
1. Introduction

In the last decade, the production of electrospun fibers

is experiencing significant improvements in the

process technology (i.e., bubble or macromolecular

electrospinning [1–3]) greatly contributing to the re-

alization of advanced functional materials [4–8]. In

particular, electrospun tube-shaped devices are assum-

ing an increasing role in biotechnology [9] and in var-

ious biomedical applications such as vascular pros-

thesis [10], artificial ducts [11–15], bioactive ducts for

nerves [16], tendon rupture repair [17], adhesions pre-

vention [18], reinforced medical tubes [19], antimi-

crobial urinary catheters [20]. At the same time, the

development of intelligent polymers that respond to

small changes in environmental conditions with

shape, physical, or chemical changes is achieving in-

teresting improvements in micromechanics and bio-

compatible devices [21–24]. Moreover, a significant

effort was employed for the development of smart

polymer tubes capable of providing deformation with

multiple degrees of freedom for applications in robot-

ic manipulation [25, 26], displacement actuators [27],

shape recovery components [28], pH control [29].

In this context, our investigation has been recently

addressed to the fabrication and characterization of

elastomagnetic nanostructured tubes consisting of

magnetically functionalized polycarbonate-ure-

thanes nanofibers, incorporating Nickel nanoparti-

cles [30]. In this work, the process optimization in

terms of incorporation and dispersion of magnetic

particles into the fibers was reported, also clarifying

the role of particle size and aggregation in the func-

tionalities of magneto-active devices. These nanos-

tructured tubes exhibited noteworthy smart proper-

ties, in particular, a large longitudinal strain under a

moderate magnetic field. At the same time, taking

651

Nanocomposite tubes for magneto-active devices

V. Guarino1, V. Iannotti2, G. Ausanio2, L. Ambrosio1, L. Lanotte1,2*

1Institute of Polymers, Composites and Biomaterials (IPCB) National Research Council of Italy, Mostra d’Oltremare

Pad. 20, V.le J. F. Kennedy 54, I-80125 Naples, Italy
2CNR-SPIN and Department of Physics ‘E. Pancini’, University of Naples ‘Federico II’, Piazzale V. Tecchio 80, I-80125

Naples, Italy

Received 23 September 2019; accepted in revised form 2 December 2019

Abstract. Small polymeric ducts incorporating a ribbon-shaped mat of densely packed magnetic nanofibers have been man-

ufactured via electrospinning by using a cylindrical manifold, alternately under rotation or static. The magnetic nanofibers

mat is located on the side of the tube and aligned to the longitudinal axis using the assistance of a magnetic field. The

designed methodology ensures that the magnetic particles are completely wrapped into a protective polymer shell. Experi-

mental results demonstrate that the innovative confinement of magnetic nanofibers, forming a longitudinal ribbon on a tube

side, confers a high and reversible transverse strain under a moderate magnetic field stimulus: a magnetic field gradient

≤30 mT/mm, at a basic field intensity <0.04 T, induces a 40% decrement of the duct radius aligned with the magnetic force

axis. In perspective, this is very attractive to fabricate magneto-active ducts suitable for microfluidic components, as well

as biomedical devices to be applied in surgery and endoscopy.

Keywords: smart polymers, magnetic field-assisted electrospinning, magneto-active microtubes, elastomagnetic strain effects

eXPRESS Polymer Letters Vol.14, No.7 (2020) 651–662
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2020.53

*Corresponding author, e-mail: lanotte@fisica.unina.it

© BME-PT



advantage of previous pioneering studies on the

combination of magnetic field with electrospinning

process [31], a proper configuration of electric and

magnetic fields was defined to agglomerate magnet-

ic nanofibers, aligned along the line of maximum in-

tensity of the magnetic force, thus forming nanofi-

brous wires with a high density of magnetic nano -

particles: this peculiar structure is the main respon-

sible for high elastomagnetic deflection and elonga-

tion, very promising for electromechanical and bio-

medical devices [32].

