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Fast-Response Variable-Stiffness Magnetic Catheters for

Minimally Invasive Surgery

Yegor Piskarev, Yi Sun, Matteo Righi, Quentin Boehler, Christophe Chautems,
Cedric Fischer, Bradley J. Nelson, Jun Shintake, and Dario Floreano*

In minimally invasive surgery, such as cardiac ablation, magnetically steered
catheters made of variable-stiffness materials can enable higher dexterity and
higher force application to human tissue. However, the long transition time
between soft and rigid states leads to a significant increase in procedure
duration. Here, a fast-response, multisegmented catheter is described for
minimally invasive surgery made of variable-stiffness thread (FRVST) that
encapsulates a helical cooling channel. The rapid stiffness change in the
FRVST, composed of a nontoxic shape memory polymer, is achieved by an
active cooling system that pumps water through the helical channel. The
FRVST displays a 66 times stiffness change and a 26 times transition
enhancement compare with the noncooled version. The catheter allows for
selective bending of each segment up to 127° in air and up to 76° in water
under an 80 mT external magnetic field. The inner working channel can be
used for cooling an ablation tip during a procedure and for information

exchange via the deployment of wires or surgical tools.

1. Introduction

Minimally invasive surgeries have become a popular option for
treating various conditions, including cardio- and neurovascu-
lar diseases, as they offer a faster recovery time, shorter proce-
dure duration, and lower risk than traditional procedures.l'->
Minimally invasive procedures frequently employ catheters,[®”]
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which are inserted into a clearly de-
fined anatomical conduit to undertake the
intervention.®l An example of such a pro-
cedure is the treatment of cardiac arrhyth-
mias via radiofrequency ablation, wherein
a catheter is inserted in the femoral vein
and guided through the right atrium of the
heart.[%)

Conventional catheters rely on tendon-
driven actuation for navigation.l') An alter-
native method consists of embedding per-
manent magnets throughout the catheter
length and controlling its movement within
the body by means of an externally gener-
ated magnetic field.""! The magnetic nav-
igation approach eliminates the need for
the internal actuation mechanisms found
in tendon-driven catheters while allow-
ing efficient navigation toward a specified
body region.l?l Furthermore, this method
reduces radiation exposure for surgeons
because they no longer need to stay with the patient during flu-
oroscopy and requires minimal training.['"'3] However, proper
catheter positioning to maintain steady contact between the
catheter tip and the atrial wall during cardiac ablation proce-
dures is challenging due to continuous heartbeat activity, the
complex anatomy of the human heart, the lack of 3D visualiza-
tion, and the limited bending abilities of catheters.['*18] The lat-
ter follows from the fact that catheters driven by remote mag-
netic navigation systems are exposed to a unidirectional magnetic
field, which limits their bending to a single direction in a partic-
ular juncture.®! To overcome this limitation, researchers, includ-
ing the authors of this manuscript, have proposed segmented
catheters, where each segment can change its stiffness and local
responses to the magnetic field, resulting in a greater number of
controllable bending directions.[81419-21]

Various segmented catheter designs made of variable-stiffness
threads have been explored based on jamming technologies
(fibers,1??] granules,?’] and layers(?*)) and phase-change materi-
als (alloys!®*291 and polymers!**?)). In jamming technologies,
the transition from soft to rigid is caused by the application
of negative pressure, which causes friction between internal
particles. Existing catheters based on jamming technologies
display a maximum stiffness change of 50 times!?224l but have
a diameter between 8 and 24 mm, which is much larger than
that of cardiac catheters (2.3 mm), making them unsuitable
for cardiac ablation. In phase-change materials, the stiffness
can be tuned by applying electrical stimulation to increase the
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temperature beyond the glass transition point, thus changing
the state from rigid to soft or liquid.[*>?%] Existing phase-change
catheters display a stiffness change of 2040 times and slower
stiffness change (7-100 s)1'*192157] than jamming-based catheters
(< 1 8)!?2]; however, phase-change catheters can be miniaturized
down to the size of standard cardiac catheters because they do
not require air pressure channels, multiple fibers, and granules.

While the stiffness transition from a rigid to soft state can be
fastened by tuning the resistance of a heating element and the
amount of applied heat,['"] the reverse transition from soft to
rigid remains challenging for phase-changing catheters. To ad-
dress this problem, in the endoscopic surgery domain, which
can use catheters that are up to ten times larger than those used
in heart surgery, researchers have integrated an active cooling
mechanism with liquid or air into catheters consisting of ther-
moplastic and low-melting-point alloys.[?-?1 Active cooling can
decrease the reaction time by 8 times for catheters with a 15—
17 mm external diameter and 25X stiffness change.?8%) At the
smaller scale, the preliminary study on the control strategy for
endoscopic catheters of 2.5 mm external diameter showed that
the active cooling can decrease the reaction time by 7 times.>’]
In the cardiac ablation domain, however, the integration of ac-
tive cooling for fast stiffness transition into a variable-stiffness
substrate with heaters, actuators, and a working channel without
sacrificing the bending performance remains challenging.[3%]

Here, we report a method to design and manufacture a fast-
response variable-stiffness thread (FRVST) made of a nontoxic
shape memory polymer (SMP) with an active cooling system,
which is suitable for cardiac ablation (Figure 1). The FRVST dis-
plays a stiffness change of 66x with a 26x faster cooling rate when
the active cooling system is used. The FRVST is composed of an
outer SMP tube with an encapsulated copper electrode serving
as a heater to warm up the SMP tube and change its stiffness
from a rigid to soft state (Figure 1a). A helical channel compris-
ing fluorocarbon wire is placed inside the SMP tube to guide the
water flow when active cooling is turned on. The helical channel
is wound around an inner tube, which is used as the second in-
dependent cooling system to cool the tip of the catheter during
ablation surgery (Figure 1b).

