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Abstract

Minimally invasive interventional surgery techniques using guidewire-based catheters are widely adopted to treat vascular
diseases. However, commonly used interventional catheters lack active guidance. The use of guidewires is associated with
risks, including increased exposure to X-rays and potential vascular damage during withdrawal from complex vessels.
Herein, we developed sub-millimeter microtubular ionic actuators (0.6—0.8 mm outer diameter) integrated into steerable inter-
ventional catheters. These actuators can generate large deformations (>10 mm) under 7 V direct current due to enhanced ion
migration, enabling precise navigation without the need for guidewires. The designed catheters achieved active bending and
accurate positioning in complex arterial vascular branches within a human model. They were also able to navigate within dif-
ferent arterial locations (e.g., the innominate, subclavian, and carotid arteries) in pigs without the use of guidewires, and even

access the ventricle and deliver contrast medium, indicating their great potential for future endovascular therapy.
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1 Introduction

Vascular diseases pose a serious threat to human health
(Fig. 1a). Endovascular therapy is the most direct and effec-
tive clinical method for treating such diseases, as it offers
high accuracy, short recovery time, high safety, fewer post-
operative complications, and less trauma compared to tradi-
tional open surgery [1]. In general, the diameter of the aor-
tic vessels in adults is less than 30 mm, and the diameter of
the blood vessels decreases with age. Moreover, the blood
vessels of patients with atherosclerosis are typically narrowed
and tortuous, necessitating the use of guidewires to guide
catheters to these relevant vessel sites [2]. Moreover, in small
and curved arteries, interventional catheters must be shaped
externally through multiple passes of the guidewires, and
then pushed, pulled, and twisted by the physician to reach
the lesion, which increases exposure time to X-rays. During
withdrawal from the lesion site, the guidewires may rub
against the walls of complex blood vessels, causing severe
pain or even serious consequences such as rupture and per-
foration of the blood vessels.

Recently, steerable catheters based on smart actuators with
tip-bending capabilities have been developed, which can po-
tentially enable active guidance within the vessel without the
use of guidewires. The primary actuation methods to realize
tip bending include magnetic [3—6], Bowden cable [7-9],
hydraulic [10-15], thermal [16-21], and electric [21-25] ac-
tuation. Among these, ionic electrochemical actuators, com-
posed of materials such as ionic polymer—metal composites,
conductive polymers, and carbon nanomaterials, can use elec-
tricity as a stimulation source. These actuators can provide

low-voltage actuation, are suitable for liquid environments,
and offer controllable deformation [26-36], making them
excellent candidates for imparting interventional catheters
with active guiding capabilities. Previously, researchers ap-
plied sheet- and column-shaped ionic actuators to the end of
catheters and verified their ability to guide the catheters
in vitro [37—41]. Although the columnar ionic actuators are
geometrically similar to catheters, their solid structure pre-
vents them from delivering contrast media or other medical
devices into blood vessels for arteriography or therapeutic
effects, further limiting their applications as manipulable
catheters in interventional therapy.

These challenges can be overcome using hollow tubular
ionic actuators, as previously reported [42-45]. However,
their actuation performance was relatively low and could
not meet the actual clinical surgery requirements for endo-
vascular therapy. More importantly, the sizes of these tubu-
lar ionic actuators generally do not match those of the inter-
ventional catheters used in surgeries. To accommodate narrow
and elongated vascular sites, the diameter of interventional
catheters (such as Excelsior, Marathon, Cordis, TERUMO,
and PIONEER) commonly used in vascular interventions
should be less than 2 mm (Table S1 in the supplementary
information) [46—49]. To adapt to the small size of these
catheters and achieve the desired position within narrow
blood vessels, the tubular ion actuators should be less than
I mm in diameter, which has not yet been achieved. Fur-
thermore, in vitro and in vivo clinical trials have not been
conducted to validate these actuators for use with interven-
tional catheters for active navigation under electrical volt-
age. Therefore, the use of microtubular ionic actuators with
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Fig. 1T A schematic diagram of the microtubular ionic (MTi) actuator-based steerable interventional catheters. (a) Schematic diagram showing
the use of interventional therapy in treating vascular diseases. (b) The structure of the electrically driven MTi actuator-based steerable interven-
tional catheters. A tip marker at the end of the MTi actuators enables precise observation of their deformable position within blood vessels. (c)
The bending deformation of the MTi actuators after applying positive or negative voltage for active navigation of the catheters in complex vas-
cular systems. (d) The steerable interventional catheters can actively navigate and rapidly pass through complex blood vessels in the human

body to reach designated locations without the need for guidewires

high-performance actuation capabilities, combined with steer-
able interventional catheters, should be explored in interven-
tional vascular surgery.