Within the above-described state of the art, the pro-

duction of programmed/aligned filiform fibers cov-

ers recent developments [33], and several methods

of external assistance during electrospinning, also in

cylindrical configuration [34], have been already

used. Nevertheless, these previous studies have not

yet been specifically addressed to the realization of

a magnetic functionalization for the improvement of

elastomagnetic sensitivity. This is just our general

purpose: on the last aspect the main progress of the

proposed procedure and the originality of the new

features are based. In fact, in this investigation we

design and produce nanocomposite tubes incorpo-

rating a thin longitudinal ribbon of magnetic equally

oriented nanofibers, well-localized laterally on the

duct. This innovative structure leads obtaining tubes

that exhibit a remarkable transverse contraction (over

50% increase of the tube eccentricity with a 40% de-

crease in tube radius along the axis of external mag-

netic force application) under moderate magnetic

stimulus (a magnetizing field gradient ≤30 mT/mm

at a basic intensity <0.04 T). These new magnetical-

ly functionalized polymer tubes (MFPTs), could be

very important to follow up the demand of tubular

devices able to exhibit a transversal strain to solve

very frequent obstruction problems in bio-medicine

or for micro-electromechanical flow regulator de-

vices, as it will be indicated with more detail in the

conclusions.

In the following sections, the used materials, the ex-

perimental expedients and the steps of the employed

methodology will be described. Then, results on the

morphological, magnetic and, in particular, elasto-

magnetic strain characterization, will be reported to

validate the achieved points:

a) Fabrication of an elastic polymer tube containing

a longitudinal ribbon of magnetic nanofibers well

incorporated inside by a programmed sequence

of process conditions;

b) Validation of the new composite tubes as sensi-

tive actuators in prototypes capable of a signifi-

cant transverse contraction under moderate mag-

netic stimuli.

2. Materials, production and

characterization method

In agreement with previous works, composite nano -

fibers of Polycarbonate-urethanes (PCU), including

Nickel nanoparticles (99,99% Aldrich Chemical), as

filling magnetic charge, were fabricated via electro-

spinning.

Among the large choice of potential polymer matri-

ces (see for example references [35, 36]), PCU were

selected for their high elastomagnetic sensitivity,

bio-compatibility, and good elasticity. In fact, due to

its peculiar chemical structure which includes three

reactive components: a di-isocyanate, a soft segment

– commonly an oligomeric macro-monomer –- and

a chain extender, PCU show an unique combination

of toughness, durability, flexibility, biocompatibility

and bio-stability making it suitable for a wide range

of applications in the biomedical field as for example

functional support of damaged vessels [37], vascular

prosthesis [38] and regeneration of connective tis-

sues [39] exhibiting good elasticity performances

and durability in vivo [40]. On the market, two dif-

ferent types of PCUs named CORETHANE (75D

and 80A) are available. In our study we used latter

(80A) because it shows a peculiar rubbery behavior

conferred by the higher fraction of soft segments.

On the other side, Nickel nanoparticles (NPs) with a

size <200 nm have been used in order to ensure their

incorporation in micrometric-sized fibers, preserving

a remarkable magnetic moment. Other high-perfor-

mance magnetic particles could be chosen [41–43],

but the main reason we prefer Nickel is that it has

already shown to have interesting elastomagnetic re-

sponse in a polymeric matrix, as reported in previous

works [30, 32, 44–47].

For the electrospinning process, a basic solution was

prepared by dissolving Corethane (15% w/v) into a

THF/DMF (7:3) until a complete homogeneity is

achieved. In one-half of the PCU solution, the Ni

nanoparticles were mixed manually for 20 minutes,

in the right percentage to obtain a homogeneous vis-

cous solution with a Ni content of 12% in volume.

