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Khnitted Transducer Devices

This invention relates to transducer devices, in particular knitted transducer

devices and to garments incorporating same.

There are numerous applications in which it is desirable to position sensors
on or in the vicinity of a human body. Examples include ECG (electro cardiogram), blood
pressure, and temperature measurements, and monitoring of other vital signs. Strain gauges
can be used to monitor the expansion of the chest. It i1s time consuming to apply such
sensors, and frequently skilled personnel are required to perform such a task, particularly
if it is important to ensure that the sensors are orientated in a defined manner with respect
to each other. Furthermore, it is generally only possible to make measurements whilst the
subject is present at a defined facility, such as a medical institution. Furtherstill,
conventional methods of attaching sensors to a subject can cause discomforture for the
subject. Fabric based sensors, including knitted sensors, are disclosed in International
Patent Publications WO 02/40091 and WO 03/094717. However, there are limitations to
the fabric sensors described therein. Furthermore, in both cases, the manner in which the
sensors are coupled to the external detection system is rather cumbersome, requiring a

number of manufacturing/assemblage steps.

The present invention overcomes the above described problems, and provides
new classes of flexible transducers which are convenient to produce and may be easily

incorporated into wearable garments.

According to a first aspect of the invention there is provided a knitted
transducer device comprising a knitted structure having at least one transduction zone, in
which the transduction zone is knitted with electrically conductive fibres so that
deformation of the knitted structure results in a variation of an electrical property of the

transduction zone.

Such transducer devices are flexible, structurally strong and convenient to
manufacture and use. Numerous types of devices, such as transducers for strain
measurement, proximity detection, and temperature measurement, and knitted
microphones and antennae, are provided by the invention.
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Advantageously, the first and last courses of the transduction zone are knitted
with electrically conductive fibres which act as connecting leads for the knitted transducer
device. This design is preferred since it enables the knitted transducer device to be knitted
in a single operation using knitting machines such as flat bed knitting machines.
Furthermore, the knitted transducer device can be constructed as part of a greater knitted
structure such as a garment in a single knitting operation. The connecting leads (used to
power the device and transmit a detection signal therefrom) can also be easily incorporated
into the structure within a single knitting operation.

The transduction zone may be knitted with combinations of binding elements
selected from the group comprising stitches, tuck loops and floats.

In some embodiments, the electrically conductive fibres comprise elastomeric
conductive yarn. In such embodiments, there is little redistribution of fibres when the
device is flexed, providing different response characteristics to transducers knitted with
non-elastomeric conductive yarn such as metallic yarn. It is an advantage that there is no
or minimal residual strain when the device is knitted with elastomeric conductive yarn.
This is because, when a strain on the transducer device is removed, the device can return

to a repeatable configuration.

The transduction zone may be knitted with a plurality of types of electrically

conductive fibres, each type having a different resistivity.

Examples of electrically conductive fibres are polymeric and metallic fibres.
Examples of metallic fibres are steel fibre and copper fibre.

The device may be a resistive knitted transducer device in which deformation
of the knitted structure results in a variation of the electrical resistance of the transduction
zone. The device may be operable as a strain gauge, in which device:

the transduction zone is knitted with electrically conductive fibres and non-

conductive fibres; and
the electrically conductive fibres in the transduction zone extend in a common

direction.

The electrically conductive fibres may extend in the course direction of the

transduction zone.
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The electrically conductive fibres may be incorporated into the transduction

zone as laid in fibres, tucks and floats.

The resistance device may be a resistive displacement knitted transducer
device in which displacement of the knitted structure from a relaxed configuration results
in a variation of the electrical resistance of the transduction zone which is functionally
related to the displacement. The transduction zone may comprise:

a transducing section formed from knitting together electrically conductive
fibres; and

a plurality of electrical contacts in electrical connection with the transducing
section, the electrical contact comprising knitted electrically conductive fibres of a higher
electrical conductivity than the electrical conductivity of the electrically conductive fibres

in the transducing zone.