The temperature of the SMP tube increases from room tem-
perature (25 °C) to 80 °C in 13 s via indirect Joule heating with
an applied power of 2.5 W. When the applied power is turned
off, it takes 115 s to naturally return to room temperature, but
only 4.4 s with active cooling (0.17 L mi~'n cooling rate), which
results in a 26-fold transition enhancement (Figure 1c and Video
S1, Supporting Information). An FRVST segment with a 2.3 mm
diameter, 25 mm length, and 0.2 g weight can withstand a 60 g
applied load in a rigid state but can undergo large deformation
in a soft state at 40°C (Figure 1d and Video S2, Supporting Infor-
mation). The FRVST exhibits a stiffness change factor (SCF) of
66 times when heated from room temperature (25 °C) to 80 °C.
The FRVST is precisely fabricated by means of two automated
methods: the first method is used to fabricate SMP tubes with a
thickness step size of 65 um, and the second method is used to
wind fluorocarbon and copper electrodes with a 1 mm pitch size
(Video S3, Supporting Information).

We validated the proposed method through the mechanical
and thermal characterization of FRVSTs integrated into a single-
segment catheter. The results showed that the segment is able to
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bend up to 127° in air (23 °C) and up to 76° in water (36 °C) un-
der an 80 mT external magnetic field. Then, the selective bend-
ing of a multisegmented catheter was demonstrated to achieve
complicated bending curvatures in different planes. The multi-
segmented catheter was also tested in a 3D-printed labyrinth to
demonstrate how variable stiffness can help to avoid unnecessary
contact with human tissue. Finally, the multisegmented catheter
was placed in a 3D phantom of a human heart underwater at body
temperature to demonstrate an ablation procedure.

2. Results and Discussion

We first characterized the SMP so that its material properties
could be incorporated into a finite element model, which guides
the design of catheters by predicting the thermal and mechanical
behavior. By varying the wall thickness of the SMP tube, we per-
formed a coupled thermoelectrical FE analysis for the FRVST to
determine the heating and cooling times at different wall thick-
nesses. Then, by varying the wall thickness of the SMP tube, we
performed a coupled thermomechancal analysis for the FRVST
to determine the minimal thickness, which allows high bending
in the soft state and acceptable deflection in the rigid state un-
der external magnetic field. Based on these results, we fabricated
and characterized FRVSTS in terms of wall-thickness tunability,
bending stiffness, heating-cooling rates, and surface temperature
under different conditions. We compared the results of reaction
times modelling with the empirical data to validate our model.
After integrating the FRVST into a single-segment catheter, we
analyzed its performance with respect to bending angle and re-
peatability in rigid and soft states in air and underwater. Finally,
we integrated two FRVSTs with 25 mm lengths and a cylindrical
permanent magnet with a 4 mm length into the tip of a multiseg-
mented catheter with a 2.3 mm external diameter and a 0.4 mm
internal diameter for the working channel. This was used in our
demonstration to cool down an ablation tip during the procedure
and, in tandem, enable information exchange via the implemen-
tation of wire deployment or surgical tool insertion.

2.1. Thermomechanical Characterization of the SMP Material

The thermomechanical behavior of the SMP material, such as
the stiffness change ratio and heating/cooling time, determines
FRVST performance. Therefore, it is essential to assess the ther-
momechanical characteristics for designing FRVSTs. We charac-
terized the behavior of SMP and then built the model to clarify the
resulting performance, which was then used to design the final
device. For this purpose, a tensile test at different temperatures
and dynamic mechanical analysis (DMA) of the SMP material
were performed.

We investigated the temperature-dependent stiffness variation
of the SMP by conducting uniaxial tensile tests via a tensile test-
ing machine (Instron 5965) at a constant speed of 50 mm/min
until the specimen fractured or exceeded 200% strain (Figure 2a;
Figure S3 in the Supporting Information). As a result, the SMP
exhibits a linear stress—strain behavior with a modulus of 3.4 GPa
at a room temperature of 25 °C. The stiffness dramatically de-
creases to 640 and 5.6 MPa at 36 and 80 °C, respectively, followed
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Figure 1. Structure, operating principle, and fabrication process of the fast-response variable-stiffness thread (FRVST). a) The FRVST can be integrated
into a catheter for a cardiac ablation procedure. Water (in red) can be pumped through a working channel to cool down an ablation tip at the end of the
catheter during surgery. Independently, water flow (in blue) can be pumped through the helical channel, enabling active cooling of the SMP layer. b) The
FRVST consists of a polytetrafluoroethylene (PTFE) tube with a working channel, a helical channel made of a fluorocarbon wire, and an outer SMP tube
with an encapsulated electrode used as a heater. c) The FRVST can exhibit a change in the stiffness upon indirect Joule heating of the heating electrode
encapsulated into the SMP layer. d) The FRVST holds a weight of 60 g with minimal bending in the rigid state but freely bends under the same weight
when heated to 80°C in the soft state. e) The fabrication process of the FRVSTs.

by a modeled nonlinear stress—strain behavior (Figure 2b,c).
These results indicate an SMP stiffness change similar to other
phase-changing materials used in variable-stiffness catheters,
making it a suitable candidate for this study.'*!*2!] The Yeoh
model was chosen because it provides a good fit with the SMP
data in the soft state and has been previously used to model
polyurethane elastomers for biomedical applications (Section S1
in the Supporting Information).*'*?! For our thermomechanical
model, we decided to use a linear model for a rigid state (21 °C)
and a Yeoh model for SMP temperatures of 36, 50, 60, and 80 °C
because they provide the closest fit at these temperatures (Figure
S4 in the Supporting Information).

Adv. Sci. 2024, 2305537

To determine the stiffness variation of the SMP material at
different temperatures, we evaluated the thermomechanical be-
havior of MM5520 by performing a dynamic mechanical analysis
(DMA) test by heating the sample from 0-120 °C with a ramp
of 3 °C min~! under tension (Figure 2d). The glass transition
temperature (Tg) was determined as the temperature at which
the tané (the ratio of the loss modulus (in red) to the storage
modulus (in black)) curve reaches its maximum and is equal to
52 °C.33] The increase in temperature from 0-120 °C resulted
in a 200-fold decrease in stiffness. The current material reaches
a tané pike of 0.48, which is larger than that of carbon-infused
SMP (0.28)."%1 As discussed for polymer—carbon nanotube
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Figure 2. Temperature-dependent mechanical behavior of the shape memory polymeric (SMP) material. material. a) Stress—strain behavior of the SMP
material at different temperatures. b,c) The linear and Yeoh models are well aligned with the experimental results at all temperatures. d) The storage
moduli (black), loss moduli (red), and tangent delta (blue) of the SMP as the temperature was increased from 0 to 120 °C with a ramp of 3°C min~. e)
The SMP material model verification of the displacement at different temperatures.

interactions, the energy dissipation decreases with increasing
carbon loading, leading to a decrease in the tans peak height.>*]
The tané pike of the current SMP is wider than in the case of pure
and carbon-infused SMPs used in soft robotics applications, 1]
revealing higher interfacial interactions that are typical for some
polyurethane (PU) polymers.3*3¢ The stiffness variation and
absolute values observed from the uniaxial tensile tests agree
well with the results from the DMA tests.

