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(57) Abstract: A wireless pressure sensing unit (20) comprises a membrane (25) forming

FIG. 2

10 an outer wall portion of a cavity and two permanent magnets (26,28) inside the cavity. One

magnet is coupled to the membrane, and at least one magnet is free to oscillate with a rotational

7 movement. At least one is free to oscillate with a rotational movement. The oscillation takes

place at a resonance frequency, which is a function of the sensed pressure, which pressure

30 influences the spacing between the two permanent magnets. This oscillation frequency can

/ be sensed remotely by measuring a magnetic field altered by the oscillation. The wireless
pressure sensing unit may be provided on a catheter (21) or guidewire.
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Pressure sensing unit, system and method for remote pressure sensing

FIELD
This disclosure relates to pressure sensing, and in particular using a remote

and passive pressure sensor for example an implanted pressure sensor.

BACKGROUND

The measurement of blood pressure is important in medicine.

In recent decades, for example, wire-based measurement of blood pressure in
the coronaries has become an important tool for assessing the severity of stenosis, for
example in a fractional flow reserve, FFR, procedure. This involves coronary catheterization
during which a catheter is inserted into the femoral (groin) or radial arteries (wrist) using a
sheath and guidewire. FFR uses a small sensor on the tip of the wire to measure pressure,
temperature and flow to determine the exact severity of the lesion. This is done during
maximal blood flow (hyperemia), which can be induced by injecting suitable pharmaceutical
products.

Implanted pulmonary pressure sensors have also been proposed and
commercialized for measuring right-heart pressure.

The main problem of the FFR procedure is the lack of a true wireless solution
to facilitate a swift workflow. In addition, it would be desirable to have more than one sensor
on the guide-wire and it would be beneficial if a precise localization of the sensors was
possible.

In the case of other applications, e.g. pressure monitoring in aneurysms, a
sufficiently small wireless solution is also still lacking.

One wireless approach involves providing induction coils as part of the
implanted sensor, for establishing communication to an external controller. These coils need
to have about a 1 mm diameter and for this reason they are too large for some delivery types
and implantation sites.

Ultrasound based sensors have also been proposed, but they do not work in
every body location (e.g. lung) and the readout needs direct skin contact, which is often not

practical.
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The article "Design, Fabrication, and Implementation of a Wireless Passive
Implantable Pressure Sensor Based on Magnetic Higher-Order Harmonic Fields" of Ee Lim
Tan et. al., Biosensors 2011, 1, 134-152, ISSN 2079-6374 discloses a pressure sensor using a
magnetically soft material and a permanent magnet strip to create a magnetic signature which
depends on the separation of the two elements. The separation is changed by the pressure
being sensed. This produces a weak signal (as a result of a demagnetization factor) and hence
1s not easy to miniaturize.

This disclosure relates to a miniature wireless solution for remote passive
pressure measurement that alleviates one or more difficulties of the prior art, or at least

provides a useful alternative.

SUMMARY

There is provided a wireless pressure sensing unit, comprising;:

a closed cavity, wherein the cavity comprises at least one flexible structure
forming an outer wall portion of the cavity;

a first permanent magnet inside the cavity and coupled to the at least one
flexible structure; and

a second permanent magnet inside the cavity,

wherein at least one of the first and second permanent magnets can perform a
rotational movement about a rotation axis and wherein at least a part of the magnetic moment
is oriented perpendicular to the rotation axis.

In a first aspect, there is provided a pressure sensing unit, comprising: a
structure defining a closed cavity, wherein the structure comprises at least one flexible
structure forming an outer wall portion of the closed cavity, and wherein the structure is
configured to be implanted within a human subject; a first permanent magnet inside the
closed cavity and coupled to the at least one flexible structure; and a second permanent
magnet inside the closed cavity, wherein the second permanent magnet is coupled to the
structure by a fixed coupling, wherein the fixed coupling prevents rotational movement of the
second permanent magnet with respect to the structure; and an coupling structure, wherein
the first permanent magnet is coupled to the at least one flexible structure by the coupling
structure, wherein the coupling structure allows rotational movement of the first permanent
magnet with respect to the structure.

This pressure sensing unit comprises two permanent magnets, and at least one

is movable to implement a rotation. The separation distance between the two permanent
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magnets is a function of the external pressure (i.e. external to the cavity), since this deforms
the flexible structure (also referred to herein as a membrane) which in turn moves the two
permanent magnets relative to each other. There may be only one membrane to which the
first permanent magnet is coupled, but there may instead two membranes each coupled to a
respective permanent magnet.