The pure PCU solution, as well as the NPs charged

solution, were placed in a 5 ml plastic syringe con-

nected to an 18 Gauge needle.
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The electrospinning apparatus (Nanon01, MECC,

Japan) has a simple configuration, as shown in Fig-

ure 1. The liquid jet is directed along the vertical axis

and, taking into account the optimization already ob-

tained for the production of nanofiber tubes and

wires [30, 32], the following values of the set-up pa-

rameters were fixed: flow rate of 1 ml/h, needle/col-

lector gap equal to 12 cm, voltage difference between

collector and emitter equal to 18 kV. Moreover, the

spinneret was translationally moved – at a rate of

1 mm/s – along 35 mm width to improve fiber thick-

ness homogeneity along the tube.

The production process was adapted to obtain poly-

meric tubes with two main requirements: (i) incor-

poration of magnetic nanofibers preferentially ori-

ented along to the longitudinal axis of the tube and

located in a lateral strip of the conduct; (ii) an opti-

mal encapsulation of the magnetic nanoparticles into

PCU casing. The first requirement is mandatory to

obtain high transversal and flexural strains under ex-

ternal magnetic gradients stimuli, while the latter one

to prevent any contamination of the magnetic NPs

with outside environment, thus preserving the bio-

compatibility.

To achieve the prefixed goals, the process was per-

formed in three successive operative steps:

1) fiber deposition from pure PCU solution onto the

horizontal stainless steel mandrel – 3.0 mm in

radius – with controlled rotation of 50 rpm.

(10 minutes). The rod was previously wrapped

by an aluminum foil to facilitate the extraction

procedure of the fibrous tube once collected.

2) fibre deposition of NPs/PCU solution (12 min-

utes) under process conditions as reported else-

where [32]. In this case, the mandrel rotation was

interrupted and two permanent NdFeB magnets

(30×30×6 mm3), at a distance of 6 millimeters

below the mandrel, were positioned as shown in

Figure 1 to produce a horizontal magnetic field,

transverse to the deposition axis, thus generating

a layer of aligned magnetic nano fibers on the

upper side of the collector rod, above the previ-

ous deposited layer of PCU fibers (Figure 1b,

below).

3) fiber deposition from the pure PCU solution

(10 minutes) to form a homogeneous external

layer of pure PCU fibers onto the surrounding tube

already formed in the previous two steps.

After the deposition, free MFPT samples were ob-

tained by sliding the thin aluminum foil wrapped onto

the metallic mandrel, put on the manifold as a holder

for the deposited material, then removing the residual

aluminum from the inner part of the conduits.

The side and cross-section images of the produced

tubes were acquired by means of an optical magni-

fication camera (TESLONG MS 100 photo-camera).

The morphology of the nanofibers was investigated

by SEM microscopy (FESEM, QUANTA200, FEI,
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Figure 1. a) Layout scheme of the electrospinning equipment. N = needle, R = cylindrical holder (that can be in the rotation

or stopped), ∆V = Voltage Generator, M = NdFeB permanent magnets (maximum induction field on the polar sur-

face: 0.4 T) producing a static field H (which can be easily removed). The horizontal displacement of the needle

was fixed at 35 mm to cover the distance between the middle points of the top surfaces of the magnets. b) Above:

arrangement of the magnets under the PCU duct obtained after 1st phase. Below: detail of the tube obtained after

2nd phase with electrospun magnetic nanofibers (darker in color due to the NPs presence) forming a strip on the

upper region. The magnets are fixed on a wooden base plate, coming out at a height of 1.5 cm (distance between

the magnets 30 mm). An aluminum sheet covers each magnet and goes down to contact the electrode at the base.

The electric contact between the mandrel, the magnets and the aluminum foil is ensured by conductive wires. Thus,

the electric field distribution is stabilized, ensuring that the magnets, the aluminum sheets on their surface and

mandrel have the same potential.



the Netherlands). Prior to the analysis, circular sam-

ples, mounted on metal tubes by using double-sided

adhesive tape, were sputtered with a gold-palladium

coating for about 20 seconds. SEM images were

taken under high vacuum conditions (10–7 tor) using

the secondary electron detector (SED), at a working

voltage of 5 kV.