Here, we designed microtubular ionic (MTi) actuators
that provide large bending deformations under low electri-
cal voltages, and integrated them with interventional cath-
eters to construct electrically driven steerable catheters that
can navigate actively without the use of guidewires in vas-
cular therapy. These MTi actuators, of different sizes (inner
diameter/outer diameter: 0.3 mm/0.6 mm and 0.6 mm/0.8 mm,
abbreviated as 0.6- and 0.8-MTi actuators), were prepared
using a chemical plating method to adapt to blood vessels
of varying sizes. The steerable interventional catheters were
developed by installing the MTi actuators at their tip to
achieve active bidirectional bending under voltage (Fig. 1b).
Furthermore, a tip marker visible under X-ray was installed
at the tip of the controllable interventional catheters to visu-
alize the deformable position of the catheter’s tip in the blood
vessel during the interventional procedures. The MTi actua-
tors showed controllable deformation (13.06 mm) and a large
bending angle (1.31 (°)/mm) under low voltage (4—7 V di-
rect current (DC)), indicating their excellent performance.

@ Springer

Therefore, these electrically driven steerable interventional
catheters offer significant flexibility and controllability in
highly restricted environments, such as actively navigating
in narrow and tortuous vascular systems under positive or
negative voltage (Fig. 1c), warranting further investigations
using human clinical trials (Fig. 1d). Using pigs as a test
model, the catheters could be successfully positioned in the
innominate, right subclavian, common carotid, left common
carotid, and right common carotid arteries, as well as the
left ventricle through active steering deformation. Further-
more, the hollow structure of these MTi actuators enabled
the delivery of contrast medium. These results demonstrate
the potential of steerable interventional catheters for future
interventional therapies in vascular diseases.

2 Materials and methods
Materials

2.1

TT020 and TT030 (two types of Nafion™ tubing with differ-
ent inner and outer diameters; the inner and outer diameters of
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TTO020 are 0.3 and 0.6 mm, respectively, while for TT030
they are 0.6 and 0.8 mm), which were used for the ionic
polymer tube, were purchased from Perma Pure (USA).
The chemical plating solution comprised ammonia solution
(NH3-H20) and platinum ammonia complex ([Pt(NH3)4]Clp).
Sodium hydroxide (NaOH), hydroxylamine hydrochloride
(NH20H-HCl), hydrazine hydrate (N2H4-1.5H20), and so-
dium borohydride (NaBH4) were used as reducing agents for
preparing the platinum ammonia complexes. Lithium chlo-
ride (LiCl) and lithium hydroxide (LiOH) were used to pre-
pare ion exchange solutions. Dilute hydrochloric acid (HCI)
was used to remove other impurities. The conductivity of the
tube was increased using LiCl. All chemical reagents were
purchased from Sigma-Aldrich (USA).

2.2 Fabrication of the MTi actuators

Abrasives and metallographic polishing cloth were used to
roughen the outer surface of the Nafion tube, thereby ex-
panding the interfacial area. Platinum electrodes were de-
posited on the outer surface of Nafion tubes by chemical
plating [35, 36, 39]. Then, the Nafion tube was boiled in
HCI and then in deionized water at 80 °C to eliminate impu-
rities. The treated Nafion tube was soaked in a mixed solu-
tion of [Pt(NH3)4]Cl2> and NH3-H20 (5%) for 12 h. NaBHy
(1.5%) and NaOH (0.5%) were used as reducing agents
during chemical plating at 42—62 °C for 6.5 h. After the re-
action, the prepared MTi actuators were immersed in HCI
(0.5%) for 8 h and then in a mixture of [Pt(NH3)4]Cl> and
NH3-H20 (5%), with NH,OH-HCI (1.5%) and NpHy-1.5H,0
(20%) as the reducing agents at 42-62 °C for 5 h. After
that, the MTi actuators were soaked in HCI (0.5%) for 8 h,
and then stored in a mixture of LiCl and LiOH solution.

2.3 Characterization of the MTi actuators

A multimeter was used to conduct resistance tests on the
surface electrodes of the MTi actuators. On each MTi actuator
sample, the resistance was measured at five positions on both
the front and back electrode surfaces, with electrodes 10 mm
apart. The average electrode resistance of each sample was
calculated. The thickness of the electrode and its bonding
with the basal canal were observed using a field-emission
scanning electron microscope (SEM; Helios 5 CX, USA).