We performed the finite-element (FE) simulation of the
SMP tube using ABAQUS (V6.14, Dassault Systémes Simulia
Corp., USA) and then compared the results with an experiment
(Figure 2e). The boundary conditions for the thermomechani-
cal model were consistent with the experiment (Section S2 in
the Supporting Information). The model accurately predicts an
elongation of the rigid and soft SMP tubes with a length, inner
and outer diameters of 30, 0.7, and 2.2 mm under a dead load
of 0.2 kg. The modeled elongations (1.9 and 3.3 mm) and exper-
imental elongations (2 and 3.2 mm) at 60 and 80 °C were ob-
served.

2.2. Fabrication Method of FRVST: Description and
Characterization

The base material for our FRVSTs is a polyurethane-based SMP
(SMP Technologies Inc., MM5520). We chose an SMP material
because SMPs are widely used in biomedical applications such
as stents, drug delivery, and bone tissue engineering!33738] due
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to their thermoplastic properties (ability to change the stiffness
under applied thermal stimuli), low cost, high recoverable strain
levels (300% vs 10% compared to other programmable materi-
als such as shape memory alloys), and ease of manufacturing,
which allows the fabrication of scalable and complex soft med-
ical devices.'3** Compared to MM4520 used in a previous
study,"”) MM5520 demonstrates excellent biocompatibility at-
tributes defined by in vitro cytotoxicity, cytocompatibility, inflam-
mation, thrombogenesis, and platelet adhesion tests.[*>*!] All the
aforementioned results were obtained within a time duration sur-
passing the length of a cardiac ablation procedure (284 min),
making MM5520 a suitable material candidate for minimally in-
vasive devices.[*”] However, since its thermomechanical behavior
is not discussed in the literature, in this study, we also perform
material characterization.

The FRVST fabrication procedure starts with the formation
of an SMP layer on the PTFE tube by means of our previously
described dipping method (for details, seel'®)). In this method,
a PTFE tube with an external diameter of 1.4 mm is fixed on a
carbon rod and dipped vertically into the SMP mixture. Curing
in an oven induces the formation of an SMP layer on the tube
(Figure 1e-i,ii). This dipping step can be repeated multiple times
to achieve the desired thickness of the SMP layer (Figure le-iii).
However, that previously described method relied on manual
dipping without precise control of retraction and spin speeds of
the PTFE tube with an SMP layer, resulting in poor thickness
control. Here, we address the problem by developing an auto-
mated dipping setup (Figure S1 in the Supporting Information),
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which allows precise definition of SMP thickness by controlling
the number of dips, extraction, and spin speeds.

After two dipping steps, a copper electrode wire is wound
around the SMP tube using an automated winding machine
(Figure le-iv and Figure S2 in the Supporting Information). This
wire will be used to heat up the SMP layer during catheter op-
eration. The wired SMP tube is then dipped again in the SMP
mixture two times to encapsulate the copper electrode and at-
tain the intended thickness (Figure le-v-vii). Finally, the fabri-
cated SMP tube is removed from the PTFE tube (Figure le-viii)
and placed aside. To form a cooling system inside the FRVST,
we selected a new thin PTFE tube with an external diameter of
0.6 mm and a working channel of 0.48 mm, which matches well
as a lumen for cardiac ablation catheters. Then, a fluorocarbon
wire is wound around the PTFE tube to form a helical channel,
which will be used as an active cooling mechanism to guide the
water flow through the catheter (Figure le-ix,x).[3] As the final as-
sembly step, the fabricated SMP tube is slipped onto a working
channel tube with a helical channel (Figure 1e-xi).

The FRVST in this study is fabricated through an automated
setup where a PTFE tube is dipped into a mixture of SMPs
(Video S3, Supporting Information). After extraction, the PTFE
tube starts spinning to form an even layer of the SMP coating
on the surface of the PTFE tube. The resulting thickness of the
SMP layer depends on the number of dips and spinning speed.
As shown in Figure 3a, the thickness of the SMP layer increases
from 40, 50, and 90 to 355, 535, and 890 um from the first to
the eighth dip for a spin speed of 20 deg s! and dip speeds of
5, 25, and 50 mm ~'s, with maximum step sizes of 70, 90, and
130 um, respectively. For spin speeds of 20, 100, and 200 deg s71,
the thickness of the SMP layer increases from 90, 60, and 45 to
890, 620, and 480 um from the first to the eighth dip at a dip
speed of 50 mm ~'s, with maximum step sizes of 130, 75, and
65 pm, respectively (Figure 3b). Extraction speed equals to the
dip speed within the same experiment. All data sets show the
same behavior for all speeds, which coincides with the literature,
suggesting that the thickness is highly controllable.[** Ten times
higher dip and 10 times lower spin speeds allow fabrication of a
2.5 times thicker SMP coating, which results in a 2 times higher
standard deviation.

Then, we characterized the fabrication of a helical channel us-
ing an on-custom-made winding setup (Figure 3¢; Figure S2 in
the Supporting Information). The generated pitch distance be-
tween two windings of a fluorocarbon wire depends on the speed
ratio between the top and bottom motors of the setup. The pitch
distance increases linearly from 1 to 25 mm under speed ratios
from 0.2 to 5.

2.3. Thermomechanical Characterization of The FRVST

Before assembling a single-segment catheter, we performed ther-
momechanical characterization of the FRVST to ensure that its
characteristics matched the requirements for cardiac catheters.
We started by assessing the variable-stiffness performance of the
FRVST by characterizing the bending stiffness through a three-
point flexural test, where the FRVST was placed in a universal
testing machine equipped with a temperature box. The test was
conducted at five temperatures: 20 °C for the rigid state, and a

Adv. Sci. 2024, 2305537

www.advancedscience.com

human body temperature of 36 °C, and 40, 60, and 80 °C for the
soft states. During the test, the deflection and reaction force of
the FRVST were measured. The results of three measurements
for three devices are plotted In Figure 3d. Based on the Eule—-
Bernoulli beam theory, boundary conditions, and geometrical pa-
rameters, the SCFs of the FRVST between the rigid state (20 °C)
and 36, 40, 60, and 80 °C were found to be 5.6, 23.4, 45.2, and
66.1, respectively (Section S3 in the Supporting Information).

