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Abstract A novel concept of cloaking, concentration and
transferring of the static magnetic fields by the combination
effect of the superconductor (SC) and ferromagnet (FM) has
been recently presented. The performance of these hybrid
structures strongly depends on the properties of the involved
materials as well as its geometrical parameters. In this work,
we have practically demonstrated a magnetic hose, which is
developed by a FM core wrapped by a SC layer. Meanwhile,
a finite-element simulation with experimentally derived
permeability of both SC and FM constituents was also
established. Based on the verified simulation, further inves-
tigations were carried out to systematically examine the
dependence of the transfer efficiency of the magnetic hose
on its dimension and magnetic properties of the involved
materials, both of which are difficult to be varied in practical
case, especially for the magnetic properties.
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1 Introduction

The combination of the superconductor (SC) and ferromag-
net (FM), which can be expected to achieve novel magnetic
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applications such as the cloaking [1–13], concentration [6,
14, 15], and transferring [15–17] of the magnetic field, by
using the opposite response to the exotic magnetic stimu-
lation of the two materials, has received intensive attention
in recent years. In a given magnetic environment, the FM
tends to attract magnetic flux, whereas the SC excludes the
magnetic flux from its interior acting as a diamagnet [18].

Sanchez et al. have numerically realized a magnetic
cloak and concentration by a SC-FM hybrid [8, 14]. Later,
Narayana et al. devised a grated material composed of artifi-
cially patterned SC and soft FM elements that firstly cloaks
the DC magnetic fields by experiment [4]. Subsequently,
Gömöry et al. have experimentally realized a perfect mag-
netic cloak which was made by a SC-FM bilayer with an
interior SC layer coated by a FM layer, in which the rela-
tive permeability was tuned according to the dimensions of
layers [2]. More recently, Prat-Camps et al. experimentally
demonstrated a magnetostatic wormhole [19] and proposed
a realistic version of magnetic device to concentrate and
transfer the static magnetic fields by the SC-FM bilayer
[15], and Zhu et al. proposed a single-crystal YBCO bulk-
based magnetic cloak that has been shown to work from DC
to 250 KHz [20].

Navua et al theoretically proposed and experimentally
demonstrated a magnetic hose, made by the combination
of SC and FM to transfer the static magnetic field of a
given source to distant positions along a chosen path with
much higher efficiency in comparison to the conventional
method [17] However, the performance of the magnetic
hose as a function of the geometrical parameters and the
magnetic properties of the involved materials has not been
well examined. In this paper, we constructed a set of mag-
netic hoses with different dimensions and experimentally
analyze its performance as a function of the dimension
of the system. Meanwhile, for well understanding how to
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Fig. 1 Photograph of the naked
magnetic cylinders (a) and these
wrapped by one-layer
superconducting tape (b), i.e.,
the magnetic hose

design a more effective magnetic hose, we established the
finite-element model, in which the permeability of the SC
and FM constituent were derived from measured results, to
further investigate how the number of the superconducting
layer and the magnetic properties of the materials affect the
transfer effect of the magnetic hose.

2 Description of the Experimental Scenario
and Simulation

The magnetic hose in this paper was made by a fer-
romagnetic cylinder wrapped by superconducting layers.
The ferromagnetic core was made of commercial soft iron
with different diameters and lengths, the superconduct-
ing integument adopted in this case was fabricated by
coated SC from SuperPower (http://www.superpower-inc.
com) SCS4050 with a width of 4 mm and a thickness of
0.1 mm. Being different from [17], we constructed a poly-
gon instead of a circle while winding the SC constituent
by placing the superconducting tapes along the axis of the
cylinder to protect the coated SC from excess bending,
which can well prevent the SC constituent from damaging in
superconductivity. Figure 1 shows the naked ferromagnetic
cylinder and the magnetic hoses with different lengths.

The static magnetic field was created by a hollow per-
manent magnet (PM) with an interior radius of 3 mm and
an exterior radius of 5 mm. The transferred magnetic field
is measured by a cryogenic Hall probe (Lakeshore HGCT-
3020) connected with a gaussmeter (Lakeshore 3-Channel
Gauss Meter). The experimental setup is sketched in Fig. 2,
the PM deployed at a distance d from one side of the mag-
netic hose, and the Hall probe was placed at the opposite end
with a same distance (see Fig. 2b). In the experiments, the
length of the magnetic hose L was varied from 40 to 80 mm
with 20-mm interval for three different diameters: 16, 20,
and 25 mm.