A force sensor (Q84X5X12-05, Zhonghang Electronic
Measuring Instruments Co., Ltd., China) was used for test-
ing the blocking force in air. The sample was placed verti-
cally and fixed at the top. The outer surface of the free end of
the sample was gently contacted with the working surface of
the force sensor at a distance of 2 mm. By applying different
voltages to the fixed end of the sample, data on the blocking
force can be obtained. Tip displacement testing was performed
using a laser displacement sensor (LK-80, KEYENCE, Japan).

The sample length was 41 mm. The test tip displacement
data were obtained at a distance of 10 mm from the free
end. During the displacement testing process, the sample
was connected in a series circuit with a 10 Q resistor. By
collecting voltage data from two resistance segments, the
variation curve of the sample current can be obtained.

2.4 Electrochemical testing

Electrochemical testing was conducted using electrochemi-
cal analyzers (CHI604, Shanghai Chenhua Instruments Co.,
China). The auxiliary and reference electrodes of the elec-
trochemical analyzer were connected to one electrode of the
MTi actuator, while the working electrode was connected to
the other electrode. The current (C)—voltage (V) curve of the
MTi actuators was obtained using the voltammetry cycle
method, with a lower limit potential of —0.5 V and an upper
limit potential of 0.5 V. The scanning speeds were 100, 200,
400, 600, and 800 mV/s. The electrochemical impedance of
the MTi actuators was measured using alternating current
(AC) impedance spectroscopy with a scanning frequency
range of 107210 Hz.

2.5 Finite element simulation

To analyze the electrical actuation performance, a three-
dimensional (3D) model of the MTi actuator was estab-
lished using COMSOL Multiphysics. The electrode surface
was defined with Dirichlet boundary conditions. The upper
6-mm-thick surface of the MTi actuator model was set as a
fixed constraint, which was consistent with the actual con-
straint conditions. To ensure the accuracy of the finite ele-
ment simulation, an unstructured tetrahedral mesh division
was adopted to accommodate complex regions and bound-
ary calculations. The structural parameters of the model
were consistent with those of the experiment.

2.6 Fabrication of steerable interventional
catheters

As shown in Fig. S1 (supplementary information), two wires
were welded onto both electrodes of the MTi actuator and
were insulated except at the welding points. The other ends
of the wires were connected to the power supply. The outer
wall of the MTi actuator was tightly attached to the inner wall
of the intervention catheters, and the welding points were
located between these walls. Silicone rubber was used to seal
the space between the MTi actuator and the intervention
catheter to prevent electrical leakage and vascular damage.

2.7 Invivo animal experiment in pigs

Animal procedures were conducted according to the ethical
regulations reviewed and approved by the Institutional Animal
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Care and Use Committee (approval No. IACUC-2306014)
at the First Affiliated Hospital with Nanjing Medical Uni-
versity. A female Bama miniature pig (35 kg) was selected
as the experimental model. Before the experiment, the steer-
able interventional catheters were exposed to physiological
saline during angiography procedures. The model was anes-
thetized using a combination of midazolam and atropine.
After anesthesia, the model was fixed on the surgical platform,
and tracheal intubation was performed orally. Intravenous
injection was used to maintain anesthesia during surgery
(propofol at 1 mg/(kg-h)). Oxygen was supplied continuously
at a flow rate of 2 mL/min. The test pig was placed face up
on the operating table.

(@) (b)

3 Results and discussion

3.1 Fabrication and characterization of the
MTi actuators

MTi actuators can bend reversibly in air, deionized water,
and physiological saline when subjected to an external elec-
trical potential. The detailed deformation mechanism is il-
lustrated in Fig. 2a. When a voltage is applied to the elec-
trodes of the MTi actuator, the hydrated cations within the
Nafion tube undergo directional migration toward the cath-
ode due to the electric field. This results in an asymmetric
deformation of the electrodes on both sides of the MTi
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Fig. 2 Fabrication and characterization of the MTi actuators. (a) A schematic diagram of the actuation mechanism of the MTi actuators based
on the electrochemical-induced ion migration. (b) Optical images of the bending deformation of the 0.8-MTi actuators under 7 V electrical volt-
age in air. The inset shows the cross-section of the MTi actuator. (c) Finite element simulation of the electrical-driven bending deformation of
the 0.8-MTi actuators. (d) Fabrication process of the MTi actuators. (e, f) Cross-sectional SEM images of the 0.8-MTi actuators from low to
high magnification. (g) EDS image of the electrode. (h, i) Surface images of the electrode of the 0.8-MTi actuators from low to high magnifica-

tion. (j) XRD pattern of the electrode of the 0.8-MTi actuators
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actuators. Due to the presence of more hydrated cations in
the cathode region, the expansion deformation is more sig-
nificant in this part, which in turn causes the entire MTi
actuator to bend toward the anode. The detailed actuation
bending performance of the MTi actuators with different
tube diameters under electrical voltage in air is shown in
Fig. 2b, Fig. S2, and Movie S1 (supplementary informa-
tion). It can be seen that the actuators produced reversible
bending deformation under electrical voltage, and the direc-
tion of the voltage controlled the direction of deformation.
The deformation process was also analyzed using finite ele-
ment simulation, and the results were consistent with those
obtained experimentally (Fig. 2c).