In all cases, the separation distance is changed by deflection of the membranes
and this influences the way their magnetic fields interact and hence influences a magneto-
mechanical resonant frequency. The pressure can thus be sensed based on the resonant
frequency components in a detected magnetic field, in particular caused by rotational
oscillatory movements of the non-fixed permanent magnet.

This sensing approach, based on a rotational oscillation, provides highly
sensitive operation as well as enabling the unit to be miniaturized for example for use as an
implanted sensor, with remote read-out.

In one arrangement, one of the first and second permanent magnets can
perform a rotational movement and the other of the first and second permanent magnets is
fixed. This means there is only one movable part. It is however possible for both permanent
magnets to be able to move, and the resulting influence on the generated magnetic field will
still be detectable.

The two permanent magnets are for example aligned with their poles in
opposite directions, namely in a stable state, which is then disturbed by an external field. This
means the two magnets are attracted to each other.

The movable permanent magnet performs rotational oscillations in the
magnetic field of the other permanent magnet. The local magnetic field depends on the
proximity of the magnets which then determines the resonance frequency of the oscillation.

Note that this pressure sensing unit is the remote part of an overall system.
Excitation into resonance and readout is achieved by a separate remote unit.

The membrane is for example made of an elastomer or a patterned metal sheet.
It deforms in response to the external pressure, thereby changing the separation distance.

The cavity may be a cylinder, and the membrane forms one end of the
cylinder, or there may be a membrane at each end of the cylinder.

A cylinder is particularly suitable for a miniature sensor for example for
passing along a conduit such as a blood vessel.

The at least one of the first and second permanent magnets may comprise a

rotationally symmetric shape such as a sphere or cylinder. In this way the rotation does not
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induce a physical vibration. Both permanent magnets may have the same shape, or they may
be different. A spherical magnet is preferred as it is easy to produce to the desired size and
tolerance.

The at least one of the first and second permanent magnets fits inside the
cylinder with a surrounding spacing so that it oscillates in space without frictional surface
contact. The at least one of the first and second permanent magnets is constrained to rotate as
a result of the attraction forces between the two magnets. Thus, the movement of the
permanent magnets does not require the unit to occupy any additional space.

The second permanent magnet is for example coupled to the cavity by a fixed
coupling, and the first permanent magnet is coupled to the membrane by a wire or thread.

This wire or thread is for example kept taut by the magnetic force of attraction
between the two permanent magnets. This force is for example one or more orders of
magnitude larger than a gravitational force. Thus, the sensor unit can operate with any
orientation. The wire or thread will be kept under an extensional load by the magnetic forces.
These forces also center the at least one of the first and second permanent magnets and thus
ensure rotation about a fixed axis.

The first permanent magnet is for example glued into the cylinder whereas the
second permanent magnet is suspended by the wire or thread. The wire or thread provides a
fixed distance between the membrane and the second permanent magnet because it is kept
taut, but it can twist to allow the resonant oscillations. Note that in an alternative
arrangement, the permanent magnet associated with the membrane may be fixed and the
permanent magnet associated with the cavity may be free to rotate.

The unit for example has an outer shape such that it fits into a cylinder of
diameter 1 mm, for example of diameter 0.5 mm, for example of diameter 0.3 mm.

These levels of miniaturization make the device particularly suitable for
implantation into the body.

The disclosure also provides a pressure sensing system, comprising:

a pressure sensing unit as defined above;

an excitation coil arrangement for wirelessly inducing a resonant rotational
oscillation of the at least one of the first and second permanent magnets by generating a
magnetic field.

The overall system has an external excitation system. It may be a coil
surrounding the pressure sensing unit (e.g. surround the body part of a subject in which the

pressure sensing unit is implanted) or just for placement against the body, or coils for
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placement on each side of the pressure sensing unit. The location of an implanted pressure
sensing unit may for example be determined by X-ray, but it may instead be determined
based on the sensing itself.

The external coil (or coils) generates low strength oscillating magnetic fields
to excite the rotational mechanical oscillation.

The system may further comprise a controller, adapted to:

control the excitation coil arrangement to induce and sustain resonant
oscillation of the other one of the first and second permanent magnets; and

measure a magnetic field which is altered by the resonant oscillation.

The resonant oscillations can thus be detected, and their frequency correlates
with the sensed pressure.

The controller may be adapted to control the excitation coil arrangement to
induce and sustain resonant oscillation by applying a discontinuous external magnetic field.

In this way, the resonant oscillation is sustained, to overcome frictional and
other losses that otherwise damp the oscillations.

The controller may be adapted to measure a magnetic field between the active
periods of the discontinuous external field or during the active periods of the discontinuous
external field or during a continuous external field. There may thus be a repeating sequence
of excitation and measurement or else simultaneous excitation and measurement.

