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Abstract

Magnetic soft continuum robots (MSCRs) offer the possibility for wireless manipulation, compliant shape-
forming, and miniaturization to the milli- and submillimeter scales. This presents them as an attractive choice
in the development of robotic guidewires and catheters for endovascular applications. However, few
approaches have considered strategies for geometric modification to enhance navigation and therapeutic deliv-
ery. These aspects are of high relevance for applications such as intra-arterial chemotherapeutic delivery.
Here, we present an octopus tentacle-inspired MSCR with a monolithic material composition, tapered geome-
try of £ 2 mm, and integrated microchannels. We consider the suitability of a discrete elastic modeling
approach alongside finite element based and material point method (MPM) simulations for capturing the
deflection behavior of the tapered design under magnetic actuation. The MPM demonstrates the greatest accu-
racy, with root mean square errors in tip angle between 2.74° and 5.28°. For higher taper designs, experimen-
tal results highlight improved deflection under low magnetic field strengths (<5 mT) and an improved
workspace at high actuation angles (up to 320°). We subsequently utilize tapered designs with a 0.66 mm dis-
tal tip diameter and embedded axial and lateral microchannel networks for localized drug simulant delivery in
a neurovascular tumor phantom. We demonstrate significant improvements in localized drug delivery along
specific vascular pathways in comparison to systemic intra-arterial delivery.

Keywords: tapered: soft interaction, soft manipulation, continuum robot, medical robot, highly deformable
robots, biomimetic robots

Introduction advantages of SSIACI over traditional intra-arterial delivery,
including reduced systemic toxicity and higher localized

he ability to provide safe, minimally invasive access to  dosage delivery, navigation of passive cerebral catheters suf-
delicate anatomy deep within the body offers the possi- fers from intra-operative challenges including cognitive
bility for improved diagnosis and targeted therapy.' This is strain on the operatlng surgeon and a subsequent risk of tis-
highly apparent in the case of superselective intra-arterial ~sue penetration.”® To improve upon manual navigation of
cerebral infusion (SSIACI), which is a treatment approach passive guidewires and catheters, soft continuum robotic
for cerebral tumors involving catheter-based delivery of designs have been proposed, which utilize a range of actua-
chemotherapeutic agents into the tumor’s capillary network  tion methods including pneumatics,* hydraulics,” tendon-
for highly localized vascular uptake.? Despite numerous driven,® smart material alloys,” and magnetics.® Of these,
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magnetic actuation has presented a promising miniaturized
approach with potential for arbitrary design variation to suit
a range of applications.® Magnetic soft continuum robots
(MSCRs) are deflected using magnetic forces and torques,
produced via interactions between externally generated
actuating magnetic fields and magnetically active regions
embedded within their soft structures.'®!'! Wireless actuation
enables miniature designs with high dexterity, which has led
to numerous MSCR developments for endoluminal applica-
tions. These include closed-loop shape-forming within the
bronchial tree,'* targeted laser delivery for ablative lung can-
cer'? and cardiac,"* or reconstructive cartilage therapy'> and
grasping and retrieval tasks in the gastrointestinal tract.'®

The majority of MSCRs to date have focused on uniform
cylindrical geometries with either a single fixed magnetic tip
segment'” or a distribution of variable magnetic properties
over a larger robot length.” '8! These approaches are often
constrained to moderate deflections (<90°), as achieving
higher actuation angles can be limited by the combination of
required magnetic field conditions and low torsional stiff-
ness, resulting in undesired twisting instead of additional
bending.?® Mitigation strategies have been proposed through
the incorporation of stiffening fibers,?° braided backbones,*!
or helical geometric designs®>>* to improve stability.
However, the design and fabrication complexity of these
approaches sacrifices miniaturization potential while limiting
the ability to integrate functional components.** Creating
MSCRs that deliver miniaturized low-stiffness geometries,
offer stable high-angle deflections, and allow for integration
of clinically relevant functionality has yet to be explored and
may offer solutions for complex and delicate applications
such as SSIACI (Fig. 1).

In the present work, we introduce a conical tapered
MSCR (C-MSCR) design to enable enhanced low-field
deflections, stable high-angle actuation, and integration of
fluidic microchannels (u-channels) suited to the navigation
and therapeutic delivery challenges associated with SSIACI.
We evaluate the influence of the C-MSCR’s octopus-
inspired geometry on deflection performance for axially
magnetized designs of <2 mm diameter through discretized
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FIG. 1. Conical tapered MSCR (C-MSCR) with embedded
fluidic microchannels for localized chemotherapeutic delivery
in SSIACI. The C-MSCR facilitates (i) magnetically con-
trolled navigation to the tumor’s vascular bed, guided by a
robot manipulator with an external permanent magnet (EPM),
(ii) selective drug release (green) into local tumor vasculature
for (iii) uptake into the tumor with minimal drug exposure in
surrounding healthy tissue. MSCR, magnetic soft continuum
robot; SSIACI, superselective intra-arterial cerebral infusion.
Created in BioRender with appropriate permissions for use.
Bacchetti, A. (2025) https://BioRender.com/xn53efu.
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analytical modeling, finite element model (FEM) simulation,
material point method (MPM) simulation, and experimental
evaluation. The retained monolithic structure further enables
integration of embedded axial and lateral fluidic u-channels
to illustrate the clinical potential of C-MSCRs in magnetically
guided SSTACI. We demonstrate the ability of C-MSCRs to
navigate within a neurovascular tumor phantom under exter-
nal magnetic fields for selective drug simulant delivery under
pulsatile flow conditions.