As shown in Fig. 2d, the MTi actuator consists of an
outer noble metal electrode (platinum, Pt) and an inner
ionic Nafion tube polymer. To ensure the safety of the cath-
eters during interventional surgery, the electrode should be
smooth and tightly bonded to the polymer membrane to pre-
vent both electrode detachment and any resulting damage to
blood vessels and the human body. The cross-section SEM
images of the MTi actuators show their varying diameters
(Figs. 2e and 2f; Figs. S3a and S3b in the supplementary
information). The electrodes of the MTi actuators were uni-
form and dense, without any gaps between the deposited
electrode and the surface of the Nafion tube. This prevents
the electrode from cracking or peeling off the surface of the
Nafion tube when the actuators undergo significant defor-
mation. Energy-dispersive spectrometry (EDS) of the MTi
actuators further shows that the Pt ions adsorbed inside the
Nafion tube are reduced to Pt nanoparticles on the surface
of the tube, forming the Pt electrode (Fig. 2g). Furthermore,
a small amount of Pt element permeates into the interior of
the Nafion tube at the interface, which can provide larger in-
terfacial area and better contact performance between the
electrode and the Nafion tube (Fig. 2g; Fig. S3c in the
supplementary information). Observation of the microstruc-
ture of the surface electrodes of the MTi actuators revealed
the uniform distribution of nanoparticles on the surface of
the Pt electrode (Figs. 2h and 2i; Figs. S3d and S3e in the
supplementary information). Overall, the electrode is flat
and continuous, without burrs or protrusions, which ensures
that the MTi actuators will not puncture or scratch blood
vessels during steering and insertion. As shown in Fig. 2j
and Fig. S3f (supplementary information), the X-ray diffrac-
tion (XRD) patterns of the MTi actuators’ electrode indicate
characteristic diffraction peaks at 39.8°, 46.2°, 67.5°, 81.3°,
and 85.7°, corresponding to the (111), (200), (220), (311),
and (222) crystal planes of Pt, further validating the pres-
ence of the Pt electrode.

The surface resistance of the MTi actuator was measured
because the actuation performance of ionic actuators depends
on their electrode properties. The 0.6-MTi electrode of the
actuators, with an outer diameter of 0.6 mm, had an average

surface resistance value of 3.2 Q/cm, while this value was
4.8 Q/cm for the 0.8-MTi actuators, with an outer diameter
of 0.8 mm (Table S2 in the supplementary information).
These results demonstrate the excellent electrical conductiv-
ity of the MTi actuators’ electrodes, which facilitates the
migration of ions within the Nafion polymer under an applied
electrical voltage.