The magnetic hose has been suffered a zero-field-cooling
condition in liquid nitrogen in all experiments, as this study

mainly exploits the diamagnetic response of the SC Fur-
thermore, measurements for the naked ferromagnetic core
structure were carried out at the RT for comparison. To
ensure the superconductivity of the samples, a four-probe
method was utilized to test the properties of the SC samples
before being cut into pieces with a length L. The samples
were cooled in liquid nitrogen, the obtained critical current
of each sample is around 103 A with a criterion of electric
field Ec = 10−4 V/m, which is consistent with the nominal
value (100 A) that the provider states.

In this study, we follow the definition of transfer effi-
ciency in [17], which uses an index η to estimate the transfer
efficiency as follows:

η = B1

B0
× 100%

where B0 is the initial magnetic flux density at a distance of
2d = 20 mm from the surface of the PM, B1 is the transfer
magnetic field at a distance of 2d + L.

We have established a 3-D finite-element model of the
PM and ferromagnetic core with an actual geometry by

Fig. 2 A schematic view of the experimental setup to measure the
static magnetic field transmitted by the magnetic hose. The applied
magnetic field is generated by a hollow PM, and the transferred mag-
netic field is measured by a Hall probe connected with a gaussmeter
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using the AC/DC module of COMSOL Multiphysics soft-
ware. As the provider states, the valid SC constituent in
the coated SC tape is merely 1 μm, of which the thickness
is extremely thin comparing to the geometry of the whole
structure. Actually, it is practically impossible to numeri-
cally calculate such a complex model within an acceptable
time. To speed up the calculation, the SC layer was simpli-
fied from a polygon to a circle with a thickness of 0.25 mm.
Meanwhile, because the SC constituent could be regarded as
a diamagnet without losses in static magnetic environment,
thereby the SC was assigned a constant relative permeabil-
ity, which is less than 1 in the simulation. We consider that,
as the magnitude of the magnetic field unchanged in this
study, a constant relative permeability, which is determined
by matching the simulated magnetic field with its measured
data, has been assigned to the FM constituent. Addition-
ally, the magnetization of the hollow PM was derived from
measurements as well.

3 Results and Discussion

We firstly verified the simulation by the measurements of
different dimensions of magnetic hose. Figure 3 portrays
the dependence of the transfer efficiency on the diameter
of the naked FM cylinder and magnetic hose with the same
length: (a) 40, (b) 60, and (c) 80 mm. The dash lines in

Fig. 3 represent the simulated results, whereas the solid
lines represent the measured data. We find from this figure
that the measured transfer efficiency could be well repro-
duced by the finite-element simulations with the respective
permeability to the FM and SC constituents being 200
and 0.025.

From Fig. 3, it can be seen that the transfer efficiency of
the magnetic hose was increased by a factor of around 1.4
with respect to the naked FM cylinder. The results imply that
the magnetic hose we fabricated in this study can upgrade
the transfer efficiency by adding the SC layers to prevent the
magnetic flux from leaking outside. Moreover, we observe
that the transfer efficiency decreases with the increase of
the diameter of the ferromagnetic core, which can be under-
stood that (i) although more magnetic flux are allowed to
enter the ferromagnetic core, a portion of which cannot turn
back by the exterior of the cylinder due to the large diam-
eter and have to return through the central ferromagnetic
core, which results in a weaker magnetic field at the oppo-
site side of the magnetic hose; (ii) larger diameters provide
more space for the magnetic lines to turn around to the bot-
tom of the cylinder without reaching the measuring point,
which also decreases the transfer efficiency.