Tapered MSCR design and modeling

Conical tapering of the MSCR’s geometry implies a con-
tinuous variation in cross-section as a function of length. For
the proposed C-MSCR designs (Fig. 2A), we consider tapers
with a linear reduction in diameter between the proximal and
distal end. The dimensions of the C-MSCR can therefore be
defined by the proximal base diameter (d,,) and the reduction
(or proximal—distal) ratio (1), where # = d,,/d; and d, is the
distal tip diameter. We consider designs with a fixed proxi-
mal diameter of d,, = 2 mm, a length (L) of 50 mm, and dis-
crete reduction ratios of: n = 1 (0% diameter reduction with
respect to d,, giving d; =2 mm); n = 1.5 (33.50% reduction,
dy = 1.34 mm); n = 2 (50% reduction, d; = 1 mm); n = 2.5
(60% reduction, d; = 0.80 mm); and n = 3 (67% reduction,
d; =0.66 mm).

The proximal base diameter (d,,) was selected to allow for
C-MSCR integration onto a 2 mm diameter catheter for
endovascular insertion and for integration of fluid delivery
u-channels. Compared with cylindrical geometry, tapering
within the structure will alter both the bending stiffness and
magnetic torque as a function of the robot’s arc length, s,
thus impacting the resulting deflection behavior under
actuating fields. For cylindrical MSCR geometry under
homogeneous magnetic fields, analytical models based on
Euler—Bernoulli beam deflection assumptions have been
developed,” relating the magnetically induced internal
bending moment, M, to the robot’s curvature «, as

M, = Elx (D

where E is the robot’s Young’s modulus and [ is the area
moment of inertia about the bending axis. Magnetically
induced torque will occur due to the dipole moment M of the
axially magnetized MSCR being within a homogeneous
magnetic field, B, expressed as follows:

M, = MxB. 2)

For in-plane bending under an orthogonal applied field,
this may be expressed as follows:

EI
i
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= |Bsm(eL 2) @
where A is the cross-sectional area of the MSCR, and 0, rep-
resents the rotation angle at the tip with respect to the unac-
tuated axial direction of the MSCR (X-axis in our
convention). However, for the case of a conical taper, the
values of I, A, and |[M| are all dependent on the position
along the MSCR, as the radius r reduces along its arc length,
s, as follows:
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FIG. 2. Overview of geometrical, loading, and deflection conditions for a C-MSCR design with a linear proximal-
distal diameter reduction under a magnetic bending moment,?”-**** (A) simplified global and discrete representation of
C-MSCR loading conditions and subsequent deflection, (B) discrete element under loading conditions with negligible
axial shrinkage, and (C) distal cross-sectional view with C-MSCR cross-sectional diameter. C-MSCR, conical tapered
magnetic soft continuum robot. Created in BioRender with appropriate permissions for use. Bacchetti, A. (2025)

https://BioRender.com/h7bhyl5.
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where d,(s) is the local cross-sectional diameter at distance
s along the MSCR. The area moment of inertia /(s) and area
A(s) become

I(s) = T

Zr(s)4, A(s) = nr(s)z,
respectively. Therefore, the bending stiffness of the C-MSCR,
K(s), and local magnetically induced bending moment,
M, (s), vary at differing rates over the robot’s length. To
account for this, we consider the suitability of alternative mod-
eling approaches for capturing the bending behavior of the
C-MSCR, in the form of an analytical discretized elastic
model, an FEM model, and an MPM simulation.

The following material and magnetic assumptions were
applied to all models: Young’s modulus E = 105 kPa,?®
magnetic remanence m, = 120 kAm™"' ** and non-deflected
C-MSCR length L = 50 mm. A homogeneous material
design was adopted with the integrated p-channels assumed
to have a negligible effect on deflection. In all simulations,
the applied orthogonal magnetic field was increased between
0-5 mT in 0.50 mT increments and 0—15 mT in 2.50 mT
increments. Gravitational forces were assumed to be small in
comparison to applied magnetic forces and were thus ignored,

&)

such that C-MSCR deflection considered only the applied
magnetic torques and restoring elastic torques.

Discrete elastic model. For a tapered beam under uniform
loading, a virtual discretization approach may be taken to
iteratively determine bending stiffness, magnetic moment,
and thus loading effects across its cross-sectional diameter.?’
We assume elastic bending deformation and negligible axial
extension/shrinkage under actuation. The C-MSCR is ideal-
ized as being divided along its length into N sub-elements of
length ds, as

ds = (6)

E}?
with each having a constant cross-section with uniform area
moment of inertia and cross-sectional area determined from
(5), where s = ids and 0 < i < N. The stiffness of each seg-
ment K, can be calculated as

El
K, = —. 7
h = (7
For each segment, the associated deflection angle 0; induced
by magnetic torque M}, may be determined as follows>:
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where Mj; is determined based on the local magnetic volume
and relative orientation with respect to the applied field, as in
(2). The orientation of the end of segment i may be described
with respect to its base O; by a rotation of ¢, around the
basis unit vector e, of the principal axes of frame O as
follows:

D; = ¢ 0; 9)

and the position of the end of successive segments, as
follows:

O;+1 = O; +Ddse,;. (10)

Therefore, the orientation and position of any subelement
of the deformed robot, including the distal tip, may be itera-
tively computed between 0 < i < N as follows:

0°R; = [, 0" Ry where0'~ 'R, = D; (11)
i—1

090, = > 0°RM0, | | where 0, =0
k=0

(12)

The above model was implemented in MATLAB 2023b
(Mathworks, Massachusetts, USA) to evaluate tip deflection
as a function of taper angle. This utilized piecewise geomet-
ric discretization?’~>° for representation of linear geometric
and material variation. The modeled C-MSCR consisted of
20 discrete domains (N = 20).

Finite element model

For model comparison, an FEM simulation was con-
structed under the two-dimensional plane strain assumption
in COMSOL Multiphysics Suite v5.5 (COMSOL AB,
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Stockholm, Sweden). This assumption significantly reduces
computational complexity while capturing the dominant in-
plane mechanical behavior of the C-MSCR.?® We therefore
neglect out-of-plane effects (secondary bending about the X-
axis and torsion about the Z-axis), which are thus assumed to
be zero, consistent with the cross-product calculation in
Equation (2). The model employed the solid mechanics and
moving mesh modules with Newton—Raphson convergence.
The magnetic torque was iteratively calculated as a function
of local frame deformation angle and imparted via four
embedded rigid domains, dispersed evenly along the C--
MSCR’s length.?® The free triangular mesh was autogener-
ated subject to a maximum element size of 0.20 mm and a
maximum element growth rate of 1.1. The resultant model
was comprised of 8200 finite triangular elements.

MPM simulation. For comparison with a more general
time-dependent simulation suited to capturing soft material
interactions, the C-MSCR design was also modeled with a
mesh-free MPM software. The MPM utilizes a neo-Hookean
hyperelastic material model and represents soft continuous
geometry through a combination of particle-based represen-
tation and a fixed grid model. Simulation parameters were
configured to 5 x 107 particles per mm®, grid spacing of
1 mm, simulation time step of 4 x 107> s, and applied damp-
ing coefficient of 200 s>

C-MSCR fabrication and experimental characterization

Conical taper designs were fabricated using low-pressure
injection molding (Fig. 3A). Reconfigurable injection mold
cases were 3D printed (PLA, Ultimaker S5, The Nether-
lands) for the taper ratios ¢ {1, 1.50, 2, 2.50, 3}. Ecoflex
00-30 silicone (Smooth-On Inc., PA, USA) was selected as
a two-part prepolymer with low viscosity and high mixabil-
ity with particulates, including magnetic neodymium-iron-
boron (NdFeB; MQFPB+, Magnequench GmbH, Germany),
in comparison with other curable silicone agents.® This
allowed for feasible manual injection molding and demolding
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FIG. 3. C-MSCR design and fabrication for characterization and adaptation to low-diameter SSTACI, highlighting (A)
general fabrication procedure: (i) magnetic silicone paste (NdFeB + EcoFlex-0030) cured in a reconfigurable injection
molding case with removable embedded nitinol rods for u-channel creation, (ii) cross-sectional C-MSCR schematic
with a single lateral u-channel, (iii) axial magnetization (red arrows) imparted after exposing C-MSCR to a saturating
magnetic field of > 4 T (green arrows), and (iv) C-MSCR actuated under controlled magnetic field conditions, with
white markers for visual tracking, and (B) cross-section of C-MSCR midpoint with channel configurations, (i) single
axial channel for tip-based delivery, (ii) three lateral p-channels connected to a central axial channel for lateral delivery.
C-MSCR, conical tapered magnetic soft continuum robot; SSIACI, superselective intra-arterial cerebral infusion.
Created in BioRender with appropriate permissions for use. Bacchetti, A. (2025) https://BioRender.com/t4lhnmy.
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of submillimeter-scale tapered tips. Furthermore, numerous
recent contributions have reported using magnetically doped
Ecoflex 00-30 for MSCRs with significant magnetic deflec-
tion and reliable simulation across different modeling
approaches.?”*'? We therefore selected Ecoflex 00-30 for
C-MSCR fabrication and modeling with embedded NdFeB
particulars. Silicone and NdFeB microparticles were mixed in
a 1:1 mass ratio and degassed in a high-vacuum mixer at
1400 rpm (or 219 gravitational units), 20 kPa for 90 s, and
then injected into the cases. All samples were cured at 40°C
for 20 min and subsequently exposed to an axial impulse field
of >4 T (IM-10-30; ASC Scientific, RI, USA) while con-
strained within the original mold case to impart axial magnet-
ization. A series of white tracking markers were placed at
5 mm distances along the MSCR length to aid in visual
deflection analysis.