The device may be an inductive knitted transducer device in which
deformation or movement of the knitted structure results in a variation of the inductance
of the transduction zone. The inductive device may be a substantially cylindrical inductive
solenoid knitted transducer device. The transduction zone may be knitted from electrically
conductive fibres and non-conductive fibres. The electrically conductive fibres may be
disposed on the outside of the solenoid and the non-conductive fibres disposed on the

inside of the solenoid.

The device may be a capacitive knitted transducer device in which
deformation of the knitted structure results in a variation of the electrical capacitance of
the transduction zone. The electrically conductive fibres in the transduction zone may

define a plurality of spaced apart electrodes. The electrodes may be concentric,

interdigitated or parallel plate electrodes. In the latter instance, the transduction zone may
further comprise one or more knitted layers of non-conductive fibres extending between

the parallel plate electrodes.
The knitted transducer device may comprise a plurality of knitted layers.
According to a second aspect of the invention there is provided an

arrangement comprising a plurality of knitted transducer devices according to the first

aspect of the invention.



10

15

20

25

30

35

WO 2004/100784 PCT/GB2004/002192

_4-

According to a third aspect of the invention there is provided a detection
system comprising:

at least one knitted transducer device according to the first aspect of the
invention;

electrical supply means for supplying an electrical signal to a knitted
transducer device; and

detection means for monitoring an electrical characteristic of a knitted

transducer device.

The detection system may comprise a plurality of knitted transducer devices
in which the detection means is adapted to derive information pertaining to the relative
spatial orientation of the knitted transducer devices. The detection means may derive
information pertaining to the relative orientations of the knitted transducer devices by

comparing monitored electrical characteristics of the knitted transducer devices.

Electrical characteristics at a plurality of frequencies may be monitored.
Typically, an electrical characteristic is measured as a function of frequency in such
embodiments. The electrical characteristics may be monitored at a plurality of frequencies
in the range 1 to 1000Hz, preferably 5 to 500Hz. These frequencies are particularly useful

for ECG measurements.

Electrical impedance is an example of an electrical characteristic that may be
monitored. Other electrical characteristics, such as dc resistance and capacitance might be

monitored.

The detection means may produce an ECG from the monitored electrical

characteristics.

According to a fourth aspect of the invention there is provided a garment
comprising at least one knitted transducer device according to the first aspect of the
invention. Such garments have the transducers present in situ in their required positions.
Thus the correct alignment of the transducers with the body of a wearer of the garment is
automatically achieved once the garment is donned and so the garment can be worn by
unskilled operatives without requiring skilled supervision. Data can be transmitted
remotely by, eg, telemetry and so the subject does not necessarily have to be in the
environs of a medical institution. Garments of the present invention are convenient and
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robust and can even be washed and reused without attention from skilled personnel.
Garments of the invention can be used within a hospital environment, and also in the world
of sport to collect data from the patient/person wearing the garment. Advantageously,
knitted transducer devices can be integrally incorporated into knitted garments in the
manufacturing process. Furthermore, knitted structures of the invention are desirable for
use in garments, particularly undergarments, owing to a number of advantageous
properties, such as good tensile recovery, superior drapability (providing excellent skin
contact) and good breathability properties (provided by the air permeability of knitted
structures). The garment may comprise a plurality of knitted layers. It is noted in this
regard that a garment such as a vest having a front portion of a single layer and a back
portion of a single layer is not, for the purposes of the present invention, regarded as
having two layers. Rather, it is considered to be a one layer garment but may be described
as a (1+1) layer garment. A garment having m layers in the front portion and n layers in
the back portion is described as a (m+n) layer garment. Furthermore, for the avoidance
of doubt, it should be noted that in the context of the present invention a folded layer
knitted fabric, such as described in WO 03/094717, should be regarded as a single layer,
and not a two layer arrangement. The knitted layers may be formed as an integral knitted
structure, with a knitted transducer present in a knitted layer as part of the knitted structure.

'The garment may comprise a first knitted layer having at least one knitted
transducer device, and the second knitted layer may be knitted with electrically conductive

fibres which act as connecting leads for the knitted transducer device.

