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Concentric Tube-Inspired Magnetic Reconfiguration
of Variable Stiffness Catheters for Needle Guidance

Michiel Richter
and Sarthak Misra

Abstract—Guiding catheters assist in delivering hazardous
equipment such as needles through non-solid mediums likecavities
and vasculature. Traditionally, metallic needles are passed through
metallic guiding catheters, which are limited to linear paths or
require anatomy-specific designs. Recently, variable stiffnessac-
tive guiding catheters (AGCs) made of shape memory polymers
have been developed. These AGCs can adapt to anatomy and
guide equipment in their rubber and glass phases, respectively.
However, passing needles can cause deflectionof the AGC and
misalignment with the target. To address this, magnetic config-
uration of AGCs based on concentric-tube models is proposed
to compensate for needle-induced AGC deflection. Experiments
demonstrate shape configuration of AGCs using magnetic fields
computed pre-experimentally, followed by needle guidance to three
different targets. The results show AGC deflection of up to 69° and
needle-induced backward deflection up to 39°, with a maximum
target misalignment of 4°.

Index Terms—Surgical robotics: steerable catheters/needles,
mechanism design, medical robots and systems, cosserat rods.

1. INTRODUCTION

UIDING catheters provide enclosed pathways for access
by surgical instruments to target sites [1]. For example,
flexible polymer-based catheters guide balloons and stents for
endovascular interventions [2]. Also, rigid metallic catheters
guide needles along linear paths [3], whereas nested pre-curved
metallic catheters can guide needles along curved paths [4],
[5]. In the latter case, an anatomy-specific design is required
to ensure safe extension in the body [6].
Recently, variable stiffness active guiding catheters (AGCs)
have been developed that hold potential for enabling config-
urable curved needle pathways [7], [8]. Specifically, AGCs made
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Guiding catheter

Fig. 1. Concept: An active guiding catheter (AGC) and needle with similar
flexur rigidity are arranged concentrically. Initially, the AGC is heated using
current (I) to increase flexibility. Then, an external magnetic field (Bex() is
used to magnetically deflect the AGC. Next, the AGC is cooled to fix its shape
and achieve a new pre-curvature. Finally, the needle is inserted through the AGC,
causing the AGC to deform and align with the target.

from shape memory polymers exhibit a temperature-dependent
shift in elastic modulus around a glass-transition temperature,
between the rubber (flexible) and glass (stiff) phase of the
polymer [9]. Although the elastic modulus of a shape mem-
ory polymer ranges between a few MPa to GPa [8], common
needle materials such as nitinol or stainless steel have an elastic
modulus on the order of tens to hundreds of GPA [10]. Con-
sequently, AGCs and needles may have a similar bending stiff-
ness and behave as a balanced-stiffness concentric-tube robot
(CTR) [6].

Balanced-stiffness CTRs are defined as a collection of nested
rods with similar bending stiffnesses, different pre-curvatures,
and the ability to rotate and translate relative to each other [11].
These CTRs can be modeled with Cosserat rod theory [12],
which accommodates variations in pre-curvature, material prop-
erties, cross-sectional geometry, and external loading between
rods [13], [14]. Within Cosserat rod theory, the shapes of
unloaded and loaded rods are described by pre-curvature and
curvature vectors, respectively [15].

An AGC has two states: flexible and stiff, associated with
the rubber- and glass-phase of the shape memory polymer,
respectively. In the rubber phase, the curvature can be easily
changed using external actuation [9]. After transitioning to the
stiff state, the curvature can be shape-locked to become the glass-
phase AGC pre-curvature. Through modeling, the glass-phase
pre-curvature can be configured to compensate for any additional
deflection due to a passing needle.

Magnetically-assisted reconfiguration of an AGC removes
the need for internal actuation (e.g., tendons), which permits
integration of heating and cooling mechanisms [16], [17]. The
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addition of a magnetic dipole makes the AGC susceptible to
deformation by a magnetic wrench, exerted by an external
magnetic field [9]. Magnetic fields are generated by either
permanent- or electromagnet-based actuation systems, which
are able to manipulate the fields to exert prescribed wrenches on
dipoles in their actuation workspace [18].

To the authors’ knowledge, the use of AGCs for needle
guidance, their modeling as balanced-stiffness concentric-tube
robots, and their magnetically-assisted reconfiguration in order
to compensate for needle-induced backward deflection, shown
in Fig. 1, have not yet been explored. This study applies a
concentric-tube model based on Cosserat rod theory for shape
configuration of a shape memory polymer-based AGC, using
magnetic fields from an electromagnetic actuation systems.
Experiments show that the AGC shape can compensate for
needle-induced backward deflections and guide the needle to
various targets in the actuation workspace.