The magnetic characterization of the permanent

magnet was carried out by means of standard Hall

Probes, while the magnetic response of the samples

was characterized by measuring the differential mag-

netic permeability µ = δB/δH where H is the mag-

netizing field applied parallel to the longitudinal axis

of the tubular sample and B is the respective longi-

tudinal magnetic induction in the sample, obtained

from the first magnetization curve. The first magne-

tization curve and its derivative were determined by

using a Vibrating Sample Magnetometer (VSM, Ox-

ford Instrument) – in dotation in our laboratory [48]

– and its data processing facilities.

3. Results and discussion

3.1. Morphological and magnetic analyses:

preliminary studies

A focus point to fabricate the MFPTs described

above consists of the effectiveness of the magnetic

field assistance to produce a ribbon of compact and

aligned magnetic functionalized nanofibers (MFNs)

by electrospinning a polycarbonate-urethane (PCU)

+ magnetic nanoparticles (MNPs) solution on a pure

PCU tube – previously deposited.

To verify this magnetic field efficiency, a morpho-

logical characterization of magnetic nanofibers mats,

as deposited on a pre-existent PCU tube, was per-

formed in three different conditions: (a) cylindrical

manifold held in rotation without the presence of

longitudinal magnetization; (b) rotating cylindrical

manifold and in the presence of a longitudinal mag-

netic field; (c) manifold in static condition and pres-

ence of longitudinal magnetization.

After the addition of another outer PCU layer, the

final tubular samples are removed from the cylindri-

cal aluminum support. The image of their cross-sec-

tion provides a clear view of the macroscopic effects

obtained keeping the support in rotation during the

electrospinning of the MNFs (procedure (a) or (b),

Figures 2a, 2b) – thus helically distributing the mag-

netic fibers over the entire surface of the polyure -

thane deposit, formed in the previous phase – or

stopping the support itself and depositing the MNFs

longitudinally and only on a side strip of the cylinder

(procedure (c), Figure 2c).

In the case in which the distribution of the MFNs

covers the entire circular crown (Figures 2a, 2b) the

dilution of the nanofibers is high – this is also demon-

strated by the fact that the nickel presence does not

give gray color in the image of the section –.  On the

contrary, in the case of Figure 2c it is very evident

the thickening of the MFNs that form a mat only on

the section edge exposed to electrospinning of the

NPs/PCU solution. Since the same cross-section con-

figuration is detected along the entire length of the

tube, the MFNs form a longitudinal ribbon densely

loaded with nickel particles inside the wall of the

small conduit.

In the case (a), also if the tube cross-section appears

very similar to that of the case (b), a low pre-orien-

tation of the fibers is expected. To better clarify the

MNFs alignment inside the deposited mat, their mor-

phology was investigated before the outer shell elec-

trospinning. In Figure 3 we can see that the MFNs

in condition (a) (Figure 3a) are inclined with respect

the longitudinal axis Z (Figure 1) as a consequence

of the collector rotation, and this inclination is dras-

tically reduced if longitudinal magnetic field is ap-

plied (Figure 3b): therefore, the magnetic action on

the NPs, which try to align them towards the mag-

netic force lines, also produces an alignment of the

fiber towards the H axis, coincident with Z. This is

validated by the MFNs image after electrospinning

on the collecting manifold in static condition (Fig-

ure 3c): the fibers are preferentially parallel to H.
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Figure 2. (a, b) Cross-section of the tubular sample obtained

with procedure (b) (magnetic field-assisted elec-

trospinning on rotating manifold). In the case of

absence of magnetic field (procedure (a)) the cross-

section image does not show difference, therefore

only one figure representative of the two cases is

reported. (c) Cross-section of a tubular sample

produced according to the procedure (c) (magnetic

field-assisted electrospinning on the fixed mani-

fold). The cross-section diameter is D ≈ 6.3 mm.



In the three investigated case the particle concentra-

tion in the used solution was fixed at 12% in volume,

this because we have designed to evidence only the

effect of particle orientation on the properties of the

deposited fibers. An indirect experimental confirma-

tion of the Ni nanoparticles orientation inside the

fibers, due to magnetic field application during static

or dynamic electrospinning, is obtained by compar-

ing the behavior of the longitudinal differential mag-

netic permeability µ = δB/δH as defined in section 2.