We then investigated the effect of the applied power on the
heating rate by measuring the temperature of the FRVST under
1, 1.5, 2, and 2.5 W (Figure 3e) to characterize the heating time.
The FRVST can be heated in air from 25 °C (room temperature)
to 80°C in 25 and 13 s under 2 and 2.5 W, respectively. Increas-
ing the current can shorten the heating time, but the impact is
restricted since the diffusion between the heating wire and the
SMP layer requires time. Moreover, further amplifying the cur-
rent may lead to circuit burnout from overheating.

The FRVST utilizes the helical open loop cooling system to
greatly enhance the cooling speed, whereas existing FRVSTs for
cardiac ablation devices rely on slow convection cooling.[81419.21]
We measured the cooling rate of the FRVST under natural con-
vection and different flow rates equal to 0.03, 0.08, and 0.17
L mi~'n, which are in the same range as currently utilized for
cardiac ablation surgeries.I**] The water temperature was equal
to room temperature. The FRVST was heated to 80 °C under 2 W,
and after reaching the desired temperature, the heat was turned
off, and active cooling was turned on. Active cooling was per-
formed using an automated syringe pump (Figure S5 in the Sup-
porting Information). Compared with passive cooling, which re-
quires ~115 s, using water coolant at 0.03, 0.08, and 0.17 L mi~'n
takes only 6.6, 6.3, and 4.4 s to decrease the temperature down
to 28 °C, which improves the cooling rate by 17, 18, and 26
times, respectively (Figure 3f). To achieve the temperature of a
human body (36 °C), it takes 46, 3, 2.65, and 1.8 s under natu-
ral conditions, and coolant rates of 0.03, 0.08, and 0.17 L mi~'n,
therefore enhancing the cooling rate by 15, 17, and 25 times,
respectively.

The use of the FRVST in minimally invasive devices requires
an ability to bend up to 90° without causing a change in the cross
section to execute cooling at the same cooling rate. Thus, a test
to measure the cooling speed at bending angles of 30, 45, 60, and
90° was performed (Figure 3g). The room-temperature water was
pumped through the helical channel at a rate 0f 0.17 L mi~'n. The
FRVST cools from 80 °C to a human body temperature of 36 °C
in the straight and bent configurations in 1.8 and 1.9 s, which
indicates the good performance of the cooling system in the bent
state.

The dimensions of the cooling channel can be a parameter that
determines the cooling rate of the FRVST. To clarify the influ-
ence of the channel dimensions, we prepared three FRVSTs with
cooling channel pitch distances of 12, 18, and 24 mm. They were
evaluated to clarify the effect of the helical channel on the cooling
performance (Figure 3h). The FRVSTs with helical channel step
sizes of 12 and 24 mm cool from 80 °C to a human body tempera-
ture of 36 °Cin 1.65 and 1.8 s, respectively. Using a 12 mm helical
channel results in a 0.15 s shorter cooling time but requires twice
the length of the cooling wire, which makes the FRVST stiffer and
reduces the SCF between the rigid and soft states. As a result, a
24 mm helical channel was used in the study.
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Figure 3. Fast-response variable-stiffness thread (FRVST) characterization. The coating thickness of the FRVSTs was 0.45 mm. Three measurements
were collected for three different samples in all the tests. a) Thickness of the shape memory polymer (SMP) layer as a function of the dip speed and
number of dips. b). Thickness as a function of spin speed. c) The pitch distance between two turns of heating or fluorocarbon wires as a function of
the speed ratio between the winding machine’s motors. d) Reaction force of the FRVST against forced displacement under a three-point flexural test at
different temperatures. e) Heating rate of the FRVST from room temperature (25 °C) for different applied powers. f) Cooling rate of the FRVST from
80 °C to room temperature for different cooling rates. g) Cooling rate of the FRVST from 80 °C to room temperature for different bending angles. h)
Cooling rate of the FRVST for different cooling channel designs. i) FRVST with the SMP layer heated to 80 °C, reaching a surface temperature of 49 °C in
air and 40.3 °C in water at 37 °C without flow. j) Comparison of the simulated and measured heating-cooling cycles of the FRVST. k) Simulated heating
and cooling times for the FRVST with different SMP wall thicknesses.
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When integrated in a minimally invasive device such as a
catheter, the surface temperature of the FRVST must stay in a
biocompatible temperature range (below 41 °C) to ensure safe
operation inside the body. Thus, we determined the maximum
temperature of the outer SMP layer in the soft state by character-
izing the surface temperature in air at room temperature (25 °C)
and in water at 36 °C without forced flow. The water temperature
was set to replicate the thermal characteristics of a device in the
human body, as both have comparable heat-transfer properties.[®!
A thermistor was glued in the middle of the FRVST surface and
was isolated against the water with a layer of glue. The surface
temperature was measured by thermistors when heat was ap-
plied. In addition to the copper electrode used for heating, we
wound the second copper electrode closer to the surface of the
SMP layer. This electrode was used to control the stiffness of the
FRVST by measuring its resistance, which changes at different
temperatures of the SMP layer (Figure S6 in the Supporting In-
formation). The use of a copper wire as a sensor was already uti-
lized to control the state of phase-change materials with a preci-
sion of 0.2 °C.[2021]

First, the FRVST was heated to 80 °C in air with an applied
power of 2 W (applied voltage 2 V). The temperature was con-
trolled using a thermal camera and by monitoring the resistance
change in the sensing wire (Figure S6 in the Supporting Informa-
tion). When submerged in water, the applied power was 4.5 W,
which corresponds to an applied voltage of 3 V. The power was
turned off when a sensing wire relative resistance change of 20%
was achieved (Figure 3i). This value corresponds to the resis-
tance change of the sensing wire when the SMP body is heated
to 80 °C.The surface temperature of the FRVST reached 49 °C in
air and 40.3 °C in water when the SMP body was heated to 80 °C.
These results indicate that the FRVST can be operated under a
biocompatible temperature range of 41 °C.*°l During minimally
invasive surgery, the FRVST will be exposed to fluid flow, which
increases the heat dissipation and lowers the surface tempera-
ture even more. The surface temperature differs from the FRVST
body temperature because of the well-studied thermal gradient
caused by the heating system and the environment.[?°! The en-
capsulation of the FRVST consists of an SMP material, whose
thermal conductivity of 210 W mm~'#K is one order of magni-
tude lower than that of silicone with a thermal conductivity of
2730 W mm~!*K used in previous studies.l!41]