II. THEORY

In this section, a summary of the static modeling theory for
Cosserat rods is presented, but comprehensively reported in [15],
[19]. This s followed by the application of Cosserat rod theory in
modeling concentric-tube robots [20]. Thereafter, computation
of curvature vectors of deformed rods is discussed based on
arc-parameterization of their centerline curve and Frenet-Serret
reference frames.

A. Cosserat Rods

Consider a rod with a known length (I). The rod is char-
acterized by a centerline parameter (s € [0,1]), which defines
a set of material states {p(s), q(s), n(s), m(s)}, where
p(s) € R? is the centerline curve, q(s) € H an orientation
quaternion, n(s) € R? the internal force, and m(s) € R3 the
internal moment [21]. Arc-derivatives of the material states
({p(s), q(s), n(s), m(s)}) determine their propagation along
s, where *(s) = 0x(s)/0s.

Arc-derivatives of material states are ordinary differential
equations (ODEs) that depend on external distributed forces and
moments { f(s), 7(s)} to determine the magnitude of rod defor-
mation [21]. The problem of calculating the deformed rod shape
can be formulated as a boundary value problem (BVP) [15].
Generally, the solution process involves discretizing the rod
centerline (s) into a descrite number of segments (D € Z™)
with length As :=1/D [22]. Proximal boundary conditions
may include pose, whereas distal boundary conditions include
loading. Solving the BVP provides a shape solution,

Y = [y(0) y(As)

including material states at discrete points along the centerline,
where y(s) = (p(s),q(s),n(s),m(s)) € R'3 and (x) repre-
sents a vectorization operation to a column vector.

y(DAs)] € R®¥*PFD (1)

B. Concentric-Tube Robots

Combining nested rods with different pre-curvatures consti-
tutes a concentric-tube robot (CTR). For ease of representation,
consider ¢ € {1,2} rods (i = 1 represents the outer rod) and
assume that [; > [5. The objective is to compute the deformed
centerline curve of the outer rod (which is the same as all
inner rods). That is, compute {p1 (s), q1(s)}, as a result of the

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 8, NO. 10, OCTOBER 2023

passing inner rod (i = 2), where g;(s) = (Re(g;),Im(q;)) € H
(Re(q;) € R, Im(q;) € R?) is an orientation quaternion.

Each (cylindrical) rod in a CTR has an elastic modulus (E;),
shear modulus (G;), second moment of area (I; = I, ; = I, ;),
polar moment of area (.J; = 21;), and bending stiffness matrix
(K; = diag(E;I;, E;I;, G;J;), assuming rotational symmetry
of the rod cross-sections. Then, deformation of the CTR is de-
termined by the sum of internal forces and moments in each rod:

n(s) =S n, m(s)=>, m;, N=2 (2
The two-rod CTR material state vector is defined as [20]
womi, mi, 62), ()

y(S) = <p1 qg: mn mxy ml,z

where mij € R? denotes the xy-component of m expressed
in the body frame of tube ¢ = 1, mﬁ{z € R is the z-component
of m; expressed in the body frame of tube 7, and 05 € R is the
rotation of body frame 2 with respect to body frame 1 about the
common z-axis.

Deformation of a CTR as a result of relative configurations
of concentric-tubes can again be solved as a BVP [20], with the
ODEs being summarized in Table 1.

C. Arc-Parameterized (pre-)curvature

Cosserat rod-inspired models map the reference (unloaded)
configuration of rods to a deformed (loaded) configuration. The
(un)loaded rod configuration is described by a pre-curvature
vector (u*(s)) and curvature vector (u(s)), respectively. Char-
acteristic for shape-lockable rods such as AGCs is that the
deformed state can be assigned as a new reference configuration
after shape locking, i.e. u*(s) + u(s). Therefore, it is required
to be able to formulate u(s) from the shape solution of the
associated BVP, (1).

The (pre-)curvature vectors are obtained from continuous
vector functions in the arc-centerline parameter (s), which
can be computed from the continuous centerline curve (p(s)).
However, the shape solution only provides p(dAs) < Y, d €
{1,2,..., D} at discrete points along the centerline, (1). Form-
ing a continuous function in s from discrete points is referred to
as arc-parameterization.

1) Arc-Parameterized Position: Given known positions
(p(dAs)) at discrete centerline points, a (-order 3D polyno-
mial (p(s) € R, € Z1) can be fit [23]. Fitting p(s) can be
achieved with linear least squares, giving the arc-parameterized
centerline curve of the form

e (1A5)$T; (1A8)Z3 1" [p(1As) — p(0)
p(s) =ccs + ...+ ¢ s+ p(0), (6)

where ¢, € R? and [« represents the Moore-Penrose pseu-
doinverse. The centerline curve is subsequently used within
Frenet-Serret formulas to define arc-parameterized orthonormal
reference frames.