C-MSCR actuation performance was evaluated through
exposure to a range of homogeneous applied magnetic fields.
Designs were mounted vertically within a three-dimensional
Helmholtz coil (3DXHC12.5-300; Dexing Magnet Tech.
Co., Ltd. Xiamen, China) and exposed to uniform magnetic
fields of up to 15 mT (Supplementary Fig. S1). A camera
(acA2040-120uc Basler AG) was positioned perpendicular
to the primary bending plane and used to record quasistatic
deflections of the MSCR at each applied field. White
markers (at nine discrete points along the C-MSCR’s length)
were isolated in each deflection profile and utilized to iden-
tify deflection in X (horizontal) and Z (vertical) directions,
as well as deflection angle at nine discrete points along the
C-MSCR’s length. Markers were separated by 5 mm distan-
ces. For a specified marker, the deflection angle was meas-
ured as the angle swept between two deflection states and
relative to a local tangential reference. This was determined
on ImagelJ analysis software (National Institutes of Health,
MD, USA). Camera calibration and correction from potential
lens shape defects were completed using a MATLAB 2023b
Image Undistortion package (Mathworks, MA, USA). For
model-based comparison, all deflection profiles were either
reconstructed through the extraction of centerline deflections
in experimental and MPM methods or through visual recon-
struction from centerline point deflections in discretized and
FEM-based modeling.

Characterization experiments were performed under: (1)
coarse high-field conditions with orthogonal magnetic fields
of 0—15 mT applied in increments of 2.50 mT and (2) refined
low-field conditions with orthogonal magnetic fields of 0-5
mT in increments of 0.50 mT. Three repeat tests were con-
ducted for each sample-field combination, and C-MSCRs
were allowed to settle for 10 s at each applied field before
imaging. To evaluate the potential of C-MSCRs for high-
angle deflections (>90°), cylindrical and high taper designs
(n = land y = 2, respectively) were subjected to a 10 mT
homogeneous magnetic field with increasing rotation angle
in the MSCR’s primary bending plane. A textured paper
backboard was used to promote in-plane tip deflection
throughout higher angle deflections and restricted the
MSCRs from out-of-plane motion as extreme field angles
(>180°) were approached. Angular magnetic field direction
with respect to the X-axis () was altered between 0° and
320° in 10° increments, while measuring tip deflection
angles. Workspace along the C-MSCR’s length was
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determined visually by tracking the deflection of all nine
white markers under the specified field conditions.
Furthermore, we analyzed and compared oscillatory tip
displacements of a cylindrical (y = 1) and tapered catheter
(n = 3) under various cerebral artery flow conditions. To
achieve pulsatile flow conditions, a FlowBox One pulsatile
flow machine (HumanX Medical Simulators, FL, USA) sup-
plied a translucent blood simulant to a transparent flask. This
was prepared by mixing distilled water and glycerol (Sigma
Aldrich, MO, USA) in a 60:40 volume percentage ratio
under controlled heated conditions.** This produced a fluid
with an approximate viscosity at room temperature of 4.0
0.40 x 10 Pa.s and density of 1.050 + 0.050 x 10 kg m™,
closely replicating those of blood.* The pulsatile machine
pumped fluid at approximately 60 beats per minute. Each
catheter was placed at an outlet pipe from the machine and
aligned axially along the pulsatile flow path, representing its
nominal configuration during intravascular navigation. Cath-
eter oscillation was compared under three flow conditions,
selected in accordance with three vessels that are commonly
navigated throughout SSIACI. Each vessel flow condition
was characterized through flow rate (FR) and mean arterial pres-
sure (MAP), which were then imparted by the FlowBox One.
Selected vessels included the internal carotid artery (ICA), middle
cerebral artery (MCA), and anterior cerebral artery (ACA). Vessel
flow conditions were applied as follows: ICA FR = 421 mL s,
MAP = 70 mmHg, MCA: FR = 240 mL s, MAP = 62 mmHg,
and ACA: FR = 1.33 mL s™', MAP = 70 mmHg.**~*® For
both catheters, we recorded videos of their oscillations
(25 frames per second) and post-processed the frames over a
10-s period to track tip positions (Computer Vision Tool-
box, MATLAB 2023b, Mathworks, MA, USA). To compare
the influence of taper and vessel flow conditions, the hori-
zontal displacement was determined in each case with
respect to the mean of the data, assumed as the approximate
center of the oscillation. Comparison was additionally made
through calculation of the standard deviation in each case.

Deflection characterization under orthogonal magnetic
fields. Figure 4 shows the progression of tip deflection angle
as a function of applied orthogonal magnetic field strength
for various C-MSCR designs (Supplementary Video S1 and
Supplementary Video S2). Image overlays of C-MSCR
deflections are presented for low-field and high-field ranges
(Fig. 4A). For high-field strength actuation, all taper ratios
approached maximum tip deflection angles close to that of
the applied field angle (86.96°-90.81°). However, for higher
taper ratios, this asymptote is approached more rapidly, high-
lighting a mean difference of 9.81° between the # = 1 and
n = 3 designs. The influence of taper geometry is more appa-
rent within the low-field region, where the n = 3 design
observes 16.47° higher deflection on average across the
entire field range. Upper and lower deflection measurement
errors are reported for all experimental repeats (Fig. 4B and
Fig. 4C).