The excitation coil arrangement may comprise at least 3 non-collinear coils for
inducing and sustaining resonant oscillation and at least 3 non-collinear coils for measuring
the magnetic field. The use of multiple coils in this way ensures that any orientation of the
pressure sensing unit, relative to the excitation field, can be tolerated.

The controller may be adapted to use the same coil or coils for inducing the
resonant oscillation as for measuring the magnetic field. This provides a low cost set of
hardware. Of course, separate coils may be used if desired.

The system may comprise multiple pressuring sensing units, each with
different resonant frequencies.

These may be used to measure pressures at multiple locations, and the
different locations can be identified based on the known range of resonant frequencies they
produce.

The disclosure also provides a catheter or guidewire system, comprising;:

a catheter or guidewire; and
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a system as defined above, wherein the pressure sensor unit is provided along
the catheter or guidewire.

There may be one pressure sensing unit at the tip or there may be multiple
pressure sensing units along the length of the catheter or guidewire.

There is also provided a pressure sensing method, comprising:

using an excitation coil arrangement to wirelessly excite a pressure sensing
unit into a resonant oscillation, wherein the pressure sensing unit comprises:

a closed cavity wherein the cavity comprises at least one membrane
forming an outer wall portion of the cavity;

a first permanent magnet inside the cavity and coupled to the at least
one membrane;

a second permanent magnet inside the cavity, wherein at least one of
the first and second permanent magnets can perform a rotational movement about a rotation
axis, wherein at least a part of the magnetic moment is oriented perpendicular to the rotation
axis, wherein the at least one of the permanent magnets is excited into the resonant
oscillation;

measure a magnetic field which is altered by the resonant oscillation; and

determine a pressure from the frequency of alteration of the measured
magnetic field.

In a second aspect, there is provided a pressure sensing method, comprising;:
using an excitation coil arrangement to wirelessly excite a pressure sensing unit into a
resonant oscillation, wherein the pressure sensing unit is implanted into a human subject and
comprises: a structure defining a closed cavity, wherein the structure comprises at least one
flexible structure forming an outer wall portion of the closed cavity; a first permanent magnet
inside the closed cavity and coupled to the at least one flexible structure; a second permanent
magnet inside the closed cavity, wherein the second permanent magnet is coupled to the
structure by a fixed coupling, wherein the fixed coupling prevents rotational movement of the
second permanent magnet with respect to the structure, and wherein the first permanent
magnet is coupled to the flexible structure by an coupling structure, wherein the coupling
structure allows rotational movement of the first permanent magnet with respect to the
structure, wherein at least a part of magnetic moment between the first and second permanent
magnets is oriented perpendicular to a rotation axis of the first permanent magnet, wherein

the first permanent magnet is excited into the resonant oscillation; measure a magnetic field
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which is altered by the resonant oscillation; and determine a pressure from the frequency of
alteration of the measured magnetic field.
These and other aspects of the disclosure will be apparent from and elucidated

with reference to the embodiment(s) described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the disclosure, and to show more clearly how it
may be carried into effect, reference will now be made, by way of example only, to the
accompanying drawings, in which:

Figure 1 shows a pressure sensing system;

Figure 2 shows the pressure sensing unit in more detail;

Figure 3 shows an apparatus combining the excitation coil arrangement, an X-
ray system and a patient bench;

Figure 4 shows a first example of possible excitation coil arrangement;

Figure 5 shows a second example of possible excitation coil arrangement;

Figure 6 shows a third example of possible excitation coil arrangement; and

Figure 7 shows a pressure sensing method.

DETAILED DESCRIPTION OF THE EMBODIMENTS

The embodiments of the invention will be described with reference to the
Figures.

It should be understood that the detailed description and specific examples,
while indicating exemplary embodiments of the apparatus, systems and methods, are
intended for purposes of illustration only and are not intended to limit the scope of the
invention. These and other features, aspects, and advantages of the apparatus, systems and
methods of the present invention will become better understood from the following
description, appended claims, and accompanying drawings. It should be understood that the
Figures are merely schematic and are not drawn to scale. It should also be understood that the
same reference numerals are used throughout the Figures to indicate the same or similar
parts.

The disclosure provides a wireless pressure sensing unit which comprises two
permanent magnets. At least one is free to oscillate with a rotational movement. The

oscillation takes place at a resonance frequency which is a function of the sensed pressure,



2019290959 02 Dec 2024

10

15

20

25

30

which pressure influences the spacing between the two permanent magnets. This oscillation
frequency can be sensed remotely.