2) Arc-Parameterized Orientation: Frenet-Serret frames
provide closed-form equations to formulate orthonormal
reference frames (R(s) € SO(3)) using a tangent (&(s)),
principal normal (r(s)), and binormal (b(s)) unit vector:

LORS " BUORS > RO > SN0
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TABLE I
STATIC COSSERAT ROD ORDINARY DIFFERENTIAL EQUATIONS (ODE) FOR CONCENTRIC-TUBE ROBOTS [20].

p1(s) = R(q1)v (4a)
1) =05 [ g2, a0 | Blau @0
n(s) = =1 f7 (40)
ml, (s) = {[u1]xm® — [2]x R(q1) Tn}xy (4d)
mfz (s) = —£T[ui] XM, (4e)
0i(s) = ui» —u1,» (4f)

m.
m

Ul ay(s) = (Ml + S EiLR:(0:)u] )/ (Sl  Eili) (52)

w2 (s) = (mh , + GiJiu ) /(G Ji) (5b)
u;(s) = R.(0;)u1 + éii (5¢)
?(s) = Ki(u; —uj) (5d)
*(s) = L R (0:)m] (Se)

Definitions: centerline parameter (s), position (p € R3), orientation quaternion(q € H), internal force (n € R3), internal moment (m ¢ R3),
relative base rotation (¢ € R), external force (f? € R?), strain vector (v € R?), curvature vector (u; € R%), pre-curvature vector (u} € R?),
elastic modulus (E; € R), shear modulus(G; € R),second moment of area(I; € R), polar moment of area(J; € R), and bending stiffness matrix

b

i

(K;e R®>*3),for i € {I, . . .,N} nested rods. notations: *

represents a variable of rod 4 in the reference (body) frame of rod 1, % a

unit-vector, [« : R? — R*** a mapping to a skew symmetric matrix, and s := 9 « /9s. explicit dependence on (s) by the variables on the
right-hand side in equations (2A)—(2F) and (3A)—(3E) has been omitted for readability.

The principal normal has been denoted as (s) instead of the
more common 72(s), to not confuse with the notation for internal
force in Cosserat rod theory [24].

The tangent and normal vectors describe the rod bending
plane, while the binormal vector represents the rotation axis.
Arc-derivatives of the Frenet-Serret frame axes are given by

ot o) ob
g — - -, ®

ge =Kr, Fo=—kKkt+Tb,
where k(s) and 7(s) represent the curvature and torsion of p(s),
defined as

w(s) = lEH Toxpl” -

[P

7(s) =

Notably, 7(s) sets the minimum order of p(s) to three. Then,
the arc-parameterized Frenet-Serret frame and its derivative are
defined as:

R(s)=[r, b, t|, R(s)=[r, b ], (10
where 7 := 0r/0s; similarly for b and t. The reference frames
and its arc-derivatives are required to compute the rod curvature
vector.

3) Arc-Parameterized Curvature: The curvature vector
(u(s) € R3) describes how the Frenet-Serret frame (R(s))
changes along the centerline parameter (s). Given R(s) and

R(s), the curvature vector is computed as
. v
u(s) = (R(s)"R(s))

where [¥] : R3*3 — R3 extracts the three-dimensional vec-
tor (u(s)) from the skew-symmetric matrix [25]. This arc-
parameterized curvature vector can be assigned to a Cosserat
rod as a new pre-curvature vector (u*(s) < u(s)), setting the
deformed shape as the updated reference configuration. We note
that, when a pre-curvature (u*(s)) is assigned to a Cosserat rod,
then R(s = 0) should be used as a proximal boundary condition
for orientation (g(0) + R(0)).

(1)

III. METHODS

In this section, a simulation framework is presented that is
used to magnetically configure the AGC shape in order to guide
a needle towards a target position, shown in Fig. 2(A)—(C). The

concentric arrangement of the AGC and needle is considered as
a balanced-stiffness CTR.

The following nomenclature is used to interchangeably denote
the Cosserat rod model and physical AGC (rod 1) in rubber
(flexible) and glass (stiff) phase, needle (rod 2), and AGC-needle
CTR: unloaded flexible AGC (Cj ;); loaded flexible AGC (Ci ¢);

loaded and stiffened AGC (C; ¢), needle (C2); and AGC-needle
CTR ((/’1275 — (CLS,CQ)).

The pre-curvatures of Cj; and Cy are considered constant
(u] ¢(s) = us(s) = (0,0,0)). Further, the pre-curvature of Cy
is variable and equal to the curvature of C ¢ at the point of stiffen-
ing (u”{,s — ’U/Lf). Finally, C12 s depends on the pre-curvatures
of C1 s and Cy. Herein, reconfiguration of u’{_ys is achieved by
exerting a magnetic torque (Tmag) on CJ ;.