The results obtained from magnetically functional-

ized cylindrical samples (20 mm in length) produced

under conditions (a), (b) and (c) are summarized in

Figure 4.

It is evident that when the MFNs are electrospun all

around the tube edge without any magnetizing field

(case (a)) the differential magnetic permeability is

the lowest, and its maximum is reached at the high-

est magnetizing field value (Hma).  On the contrary,

when the MFNs are deposited in static condition of

the manifold – therefore only on the exposed side

strip of the tube – and in presence of the field pro-

duced by permanent magnets (case (c)), the highest

magnetic NPs concentration, and the alignment, cor-

respond to the highest value of µ, moreover the max-

imum susceptibility is reached at the lowest value of

the magnetizing field (Hmc).

The benefit of the magnetic field application in the

alignment of the magnetic particles, and consequent-

ly of the fibers which incorporate them, also main-

taining manifold rotation (case b), as already shown

by the SEM images, is also confirmed by the µ be-

havior which is intermediate between case a and c.

According to the SEM analysis, the effect of static

deposition, which concentrates the magnetic field-

assisted electrospinning on a side strip of the tube

and provides larger fibers (Figure 3 curve c), is the

most effective in increasing magnetic permeability

at low H field.

Considering the morphological and magnetic data,

we deduce that the new type of nanocomposite bio-

compatible tubes, fabricated by a multistage electro-

spinning technique, corresponds to the pre-estab-

lished purpose: the dense side strip of MFNs can

respond excellently to external magnetic stimuli.

3.2. MFPTs smart magnetic actuation

To show that the MFPTs presented here have a re-

markable transverse contraction under the action of

a moderate magnetic field gradient, the experimental
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Figure 3. SEM images of nanofibers deposited on rotating manifold without (a) and with (b) longitudinal magnetic field,

and in static conditions with the presence of a longitudinal magnetizing field (c). The samples are all obtained after

the PCU fibers electrospinning on the rotating collector for 5 minutes and subsequent electrospinning of PCU+Nick-

el nanoparticles for further 5 minutes in the three different methodologies (a), (b) and (c). The average fibers di-

ameter, evaluated via image analysis was equal to (a) 1.1 µm, (b) 1.8 µm and (c) 2.2 µm, respectively.

Figure 4. Differential longitudinal magnetic permeability µ

as a function of the applied longitudinal magnetic

field H in samples produced under the different ex-

perimental conditions (a), (b) and (c), as specified

in the caption of Figure 3. The permeability values

are generally lower than expected in pure Nickel

since the Ni NPs are diluted in the polymeric ma-

trix. Hm indicates the magnetizing field at which

the maximum value of µ is obtained in the three

different sample types.



arrangement was realized as described in Figure 5.

In Figure 5a, to the right, a small cylindrical magnet

Mo (NdFeB diameter = 6 mm and length = 10 mm)

and the induction field Bo that it produces along its

main symmetry axis are reproduced: the blue curve

in the figure shows intensity Bo – on vertical axis in

Tesla unit – with respect to the distance from the

magnet (X).  In the same Figure 5a is schematized

the section (S) at the end of an MFPT; the cross-sec-

tion (MM) of the magnetic fibers ribbon embedded

in the tube is visible inside S. A plexiglass bar – P –

supports the tube in a fixed position on the opposite

side to MM. A mechanical device produces the mi-

crometric displacement of the magnet so that its dis-

tance X from the MM ribbon can be reduced, thus in-

creasing the magnetizing field and its dBo/dx gradient

on the ribbon-shaped magnetic mat incorporated in

the polymeric tube.

Figure 5b shows in a lateral view the same compo-

nents of Figure 5a, but in this configuration the mag-

net (Mo) is placed not at the end of the polymer tube,

but at an intermediate position, in order to observe

the lateral strain of all the tube under the action of

the transversal magnetic stimulus. The last can be in-

creased, as in configuration 5a, by decreasing the

distance (X) between the magnet polar surface and

the magnetic nanofiber ribbon (MM).