3.2 Electro-chemical-mechanical properties

As the actuation performance of the MTi actuator depends
on ion migration, actuators with high electrochemical ca-
pacitance characteristics exhibit a substantial deformation
effect. Cyclic voltammetry curves were measured at differ-
ent scan rates for the MTi actuators to investigate their
capacitance characteristics (Figs. 3a and 3b). A typical
double-layer capacitance was observed, with no prominent
oxidation peaks. The specific capacitance of the MTi actua-
tors gradually decreases as the scan rate increases (Fig. S4 in
the supplementary information). At a scan rate of 100 mV/s,
the specific capacitances of the 0.6- and 0.8-MTi actuators
were 13.31 and 9.76 mF/g, respectively. When the scan rate
was increased to 800 mV/s, the specific capacitances of the
0.6- and 0.8-MTi actuators decreased to 6.12 and 4.43 mF/g,
respectively. Notably, the specific capacitance of the 0.6-MTi
actuator is larger than that of the 0.8-MTi actuator, mainly due
to the lower resistance and higher current (Tables S2 and S3
in the supplementary information) of the 0.6-MTi actuator’s
electrode compared with that of the 0.8-MTi actuator.
Electrochemical impedance spectroscopy was performed
to evaluate the ion kinetic diffusion and storage properties
of the MTi actuators (Figs. 3c and 3d). In the Nyquist plot,
the depressed semicircle indicates a high frequency, while
the straight line represents a low frequency. These features
are mainly attributed to charge transfer and ionic diffusion,
respectively. As shown in the Bode plot, the impedance of
both actuators increases as the frequency decreases. In the
high-frequency region, the impedance of the 0.6-MTi actua-
tor is lower than that of the 0.8-MTi actuator, while this
trend is reversed in the low-frequency region. This suggests
that reducing the diameter of the actuators can decrease
resistance and enhance capacitance characteristics. In the
high-frequency range, the phase angles of the two actuators
are almost the same. In the low-frequency range, the phase
angle of the 0.6-MTi actuators is higher than that of the
0.8-MTi actuators. As the frequency decreases, the phase
angle in the high-frequency region of the Bode plot tends to
decrease, indicating the presence of typical capacitance
resistance (RC) coupling behavior in the system. In con-
trast, the phase angle in the low-frequency region shows an
increasing trend, indicating the presence of diffusion imped-
ance (such as Warburg diffusion impedance). In the equiva-
lent circuit (inset of Fig. 3c; Table S3 in the supplementary
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Fig. 3 Electrochemical actuation of the MTi actuators. Cyclic voltammetry characteristic of the 0.6-MTi (a) and 0.8-MTi (b) actuators at different
scan rates in air. (c) Nyquist plots of the MTi actuators. The inset shows the equivalent circuit model. (d) Bode plots of the MTi actuators. Current
change of the 0.6-MTi (e) and 0.8-MTi (f) actuators in air. Maximum tip displacement of the 0.6-MTi (g) and 0.8-MTi (h) actuators in air. Max-
imum and stable current (i) and maximum tip displacement (j) of the MTi actuators with different voltages in air. (k) Comparison of bending
stiffness between MTi actuators of different diameters and traditional interventional catheters. (1) The generated blocking force of the MTi actu-
ators under different electrical voltages in air. Data in (i, j, 1) are expressed as mean+standard deviation (n=3)

information), Ry and R; represent the ohmic resistance of the
actuators and the charge transfer resistance, respectively. The
Warburg diffusion element Zw indicates the ion diffusion
ability in the actuators. The elements C1/R; in parallel repre-
sent the contact impedance, reflecting the electron conduction
from the metal electrode to the actuator’s electrode. These
results demonstrate that the MTi actuators possess good
electrical contact, ion diffusion ability, and energy storage
capacity, which is beneficial for electrochemical actuation.
Furthermore, the electrical current of the ionic actuators
under an electrical voltage is related to internal ion migra-
tion, which determines the actuator’s deformation. Therefore,
the currents of the MTi actuators operated in air, deionized
water, and physiological saline under different voltages were
tested (Figs. 3e, 3f, and 3i; Figs. S5a—S5f in the supplemen-
tary information). Initially, the hydrated cations in MTi
actuators migrated rapidly in response to the electrical volt-
age, resulting in a sudden increase in current. As the cations
gradually distribute and rearrange within the material, the
current decreases and eventually stabilizes. At a voltage of
7 V DC, the average stable current values of the 0.6- and
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0.8-MTi actuators in air are 12.50 and 11.41 mA, respectively.
In deionized water, these values are 16.58 and 14.86 mA,
respectively, which are similar to those seen in physiologi-
cal saline. As shown in Tables S4—S6 (supplementary infor-
mation), the maximum difference in current at 7 V DC is
only 3.2%. At the same voltage, the narrower MTi actuators
exhibited higher peak currents (1.22—-1.64 times in air, 1.12—
1.43 times in deionized water, and 1.13—1.46 times in physi-
ological saline), indicating that shorter electrode spacing can
generate greater instantaneous hydration cation migration.
Because the bending deformation of the MTi actuators
installed at the catheter’s tip enables its navigation within a
specific vascular branch, actuators with large deformation
displacement (bending angle) can adapt to more complex
vascular branches. Figures 3g and 3h show the tip deforma-
tion displacement changes of the MTi actuators under dif-
ferent electrical voltages in air. Under voltage stimulation,
the deformation displacement of the actuators first increases
and then remains stable, indicating that the MTi actuators
have fast deformation and good maintenance ability. Within
a continuous stimulation of 40 s, the maximum bending
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displacement of the 0.6- and 0.8-MTi actuators can reach
13.06 and 10.26 mm in air, respectively (Table S7 in the
supplementary information). The bending displacement
increases with the increase in the driving voltage (Fig. 3j),
as shown by measuring the bending angle per unit length
(Figs. S6 and S7 in the supplementary information). Ac-
cording to the test results (Tables S7—S9 in the supplemen-
tary information), the bending angle per unit length of the
0.6- and the 0.8-MTi actuators is 1.31 and 1.12 (°)/mm in
air, 1.08 and 0.93 (°)/mm in deionized water, and 1.06 and
0.92 (°)/mm in physiological saline, respectively, under 7 V
DC voltage. Furthermore, the actuators require slightly more
time to reach a stable bending deformation displacement
relative to their current change, as the hydrated cations in
Nafion take some time to expand after being induced by the
electrical field. Due to the larger ion migration and lower
structural stiffness of 0.6-MTi actuators compared to the
0.8-MTi actuators, the former exhibit a larger tip displace-
ment and bending angle per unit length than the latter under
the same conditions. Moreover, using finite element simula-
tion, we divided the grid of the MTi actuators with different
diameters to verify their deformation displacement under
voltage (Fig. S8 in the supplementary information). The
specific simulation process is described in the experimental
section. As shown in Fig. 3j and Figs. S9 and S10 (supple-
mentary information), the maximum displacement distribu-
tion of the MTi actuators was compared across 4, 5, 6, and
7 V. The simulation results for maximum displacement at
these voltages aligned with the experimental data. Each
simulated value is within the error bands of the correspond-
ing experimental measurements. The tip displacement of
the MTi actuators under DC voltage in deionized water and
physiological saline was also tested (Figs. S5g—S51 in the
supplementary information). The MTi actuators are affected
by frictional resistance when operated in deionized water,
resulting in 18%-27% less deformation than in air. Under
4-7 V DC, the tip displacement of the MTi actuators in
physiological saline differs by only 0.2%-3.6% from that in
deionized water. Under continuous voltage stimulation, the
MTi actuators can maintain a stable deformation state after
reaching maximum deformation in a liquid environment,
which aids in the active navigation of interventional cath-
eters in vascular branches.