C-MSCR model comparison. Considering the influence of
the most extreme taper, we present modeling results 1 = 3
design under uniform field conditions (Fig. 5). For the
0-5 mT range, root mean square (RMS) errors across the
field range are 14.13°, 7.23°, and 5.28° for discretized, FEM,
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FIG. 4. Comparison of tip deflection angle for varied C-MSCR designs under low (0-5 mT) and high strength (0~15 mT)
uniform orthogonal magnetic field conditions, (A) summary of tip angle deflection responses across low- and high-field
strength ranges for 7 = 1 (blue), n = 1.5 (orange), n = 2 (yellow), n = 2.5 (purple), and # = 3 (maroon), with an intermediate
break at 5 mT, (B) comparison of tip deflection angles at selected applied field between (B) 0-5 mT, and (C) 0-15 mT, with
upper and lower measurement error bars shown. Images of MSCR deflections shown between (D) 0-5 mT, (E) 0-15 mT.
C-MSCR, conical tapered magnetic soft continuum robot. Created in BioRender with appropriate permissions for use.

Bacchetti, A. (2025) https://BioRender.com/gkldpuu.

and MPM, respectively. For the 0—15 mT range, RMS errors
are 8.45°, 4.55°, and 2.74° for discretized, COMSOL, and
MPM, respectively.

Deflection under high-angle fields. Figure 6 highlights the
deflection and workspace potential of higher ratio tapered
designs under angled magnetic fields. A design with n =2
was selected as it represented the maximum feasible taper
with sufficient backboard contact to mitigate out-of-plane tip
deflection under high-angle fields. We report and distinguish
the linear relationships between magnetic field angle () and
tip deflection angle (0) at extreme field angles (>90°) and
highlight the influence of tapered geometry on achievable
workspace under high-angle deflections (Supplementary
Video S3).

Passive catheter oscillation under pulsatile flow. We also
present a comparison of oscillatory tip displacement for
cylindrical (# = 1) and tapered (17 = 3) catheters under ICA,
MCA, and ACA vessel flow conditions (Fig. 7A). Figure 7B
highlights the influence of higher taper ratios on a catheter’s
sensitivity to pulsatile flow. The n = 3 design showed
a >500% higher oscillatory tip displacement (maximum =
5.60 mm and standard deviation = 1.90 mm) in comparison
to a n =1 design (maximum = 1.20 mm and standard devia-
tion = 0.30 mm) under ACA flow conditions. This was also
observed under MCA and ICA conditions, with an increase
of 233% and 53% under respective vessel flow (Supplemen-
tary Video S4).

Discussion of deflection characterization results. As illus-
trated in Figure 4, the reduced tip stiffness for higher taper
designs shows improved tip responsiveness at low-field
strengths, with n = 3 observing the greatest tip deflections at
0.50 mT (Supplementary Video S1). This trend extends to
higher applied 0-15 mT fields (Supplementary Video S2);
however, the differences are less pronounced as all design
approach alignment with the applied field. Comparing experi-
mental C-MSCR deflection behavior with the model predic-
tions (Fig. 5) shows good agreement, with all methods
capturing the variable curvature and increased tip angle
induced by the tapering geometry. The discrete elastic model
shows under-prediction at low fields and over-prediction at
high fields, while the FEM model under-predicts tip deflection
in all cases. This is likely caused by the limitation of linear
elastic material property assumptions in both cases. Con-
versely, the MPM accounts for hyperelastic deformation and
thus provided the most accurate representation of a C-MSCR,
with only slight over-prediction of tip deflection at high-field
strengths and RMS errors of 2.74° and 5.28° for 0-5 and 0-15
mT ranges, respectively. Comparing cylindrical and tapered
designs under rotating fields (Fig. 6) shows a field angle-
dependent divergence of tip deflection. The C-MSCR with 5 =
2 follows the applied field angle closely over the full range,
while the cylindrical MSCR lags behind (Supplementary
Video S3), as highlighted by the gradients of associated linear
expressions for each design (Fig. 6B). This resulted in a total
reachable workspace for the tapered design, which is approxi-
mately 20.87% greater than that of the cylindrical reference.
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FIG. 5. Comparison of model and experimental tip deflection angle responses for cylindrical and C-MSCRs under
low (0-5 mT) and high strength (0—15 mT) uniform field conditions. Error bars are presented for experimental and
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Overall, the high sensitivity at low-field strengths and
potential for stable high-angle deflection of higher taper
C-MSCR designs may be beneficial in anatomical naviga-
tions with limited external magnetic field strengths or highly
convoluted anatomy. The tapered design benefits from a
“geometrical anchoring” effect, whereby the majority of
MSCR mass at the proximal end (i.e., from the midpoint
upwards) remains in a relatively stable deflection, while sup-
porting the slender tip to deflect to greater angles, following
the applied field. The reduced distal diameter associated with
higher tapers also supports navigation into narrow and deli-
cate anatomy, presenting C-MSCRs as suitable candidates
for complex catheter operations, including selective endolu-
minal delivery under retrograde flow or navigation through-
out high-angle bifurcations.