The FRVST stiftness change factor can be tuned by changing
the thickness of the SMP layer. Thus, we performed a thermal-
electrical simulation of the heating-cooling cycle using ABAQUS
to later understand how the heating and cooling durations are
affected by the increase in layer thickness (Section S3 in the Sup-
porting Information). The information regarding the material
properties of the SMP is limited; thus, we determined the ma-
terial constants of the SMP needed for the simulation, including
density, specific heat capacity, thermal conductivity, and electri-
cal conductivity (Section S4,S5 and Figure S7 in the Supporting
Information). The simulated and measured temperature-time
relationships during a heating-cooling cycle showed a good fit
(Figure 3j). The measured heating-cooling cycle was performed
under 2.5 W of power in the heating phase and under a cooling
rate of 0.17 L mi~'n in the cooling phase. With the help of this
verified model, additional projections were made about the heat-
ing and cooling process of the FRVST when the thickness of its
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SMP layer varies (Figure 3k). If the thickness of the SMP layer
increases from 0.275 to 0.625 mm, then the duration of heating
increases from 9 to 16 s, and the duration of cooling increases
from 4.7 to 27.4 s. Later in the paper, a trade-off between reaction
times and bending stiffness in the rigid and soft states at different
SMP layer thicknesses is discussed.

2.4. Characterization of a Single-Segment FRVST Catheter

After characterizing the FRVST, we integrated it into the single-
segment catheter, the design and working cycle of which are il-
lustrated in Figure 4a. It consists of an FRVST attached to a base
on the top end and is equipped with a cylindrical permanent
magnet with a 4 mm length and 2 mm external diameter at the
tip. The catheter has a 55 mm length, a 2.3 mm outer diame-
ter, and a 0.48 mm working channel. The permanent magnet is
inserted and glued inside the SMP tube. The working channel
passes through the lumen inside the cylindrical magnet and can
be used to deliver coolant to the tip of the catheter, for example,
during an ablation procedure. The active cooling system of the
SMP layer, cooling system of the tip, heating, and sensing wires
are plugged into the power supply and multimeter at the base to
deliver power and control the state of the SMP layer. The catheter
was designed with the same size as existing cardiac ablation
catheters.[*}]

A working principle of the single-segment FRVST catheter is
illustrated in Figure 4b. In the rigid state, when power is not ap-
plied, the catheter can withstand an applied magnetic torque gen-
erated by an external magnetic field from 0 to 80 mT. When the
power is applied and the SMP layer becomes soft, the catheter can
be freely bent in the direction dictated by the magnetic torque
from 0 to 180° at 80 mT. Once the shape of the catheter is
fixed, the cooling system is turned on, and the SMP layer be-
comes rigid. To further investigate the actuation capabilities of
the single-segment catheter in the rigid and soft states, we per-
formed an FE simulation by implementing the Yeoh hyperelas-
tic model into the SMP layer of the catheter. (Section S2 in the
Supporting Information). Figure 4c depicts that the FE simu-
lation accurately matches the experiment. During the loading-
carrying stage, both the experiment and simulation show a small
catheter deformation. Furthermore, the simulation indicates that
the SMP layer bears the majority of the load and that there is neg-
ligible stress on the soft section of the catheter.

We evaluated how well a single segment of a FRVST catheter
performs by examining its bending angle in both the soft and
rigid states in the air and water when exposed to external mag-
netic fields by a hospital-compliant electromagnetic navigation
system (eMNS). The bending angle in the soft state determines
how flexible the catheter is, affecting its dexterity. Conversely, in
the FRVST rigid state, the bending angle determines the mag-
netic torque that the catheter can resist, thereby determining the
level of shape fixity that can be achieved. A permanent magnet
with a dipole moment m at position p under external magnetic
field B generates a magnetic torque T, equal to T,, (p) = m X
B(p).*) When the magnetic field is perpendicular to the dipole
moment, the maximum magnetic torque is attained, while the
torque is minimal when they are aligned. However, selecting
permanent magnets with higher dipole moments or different
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Figure 4. Working principle of the single-segment catheter with the fast-response variable-stiffness thread (FRVST). a) Images of the working cycle
under an applied external magnetic field. b) Working principle of the standard working cycle of the single-segment catheter. The catheter can withstand
an applied magnetic moment in the rigid state during the load-bearing phase. In the soft state, it bends when the magnetic field is applied. c) FE
simulation results in a typical working cycle. The boundary conditions for the simulation are the same as in the experiment.

volumes allows for the magnetic torque to be adjusted. First, we
characterized the deflection of a single-segmented catheter in a
soft state by varying the magnetic field angle from 0 to 180° in
air at 20 °C and water at a human body temperature of 36 °C
(Figure 5a). The catheter can bend up to 127° and 76° in the
air and water under a magnetic field magnitude of 80 mT. In
the rigid state, the catheter can withstand the applied magnetic
moment of 80 mT perpendicular to the catheter direction and
bend only up to 3.3° and 19° in the air and water, respectively
(Figure 5Db). Note that the values in Figure 5a and b represent
three tested catheters and three cycles per device. In the soft
state, the device also demonstrates high repeatability with a low
hysteresis for five cycles in both air and water (Figure 5c¢).

We used the FE thermomechanical model discussed previ-
ously to investigate the influences of the SMP layer thickness on
the resulting bending performance in the rigid and soft states in
air (Figure 5d). The simulated results indicate that by decreas-
ing the SMP layer thickness from 0.625 to 0.275 mm, an in-
crease of four and two times in the bending angle in the rigid

Adv. Sci. 2024, 2305537

and soft states can be achieved. Therefore, reducing the catheter’s
wall thickness from 0.625 mm to 0.275 mm results in a heating-
cooling cycle that is 2.6 times faster but comes at the cost of a 4
times decrease in load-bearing capabilities.