Figure 1 shows a pressure sensing system 10 comprising a pressure sensing
unit 20 which senses a local pressure. The pressure sensing unit 20 is wireless and needs no
local source of power. It modulates a generated magnetic field in dependence on the pressure
sensed. In particular, it enters a state of mechanical resonance oscillation induced by an
external electromagnetic field, and this mechanical resonance can be detected by the effect it
has on the magnetic field produced by the sensing unit 20 itself. The pressure sensing unit 20
in this example is at the end of a medical intervention shaft 21, i.e. a catheter or guidewire. It
may be any position along the shaft or indeed there may be multiple pressure sensing units
along the shaft. The pressure sensing unit may instead be a permanently implanted device, for
example part of a stent or medical coil.

The system 10 has an excitation coil arrangement 30 for wirelessly inducing
the magnetically induced mechanical resonance.

The excitation coil arrangement may be a single coil (by which is meant one
or multiple individual turns but all parallel to each other and around a common axis) or it
may be multiple coils with parallel, or non-parallel orientations.

Figure 1 shows in schematic form the excitation coil arrangement 30 to the
side of the pressure sensing unit 20. It may instead surround the pressure sensing unit (e.g.
surround the body part of a subject in which the pressure sensing unit is implanted). There
may be more than one coil, whereas all the coils are arranged and wound in the same plane
forming an array. This coil array may be placed below the patient (the patient for example
lies on a flat structure). However, there are many ways to arrange the excitation coil
arrangement. Another example is to use coils wound on soft magnetic (ferrite) rods placed at
the side(s) of the patient.

The required size of the external coil depends on the technology used. The
total diameter of a flat coil array may for example be of the same order of magnitude as the
maximum measurement distance. Smaller coils need more power and possibly a lower noise
receive amplifier. Coils utilizing a soft magnetic material core can be much smaller in
diameter. By way of example, each coil may have a diameter of around a tenth of the
maximum distance.

A controller 40 is used to drive the excitation coil arrangement 30 to generate

an alternating electromagnetic field. In addition, the controller analyzes a detected magnetic
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field, in particular to detect a mechanical resonance frequency of the pressure sensing unit,
which depends on the local pressure being sensed.

In a typical (but not the only possible) use, the pressure sensing unit 20 is
implanted into a vessel 22 or an organ of a subject. The location may be identified and
tracked by imaging systems such as X-ray to place the pressure sensing unit at a desired
location. The excitation coil arrangement can be positioned at the appropriate location.
Alternatively, the pressure sensing unit can be brought to the desired location based on the
detection by the external coil 30 the location of the magnetic field generated by the pressure
sensing unit 20.

The controller 40 uses the external coil 30 (or coils) to generate low strength
oscillating fields to excite the resonance but also to sustain resonant oscillations. In the
example of Figure 1, the same excitation coil arrangement is used to measure the magnetic
field which is altered by the resonant oscillation. Alternatively, a separate coil or coils may
be used for detection of the varying magnetic field generated by the oscillations.

The controller may induce and sustain resonant oscillation by applying a
pulsed alternating field and it may measure the magnetic field between the pulses. There is
thus a sequence of excitation and measurement.

Figure 2 shows an example of the pressure sensing unit 20 in more detail.

It comprises a closed cavity 24 formed by a metal or polymer casing. A
deformable membrane 25 forms an outer wall portion of the cavity. It may for example be an
elastomer or structured metal foil. The cavity is filled with gas (e.g. air) or evacuated.

In the example shown, the cavity is a cylinder, and the membrane 25 forms an
end wall. In an alternative example, both end walls may be formed by a membrane, and the
two membranes move inwardly towards each other in response to an increase in external
pressure.

The outer diameter of the cylinder and hence of the sensing unit can below 0.3
mm for example as small as 0.2 mm, more generally below 1 mm, and preferably below 0.5
mm. More generally (and regardless of the specific shape) the pressure sensing unit may fit
into a cylinder of internal diameter as listed above. The pressure sensing unit can then be
integrated into a permanent implant such as a stent or aneurysm coiling, or a temporary
implant such as a guidewire or catheter, or it could be delivered independently such as via the
blood stream to enter the lung.

The pressure sensing unit for example has a length in the range 1 mm to 5 mm.
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A first permanent magnet 26 is coupled to the membrane by an elongate
structure (also referred to herein as a coupling structure) 27 (e.g. wire or thread). A second
permanent magnet 28 is coupled to the inside of the cavity, in particular to the closed end
opposite the membrane 25. The second permanent magnet is attached for example by glue
29. Thus, in this particular example, the second permanent magnet is static (relative to the
fixed parts of the cavity).