Higher taper C-MSCRs generally observe greater oscillatory
tip displacement under pulsatile vessel flow (Fig. 7B). Across
ICA, MCA, and ACA flow conditions, the # = 3 design
observed 53%, 233%, and 500% increases (with respect to the
n =1 case) in horizontal oscillatory tip displacement, respec-
tively. This behavior stems from lower localized stiffness
toward and at the catheter’s tapered tip. While providing high
sensitivity and deflection under low magnetic field strengths,
high taper C-MSCRs may commonly observe unstable, oscilla-
tory behavior under arterial flow conditions and in the absence
of external fields. This may highlight the need for magnetic
stabilization throughout C-MSCR navigation and delivery,
achieved through the application and maintenance of a low-
strength field to ensure minimal oscillatory behavior in convo-
luted vasculature. Stabilizing fields (SFs) may be applied and

monitored in conjunction with visual observation and magnetic
sensing methods during deployment.

C-MSCRs for targeted fluidic delivery

To demonstrate the potential of utilizing C-MSCRs for
fluid delivery (in applications such as SSIACI), p-channel
networks were integrated into their monolithic design. An
n = 3 design was selected to maximize the benefits of the
taper and provide the smallest distal tip (d; = 0.67 mm).
Channels were created by placing nitinol rods, ranging
between 0.25 and 50 mm, into the molds at integrated locat-
ing points prior to silicone injection (Fig. 3A). Two u-channel
configurations were considered: (1) a central axial design for
directional tip-based delivery and (2) lateral design with three
lateral pu-channels, each with a 5 mm separation distance for
radial delivery (Fig. 3B). To create the full catheter, a 2 mm
flexible polytetrafluoroethylene (PTFE) tube was secured to
the C-MSCR’s proximal base for use in the phantom naviga-
tion setup (Fig. 8A, B). A 0.25 mm silicone fluid delivery
tube was connected directly to the C-MSCR’s central u-chan-
nel. The proximal end of the delivery tube was connected to a
10 mL syringe to manually dispense the drug simulant into
the design’s p-channel network.

To demonstrate selective delivery under cerebral flow
conditions, a neurovascular arterial flow phantom was
designed with integrated tumor capillary vasculature
(Fig. 8C). The phantom was based on a segment of the ACA
with segments of branching vasculature to healthy peripheral
cerebral tissue and a tumor. Anatomical vessel data were


https://BioRender.com/eadpcqr

BACCHETTIET AL.

i. 0 =158.90° ii.0=174.71° ili. 0 = 281.44° iv. 0 = 312.66°
<« N
y =180° y = 180° Y = 320° y = 320°
- - | -
5 mm 5mm 5 mm 5 mm
n=1 n=2 n=1 n=2
’ 40 —
= = -5 = 1. Equation: § = 0.89~ - 3.38 V. a5l =1
s 300/l = 2. Equation: # = 0.99 - 2.96 £ = o *n=2
£ 250 . 3
c %25'
g %0 ; g20
& 150 ii. 7 =15
@ e [i7}
?; 100 & 10
F 50 I IEL 5] S
% 50 100 150 200 250 300 350 CSP RS PLILPEL LR DS
Magnetic Field Angle (°) Magnetic Field Angle (°)
40 -
: ¢ =100°
—_— — 30" ,"
E E :a
E E 20lii. 9 & 180°
| = | o
ie) §e) s
g ‘g 19] ‘.' 0°
5 o —— .
(] ] o = 240 iv. @ = 320°
>< >< 10 L [ tesanse®
- -
5mm
-20 L L L i
-20 0 20 40 60

Z Deflection (mm)

(D)

Z Deflection (mm)

(E)

FIG. 6. Tip deflection, workspace, and deflection profiles for cylindrical and C-MSCR designs under high-angle rotat-
ing fields, (A) n =1 and n = 2 MSCR deflection profiles under rotating 10 mT field angles between 0° and 320°, high-
lighting: (i) n =1, y = 180° field. (ii). # = 2 deflection under a 100° field. (iii). # = 2 deflection under a 320° field, and
(iv). n = 2 deflection under a 320° field, (B) comparison of tip deflection angle between 7 = 1 and n = 2 designs
between 0° and 320°, (C) comparison of tip-field lag between both designs. Observation of lag between each design’s
tip deflection angle (0) and the field angle (y) indicated the degree of tip responsiveness and feasibility to overcome

elastic restoring forces throughout extreme deflection, (D)

n = 1 tip workspace under between 0 and 320° field angles,
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extracted from the US National Cancer Imaging Archive.*

The phantom tumor observed an approximate spherical
diameter of 3 cm, with branching vessels to the capillary
vasculature ranging between 0.50 and 1.50 mm in diameter.
The phantom’s main proximal vessel curves through approx-
imately 200° and must be navigated by the C-MSCR for all
delivery scenarios. Additional details of the phantom design
and fabrication are presented in Supplementary Data S1.

To achieve ACA blood flow conditions, the FlowBox One
pulsatile flow machine (HumanX Medical Simulators,

A. (2026) https://BioRender.com/mkycko2.

Florida, USA) was connected to the phantom to supply the
blood simulant. The pulsatile machine pumped fluid at
approximately 60 beats per minute with a mean FR of 1.33
mL.s™' **> and MAP of 70 mmHg representing typical ACA
blood flow in adult patients.*® For the drug simulant, a
99.995:0.005 mass ratio of distilled water to fluorescent
green dye powder (MOB Cosmetics, London, UK) was uti-
lized. A 395 nm ultraviolet light source (Lepro Innovation
Inc., Nevada, USA) was utilized to enhance simulant visibil-
ity during testing. A camera (acA2040-120uc Basler AG)
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was positioned approximately 60 cm above the phantom rig
to record navigational and delivery tasks (Fig. 8B).