The catheter can bend up to 130° in the desired direction in
the soft state under 80 mT (Figure 5e). We demonstrated the
soft-to-stiff state transition by cooling down the catheter with and
without active cooling while the catheter was rotated by applying
a rotated magnetic field from 0 to 180°. The catheter changes
the state from soft to rigid in 110 and 5 s with passive and active
cooling (Figure 5f). The motion and stiffness change rate of the
device can be observed in Video S4, Supporting Information.
Compared with other variable-stiffness catheters with passive
cooling in the literature, our catheter has a comparable heating
rate, 20X faster cooling rate from 80 down to 25 °C, 30° larger
actuation stroke angle, and, at the same time, 1.7 higher SCF
(Figure 5g—j).[81*21] Compared with the smallest endoscopic vari-
able stiffness catheter with active cooling system, our catheter
has a 2x larger actuation stroke angle and 7x faster cooling rate

2305537 (8 of 14) © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Characterization results of the single-segment catheter with a fast-response variable-stiffness thread (FRVST). a) Actuation stroke angle as
a function of the magnetic field angle in the soft state. b) Actuation stroke angle as a function of the magnetic field magnitude in the rigid state. )
Actuation stroke angle as a function of the magnetic field angle in the soft state. The values represent three tested catheters and five cycles per device. d)
Simulated actuation stroke angle as a function of the SMP wall thickness in the rigid and soft states. e) Bending actuation of the FRVST single-segment
catheter in the soft state. f) Demonstration of the active cooling of the single-segment catheter. g—j) Comparison of heating-cooling times, maximum
actuation stroke angle, and stiffness change factor with relevant works in the literature.

from 51 down to 37 °C.’”] Moreover, multiple FRVSTs can be
integrated into the same catheter body to achieve more dexterous
positioning of the catheter’s tip.

2.5. Multisegmented Catheter for Cardiac Ablation

Using the previously described method and materials, we de-
veloped a multisegmented catheter with two independently con-
trolled segments and demonstrated its use for cardiac ablation
in a 3D-printed model of the human heart at body temperature
(Figure 6). The catheter consists of a permanent magnet at the
tip, a working channel, which can be used to cool an ablation tip
during the surgery, and two heating coils that can independently
heat a part of the FRVST (Figures 1 and 6a). Each of the heating
coils covers 25 mm of the FRVST length with a total length of
75 mm. The device structure was encapsulated by dipping it into
the SMP material.

The catheter was first placed in an aquarium in the middle of
the eMNS working area. The magnetic field was applied perpen-

Adv. Sci. 2024, 2305537

dicular to the length of the catheter to demonstrate the deflec-
tion of the tip in the rigid state (Figure 6a-i). Then, the FRVST
was locally heated by applying power to one of two heating coils
and bent to realize catheter deflection. The selective activation of
heating coils of the FRVST enables different deformations of the
of the catheter can be flexed up to an angle of 90 degrees, while
the second segment can resist an applied magnetic torque (Video
S5, Supporting Information). The catheter is capable of produc-
ing complex curvatures in different planes by inducing sequen-
tial stiffening and softening of individual segments (Figure 6a-iv).
Consequently, the catheter is endowed with greater dexterity than
a single-segment catheter, owing to the additional degrees of free-
dom afforded by the integration of two heaters in the FRVST.
When both segments are in a rigid state, the workspace of the
catheter consists of a circular trajectory with a diameter of 7 mm.
Reduced stiffening of the segments increases the workspace by
28 mm when the heater closer to the permanent magnet is heated
and by 42 mm when the bottom heater closer to the base is acti-
vated.

2305537 (9 of 14)  © 2024 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. Multisegmented catheter design, performance, and application. a) The catheter consists of a fast-res variable-stiffness thread (FRVST) with
two heating coils winded in series that allow an independent stiffness change in two segments formed in the same FRVST. The catheter is placed in an
electromagnetic navigation system (eMNS) i) when both FRVSTs are solid and ii-iv) when one of them is successively soft. b) A demonstration of the
variable-stiffness capabilities of the multisegmented catheter. i) The catheter can be navigated to a specific ablation point by an external magnetic field.
ii) In the soft state, it cannot hold the shape and avoid physical contact. iii) After cooling, iv) the stiff catheter can be accurately navigated to a specific
region without applying any pressure on other regions. v) The working channel can be used to cool an ablation tool independently from the cooling of
the FRVST. c) A demonstration of catheter application in the cardiac ablation procedure. The demonstration is performed underwater on a 3D phantom
of the human heart placed in an eMNS. i) The catheter is magnetically steered from the point 1 to the point 2. ii) After reaching the ablation region, iii)
blue cooling liquid is pumped through the helical channel to cool down the segments and lock the shape of the catheter. iv) Then, the red cooling liquid
is pumped through the working channel to demonstrate the cooling process at the interface between the ablation tip and human tissue.
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To illustrate the potential use case of the catheter in medical ap-
plications, the 3D-printed labyrinth was placed in the aquarium
under the catheter (Figure 6b). In the soft state, the catheter can-
not avoid contact with the channel walls while being steered to
the potential ablation region (Figure 6b-i,ii). This contact causes
frictional forces by the catheter on the blood vessel wall, which
can lead to vasoconstriction, injury, and complications such as
reactive intimal proliferation or distal embolization, potentially
resulting in end-organ ischemia and infarction.l®*!] However, by
changing the state of the top segment from soft to rigid through
active cooling (blue liquid), an ablation region can be achieved
without any contact with the channel walls (Figure 6b-iii,iv). The
catheter remains in its position while the demonstration of an
ablation procedure is shown with the red ablation cooling liquid
(Figure 6b-v and Video S6, Supporting Information).

Finally, to demonstrate the catheter’s navigation capability in
reaching ablation target regions within the heart chambers, it was
guided through a 3D-printed model of a human heart submerged
underwater at body temperature (Figure 6¢-i and Video S7, Sup-
porting Information). The device was placed in the left ventricle
and then steered, being in the soft state, from the initial point
1 to the final point 2 to the ablation region as it is done during
a real surgery (Figure 6¢-i,ii).[*”] The FRVST inside the catheter
was cooled to lock the shape by pumping cooling liquid (in blue)
through the helical channel (Figure 6c-iii). Finally, we demon-
strated the use of a working channel to pump coolant (in red) to
lower the temperature at the interface between the human tissue
and the ablation tip (Figure 6¢-iv). The motion of the multiseg-
mented catheter in a 3D-printed model of the human heart can
be observed in Video S7 (Supporting Information).