First, the simulation framework is presented that is used to
compute required magnetic torques on the AGC tip for shape
reconfiguration. Second, a method for generating the associ-
ated magnetic field with an electromagnetic actuation system is
discussed. Finally, the fabrication of the AGC and its stiffness
characterization is described.

A. Simulation Framework

The simulation framework considers the AGC and needle as
Cosserat rods, and their concentric configuration as a balanced-
stiffness CTR. The deformation of a rod by external magnetic
loading, or internal loading by relative translation of rods in a
CTR, is solved as a BVP.

1) Boundary Value Problem: Herein, each BVP considers
the AGC to have a constant length (/1) and needle to have a
variable length (I2 € [0,11]), shown in Fig. 2(D). Each rod is
subjected to a distributed gravitational force (f? ¢(8), expressed
in the local AGC body frame.

For the proximal boundary condition, the AGC is fixed at
the base (s = 0) with invariant position (p; (0)) and orientation
(g1(0)). In addition, because the needle is straight, any axial ro-
tation with respect to the AGC (65 is considered inconsequential
to the CTR shape and therefore set to zero. Internal forces and
moments are unknown and grouped in a proximal optimization
vector (£(0) = (n(0), m?,(0),m? ,(0), m} ,(0))).

The intermediate boundary condition (s = l2) concerns the
axial internal moment (m5 ,(l2)) at the needle tip. Because
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Fig. 2. Schematic representation of the simulation framework and Cosserat
rod-inspired modeling of rod deflection under external loads. @ Over-deflection
of an AGC in the flexible rubber phase from its undeformed (Cj ;) to deformed

(C1,¢) state towards a target position (pgr) by a magnetic torque (-r,bmg)
exerted by an external field (Bey). B Cooling of the AGC towards the stiff
glass phase for shape locking (C1,s < Cq ¢). Introduction of needle (C2). ©
Passing of needle induces deformation of C1 s, representing a balanced-stiffness
concentric-tube robot (CTR). The CTR (Ci2,s < (C1,s,C2)) aligns with the
target position. @ Boundary value problem representation for computing AGC
deformation as a result of external loading or needle passing. AGC (length {1)
with centerline parameter (s € [0, 11]), base position p(s = 0) and orientation
q(0), distributed (fg(s)) and point tip (f’é.(h)) gravitational force, and mag-

b
mag

(62) with respect to the AGC, and tip axial moment (mgyz).

netic torque (7p,,,). Needle (length lo € [0,;]) having relative base rotation

the needle is considered unloaded within the AGC, m} ,(l2)
is assigned a zero value. '

For the distal boundary condition, the AGC tip (s =l;)
experiences a point gravitational force ( fg. (I1) € R?) and mag-

netic torque (Tf’nag € R3) due to an external magnetic field
(Bex € R?), providing a boundary condition for internal force
(n(l1)) and moment (m$(I1)), respectively.

Solving a BVP is achieved as follows. Starting from the prox-
imal state vector (y(0) = y(p1(0), q(0), 02, £)), equation (3),
the state parameters are forward integrated using the static
Cosserat rod ODEs, equations (4a)-(5e), using a fourth-order
Runge-Kutta method. Thereafter, the errors between the in-
termediate and distal boundary conditions and the associated
integrated state parameters are used to update the proximal
optimization vector (£(0)) using Levenberg-Marquardt convex
optimization [22].

2) AGC Shape Configuration: The simulation framework for
finding the required magnetic torque (‘rf;ag) for shape configu-
ration of the AGC, is schematically represented in Fig. 3(A1)—
(A3). The algorithm attempts to find the required Tfnag onCj ¢,
such that stiffening of C; ¢ to C; s and subsequent passing of Co,
minimizes the angular targeting error (o) between Ci2 ¢ and a
target position (Piar)-

Within the local AGC body frame, the magnetic torque is
only considered about the xy-axes as its magnet is axially-
magnetized. Thus, the problem of computing the error-
minimizing torque is formulated as

b .
Tinag,xy < A Mine o

12)
The.process. of cqmputing ‘rﬁ’na&xy inyolves an ipterative nu-
merical optimization routine, shown in 3(B). Given a guess
for Tg}ag = (70 g ys 0 which represents a distal boundary
condition for all BVPs within an interation, the deflection of

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 8, NO. 10, OCTOBER 2023

Ci ¢ to Cy ¢ is computed as a BVP, providing a discretized shape
solution Y’y ¢, (1).

Discrete centerline positions (p1,¢(dAs) <— Y ¢), are used
to compute an arc-parameterized centerline curve (pi¢(s)),
Frenet-Serret frames (R(s)), and curvature vector (uj ¢(s)),
(6)—(11). The curvature vector is then assigned as a pre-curvature
vector to Cy s (u] 4(s) = w1 ¢(s)).