The permanent magnets may be spheres, and at least the first permanent
magnet 26 fits inside the cavity with a spacing all around. The fixed second permanent
magnet 28 together with the elongate structure 27 center the rotating first permanent magnet
26 automatically in the device. In this way, the rotating magnet never touches the inside of
the casing. This enables a high quality factor oscillation.

The rotation axis corresponds to the elongate axis of the wire or thread, which
runs along the length direction of the cavity. At least a part of the magnetic moment of the
movable permanent magnet 26 is oriented perpendicular to the rotation axis. Thus, a
magnetic force experienced by the magnet 26 may induce a rotational torque about the
rotation axis. In the example shown, the permanent magnets are dipole magnets, with their
magnetic moments fully perpendicular to the rotation axis. The magnetic forces cause the
magnets to align along the rotation axis, with their magnetic moments in opposite directions,
as shown. The attraction between the permanent magnets keeps the elongate structure 27 taut,
therefore the elongate structure may be wire or thread from a material exhibiting compliance.

Other magnet shapes may be used, such as cylinder magnets or indeed other
shapes. The movable first magnet preferably has a rotationally symmetric shape about the
axis of rotation so that the rotation is balanced. An advantage of the spherical magnets shown
is that they can be easily manufactured to high precision and are therefore easily available.

The two permanent magnets do not need to be of the same size or shape or
type. Basically, the fixed permanent magnet is used to create a static field, with which the
field of the moving permanent magnet interacts. The moving permanent magnet is used to
create a rotating oscillation and hence a rotating field with interacts with the stationary field
of the fixed permanent magnet.

The two permanent magnets are aligned oppositely, i.e. with north-south and
south-north pole pairs adjacent each other. The rotational stiffness of the elongate structure
(wire or thread) can be chosen to be low in comparison to the torsion due to the magnetic
field. There is a strong attraction between the two magnets and therefore a stress in the wire

or thread direction is imposed on the wire or thread. The magnetic force is typically several
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hundred times the gravitational force. Thus, the wire or thread does not need significant
rigidity and can for example be a very thin UHMWPE (Ultra High Molecular Weight
Polyethylene) thread. It also means the sensor unit can operated with any orientation, since
the effect of gravity on the sensor readings is negligible.

In the example shown, the second permanent magnet 28 is coupled with a
fixed, static, angular position and the first permanent magnet 26 is coupled with an elongate
structure exhibiting compliance (e.g. wire or thread) that allows angular rotational movement.

The separation distance between the two magnets is a function of the external
pressure (i.e. external to the cavity), since this deforms the membrane 25 which in turn moves
the two permanent magnets relative to each other. The distance between the permanent
magnet 26 and the membrane 25 is fixed by the elongate structure (wire or thread) which is
kept taut by the magnetic attraction between the two magnets.

The permanent magnet 26 is able to rotate, in particular about the axis defined
by the wire or thread 27. The wire or thread may be sufficiently thin that the torques on the
permanent magnet 26 due to twisting of the wire or thread may be smaller than the torques
experienced due to magnetic forces. This is not however essential. A stiffer wire or thread
will shift the resonant frequency of oscillation to a higher value and therefore the recorded
signal will be at a higher frequency, which may be easier to process. However, a higher
frequency signal will give a lower frequency change per unit pressure change.

The resonant frequency is roughly inversely proportional to the linear
dimension of the resonating body. Therefore, for a 1 mm diameter device, a resonant
frequency will be of around 500Hz, whereas for a 0.2 mm device the frequency will be
around 2.5 kHz.

A resonance rotational oscillation is started by suitable electromagnetic
impulses generated by the excitation coil arrangement 30.

An excitation signal may be used with a frequency selected which depends on
the resonance frequency if approximately known in advance. Alternatively, the oscillation
may be started with a single short excitation pulse. This starts an oscillation which can be
recorded. The resonance frequency can then be measured, and the next pulses can then be
timed in a way that the amplitude of oscillation increases.

An alternative approach is to start the oscillation using a long train of pulses
that exhibit a narrow frequency spectrum. The center frequency may then be varied until the
resonance is sufficiently well met to receive a signal from the sensor. The frequency can then

be tracked. By varying the length of the pulse train, the spectral selectivity can be varied. The
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advantage of a long (spectral selective) pulse train is that it requires a lower magnetic field
amplitude to set the sensor into resonance. Therefore, it requires a lower technical effort on
the send/receive system and/or can find a sensor at a larger distance from the coil.

The drawback of the use of spectrally selective pulses is that it will on average
take longer to find the sensor.