Phantom navigation. The C-MSCR was manually inserted
into the phantom’s lumen through a circular 2.50 mm diame-
ter port at the rear side of the setup. The insertion port leads
directly to the lumen’s approximate centerline, where the
C-MSCR intercepted pulsatile flow resulting in oscillatory
displacements in the absence of external magnetic fields.
The C-MSCR was inserted approximately 14 mm into the
phantom without external magnetic control to evaluate this
unconstrained oscillation analysis under pulsatile flow. Sta-
bilizing and navigational magnetic fields were subsequently
applied at the respective phantom positions (SF, navigational
field application for axial delivery (ANF) and lateral delivery
(LNF) respectively) using a single KUKA robot arm with an
EPM end effector, situated within 15-20 cm of the phantom
(Fig. 8A). Three custom magnetic field sensors were
attached to the phantom platform to measure magnetic field
components and subsequent magnetic norm throughout
navigation.*’

A challenge that is rarely reported throughout MSCR
endoluminal navigation involves the effect of forces (exerted
through physiological processes) on the catheter’s intraoper-
ative displacement in low-diameter lumen. Here, we assess
the effect of endovascular pulsatile flow on catheter tip dis-
placement. Throughout ACA phantom navigation, we uti-
lized the tapered design’s tip responsiveness to magnetically
stabilize the robot under pulsatile flow and minimize the
risk of vessel wall adherence (Supplementary Video S5).

Throughout each delivery scenario, we navigated the
C-MSCR to the respective target site, first under low strength

SFs (4.60 mT with a magnetic norm vector of B LNF = [0.27
0.22 0.95]) and then transitioning to higher strength naviga-

tional fields (14 mT with a magnetic norm vector of ﬁLNF =
[-0.51-0.76 0.41]) at ANF and LNF. Phantom insertion was
manually controlled, with the C-MSCR’s position directly
viewed by the operators throughout all points of navigation
and drug simulant delivery. The magnetic sensors were
placed at the base of the phantom’s platform to record and
track magnetic field strength continuously throughout
C-MSCR insertion. The position of the actuating robotic
platform was manually adjusted in accordance with both vis-
ual and magnetic sensor information. Oscillatory tip dis-
placement was measured at each key reference point (Fig. 9)
with Image]J analysis software (National Institutes of Health,
Maryland, USA).

Simulated drug delivery. Three delivery scenarios were per-
formed: (1) injection at the phantom’s inlet to represent tradi-
tional intra-arterial delivery, (2) tip-based axial delivery at the
axial delivery region (AD) (Fig. 8D) utilizing a C-MSCR with
a single axial channel, and (3) radial delivery at the lateral
delivery region (LD) (Fig. 8D) utilizing a C-MSCR with three
lateral u-channels at approximately 5 mm separation distances.
The distal p-channel was situated at 5 mm from the MSCR’s
tip. Lateral channel separation distances were selected such
that simulant delivery was directly above the tumor vascular
bed. In each scenario, 10 mL of drug simulant was delivered in
approximately 0.50 mL volumes and synchronized with the
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diastolic (rest) phase. Delivery was completed over an approxi-
mate period of 15-25 s.

Analysis of navigational stability. We obtained characteris-
tic profiles of oscillatory tip displacement for axial and lat-
eral C-MSCR navigation, highlighting significant reductions
in displacement upon application of stabilizing and naviga-
tional magnetic fields (Fig. 9).

Navigation between HV1 and HV2A highlighted the
greatest risk of vessel wall contact, with displacement fans
indicating the narrowest tip-wall proximities of 0.20 mm for
both designs. The absence of actuating fields alongside the

presence of HV1 and HV2A flow paths caused a tendency to
deflect toward a branching healthy vessel. This highlights
a possible cause of misguided navigation and treatment
delivery within both low-diameter conventional and SCR
catheter designs. Applying the SF significantly reduced
oscillatory displacement, with axial and lateral designs
observing percentage reductions of 58.24% and 61.50%
between HV2A and SF, respectively. Applying ANF and
LNF maintained tip stability and prevented tip-wall con-
tact throughout both synchronized delivery with the axial
design and high-angle deflection with the lateral design
atTVI.
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Analysis of drug simulant delivery. We obtained character-
istic profiles of normalized fluorescent green intensity
against time for intra-arterial injection in axial and lateral
C-MSCR delivery cases (Supplementary Video S5). Inten-
sities from the fifth delivery and dispersion cycles (synchron-
ized with diastolic and systolic phases respectively) were
isolated for visual comparison with traditional injection
(Fig. 10). Intra-arterial injection was delivered continuously
over an approximate 15-30 s period. Corresponding points
are highlighted in each comparative intensity profile
(Fig. 10) alongside mean and maximum intensities for each
delivery case. HV2A, TV1, and TV2B vessels were selected
for comparison of drug simulant dispersion between intra-
arterial injection, axial, and lateral p-channel delivery cases.
Normalized green intensity was analyzed in the first 15 s of
drug simulant delivery for equal comparison between all
delivery scenarios.