3. Conclusion

We have described a method for designing fast-response
and stiffness-tunable variable-stiffness devices made of shape
memory polymers (SMPs), namely, variable-stiffness threads
(FRVSTs). When heated from 25 to 80 °C, the current design
can provide a 66x stiffness change. We integrated a helical chan-
nel in the FRVST design that enables open irrigated active cool-
ing of the nontoxic SMP layer, which decreases cooling times by
26x from the soft to the rigid state compared to passive cool-
ing. We performed material characterization of the SMP and de-
veloped an FE thermomechanical model to discuss the trade-
offs among cooling/heating rates, bending performance, and
SMP wall thickness. Fabrication of the FRVST utilizes a dip-
ping and winding technique to produce SMP layers and helical
channels with a predetermined thickness and pitch distance, re-
spectively. Using this technique, we developed single-segment
and multisegmented FRVST catheters with integrated perma-
nent magnets. We demonstrated selective bending of each of
the segments by controlling the stiffness of each of the seg-
ments in the hospital-compliant electromagnetic navigation sys-
tem (eMNS). In the soft state, the catheter can bend up to 127°
and 76° in air and water under a magnetic field magnitude of
80 mT. When switched to the rigid state, the catheter can with-
stand applied magnetic fields up to 80 mT and bend only up
to 3.3° and 19° in the air and water. An integrated active cool-
ing mechanism allows the shortening of the stiffening process
from 117 to 4.4 s. Our catheter design has a 7x faster cooling
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rate, 30° larger actuation stroke angle, and, at the same time,
1.7x higher stiffness change factor (SCF) compared to existing
proof-of-concept multisegmented variable stiffness catheters for
cardiac ablation.[81419:57]

While variable-stiffness catheters with previous designs can
simplify tip positioning and increase applied force,'*?°] they
may also prolong the procedure duration because of a long
90-second heating-cooling cycle.'”) The current design with a
heating-cooling cycle of 17 s can significantly decrease the dura-
tion of surgery, making variable-stiffness catheters more feasible
for practical use.

In addition to its potential utility in minimally invasive devices
across various medical procedures, the FRVST holds promise
for incorporation into smart fabrics, where it could be woven
into textiles.[*¥] Compared to previously developed phase change
material-based variable-stiffness threads, our FRVST can change
its state faster without limiting the motion of the user.?>*! An-
other potential application is flying vehicles, where the rapid state
change in our FRVSTs can enable faster morphing between dif-
ferent locomotion modes.2°]

4. Experimental Section

Tensile Test Sample Fabrication: The SMP mixture was prepared by dis-
solving 10 g of pellets of a shape memory polyurethane (SMP Technolo-
gies, MM 5520) in 60 g dimethylformamide (DMF) for 8 h via a magnetic
stirrer at 60 °C. The SMP mixture was poured onto a glass substrate on an
automated film applicator coater (ZAA 2000-Zehntner-Automatic film ap-
plicator). The thickness of the gap height of the applicator was adjusted to
700 um, and the mixture was spread at a drawing speed of 2 mm ~'s. Af-
terward, the SMP mixture on the glass substrate was placed in an oven for
a minimum of 8 h at 80 °C to evaporate excess DMF. The same procedure
was followed for the second and third layers of the SMP with an increase
in the gap height by 50 um at every step to account for the thickness of the
previous layer. The sheet was delaminated from the glass substrate using
a sharp razor blade. The specimens were then cut from the SMP sheet ac-
cording to 1SO standard 527-3 for the determination of tensile properties
of plastic films and sheets (Figure S3 in the Supporting Information).

Tensile Test of the SMP Samples:  Tensile tests were conducted to obtain
the stress—strain relationships of the SMP at room temperature (25 °C),
human body temperature (36 °C), 50, 60, and 80 °C. A tensile testing ma-
chine (Instron 5965) equipped with a 500 N load cell and a thermal cham-
ber was used. A sample with a dog-bone shape and a thickness of 0.15 mm
was moved at a constant speed of 50 mm min~" until the specimen frac-
tured or exceeded 200% strain (Figure S3a, Supporting Information). The
collected load and elongation data were converted to a stress—strain curve
to obtain Young’s modulus by applying a linear or Yeoh model. The elon-
gation and width changes before and after the tensile test were measured
using a caliper and micrometer to determine the Poisson’s ratio p of the
SMP using the following formula for large deformations:

hgpal—h lenai—lo \ Y
_ ﬁm;'/ 0 =1- (-I + ﬁm;( 0) (-l)
0 0

where ho, hgpqi, o, and lgq were the initial, final width, initial, and final
length of the dog-bone sample, respectively. The determined Poisson’s
ratio v of the SMP was equal to 0.48. Thus, the material was modeled as
incompressible.

Dynamic Mechanical Analysis (DMA) of the SMP Material: The DMA
test for the SMP MM5520 was performed in the tension film mode on
three strip samples (dimension 30 mm X 5 mm x 0.2 mm) fabricated via
the layer deposition technique with a dynamic mechanical analyzer (TA
Instruments DMA Q800). The sample was heated from 0—120 °C with a
ramp of 3 °C min~! under tension. Initially, the sample was cooled to 0 °C
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and stabilized for 5 min to reach thermal equilibrium. The strain oscillated
at a frequency of 1 Hz with a peak-to-peak amplitude of 0.2% of strain.

Helical Channel Design Characterization Using an On-Custom-Made
Winding Machine: ~ An on-custom-made winding machine consists of two
step motors located along the same axis with drilling chucks at each of the
tips serving as grippers (Figure S2 in the Supporting Information). An SMP
or PTFE tube was inserted between the motors and held by chucks in the
horizontal position. The motors provide rotation of the tube. A coil with
a winded wire (a copper or a fluorocarbon wire) stays on the linear stage,
which was located under the motors. The linear stage provides movement
of the coil along the length of the held SMP or PTFE tube. The control of
step motors and the linear stage was performed using an Arduino Uno
and step motor drivers in the control box. The rotation speed of the top
step motors was fixed. The linear speed of the linear stage varied to pro-
vide a different pitch of the helical channel. Thus, the speed ratio between
the two top motors and the bottom motor of a linear stage varied in the ex-
periment. The experiment was conducted three times for three SMP tubes
under speed ratio coefficients of 0.2, 0.4, 1, 2, 3, 4, and 5.