A series of pulses may thus be used to maintain resonant oscillation. This
series of pulses then induces and sustains resonant oscillation with a discontinuous external
magnetic field. The pulses used to sustain oscillation for example have a duration of at least
1/8 of the oscillation period in length i.e. 0.25 ms for a 1 mm sphere (500Hz) and 0.05 ms for
a 0.2 mm sphere (2.5kHz). The pulses could be even shorter by increasing the amplitude.

A lifetime of the oscillation may for example be of the order of seconds, such
as 2 seconds. Therefore the maximum separation of the excitation pulses is approximately 1
second. In principle, the lifetime could be much longer, of tens or even hundreds of seconds,
and the gap between excitation pulses may be adapted accordingly, with a maximum gap of
the order of half of the oscillation lifetime. It is preferred however to implement many
excitations per second to maintain a resonant response with substantially constant amplitude.

By way of example, it may be desired to measure the pressure about 10 times
per second, so the use of 10 excitation trains per second is appropriate. Smaller devices may
for example be desired to perform 50 or more measurements per second, and it would then be
preferred to provide a larger number of excitations per second. There may be an excitation
for each signal read out, so that the readout is carried out at the same point in the lifetime of
the oscillation, but this is not required. There may be any ratio between the period between
excitations and the period between signal read out.

The use of a discontinuous excitation signal enables time sequential excitation
and read out. In this way, once the rotational oscillation of the first permanent magnet 26 is
started, the subsequent field pulses are timed in a way to enhance the oscillation. Between the
sent excitation pulses, the oscillating magnetic field generated by the sensor unit is measured.

However, simultaneous excitation and read out is also possible in which case a
continuous excitation signal may be used. This requires a more complex receiver system.

In particular, to facilitate simultaneous signal measurement while providing
excitation, the signal generated at the receiver in response to the excitation signal itself has to
be minimized. This can be achieved by a combination of analog subtraction of the
transmitted (send) signal at the receiver (e.g. by using a transformer before the receiver in

which a part of the send signal is fed) and digital subtraction. In the digital subtraction step,



2019290959 02 Dec 2024

10

15

20

25

30

13

the residual send signal at the receiver is first characterized and then digitally subtracted from
the digitized received signal.

Thus, there are various ways to set the sensor into resonant oscillation.

The measurement of the resonant frequency in the magnetic field generated by
the pair of magnets, which depends on the mechanical rotation of the movable magnet (or the
rotation of both magnets as a rotating system if both magnets are movable), may also be
carried out in various ways. The measurement may be implemented by the same excitation
coil arrangement as mentioned above or by a separate receive system. The receive system
may utilize magnetic field sensors other than simple coils, such as fluxgate magnetometers,
but coils can already provide the required sensitivity.

The separation distance between the two permanent magnets influences the
mechanical response of the movable permanent magnet to the external field as explained
above. In particular, the closer the movable permanent magnet is to the fixed permanent
magnet, the greater the force provided by the magnetic field of the fixed permanent magnet to
align the movable permanent magnet. This force results in a higher resonant frequency of the
mechanical resonance.

The interaction between the two magnetic fields is detectable, and since there
is a dependency on the mechanical movement of the movable permanent magnet, the
resonance frequency can be detected.

Figure 3 shows an apparatus combining the excitation coil arrangement 30, an
imaging system 40 (e.g. X-ray C-arm) and a patient bench 42. The pressure sensing unit is
an implanted sensor in the patient, who lies on the bench. The imaging system, in this case
an X-ray C-arm, may be used to locate the pressure sensing unit.

The excitation coil arrangement 30 comprises an array of overlapping
substantially planar coils 44 forming a flat coil array integrated into the patient bench 42.

The coils are for example made from aluminum with a total thickness on the scale of mm, for
example below 2 mm thickness. The x-ray absorption from the X-ray system is low.

The coils may comprise single loops or flat spirals cut from a metal sheet. As
mentioned above, the individual coils as well as the size of the overall coil arrangement, are
designed taking into account the required magnetic field at the sensor unit and the maximum
distance to the sensor unit.

Figure 4 shows a first example of possible excitation coil arrangement which
represents more clearly the arrangement shown in Figure 3. It comprises an array of flat

coils 44.
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Figure 5 shows a second example of possible excitation coil arrangement
comprising an array of cylindrical coils 46. They may comprise air core coils or coils with a
ferrite core.

Figure 6 shows a third example of possible excitation coil arrangement with
three non-collinear coils 48. In the example shown, the magnetic moments of the three coils
are mutually perpendicular to each other. This improves the freedom of the pressure sensing
unit to have any directional orientation relative to the excitation coil arrangement.