The garment may comprise three or more knitted layers. The garment may
comprise:

a first knitted layer having one or more knitted transducer devices;

a second knitted layer; and

a third knitted layer having one or more knitted transducer devices.

The second knitted layer may be adapted to screen electrical signals
emanating from or introduced to a knitted transducer device located in the third knitted
layer. A knitted transducer device in the third layer may be an inductive knitted transducer
device. Advantageously, the garment is seamless.

According to a fifth aspect of the invention there is provided a method of

manufacturing a garment comprising the steps of knitting, in the same knitting operation:
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a first knitted layer having at least one knitted transducer device, the knitted
transducer device comprising a knitted structure having at least one transduction zone, in
which the transduction zone is knitted with electrically conductive fibres so that
deformation of the knitted structure results in a variation of an electrical property of the
transduction zone; and

a second knitted layer integral with the first knitted layer, in which the second
knitted layer is knitted with electrically conductive fibres which act as connecting leads

for the knitted transducer device.

The method is highly advantageous, providing a complete garment with the
components in the correct orientations, alignments and relative positions, in a single

manufacturing step.

Advantageously, the garment is knitted on a flat-bed knitting machine. Other
forms of knitting, such as circular weft knitting and warp knitting, might be employed.
Advantageously, a seamless garment is knitted.

According to a sixth aspect of the invention there is provided a method
obtaining an ECG from a patient comprising the steps of:

providing a garment comprising a plurality of knitted transducer devices, in
which the knitted transducer devices each comprise a knitted structure having at least one
transduction zone, in which the transduction zone is knitted with electrically conductive
fibres so that deformation of the knitted structure results in a variation of an electrical
property of the transduction zone;

clothing a patient with the garment;

supplying electrical signals of a form suitable for making ECG measurements
to a knitted transducer device; and

monitoring an electrical characteristic of a knitted transducer device in order
to obtain an ECG.

In practice it is usual to employ at least three knitted transducer devices.

Embodiments of knitted transducer devices, garments incorporating same,
detection systems incorporating same, and arrangements comprising a plurality of knitted
transducer devices in accordance with the invention will now be described with reference

to the accompanying drawings, in which:
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14
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shows a plurality of resistive strain gauges;
shows an electrical equivalent circuit of a strain transducer;
shows a knitted resistive displacement transducer;

shows the geometrical path of the electroconductive yarn in the

transducer of Figure 3;

shows (a) a stitch and (b) a four resistance equivalent circuit
of the stitch;

shows an equivalent resistant mesh circuit;
shows a solenoid transducer;
shows impedance characteristics of the solenoid of Figure 7;

shows (a) a diagrammatic representation and (b) a photograph
of an arrangement of three solenoid transducers on a finger;

is a plan view of a capacitive proximity transducer;
is a plan view of a capacitive strain gauge;

shows (a) a perspective view and (b) a cross sectional view of
an array of parallel plate capacitive transducers;

is a cross sectional view through a (1 + 3) layer garment worn
by a subject;

shows (a) front views of the layers in a (3 + 3) layer garment
(b) a cross sectional view and (¢ ) a top view of a (3 + 3) layer

garment worn by a subject;
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Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

Figure 24

Figure 25
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shows (a) a perspective view and (b) an exploded view of a (1
+ 3) layer vest;
shows the arrangement of the welts during knitting;

is a knitting sequence for the three layered welt;

shows the knitting and transterence sequence for the fashioning
of three layers on the right selvedge of the vest;

shows the knitting and transference sequence for the fashioning
of the three layers on the left selvedge of the vest;

shows the knitting and transference sequence for the bind off
and finish of the straps at the shoulders;

shows the knitting and transference sequence for the fashioning
of three layers for the left middle neck opening of the vest, also
joining of the front and middle panels;

shows the knitting and transference sequence for the fashioning
of the three layers for the right middle neck opening of the vest,
also joining of the front and middle panels;

shows the knitting and transference sequence for the completion
of the knitting sequence for the main body of the three layer

vest;

shows an example layout of transducer devices knitted into the
middle layer of the vest;

shows a knitting sequence for an example transducer device.;

shows an electrical equivalent circuit of the skin/electrode

interface;
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Figure 27  shows (a) the equivalent circuit of a measuring arrangement and
(b) the equivalent electrical circuit of an electrode system; and

Figure 28  shows an ECG signal obtained using a knitted electrode.