Thereafter, C; s and Cy are combined to form C; 2 g, represent-
ing the CTR with a stiffened AGC and fully inserted needle (I3 =
l1). The CTR shape is again solved as a BVP, providing a shape
solution (Y12 ¢) and associated centerline curve (pi2 5(s)). The
CTR tip position and direction ({p12(11), P12(l1)}). as well as
known target position (py,), are used to compute the targeting
error,

1?912,5(11) = p12,s(ll) - p12,s(11'AS)a (13)
plar,12(l1)) = Prar — p12,s(l1)7 (14)
o= cos (prza(l) Puio(l),  (15)

where % denotes a unit-vector. If « falls below a threshold, the
solution for Tf’nag is accepted. Otherwise ‘rf’nag is updated.
b

In order to update 7,

that relates increments in torque (5‘)'?nag7xy) to changes in tar-
geting error (d«). Given the targeting angular error for some

torque (a(7? )), and the error for an incremented torque

mag,xy
(a(Th +dr?b )), the Jacobian is defined as

a Jacobian matrix (J) is computed

mag,xy mag,xy
b b b
J = CY("—mag,xy + dTmag,xy) - a(Tmagpcy) (16)
(dT?nag,xy)T
Then, the torque step is computed as
ATl ey = = (JTT +3T) " T, a7

where A € R™ is a damping factor.

B. Magnetic Actuation

A transformation ° Hy, = (* Ry, *p,,) € SE(3) is defined that
maps the local AGC body frame to a reference actuation frame.
Then, the torque represented in the actuation frame is given by
Tag = aRbemg. An external magnetic field (B.y,) exerts the
desired 7, on the AGC tip magnet.

The magnetic torque (7T mag) and force (fmag) exerted by Bey

on a dipole (fimag) at position (Pmag ), is given by
Tmag — [I«Lmag]xBext(pmag) (18)
.fmag = VBexl(pmag)”'mag; (19)

where V = (0/0x,0/0y,0/0z) is the gradient function,
Pmag = “Ryp1¢(l1) + “py, is obtained from the last computed
BVP shape solution, and ftpn,e = aRbi)Lf(h )Mmag, with i)l,f(ll)
computed similarly to (13) and jim,, the dipole moment magni-
tude of the AGC tip magnet.

The simulation framework discussed above assumes unifor-
mity of the magnetic field (i.e. fmae = (0,0,0)) such that Ty,
is a unique solution for a desired AGC shape. Therefore, By
can be found from (18).

Herein, B,y is generated by a magnetic actuation system
comprising six mobile coils with actuation parameters including
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Fig. 3.
by a magnetic torque (7 mag) from an external field (Bey() towards a target position (piar). AGC cools down and stiffens (C1 ), assuming a new pre-curvature.

Simulation framework. AD Unloaded rubber-phase active guiding catheter (AGC, C; ;) with length (I1) and centerline parameter (s) is deflected (Cy ¢)

A needle (C2) is introduced. . Insertion of the needle causes C s to deflect backward, resulting in a concentric configuration (C12,s). The distal tip of C12 s has
an axial direction vector (p;5 <) and tip-target vector (Pgar,12), With an angular error (o). B Numerical optimization algorithm minimizes o by computing the
appropriate T8, ag- In each iteration, b, ag 18 updated, resulting in a new centerline polynomial (p1,¢(s)) for Cy ¢. The associated curvature vector (uy ¢ (s)) assigned
as the pre-curvature vector (u] ((s)) for C1 s. Then, concentric shape (C12,s) is solved, and the distal position (p12 s(l1)) and axial direction vector (P15 (11))
are obtained. These values are used to compute «, determining whether T,bmg is updated or accepted as a solution. Associated equation numbers are shown in the
red elipsoids. © Solution for ‘rf;ag and AGC centerline polynomial p; ¢(s) are transformed to global reference coordinates of the actuation workspace. These
values are used to compute tip-magnet position (Pmag ), dipole moment (fimag ), and required field (Bex;). The field is generated by an electromagnetic actuation
system utilizing six mobile coils [26].

angular positions (v € R?) and currents (I € RY, C = 6), c
shown in Fig. 3(C) [26]. Each coil (¢ € {1, ...,CY}) contributes Fag = Y VBextie(Y: Prmag) omag I

magnetic fields and gradients c=1 7
mag, c
Bext,c(V, 1, Pmag) = Bext,c(V, Pmag) L (20) = [fimag,1 foag.c] I = FrgeI.  (23)
VBext,c('Ya Icvpmag) = Vﬁext,c(77pmag)-[cv (21)

Because Ty, and fiag are nonlinear in -y, computing the

where Bexic € R? and Ve € R3*3 are coil-specific unit-
current field vector and gradient matrix functions, respec-
tively [22]. Then, the torque and force on a dipole within the
actuation workspace is given by