The excitation system and the receiving system may both have at least three
non-collinear field generators and receivers. However, for many applications, e.g. implanted
sensors that are only read out from time to time, a one axis system may be sufficient,
especially if it can be oriented freely.

Thus, it will be seen that there are many possible designs for the excitation coil
arrangement, and these will be apparent to those skilled in the art.

The system can be extended to include multiple sensor units. This may enable
sensing at multiple locations, and it also may provide a way to reconstruct the position of the
sensor unit, using the relative amplitudes in the receiving systems or the relative amplitudes
in the excitation systems needed to maintain a certain oscillation amplitude.

Multiple sensors may be operated in parallel if they are tuned to different
resonance frequencies, e.g. by using different distances between the permanent magnets or
different magnetic properties in the sensors.

A shared coil system may be used, for example be ensuring timing and/or
shaping of the excitation pulses in such a way that all sensors increase their energy content.
Ideally, the range of possible resonant frequencies for the different sensor units then do not
overlap so that the receiving system with excitation and receiving coils located at different
positions can distinguish between the sensors.

In the example above, the membrane is attached to the movable permanent
magnet. Of course, the permanent magnet associated with the membrane may instead by
fixed relative to the membrane and the permanent magnet associated with the cavity may be
free to rotate. As mentioned above, there may be two membranes, each coupled to one of the
permanent magnets so that they both move towards each other in the presence of an external
pressure. Only one of the two permanent magnets may be coupled to its respective
membrane in such a way as to enable rotational movement, or else both may be coupled to
allow rotational movement, i.e. they may both be connected by an elongate structure (a wire

or thread) to their respective membrane.
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The variation of the resonant frequency in response to the full pressure range
for which the sensor is designed for example, corresponds to a frequency variation with a
factor 2. The wire or thread will also contribute to the torque encountered during oscillation,
so the frequency response may be more significant depending on the design of the wire or
thread.

The desired pressure range is for example from about 800mBar (80kPa,
absolute pressure) to about 1300mBar (0.13MPa, absolute pressure). The low end for
example corresponds to a low blood pressure at high altitudes (e.g. Mexico City). There may
if desired be two (or more) product designs, one for normal altitudes and one for high
altitudes to narrow the pressure range and hence increase sensitivity.

The pressure sensing unit may be applied to a catheter or a guidewire, or it
may be used in other application such as pulmonary artery pressure sensors, sensors on
implanted valves, pressure sensors at stents or medical coils.

Figure 7 shows a pressure sensing method, comprising:

in step 50, using an excitation coil arrangement to wirelessly excite a pressure
sensing unit as described above into a resonant oscillation;

in step 52, measuring a magnetic field which is altered by the resonant
oscillation; and

in step 54, determining a pressure from the frequency of alteration of the
measured magnetic field.

Variations to the disclosed embodiments can be understood and effected by
those skilled in the art in practicing the claimed invention, from a study of the drawings, the
disclosure and the appended claims. In the claims, the indefinite article "a" or "an" does not
exclude a plurality. A single processor or other unit may fulfill the functions of several items
recited in the claims. The mere fact that certain measures are recited in mutually different
dependent claims does not indicate that a combination of these measures cannot be used to
advantage. A computer program may be stored/distributed on a suitable medium, such as an
optical storage medium or a solid-state medium supplied together with or as part of other
hardware, but may also be distributed in other forms, such as via the Internet or other wired
or wireless telecommunication systems. Any reference signs in the claims should not be
construed as limiting the scope.

Throughout this specification the word "comprise”, or variations such as

"comprises” or "comprising", will be understood to imply the inclusion of a stated element,
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integer or step, or group of elements, integers or steps, but not the exclusion of any other
element, integer or step, or group of elements, integers or steps.

Any discussion of documents, acts, materials, devices, articles or the like
which has been included in the present specification is not to be taken as an admission that
any or all of these matters form part of the prior art base or were common general knowledge
in the field relevant to the present disclosure as it existed before the priority date of each of

the appended claims.
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CLAIMS:

1. A pressure sensing unit, comprising:

a structure defining a closed cavity, wherein the structure comprises at least
one flexible structure forming an outer wall portion of the closed cavity, and wherein the
structure is configured to be implanted within a human subject;

a first permanent magnet inside the closed cavity and coupled to the at least
one flexible structure; and

a second permanent magnet inside the closed cavity,

wherein the second permanent magnet is coupled to the structure by a fixed
coupling, wherein the fixed coupling prevents rotational movement of the second permanent
magnet with respect to the structure; and

a coupling structure,
wherein the first permanent magnet is coupled to the at least one flexible structure by the
coupling structure, wherein the coupling structure allows rotational movement of the first

permanent magnet with respect to the structure.