We also compared the bending stiffness of the MTi actua-
tors with that of three commonly used interventional cath-
eters, including Marathon, Excelsior, and Cordis catheters,
as shown in Fig. 3k (detailed experimental testing methods
are provided in the supplementary information). The bend-
ing stiffness of the 0.6-MTi actuators differs from that of
the Marathon catheters by only 3.94%. The bending stiff-
ness value of the 0.8-MTi actuators was between that of
the Excelsior catheters and the Cordis catheters. This indi-
cates that the bending stiffness values of the prepared MTi

actuators are similar to those of the commonly used inter-
ventional catheters that are safe to use in blood vessels.
Based on this information, the performance of these inter-
ventional catheters for active navigation in complex blood
vessels was explored in vivo.

The blocking force is a crucial parameter for actuators
that produce mechanical output. Figure 31 shows the block-
ing force of the MTi actuators under DC voltage in air. The
output force of the MTi actuators with the same diameter in-
creases with an increase in the driving voltage. At 7 V DC,
the 0.8-MTi actuators can generate an output force of 5.9 mN,
which facilitates stable steering and propulsion performance
of the MTi actuator-based steerable catheters in vascular
branches. However, this force is smaller in the 0.6-MTi
actuators than that in the 0.8-MTi actuators, mainly due to
the dual effects of internal ion migration and the stiffness of
the actuators themselves on the output force of the actua-
tors. Although the 0.6-MTi actuators have higher ion migra-
tion ability, the structural stiffness of the 0.8-MTi actuators
is greater compared to the 0.6-MTi actuators. The structural
stiffness of the actuators determines the overall mechanical
performance, explaining the greater output force of the
0.8-MTi actuators. To further verify this phenomenon, a
numerical simulation of the stress distribution in the MTi
actuators was conducted. The results show that under 7 V,
the stress of the 0.8-MTi actuators is significantly higher
than that of the 0.6-MTi actuators (Fig. S11 in the supple-
mentary information), further illustrating the importance of
structural stiffness on output force.

We also summarized the essential characteristics of the
MTi actuators (Table S2 in the supplementary information)
and compared them with the other reported tubular ionic ac-
tuators (Table 1). The MTi actuators exhibit a significant
improvement in micro-sized tube diameter, tip displacement,
and blocking force compared to other tube-shaped ionic
actuators [42, 45, 50].

3.3 Invitro experiment of the MTi actuator-
based steerable interventional catheters in a
human vascular model

The prepared MTi actuators were further assembled with in-
terventional catheters to construct steerable interventional
catheters, which can realize active bending under electrical
voltage (Fig. 4a; Movie S2 in the supplementary informa-
tion). The active navigation capacity of these catheters in
blood vessels was evaluated using an in vitro experiment. The
designed catheters were used to navigate from the aortic arch
to the innominate, left subclavian, and left common carotid
arteries under a specific electrical voltage. To better simu-
late the diameters of the aforementioned blood vessels, the
Cordis catheter (6F, 1F=0.333 mm) was selected as the main
body of the steerable interventional catheters, and 0.8-mm
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Table 1 Comparison of the characteristic parameters of the MTi actuators with other tube-shaped ionic actuators