For energy transfer applications, except transfer effi-
ciency, transfer distance is another key factor. Thus, we
compared the transfer efficiency of the magnetic hose with
different lengths. Figure 4 demonstrates the measured (solid

Fig. 3 Dependence of the
measured (solid line) and
simulated (dash line) transfer
efficiency on the diameter of the
naked ferromagnetic cylinder
and the magnetic hose having
respectively length L of a
40 mm, b 60 mm and c 80 mm
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Fig. 4 Dependence of the
measured (solid line) and
simulated (dash line) transfer
efficiency on the length of the
naked ferromagnetic cylinder
and the magnetic hose having
respectively diameter D of a
16 mm, b 20 mm and c 25 mm

line) and simulated (dash line) dependence of the transfer
efficiency on the length L of the magnetic hose and fer-
romagnetic core, respectively. As Fig. 4 shows, with the
increase of the length L at a fixed diameter R, the transfer
efficiency dependence approximates to a linear decrease, a
considerable degradation around 20 % has been found with
the length increased from 40 to 60 then to 80 mm. This phe-
nomenon reveals that by whichever choice of the method,
the transfer efficiency cannot maintain with longer trans-
fer distance. It can be easily understood that (i) unlike the
time-varying electromagnetic waves, which can be routed
and transmitted with waveguides or optical fibers to a long
distance, static magnetic fields rapidly decay with distance;
(ii) the imperfect sealing of the superconducting layer. The
results hint that, by utilizing the SC and FM composite,
one can upgrade the transfer efficiency comparing to the
conventional way, but extending the transfer distance with-
out decaying the transfer efficiency needs however a more
elaborated treatment.

The excellent agreement between simulation and experi-
ment validates the established finite-element model, which
makes the systematic study of the relation between the trans-
fer efficiency of the system and its geometry possible, as
the geometrical and material parameter of the magnetic hose
could be tuned arbitrarily in the simulation model Secondly,
in the simulations, we varied the diameter of the ferromag-
netic core from 3 to 15 mm for three different lengths: 40,

60, and 80 mm. Figure 5 plots the transfer efficiency as a
function of the diameter of the magnetic hose, in which the
curves illustrate a nonlinear dependence of the transfer effi-
ciency on the diameter of the ferromagnetic core. As Fig. 5
shows, for a small diameter of the ferromagnetic core, the
transfer efficiency continuously increases with the diameter,
and if we keep increasing the diameter, the transfer effi-
ciency will have a maximum at 16 mm then tend to decrease

Fig. 5 Simulated transfer efficiency of the magnetic hose as a function
of the diameter of the inner magnetic core with varied lengths of 40,
60 and 80 mm
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Fig. 6 Simulated transfer efficiency of the magnetic hose as a function
of the length

as the experimental results display. Therefore, for a certain
magnetic source, there is an optimum value of the diameter
of the ferromagnetic core, which suggests that the transfer
efficiency of the magnetic hose could be further enhanced
by using an appropriate size of the central ferromagnetic
cylinder. Moreover, we varied the length of the magnetic
hose from 40 to 150 mm with a fixed diameter of 40 mm.
Figure 6 shows the influence of the length of the magnetic
hose on the transfer efficiency of the system; it can be seen
that the transfer efficiency decreases as the length increases.

Thirdly, it is of practical interest to study how the mag-
netic properties of the ferromagnetic material affect the
transfer efficiency of the system; we have varied the relative
permeability of the ferromagnetic material from 10 to 8000.
As Fig. 7 presents, the transfer efficiency increases rapidly
with the relative permeability when the relative permeabil-
ity is lower than 100 and reaches a plateau for high values

Fig. 7 Simulated dependence of the transfer efficiency of the mag-
netic hose on the relative permeability of the inner magnetic core

of relative permeability, which is implying that the transfer
efficiency of the magnetic hose is weekly dependent on the
permeability of the central ferromagnetic core.

Lastly, to further find out the methods to improve the
transfer efficiency, we consider making a difference in the
SC constituent. The investigations were performed by finite-
element simulation to study the transfer efficiency as a
function of the number of SC layers, and the results are
presented in Fig. 8 This figure tells that, keeping the diam-
eter of the central FM core invariant, the transfer efficiency
increases as the number of the SC layers. It can be seen that
a transfer efficiency as high as 56 % was achieved by the FM
core wrapped by ten SC layers, being significantly higher
than the single-layered structure, which can be easily under-
stood that more SC layers can prevent more magnetic flux
from leaking outside of the FM core, which in return causes
a higher transfer effectiveness. This phenomenon suggests
that we can well tune the transfer efficiency by changing the
portion of SC constituent. Meanwhile, Fig. 9 illustrates the
transfer efficiency as a function of the relative permeability
of the SC for magnetic hose with the outer SC constituent
constructed by a single layer (rectangle symbol) and ten
layers (circle symbol). It can be seen that the transfer effi-
ciency can achieve 57 % by the single-layered structure and
70 % by the ten-layered structure with the relative perme-
ability of the superconducting material decreased to 10−4,
which means that as the outer SC layer approaches the ideal
diamagnet, the transfer efficiency would be significantly
improved.