The present invention provides flexible transducers which may be used in the
field of wearable electronics. The invention provides knitted structures from, eg,
electro-conductive polymeric, metal and smart fibres that will behave as transducers.
These transducers can be fabricated using flat-bed, circular and warp knitting technology.

Various non-limiting classes of transducers are described below.

Resistive fibre mesh transducers

The knitted transducers are constructed by using electro conductive yarns.
The generic method of construction of the transducers is to knit a pre-determined area of
the base knitted structure from the electro conductive yarn. The above area is defined as
the Electro Conductive Area (ECA) in the following text. The size, shape and the binding
elements (stitches, tuck loops, floats and laid-in-yarns) and their organization in the base
knitted structure would determine the overall electrical characteristics of the ECA, and its
response to structural deformation(s) of the knitted structure. This variation of the
electrical characteristics of the ECA would determine the type of knitted transducer and

its function.

One of the measurable electrical properties of the knitted transducers is the
electrical resistance and its variation of the ECA. The variation of resistance can be
captured using two different approaches. Generally, when a knitted structure is deformed
the structural deformations are due to the yarn deformations and/or slippages between the
yarn contact areas of stitches (stitches are the basic elements of a knitted structure). The
yarn deformations may be due to stretching, bending, twisting and compressing. The first
method of capturing the electrical resistance of a knitted strain gauge is by considering
only the length variation of the conductive yarn in the knitted structure, which results in

a variation of resistance.

The second method is by considering the structural deformations of the
stitches in the ECA which will results in a variation in electrical resistance. Under small
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loads this functions as a potentiometer, and, therefore, we have defined these as
displacement transducers. The invention is not limited by these two proposed modes of

operation.
Resistive strain gauge

A knitted resistive strain gauge can be made as a single knitted layer using
an electro-conductive elastomeric yarn (e. g. carbon filled silicon fibre yarns, typically
with a specific resistance of 5-6 K€/cm) and non conductive base yarn (which could be
an elastomeric yarn). The base knitted structure is formed using the non-conductive yarn
and the conductive yarn is laid in the course direction of the base structure in a
pre-determined configuration, which could be in the geometrical form of a rectangle, a
square, a triangle, a circle or an ellipse. Figure 1 shows a plurality of knitted transducer

devices 10 which were fabricated using these principles.

Due to the above configuration it is likely that the variation of resistance will
only be due to the stretching of the conductive yarn. If the base structure of the strain
transducer is a rib, interlock or a derivative then the conductive elastomer will be
incorporated into the knitted structure as a laid in yarn; and the conductive elastomer will
be incorporated into a plain or a purl or a derivative in the form of tuck loops and floats.
In Figure 1 the structures 10 have been knitted with a white non conductive yarn and with
a black laid in conductive elastomer yarn. The black conductive yarn also extends out of

the knitted transducer devices 10 to serve as connecting leads 12.

The electrical equivalent circuit of the strain transducer can be modelled by
considering the geometrical path of the conductive elastomeric yarn. Since the conductive
elastomer yarn is secured within the courses (row of stitches) of the base structure, which
has been knitted from the non conductive yarn, the laid in conductive elastomer yarn lies
electrically insulated in the base structure, i.e. there are no cross connections in the laid in
elastomer yarn. Therefore, the electrical path will be the same as the geometrical path of
the laid in conductive elastomer yarn. The equivalent resistance can be calculated,
assuming it is electrically powered from the two ends (Figure 2) of the conductive
elastomer. When the structure is stretched in the direction of Y the electrical resistance

of the electro conductive elastomer yarn would increase with respect to the extension.
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The resistance of the conductive elastomer will be
R=pL/A .. i (1)
where p is the resistivity of the conductive elastomer

