xr€f,4]T, according to
s in each vascular section (i.e., P1, P2, or P3 in Fig. 7) is
follows:

[0,0,0,s]7,if scP1

[f(k,s—a1),s—a1,0,s]T,if scP2 (11)
[f(x,80), 00, s—a1—30,a1+80]7 ,if s€P3

Xref:

Fig. 8(a) shows x-y coordinates of the tip following given
reference curved paths with various curvatures by using the
proposed control scheme in free space (here a; and ay are
assumed to be 0) and were measured from the EM tracker in
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Fig. 10: (a)-(d) Advancement of outer tube over the interior tubes after a
vessel bifurcation has been successfully crossed (6 = 17.2 mm ).

(@) (b)/, a, (© (e

F / . /s \’ /

WS e ) / Tip RE X [ X
T bifurcation [ /< | Proceeding 4 ¥
| | Target | outer tube

(0=17.2 mm)



a single tracking trial. There are relatively small errors in low
curvature paths (mean L2 distance = 4.53 mm), however, the
error significantly increases in paths having high curvatures
(mean L? distance = 14.66 mm). We believe this mainly
occurs from the coupling of segments 2 and 3 (identified and
modeled in Section III-B) which shifts the coordinate of the
Segment 1. However, it is to be noted that this robot is meant
to be actuated in a constrained space and this coupling issue
can be compensated in the constrained space like vasculature.
The detailed compensation range will be identified along
with a design optimization in a future in vivo study.

B. Experiment with vascular mock-up model

To validate the proposed COAST guidewire, a vascular
phantom model replicating pediatric carotid arteries, aortic
arches, and the aortic bifurcation with a range of curvatures
between 0.08 mm~! and 0.015 mm~' [23]-[25] was 3D-
printed with various paths (see Fig. 9). The guidewire was
fed into a linear passage (s € P1 in Eq. (11)) and makes
a curved shape of constant curvature to follow the given
reference path at a bifurcation (s € P2 in Eq. (11)). When
the distal tip of the robot reaches the end of the curved path,
the outer tube slides over the curved middle tube (s € P3
in Eq. (11)) and proceeds further (see Fig. 10), which can
provide the stable passage for the middle tube to reach the
next operational point as the introducer sheath. The entire
procedure is repeated at the next curved path. Therefore,
we successfully demonstrated the intervention and navigation
function of the proposed COAST guidewire at bifurcations
with various curvatures in the vascular phantom model. We
believe that this feature can prevent the kinking and breakage
issues common with guidewires in current clinical practice
without replacement of the guidewire, and provide a stable
and fast intervention process to treat CVDs in a minimally
invasive manner.

V. CONCLUSIONS AND FUTURE WORK

In this work, we proposed a novel coaxially aligned
steerable (COAST) guidewire robot designed using three
coaxial tubes and a single tendon. Independent control of
the bending arc length and the curvature allows the robot
to follow the vascular curvatures of varying lengths and
bending angles using its inherent follow-the-leader motion.
Kinematic and static models of the robot were derived and
a control algorithm was proposed based on these models
to control the COAST mechanism. This prototype of the
robot has a diameter of 0.40 mm, which is compatible
with commercially used guidewires. The performance of the
proposed mechanism was evaluated in free space and with
a phantom vascular model. We demonstrate that the robot
is successfully able to pass through several high curvature
vascular structures. In our future work, we will work towards
the navigation and control of this proposed guidewire robot
through three dimensional phantom vasculature with vascular
stiffness properties and a pulsatile blood flow system under
fluoroscopic guidance.
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