It is worth noting that the improvement of the transfer
efficiency by the combination in the experiments is lower
than the transfer efficiency of the ideal magnetic hose with
the relative permeability of the superconducting material

Fig. 8 Demonstration of the transfer efficiency of the magnetic hose
as a function of the number of the superconducting layers with the
diameter of the inner magnetic core unvaried
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Fig. 9 Illustration of the transfer efficiency as a function of the
relative permeability of the superconducting constituent by the finite-
element simulations

downward to 10−4. It can be explained by that the SC con-
stituent in this study is not a perfect diamagnet owing to the
imperfect sealing of the SC layer. Specifically speaking, axi-
ally placing the superconducting tape, although being able
to protect it from being damaged in the superconductiv-
ity, it will certainly cause much air gap between each tape
and between the SC layer and the FM core, which results
in magnetic flux escaping easier than that demonstrated in
[17]. Further optimization of the magnetic hose presented
in this work to achieve a higher transfer capability could
be taken by decreasing the width of the SC constituent to
approach a circle in a higher degree to reduce the air gap
and coupling the SC constituent and FM constituent tightly
by a compatible adhesive.

Worth of mention is that, in this study, the magnetic
source created by the hollow PM utilized in this work was
about 4.5 mT at a distance 2 mm from the surface, which
is a moderate magnetic field, and we have not varied that in
this study. However, in actual, being subjected to different
magnetic fields, especially intensity magnetic environment,
both of the two materials are nonlinear. Therefore, further
work can investigate the performance of the magnetic hose
as a function of the magnetic fields, including the magnitude
and the magnetic source. Meanwhile, to match the further
work, the simulation in this work should be accommodated
due to the following: (i) the polygonal SC layer in this study
which is constructed by discrete SC tapes has been simpli-
fied to a circle structure; (ii) due to the invariant magnetic
source, we assigned a constant permeability to the FM and
SC material, respectively. In further work, for the purpose of
building a more reliable and reasonable simulation, the FEM
model of the SC layers could be established in actual geom-
etry, and the SC material would better be treated according

to the critical state model. Regarding the FM constituent, it
is possible to incorporate the nonlinear magnetic permeabil-
ity by an analytical approximation or an interpolation of the
experimental data.

4 Conclusions

In conclusion, we have demonstrated a realistic magnetic
hose by a FM core wrapped by SC constituent and stud-
ied its transfer effect by experiments and simulations using
a hollow PM to create the source magnetic field. We find
that the finite-element simulations used in this work pre-
cisely reproduce the measured results and thus can be used
to obtain optimized designs. Moreover, grounding on the
verified simulations, we varied the geometrical parameters
of the whole structure and the magnetic properties of the
involved materials; on the basis of which, we find that there
is an optimum size of the central FM core to achieve the best
transfer effect, and the transfer efficiency is weekly depen-
dent on the magnetic intensity of the FM constituent, which
means the central FM core can be made of the commercial
material. In addition, changing the relative permeability of
the SC material will have a significant impact on the transfer
effect, which implies that the SC material should maintain
its excellent properties in the actual application by devel-
oping a more perfect construction. The attained results of
magnetic hose provide a promising paradigm for the design
of its applications. It should be noted that this study has
examined only the SC-FM heterostructure in the static and
unvaried magnetic environment; it is worth investigating the
performance of the magnetic hose as a function of differ-
ent magnetic fields, meanwhile, the finite-element model
would be combined with more complex parameters, includ-
ing e.g. field-dependent properties of SC and the nonlinear
permeability of the FM and the related investigation will be
summarized in our further study.
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