Automated Dipping Setup Design: The automated dipping setup has
three degrees of freedom: one degree in translation to perform the dipping
motion, and two degrees in rotation to perform the operations to tilt and
spin the forming tool (Figure S1 in the Supporting Information). The tilt
degree of freedom was not used in this study. The setup consists of a
translation stage (with a stepper motor Nema-17) and two stepper motors
(Sanyo Denki, 103H5208-5210). System control was performed by using
an Arduino Uno R3 microcontroller and three motor drivers (MotionKing,
2L415B). 3D-printed elements were used to connect parts with each other.
Donau drilling chucks were used to hold the carbon rods with PTFE tubes
while dipping.

Fabrication of the Variable-Stiffness Thread (FRVST):  The fabrication of
FRVSTs began with the preparation of a shape memory polymer (SMP)
mixture using commercially available pellets of polyurethane (PU) poly-
mer (MM5520, SMP Technologies). Pellets were dissolved in a solvent
(dimethylformamide: DMF, Sigma-Aldrich) in a weight proportion of 1
to 6 and stirred at 50 °C for 8 h. A polytetrafluoroethylene (PTFE) tube
with an inner diameter of 1 mm and an outer diameter of 1.4 mm was
dipped vertically in an already prepared SMP mixture using an on-custom-
made dipping setup. Thereafter, the tube was hung vertically and cured
in an oven at 80 °C for an hour. The dipping process was repeated one
more time to obtain a 66 um thick SMP layer. Then, a heating wire made
of copper with a 0.1 mm diameter was wound around the SMP tube using
an automated on-custom-made winding machine with a pitch distance of
1 mm. Afterward, the SMP tube with a heating wire was dipped 5 more
times in the SMP mixture and cured in the oven. The sensing copper wire
with a 0.052 mm thickness was wound around with a pitch distance of
1 mm. In the last fabrication step of the SMP tube, it was dipped into the
SMP mixture to encapsulate the structure and achieve an external diame-
ter of 2.3 mm. In parallel with SMP tube fabrication, a fluorocarbon wire
with a 0.4 mm diameter was wound around the inner PTFE tube with a
working channel and external diameters of 0.48 and 0.6 mm, respectively.
The pitch distance in the cooling channel was 24 mm. Finally, the working
channel with a helical channel was inserted into the SMP tube and glued
from both sides. The silicone pipes were glued to the bottom part of the
FRVST to provide cooling to the SMP layer and working channel.

Three-Point Flexural Test of the FRVST: To determine the SCF of the
FRVSTs, a three-point flexural test was conducted using a universal testing
machine (Instron 5965) that had a temperature control box. The machine
was equipped with 3D printed support parts made of acrylonitrile butadi-
ene styrene (ABS) and a rail designed according to the ISO178:2019 stan-
dard that outlines the conditions for three-point flexural tests on universal
testing systems. The tests were performed at five temperatures, that was,
25 °C (room temperature) for the rigid state and 36, 40, 60, and 80 °C
for the soft state, to obtain the deflection and reaction force of the FRVST.
The raw data obtained from the reaction force against forced displacement
were filtered using the Origin Pro 2016 infinite impulse response (IIR) fil-
tering tool. A Butterworth filter with a pass frequency of 400 Hz was used
for filtering.
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Characterization of the Heating and Cooling Times: For the character-
ization of the heating time, temperature readings were sampled using a
thermal camera (FLIR, E8xt) that was placed 150 mm from the FRVST.
Three samples with an SMP wall thickness of 0.45 mm were tested for
each of the four applied voltages of 1.3, 1.7, 2, and 2.4 V, which resulted in
applied powers of 1, 1.5, 2, and 2.5 W, respectively. The FRVST was cooled
to room temperature between each measurement, and the heating pro-
file of the FRVST was processed using FLIR ResearchlIR software. For the
characterization of the cooling time, the FRVST was heated to 80 °Cat 2 W.
After reaching the desired temperature, the heat was turned off, and active
cooling was turned on. Active cooling was performed using an automated
syringe pump (Figure S7 in the Supporting Information) under natural
conditions (passive cooling) and three different rates equal to 0.03, 0.08,
and 0.17 L mi~'n. All the cooling rates inside the FRVST were calculated
using the parameters of the syringe pump, continuity law, and volume rate
flow. For the cooling time characterization at different bending angles, the
device was held in metallic grippers throughout the test.

Surface Temperature Measurement: The surface temperature was mea-
sured using a previously presented method!® %] by placing a TDK thermis-
tor on the outer SMP surface while the temperature of the FRVST body was
increased via indirect Joule heating. The FRVST was heated by applying 2 W
with a power supply (BK Precision, 9141) when in air and 4.5 W when in
water. The current was set to 1.5 A. Each of the applied powers resulted in
a relative resistance change of 20% in the sensing wire. The sensing wire
data were monitored with a digital multimeter (BK Precision, 5493C). The
thermistor data were collected with data acquisition hardware (Lab)ack,
U3-HV).

Actuation Stroke Angle Characterization of the Single-Segment Catheter:
Reaction Time Demonstration of the Single-Segment Catheter: For the reac-
tion time demonstration, the single-segment catheter was placed upside
down inside the aquarium in the middle of the working area of the eMNS.
A repeatable magnetic field with a magnitude of 80 mT and shifting direc-
tion from 0 to 180° was applied.

Multisegmented Catheter Demonstration: For the demonstration sce-
narios, the multisegmented catheter was placed upside down inside the
aquarium in the middle of the working area of the eMNS. Each of the
segments was stiffened and softened to demonstrate bending in different
planes. A labyrinth demonstration was performed under the same condi-
tions. Then, the aquarium was filled with human body temperature water.
The water state was controlled with a thermometer. The catheter was in-
serted inside the 3D-printed phantom of the human heart and omitted in
water (Figure S8 in the Supporting Information). The heart was held in the
3D-printed support. Blue and red waters were used to cool down the SMP
layer and demonstrate the ablation procedure, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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