Discussion of drug simulant delivery. Intra-arterial injec-
tion highlighted the general systemic dispersion behavior of
traditional chemotherapeutic delivery (Fig. 10C). This may
lead to overexposure of healthy tissue alongside significant
reductions in drug uptake and efficacy at the tumor site. Sim-
ilar mean intensities between HV2A and TV1 (0.40 and
0.474, respectively) were reported, implying equally potent
delivery at both sites and potential overexposure of healthy

tissue (Fig. 10C and Fig. 10H). The axial C-MSCR signifi-
cantly enhanced capabilities for targeted delivery at the
tumor site. At TV1, a mean intensity of 0.719 was reported
throughout the 15 s delivery cycle (Fig. 10D). The C--
MSCR’s ability to bypass healthy vessels and deliver
directly at the opening of tumor vasculature resulted in mini-
mal exposure at HV2A, with a mean value of 0.00 reported
for the full delivery cycle (Fig. 10H). Delivery with the lat-
eral C-MSCR observed a similar profile to the axial delivery
case. HV2A exposure was negligible throughout the full
delivery cycle, with a mean intensity of 0.004 (Fig. 10H).
The C-MSCR’s submillimeter distal tip alongside opti-
mized lateral microchannel placement allowed for direct
delivery above the tumor’s vascular bed, with a mean
intensity of 0.667 reported at TV (Fig. 10E). In this
case, lateral channels were situated outside the lumen
diameter and inlet flow path of TVI1, which may have
resulted in a marginally lower mean intensity in compari-
son to the axial case (in which the tip’s axial channel was
situated closest to TV1).

Despite a marginally lower mean intensity throughout lat-
eral delivery, a clear advantage may be drawn with regard to
simulant retention throughout systole and dispersion within
deeper branching tumor vessels (Supplementary Video S6).
This was observed through comparison of mean intensities
within the main vessel portion above the tumor site and at
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TV2B (Fig. 101 and Supplementary Fig. S2). In axial deliv-
ery, a “washout” effect from each systolic pulse resulted in
the quick removal of simulant from the main vessel and
tumor vasculature (Fig. 10F). Conversely, the lateral
C-MSCR required deeper insertion within the main vessel
such that p-channels were situated directly above the tumor’s

vascular bed. Further insertion disrupted vessel flow condi-
tions, creating a local region of turbulence and lower FR
around the tumor site, referred to as a “pooling” effect
(Fig. 10G). Subsequently, a sustained, higher-intensity vol-
ume of drug simulant remained in the target region between
delivery pulses, allowing for greater targeted exposure
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during systole (trough comparison in Fig. 10F and
Fig. 10G). In lateral delivery, average intensities were
approximately 161.53% greater in the main vessel above the
target tumor and 89.69% greater in TV1. Lateral delivery
also improved delivery in deeper branching vessels, such as
TV2B (Supplementary Fig. S2), through a combination of
increased delivery surface area and drug simulant pooling in
the main vessel. Mean intensities in TV2B were reported as
0.004 (Fig. 10F) and 0.667 (Fig. 10G), respectively, for axial
and lateral p-channel delivery.

Conclusion

We introduce a bioinspired conical MSCR that enables
improved low-field (Fig. 4) and high-angle (Fig. 6) deflec-
tions, and facilitates direct integration of u-channels to sup-
port targeted fluid delivery in diameters of <2 mm. Modeling
approaches demonstrate the possibility to capture the
increased complexity of a lengthwise variation in stiffness
and magnetic moment, with MPM showing particularly
strong agreement with experimental characterization results
(Fig. 5). MPM is thus presented as a favorable candidate in
the predictive modeling of length-varying geometrical and
stiffness in bioinspired MSCRs. In conjunction with digitally
driven fabrication, MPM may be a high-potential method
for the optimization of bioinspired MSCRs (such as the
C-MSCR), utilizing anatomical data from the patient to best
deliver rapid optimization of geometric, material, and mag-
netic heterogeneity for optimized neurovascular navigation.
We demonstrated the potential of C-MSCRs in achieving
low-field tip deflections and increased workspace, exceeding
the performance of cylindrical designs (Fig. 6). Lastly, we
demonstrate the potential clinical value of these features for
atraumatic endovascular interventions such as SSIACIL
Through application of magnetic stabilization for oscillation
reduction (Fig. 7 and Fig. 9) and steering fields, a C-MSCR
with embedded p-channels was able to navigate through a
high-curvature ACA portion under pulsatile flow for the
selective delivery of drug simulant to tumor vasculat-
ure (Fig. 10, Supplementary Videos S5 and S6). Future work
will seek to expand navigation capabilities to deliver
high-angle deflections in patient-specific three-dimensional
anatomy by exploiting non-axial lengthwise magnetization
profiles and nonlinear taper designs. Adapted designs in the
form of axial and lateral p-channels both show improved
simulant delivery in tumor vasculature when compared with
direct intra-arterial delivery in the major supplying vessel.
C-MSCRs therefore provide an extended design space for
MSCRs for improved deflection and navigational capabil-
ities, while supporting functional integration of p-channels
for delivering targeted therapy deep within the body.
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