Parameter Tube-shaped ionic Tube-shaped ionic Tube-shaped ionic This work
actuator [42] actuator [45] actuator [50]

Inner/Outer tube diameter (mm/mm) 1.3/1.6 2.4/3.0 2.18/2.74 0.3/0.6 0.6/0.8
Surface resistance (€2/cm) 5.22 31 / 3.2 4.8
Input voltage (V) 6 DC 1 AC 3DC 7DC 7DC
Maximum current (mA) / / / 17.91 13.58
Maximum blocking force (mN) 2.5 5.42 1.75 3.0 5.9
Maximum tip displacement (mm) 3 0.15 35 13.06 10.26
Length (mm) 40 25 20 41 41

| Innominate artery R Left common

- carotid artery

~ ST B

Fig. 4 Active navigation of the electrically driven steerable interventional catheters in a human vascular model. (a) Optical image of the bending
deformation of the MTi actuator-based steerable interventional catheter under 7 V. (b) Overall display of the three-dimensional human vascular
model. (c) Limitation of traditional interventional catheters in the selection of the branches of the aortic arch. (d) Entry of a guidewire-led tradi-
tional interventional catheter into the innominate artery. (e) The steerable interventional catheter can achieve active bending to select a vascular
branch, enabling its entry into the innominate artery

actuators were used at the tip of the catheters for active navi-  of an adult male is 1:1. During the in vitro experiment, the
gation. A human blood vessel model prepared by 3D print-  bending angle and movement direction of the MTi actuators
ing was employed in this in vitro experiment based on the =~ were controlled using a DC power supply to realize active
conventional vascular disease treatment (Fig. 4b). The ratio  navigation of the catheters in the human vascular model.
of the size of the arterial blood vessels in this model to that ~ Meanwhile, to compare the performance of these catheters
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with the traditional ones, two in vitro groups were set using
this human blood vessel model: one using conventional
interventional catheters for navigation without guidewires
(Fig. 4c), and the other set of catheters guided by a guide-
wire (Fig. 4d).

In the human blood vessel model, traditional interventional
catheters required repeated pushing, pulling, and twisting
with the assistance of a guidewire to reach the innominate
artery (Fig. 4d; Movie S3 in the supplementary informa-
tion). In contrast, the steerable interventional catheter can
smoothly navigate to the innominate artery without the need
for a guidewire. As it entered the innominate artery from
the aortic arch, the angle of the vascular branch increased to
about 90°. At this vascular branch, electrical voltage was
applied to the steerable interventional catheters, causing the
catheter’s tip to actively bend and successfully enter the
innominate artery (Fig. 4e; Movie S4 in the supplementary
information). Furthermore, the steerable interventional cath-
eters can navigate more smoothly to the left subclavian and
left common carotid arteries compared to traditional cath-
eters (Fig. S12 and Movies S5—S8 in the supplementary in-
formation). As shown in Table 2, the steerable interventional
catheters navigated the innominate, left subclavian, and left
common carotid arteries at 34.3%—48.3% less time than tra-
ditional catheters with guidewires. In contrast, conventional
catheters without the MTi actuators cannot reach these
areas without the aid of guidewires. Moreover, they were
difficult to control as they passed through the vascular
branches, even bending into the ascending aorta (Fig. 4c;
Movie S9 in the supplementary information). Even with
guidewires, the traditional catheters required more time to
enter these arteries. Therefore, the results of the in vitro vas-
cular model experiments demonstrate that steerable inter-
ventional catheters can smoothly enter the next vessel via
bending deformation of the MTi actuators under applied
voltage, indicating their excellent navigation function. This
is expected to reduce surgical difficulty and improve surgi-
cal efficiency.

3.4 Invivo evaluation of the MTi actuator-
based steerable interventional catheters in a
porcine model

To verify the safety and accuracy of the steerable interven-
tional catheters in selecting vascular branches in vivo,

experiments were performed using a porcine model (Fig. Sa).
As shown in Fig. 5b, the vascular distribution of the pig’s
innominate artery is relatively narrower and more branched
compared to that in humans, making this a suitable site to
test the active navigation ability of the steerable interven-
tional catheters. During the surgical process, the imaging
status of the steerable interventional catheters, the perfor-
mance of vascular branch selection, the potential damage to
the vascular wall, and the duration of the surgery were re-
corded. First, the arterial vascular distribution of the innomi-
nate artery was observed through subtraction angiography
(Fig. 5c; Movie S10 in the supplementary information). The
8F arterial sheath was inserted through the left femoral ar-
tery, and then a steerable interventional catheter was in-
serted through the arterial sheath for detection. After reach-
ing the innominate artery, a voltage was applied to make
the catheters bend forward into the right subclavian artery
(Fig. 5d; Movie S11 in the supplementary information). By
continuously applying voltage, the steerable interventional
catheters can be manipulated to withdraw from the innomi-
nate artery and enter the common carotid and right common
carotid arteries (Fig. 5e; Movie S12 in the supplementary in-
formation). The same procedure can be used to manipulate
the catheters to return to the common carotid artery and
then select the left common carotid artery (Fig. 5f; Movie
S13 in the supplementary information).