The magnetic mat (MM) inside the conduit is sub-

jected to the x component of the force produced by

the permanent magnet (Equation (1)):

(1)

where mx is the component of the magnetic moment,

along the x-direction, of the ribbon piece MM im-

mersed in the magnetic field and dBo/dx is the x
component of the induction field gradient. To in-

crease Fx it is sufficient to bring the magnet closer

to the sample. In fact, decreasing the distance X be-

tween MM and the magnet both mx and dBo/dx in-

crease – mx increment is due to the increase in the

intensity of the induction field Bo –. This causes an

increasing compression of the tube section and the

consequent strain as can be verified by the experi-

mental results reported in Figure 6.

Figure 6a reports the images of the final cross-sec-

tion of the MFPT: in the image on the left (Fig -

ure 6a1), the tube is outside the magnetizing field

(the distance from MM to the magnet is X0 =

18 mm); going to the images on the right, X decreas-

es (Figure 6a2) to X1 = 10 mm ((dB/dx)1 ≈ 10 T/m,

Bo1 = 0.015 T)) and finally (Figure 6a3) to X2 =

7.0 mm (dB/dx)2 = 30 T/m, Bo2 = 0.03 T). In corre-

spondence, the eccentricity of the cross-section,

d
d

F m x
Bo

x x=
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Figure 5. (a) This experimental configuration was designed to observe the deformation of the duct section induced by a

transverse magnetic stimulus. The MFPT was placed horizontally on plexiglass support (P), which is parallel to

tube axis. The magnetic mat (MM) incorporated in the tube at the terminal section (S) was subjected, along the

transverse axis (X), to the magnetic induction field (Bo) of a small permanent magnet (Mo). The axial Bo intensity

behavior (as obtained by a standard hall probe) is shown in the diagram as function of the distance (expressed in

millimeter) from the magnet surface. (b) This experimental arrangement was conceived to observe the tube strain

by seeing the conduit laterally, as induced by a transverse magnetic stimulus similar to previous case. The tubular

sample (T) was kept vertical on the plexiglass support (P) and in the transversal induction field (Bo). In this case

the magnetic forces (F) are applied to an MM region in the middle of the tube.



measured as the ratio between the vertical and the hor-

izontal diameters, passes from 1.1 to 1.3 and to 1.7.

The ability to contract under the action of a moderate

transverse magnetic field is also evidenced in the ex-

perimental configuration in which Bo is applied not

on the terminal section, but in the central region of

the tube (Figure 5b), and its lateral strain is dis-

played. In Figure 6b the sequence b1, b2, and b3

show the lateral view of an MFPT as deformed by

the same magnet and at the same distances (X1, X2,

and X3) of the sequence a1, a2 and a3, reported in

Figure 6a. Also, in this case, the transversal contrac-

tion of the tube is evident.

In the cases, a3 and b3 in Figure 6, the stress force

Fx (Equation (1)) is the maximum possible, since

both mx and dBo/dx have the maximum possible

value: the MFPT strain produces an increase in the

eccentricity of tube section more than 50%.

The effectiveness of the device is based on the pres-

ence of the dense magnetic nanofiber ribbon only on

a side portion of the tube. This allows having a thin

thickness of the not magnetic part of the tube, which

confers a very low transverse rigidity, making it pos-

sible to produce a large strain by means of a unilat-

eral low pressure. The same effect is not possible by

means of a magnetic fiber layer around the entire tube.

In fact, the presence of a homogeneous magnetic

shell confers a higher thickness to the duct section

combined with a higher rigidity of the composite

material; so that when the same moderate magnetic

field is applied as in the arrangements of Figure 5,

the addition of both magnetic forces around the sec-

tion contour and attractive forces among magnetized

parts of the section (in particular between the oppo-

site sides along X-axis) does not compensate for the

increase in transverse rigidity.