T mag

C
Z /J'mag ﬁext c(’Y?pmag) I

Tmag,c

Tmag,C} I= TmagIa

[Tmag,l (22)

coil current-minimizing positions is formulated as a numerical
optimization problem

arg min,Y(ITI), sit. [I.] <8AVI. €1, (24)
where for each «, I is found from linear least squares
I= [T”‘ag] f [T““‘g] (25)
Fmag fmag .
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Fig. 4. Stiffness characterization of the active guiding catheter (AGC).
@ Setup with a horizontally suspended AGC. B) Weights that are hung on
the AGC tip to induce deflection. © AGC in the glass phase at 25°C room
temperature with a deflection angle of ¢ = 9° due to a 100 g weight. @ AGC in
the rubber phase at an elevated temperature approaching 60 °C with a deflection
angle of ¢ = 13° due to a 2 g weight.

Finally, the computed solution of {I,~} is passed on to
the physical magnetic actuation system, shown in Fig. 3(C),
resulting in actuation of the AGC.

C. Fabrication and Stiffness Characterization

The AGC (ID: 1.2 mm, OD: 4 mm, L: 45 mm) consists of
a PTFE tube (ID: 1.2 mm, OD: 1.4 mm, L: 45 mm), copper
heating coil (0.2 mm wire diameter), and shape memory poly-
mer (MP3510, SMPTechnologies, Japan) with a glass transition
temperature of 35 °C, glass phase at <20 °C, and rubber phase
at >60 °C [9]. Fabrication of the AGC was performed within a
cylindrical silicone mold (SORTA-Clear 40, Smooth-On Inc.,
USA). Firstly, copper wire is wound around the tube, seven
axially-magnetized ring magnets (N48, ID: 1.5 mm, OD: 4 mm,
L: 1 mm, Neomagnete, Germany) slid over the end, and the tube
is placed centrally within the mold. Secondly, the shape memory
polymer is injected into the mold from a dual cartridge (50 ml 1:1
Dual Cartridge B-System, Adhesive Dispensing Ltd., U.K.) with
a static mixer nozzle (MBHO04-12D, Adhesive Dispensing Ltd.,
U.K.). Thirdly, the AGC is vulcanized at 70 °C for 2 h and
removed from the mold. In addition to the AGC, the needle is a
straight stainless-steel cylinder (OD: 1 mm, L: 200 mm).

1) Stiffness Characterization: The elastic moduli of the AGC
in both rubber (E4 ¢) and glass phase (E4 ) at heated (60 °C)
and room (25 °C) temperature, respectively, are required by the
previously described Cosserat rod models in order to determine
the curvatures of Ci ¢ and C; g, after actuation or passing of
Co, respectively, (5a). By considering the AGC as a tip-loaded
cantilever beam, the elastic moduli are measured experimentally,
Fig. 4(A)—(D), from the flexural modulus of elasticity [27]

E =mgl?/21¢, (26)

where m is the load mass, g = 9.81 m/s%, I = 7(r2 —r{)/4
the second moment of area of the AGC where r, and r; are
the outer and inner radius, and ¢ the deflection angle. Based on
the measurements, F = 7 MPa and E; ¢ = 0.5 GPa, which
is consistent with literature for the mentioned temperatures [8],
[9]. Additionally, the needle is assigned the elastic modulus of
stainless steel (Ey = 193 GPa).

IV. RESULTS

During experiments, the aim is for the simulation framework
to inform magnetically-assisted AGC reconfiguration such that
a needle is guided towards different targets.

Fig. 5 presents the experimental setup, including the
horizontally-suspended unactuated AGC (Cif, length [} =

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 8, NO. 10, OCTOBER 2023

45 mm) and three targets (5 mm diameter) within the workspace
of the magnetic actuation system. The tip of Cj; is located
at (—5,0,0) mm, target 1 at (50,—2,27) mm, target 2 at
(46, —32, 7) mm, and target 3 at (34, 35, —30) mm, with respect
to the center of the actuation workspace.

Each target corresponds to a separate experiment conducted
at 25 °C room temperature, shown in Fig. 5(T1)—(T3). First, the
simulation framework computes 7 ,,, and associated magnetic
field. Then, the actuation system is adjusted to the specified con-
figuration and the AGC heated above 60 °C with a current of 2 A
for 60 sec, resulting in the deflection of C7 ; to Cy ¢. Thereafter,
C1 ¢ is passively cooled for 120 sec to room temperature, causing
the AGC to assume a fixed shape (C; ). Finally, Cs is inserted
through C; .

The volumes of C; s and Ci2 5 are segmented into voxels
using stereo vision, as depicted in Fig. 6(A1)—(A2). An iterative
reconstruction algorithm is then employed to obtain discrete
centerline points from the voxels. These points are used to fit
a 3D centerline polynomial, equation (6) [23].