2. The unit as claimed in claim 1, wherein the coupling structure comprises a

wire or thread.

3, The unit as claimed in claim 1 or 2, wherein the flexible structure is made

from an elastomer or a patterned metal sheet.

4. The unit as claimed in any of claims 1 to 3, wherein the structure has a shape
of a cylinder, and
wherein there is one flexible structure which forms one end of the cylinder; or

there is a respective flexible structure forming each end of the cylinder.

5. The unit as claimed in claim 4, wherein the first permanent magnet has a

rotationally symmetric shape.
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6. The unit as claimed in any of claims 1 to 5, wherein an interior of the closed
cavity, except for the first and second permanent magnets and the coupling structure is filled

with air or holds a vacuum.

7. The unit as claimed in any of claims 1 to 6, wherein the unit has an outer

diameter of no more than 0.3 mm.

8. A pressure sensing system, comprising:

a pressure sensing unit of any of claims 1 to 7;

an excitation coil arrangement having a plurality of coils for wirelessly
inducing a resonant rotational oscillation of said first permanent magnet by generating a

magnetic field.

9. The system as claimed in claim 8, further comprising a controller, wherein the
controller is adapted to:

control the excitation coil arrangement to induce and sustain resonant
oscillation of the said first permanent magnet; and

measure a magnetic field which is altered by the resonant oscillation.

10. The system as claimed in claim 9, wherein the controller is adapted to control
the excitation coil arrangement to induce and sustain the resonant oscillation by applying a

discontinuous external magnetic field.

11. The system as claimed in claim 10, wherein the controller is adapted to

measure a magnetic field between active periods of the discontinuous external field.
12. The system as claimed in any of claims 8 to 11, wherein the controller is
adapted to use a same coil or ones of the coils for inducing and sustaining the resonant

oscillation as for measuring the magnetic field.

13. The system as claimed in any of claims 8 to 12, comprising multiple

pressuring sensing units, each with different resonant frequencies.

14. A catheter or guidewire system, comprising;:
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a catheter or guidewire; and
a system as claimed in any of claims 8 to 13, wherein the pressure sensor unit

is provided along the catheter or guidewire.

15. A pressure sensing method, comprising:

using an excitation coil arrangement to wirelessly excite a pressure sensing
unit into a resonant oscillation, wherein the pressure sensing unit is implanted into a human
subject and comprises:

a structure defining a closed cavity, wherein the structure comprises
at least one flexible structure forming an outer wall portion of the closed cavity;

a first permanent magnet inside the closed cavity and coupled to the
at least one flexible structure;

a second permanent magnet inside the closed cavity, wherein the
second permanent magnet is coupled to the structure by a fixed coupling, wherein the fixed
coupling prevents rotational movement of the second permanent magnet with respect to the
structure, and wherein the first permanent magnet is coupled to the flexible structure by an
coupling structure, wherein the coupling structure allows rotational movement of the first
permanent magnet with respect to the structure, wherein at least a part of magnetic moment
between the first and second permanent magnets is oriented perpendicular to a rotation axis
of the first permanent magnet, wherein the first permanent magnet is excited into the resonant
oscillation;

measure a magnetic field which is altered by the resonant oscillation; and
determine a pressure from the frequency of alteration of the measured

magnetic field.

16. The unit of any of claims 1 to 7, wherein the coupling structure is only
supported by the first permanent magnet and the flexible structure which forms the outer wall

portion of the closed cavity.

17. The unit of any of claims 1 to 7 and 16, wherein the coupling structure extends
between a first end thereof and a second end thereof, wherein the coupling structure further
extends between the first permanent magnet and the flexible structure which forms the outer
wall portion of the closed cavity, and wherein the coupling structure is connected at the first

end thereof to the first permanent magnet, and wherein coupling structure is connected at the
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second end thereof to the flexible structure which forms the outer wall portion of the closed

cavity.

18. The pressure sensing system of any of claims 8 to 13, wherein in the pressure
sensing unit, the coupling structure is only supported by the first permanent magnet and the

flexible structure which forms the outer wall portion of the closed cavity.

19. The method of claim 15, wherein the coupling structure is only supported by
the first permanent magnet and the flexible structure which forms the outer wall portion of

the closed cavity.

20. The method of claim 15 or 19, wherein the coupling structure extends between
a first end thereof and a second end thereof, wherein the coupling structure further extends
between the first permanent magnet and the flexible structure which forms the outer wall
portion of the dosed cavity, and wherein the coupling structure is connected at the first end
thereof to the first permanent magnet, and wherein coupling structure is connected at the
second end thereof to the flexible structure which forms the outer wall portion of the dosed

cavity.
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