The easy and noteworthy transversal contraction –

demonstrated here experimentally – seems very prom-

ising to be applied in several practical cases, being

an alternative or an evolution with respect existent

methodology or devices, as will be outlined in the

conclusions.

4. Conclusions

The combination of electrospinning on a rotating

manifold and in static condition – assisted by a mag-

netic field- has been designed and realized so as to

produce PCU nanofiber tubes containing along a

side a ribbon of longitudinally aligned nanofiber in-

corporating Ni nanoparticles. The morphological and

magnetic differences with similar polymeric tubes

incorporating magnetic nanofibers homogeneously

aligned, and without preferential localization, are ex-

perimentally evidenced and show the improvement

obtained by the use of the new methodology. The

new design composite ducts are particularly effective
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Figure 6. (a) Cross-section contraction of the composite polymer tube due to the application of an increasing both intensity

and gradient of the transverse magnetizing field. In case a1 the magnetic ribbon (MM) is at a distance X0 = 18 mm

at a very low strength and gradient of magnetizing field (see behavior of Bo versus X in Figure 5a. In case a2 the

distance of the magnet is decreased (X1 = 10 mm); correspondingly the Bo field intensity, as well as its gradient,

are increased (Bo ≈ 15 mT; dBo/dx ≈ 10 mT/mm). In case a3 the magnet distance from MM is the lowest possible

(the magnet is practically in contact with the plexiglass holder) the field intensity is about 30 mT and the field gra-

dient approaches the value 30 mT/mm. (b) Transverse contraction of an MFPT, in lateral view, as produced in con-

figuration of Figure 5b and in the same sequence of magnetic stimuli applied to the extreme cross-section in case

a. In the images b2 and b3 it is visible the magnet and its approaching.



for a smart response (over 50% increase in eccentric-

ity of the tube cross-section) when, at low magnetic

field intensity (≈30 mT), a medium intensity gradi-

ent of transversal magnetic field (30 mT/mm) is ap-

plied: the high transverse contraction is demonstrat-

ed by the vision of both cross-section and the lateral

view of the tube. The transverse strain is reversible

and can be enhanced by increasing the magnetic stim-

ulus intensity. The fabrication process is easy to re-

produce and reliable. Moreover, also if currently the

used methodology appears not suitable for mass-

production, to achieve these purpose process im-

provements are predictable by implementation with

other methodologies, for example, the bubble elec-

trospinning or the continuous filament electrospin-

ning [33, 49].

The smart properties demonstrated by the new

MFPTs are notable for potential application in bio-

medical devices when a controlled transverse con-

traction can resolve occlusive phenomena in conduit

substitutes of small or medium caliber [50], as for

example avoiding periscope approach in vascular

prosthesis [51] or to solve obstruction problems in

cardiology [52–56] and even to help insert guidewires

and probes [57–59]. Severe obstruction problems are

also recurrent in the urinary [60], biliary [61], bowel

[62–64], lacrimal [65] and esophagogastic [66] ducts.

In these cases, in addition to standard surgical pro-

cedures, the stent is often used [67–69] or laser treat-

ment has been tried [70]. Only recently, the compres-

sion induced by magnets [71] or the magnetically in-

duced vibration of a metal element [72] has been

successfully applied. The magnetically functional-

ized polymer tubes, presented in this study, represent

an important evolution of these latter devices, with

the advantage of not needing metal parts or magnets

– incorporated into the patient’s body – to favor

drainage or expulsion of obstructions – since only a

magnetic stimulus coming from the outside is suffi-

cient. The innovative MFPTs can be previously in-

serted where their function is needed, like an intelli-

gent stent able to provide a great transversal contrac-

tion. On the other side, due the same properties of

not requiring components inside the tube, the devel-

oped MFPTs appear useful even outside the biomed-

ical ambient, wherever it is important to control a

flow of a fluid in conduit circulation, in particular

for micro-electromechanical devices such as fluid

flow gates [73]. Finally, many other applications can

be identified in perspective for such materials that

are elastic and deformable on command and also

conductive, as for example flexible sensors, EMI

shielding and piezoelectric devices [74–76].
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