Besides the active navigation under electrical voltage
stimulation, the steerable interventional catheters also
achieved continuous delivery of contrast medium into the
left ventricle. As shown in Fig. 6 and Movies S14 and S15
(supplementary information), the steerable interventional
catheters could quickly and accurately navigate from the
aortic arch to the left ventricle (Fig. 6a). Subsequently, the
contrast medium was successfully delivered through the hol-
low structure of MTi actuators at the end of the catheters
(Fig. 6b). These catheters can also be used to dispense
agents, such as lipiodol, gelatin sponge, and microspheres for
thrombus formation, and chemotherapy drugs such as cispla-
tin, epirubicin, pirarubicin, mitomycin, and 5-fluorouracil
for treating solid tumors. The entire surgical process can sig-
nificantly reduce damage caused to the blood vessels.

After surgery, the steerable interventional catheters and
vascular sheath were removed from the pig’s body, and
then the local blood vessels were ligated. The Bama minia-
ture pig was returned to the animal room.

Table 2 Comparison of efficiency for traditional and steerable interventional catheters

Location Time (5) Efficiency
Traditional interventional catheters with guidewires Steerable interventional catheters improvement

Innominate artery 89 51 42.7%

Left subclavian artery 67 44 34.3%

Left common carotid artery 87 45 48.3%

Time is measured from the entry of the guidewire/catheter into the innominate artery until the completion of its advancement into the target artery
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Fig. 5 In vivo animal experiments using steerable interventional catheters. (a) Images of the live pig used for the animal experiment. (b) Sche-
matic of the porcine arteries. (¢) Diagnostic subtraction angiography of the innominate artery. The steerable interventional catheters were manip-
ulated to enter the right subclavian artery from the innominate artery (d), the right common carotid artery from the innominate artery (e), and
the left common carotid artery from the common carotid artery (f)

Left ventricle

(b)

Contrast medium

Fig. 6 In vivo animal experiments of active navigation and drug delivery of the catheters in the porcine left ventricle. The use of steerable inter-
ventional catheters to navigate into the left ventricle (a) and to continuously deliver the contrast medium (b)
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4 Conclusions

In conclusion, steerable interventional catheters based on elec-
trically driven MTi actuators were developed in this study.
These catheters can actively bend within blood vessels to
achieve successful navigation and drug delivery. MTi actua-
tors, with outer diameters of 0.6 and 0.8 mm, were fabri-
cated by the chemical plating technique. The improved elec-
trochemical performance of these actuators facilitated large
reversible bending deformation of these catheters under low-
voltage (4—7 V DC) stimulation. Therefore, these actuators
are promising candidates for the active navigation of inter-
ventional catheters in vivo. The active navigation capability
of these MTi actuator-based steerable catheters was analyzed
using a human vascular model, which included the main path-
ways for aneurysm embolization and interventional therapy
(femoral artery—common iliac artery—abdominal aorta—aortic
arch—-innominate artery/left subclavian artery/left common
carotid artery). The results showed that the steerable interven-
tional catheters can quickly and accurately select the vessel
branches to safely reach the desired location under the navi-
gation of the MTi actuators, even in vessels with multiple
branches. In contrast, traditional catheters required more twist-
ing and manipulation to reach the desired direction and posi-
tion, increasing the risk of blood vessel damage. Further
experiments in a porcine model demonstrated that the steer-
able interventional catheters achieved active bending and se-
lectively engaged vessel branches in porcine arteries. These
catheters successfully entered the left and right common
carotid arteries, the right subclavian artery, and the left ven-
tricle, without the need for guidewires. Furthermore, the
hollow structure of the MTi actuators facilitated the deliv-
ery of the contrast medium into the left ventricle. The steer-
able interventional catheters are designed to accommodate
various blood vessel sizes, including renal, hepatic, coro-
nary, and intracranial arteries, for thrombolysis therapy or
thrombectomy treatment of thrombosis. Furthermore, these
catheters can facilitate the arterial injection of chemotherapy
drugs into solid tumors.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2500183.
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