Fig. 6(B1) shows the centerline polynomials of C; s obtained
from the simulation framework (p;s(s)) and voxel-based re-
construction (p; 4(s)). Fig. 6(B2) presents the angular dif-
ference between the axial directions of the centerline curves
(£p1,s, D1 5) and between the axial directions of the centerline
curves and the suspending x-axis of the AGC (&). Similarly,
figure 6(C1), centerline polynomials of C;5 s are obtained from
the simulation framework (p12,5(s)) and voxel-based recon-
struction (P <(s)), along with tangent lines aligned with their
tip directions, i.e. tangent to p12 ¢(I1) and P4 (11 ). Fig. 6(C2)
indicates the angular difference between the axial directions
of the centerline curves (Zpi2s,P12) and the axial direc-
tions of the centerline curves and the suspending z-axis of the
AGC.

The simulated backward deflection, that is Z(p1 s(11), Z) to
Z(p12,s(l1), &), for target 1 was 30° (48° to 18°), for target
2 it was 35° (58° to 24°), and for target 3 it was 49° (83° to
34°). Comparatively, the measured backward deflection, that is
Z(p1s(l1), &) to (£P1a(l1), &), for target 1 was 34° (50° to
16°), for target 2 it was 25° (47° to 22°), and for target 3 it was
39° (69° to 30°). The shortest distances between the target and
needle (represented by the tangent lines to py5 (/1)) are 2.3 mm,
7.1 mm, and 7.7 mm.

Therefore, the difference between Z(p1s(l1),2) and
Z(p1 s(l1), &) of the AGC for target 1 was 2° (48° and 50°), for
target 2 it was 11° (58° and 47°), and for target 3 it was 14° (83°
and 69°). In addition, the difference between Z(p125(l1), &) and
Z(P12.4(l1), Z) of the CTR for target 1 was 2° (18° and 16°), for
target 2 it was 2° (24° and 22°), and for target 3 it was 4° (34°
and 30°).

Video recordings of the experiments are provided in the
supplementary material. Additionally, the MATLAB imple-
mentation of the simulation framework is available online at
https://github.com/MichielRichter/Active_Guiding_Catheters.

V. DISCUSSION

The results demonstrate the simulation framework’s ability
to predict the backward deflection of C; ¢ to C12,s and provide
information on the required magnetic torque for achieving C; s
from Cj ;. Needle targeting errors are associated with model
inaccuracies regarding, e.g., elastic modulus, moment of area,
magnetic field and gradient maps. Additionally, the magnetic
torque was calculated for C7 ; but the field generated for Cy .
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Target 1 (T1)

Target 2 (T2)

Coild ¥

10mm "= Target 3 (T3) Top view

Fig. 5. Experimental results. The setup shows the horizontally suspended
active guiding catheter (AGC) iniits undeformed state (C} ) ¢ ), targets 1-3 (T1-T3),
and two coils of the magnetic actuation system [26]. Each experiment is per-
formed as follows. First, the AGC is heated (flexible) and magnetically deflected
(C1,¢). Second, the AGC is passively cooled (stiffened) during 120 sec, locking
its shape (C1,s). Third, a needle (C2) is passed through the AGC, giving a
concentric configuration (Cy2 ) in elastic equilibrium and aligned with a target.
Scale bar: 10 mm..

Because the torque on a dipole changes with its rotation in a
field, the field should ideally move to match the AGC deflection.
For moving fields the robustness of the actuation should be
considered [13].

Closed-loop control can compensate for model inaccura-
cies [22]. However, the simulation framework’s convergence
time for computing the required magnetic torque reaches several
minutes, which is infeasible for closed-loop control. Potential
solutions for achieving future closed-loop control of balanced-
stiffness AGCs and needles are discussed below.

Firstly, computation time can be reduced by making informed
predictions on the required deflection of C; ¢ to reach a de-
sired deflection of C;2 . We observe that the measured (and
simulated) backward deflection angles for each target correlates
to the bending stiffness (E1) ratio of the rods. In this work,
the EI-ratio (E2lz/E; 4I1) between the needle and AGC is
1.57. Comparatively, the ratio of the measured deflection of C; ¢
(50°,47°,69°) to the backward deflection (34°,25°,39°) was
1.47, 1.88, and 1.77, respectively for each target. Therefore, a
prediction of required C; ¢ deflection could be made based on
the F-ratio with a straight Cs as

ZCLS,C{J
1+ (Ervsli/(Ea, I2))

LCi2s,Cl g~ £C1s,Cl g — 27

Secondly, we observed that Ci2 ¢ can be further steered over
small angles (=~ 1°) by a field of 35 mT (supplementary video).
The bending susceptibility of the CTR to the external field
appears greater towards the reference configuration of the rod
with the highest bending stiffness.

Thirdly, retracting the needle from C; 2 ¢ allows for anew AGC
stiffness transition and reconfiguration. Although the active
heating and passive cooling method used in this study takes a few
minutes, is impractical, and allows the AGC to slightly deviate
from the initially-deflected shape during cooling (supplemen-
tary video), previous studies have shown that actively heated
and cooled AGCs can achieve stiffness transition in less than
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Fig. 6. Results analysis. - Segmented voxels of targets, deflected
AGC (Clﬂs), and AGC-needle (Clz’s) with reconstructed centerline curves, (6).

Polynomial centerline curves of Cq s: desired simulated curve (pi s(s))
and reconstructed curve (Pq <(s)). The curves vary with the centerline pa-

rameter (s € [0,11], 11 = 45 mm the AGC length). B2 For C1,s, the angular
deflection of the centerline curves with respect to the suspending x-axis of the
AGC, and angular error between the centerline curves, along s. (CD Centerline
curves of C12 5 with tangent lines to p12 s(11) and P12 5(11)- (€2 For Ci2,s,
the angular deflection of the centerline curves with respect to the suspending
z-axis of the AGC, and angular error between the centerline curves, along s.

10 sec [16]. Active heating and cooling enables stiffness control.
The temperature of C; s can be regulated in the glass-transition
region, whereby the backward deflection of C;5 s by C2 becomes
controllable.

Fourthly, alternative modeling approaches, such as constant-
curvature models [28], [29], can improve computation time at the
expense of accuracy. Additionally, the torque-optimization step
can be replaced with human-in-the-loop control of the magnetic
field. This approach involves imaging-based reconstruction of
the AGC and predicting needle-induced deformation. In this
case, one BVP is required, as opposed to solving six BVPs
per iteration step as shown in Fig. 3(B). Three-dimensional
reconstruction of the AGC can be achieved using various med-
ical imaging modalities [30], such as a rotating C-arm fluo-
roscopy system [31], [32]. Finally, when a target is surrounded
by a solid medium, it is possible to use steerable needles
[33], [34].

Regarding applicability of the presented work, the outer diam-
eter of the AGC (4 mm) is relatively large compared to metallic
needle-guiding endovascular catheters [3], but chosen based on
the commercial availability of the ring-shaped permanent mag-
nets. However, the results may be generalized to combinations
of needles and AGCs with similar E/-ratio. For example, an
E'I-ratio similar to the one in this study (1.57) can be achieved
with a combination of a 22-gauge (0.7 mm) superelastic nitinol
needle (E = 50 GPa) and an AGC with equal inner diameter,
1.7 mm outer diameter, and elastic modulus of 1 GPa (herein
the AGC elastic modulus (0.5 GPA) is lower than commonly
reported values [8], [9]). Such dimensions are suitable for en-
dovascular applications such as transjugular liver biopsy [3].
However, a smaller F/]-ratio is preferable as the configuration
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of C12 s will be dominated by C; ¢ rather than C, which facilitates
larger possible deflection angles [11].

A reduction in E'J-ratio may be achieved by using more
flexible needles, but which may limit propagation through tissue
as needle buckling becomes of concern [10].. Alternatively, the
elastic modulus of the AGC can be increased. An AGC with an
L ¢ of 4.1 GPa has been reported with the addition of metallic
filler particles, which inherently results in anincrease in Fy ¢ [8].
Because E ¢ affects the required magnetic field to deflect C7 ¢
to Cy ¢ /CLS and F; ¢ affects the induced deflection by Cs, the
primary limiting factor for the application of AGCs in needle
guidance is the glass stiffness.

Finally, the shape memory polymer that was used to make the
AGC has a rubber-phase temperature of 60 °C [9]. However, the
permitted surface temperature for endovascular applications is
limited to 41 °C [16]. Therefore, the outer surface of the AGC
should be insulated or be made of a shape memory polymer with
a lower transition temperature.

VI. CONCLUSION

Shape memory polymer-based AGCs and straight metallic
needles behave as balanced-stiffness CTRs. Magnetic recon-
figuration of AGCs enables compensating for needle elasticity.
Cosserat rod models can predict the required AGC shape, such
that needle-induced backward deflection aligns the CTR with a
target position. Increasing bending stiffness of the AGC com-
pared to the needle will reduce the magnitude of needle-induced
backward deflection, potentially reducing computational cost of
the model.

The convergence time of the simulation framework is infeasi-
ble for closed-loop control. Human-in-the-loop control instead
of the torque-optimization may reduce the number of required
BVPs to solve. Also, informed predictions on the required AGC
shape can be made based on the bending stiffness ratio between
the AGC and needle. Further, active heating and cooling enables
stiffness control of the AGC, which can be used in combination
with the needle elasticity to induce relaxation and further de-
flection of the CTR.

Future work can address closed-loop control and miniaturiza-
tion of the AGC to clinically-relevant dimensions.
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