L is the length of the laid in conductive elastomer and

A 1is the cross sectional area of the conductive elastomer

Resistive displacement transducer

Resistive displacement transducers can be constructed from electro
conductive yarn such as polymeric and metallic yarn. The function of the displacement
transducer is based on the change of the electrical resistance of the ECA. The polymeric
yarn is used to produce the ECA to provide the required resistance variation (due to its
higher specific resistivity), and the metallic yarn such as stainless steel is used to power
the ECA. The deformation of the ECA will result in a change of its electrical resistance.
This change will generate an electrical signal if the ECA is electrically powered.

Generally two distinctive structural deformations can be defined for a knitted
structure. At the early stage of the deformation of a knitted structure there is a free
movement of the yarn in the stitches. The second stage is defined due to the jamming of
the yarn in the contact areas of the stitches; at this stage the yarn can no longer move freely
within the structure. The component which contributes more towards the resistance
variation in the ECA would depend on the mechanical properties and the surface
morphology of the conductive polymeric yarn and the load responsible for the deformation
of the knitted structure. For small loads the deformation of the stitches would be primarily
due to free yarn movement, hence the transducer can be used to determine displacement.
On the other hand for relatively large loads, i.e. when yam is jammed the deformation of
the knitted structure will be due to the yarn deformations (bending and stretching) and the

transducer act as a strain gauge.

An example of a knitted displacement transducer 32 1s shown in Figure 3.
The device 30 comprises a single knitted layer, although it would be possible to provide
a multiple layer device instead. The base structure 32 of the transducer is a plain knitted
structure. The base structure 32 was knitted with a non conductive yarn, and a rectangular
ECA 34 was created by knitting a defined number of wales (n) over a defined number of
courses (m) using an electro conductive monofilament yarn (1-10KQ/cm). The ECA 34
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was electrically powered using two parallel rails 36 constructed by knitting two courses

from a high conductive yarn (stainless steel 1-5Q/cm).

The electrical resistance of the ECA 34 given in Figure 4 will depend on:

. Resistivity of the electro conductive material;

. Number of courses (m) & number of wales (n);
T e Geometrical yarn path of the stitches;

. Powering orientation.

In order to calculate the resistance of the ECA its basic building block should
be considered, which is a stitch. The plane view of the stitch structure is shown in Figure
4. Any textile structure is created by the physical binding of yarns, and in the case of a
knitted structure this is achieved by interconnecting loops formed from yarn, which results
in four yamn contact regions. Mechanics of the yarn contact regions are very complex, and
the behaviour of knitted structure is not yet fully understood, although this does not affect
the viability of the device as a transducer. When a knitted structure is in the fully relaxed
state the yarn contact is more likely to be a line contact; however when a planar force is
applied one has to consider the yarn contact as an area contact due to the compressibility
of the yarn. Therefore it is reasonable to assume that the yarn contact region as a short
circuiting point which then can be considered as a node in an electrical impedance
network. A stitch has four contact regions or points. Therefore the DC equivalent circuit
of the stitch can be formulated using the resistances of the conductive segments (known
as head, legs and feet in knitting terminology) between these four nodes for a stitch. The
lengths of the conductive segments are calculated by considering the yarn path geometry
of the stitch. Therefore, the DC equivalent circuit of a stitch can be defined using four
resistances; two equal resistances representing the head and the feet (RH) and two equal
resistances representing the two legs (RL). The DC equivalent circuit of a stitch is shown
in Figure 5(b). The overall resistance of the ECA is modelled by repeating the four
resistance equivalent circuit model of a stitch which constitutes a resistive mesh as shown
in Figure 5(b). The total equivalent resistance of the ECA can be calculated for a given

powering configuration.

When the ECA is stressed in the direction of the wales, RL is increased and
RH is decreased, which is due to the free movement of yarn in the contact areas and due
to the extension of the yarn segments forming the legs and compression of the yarn
segments forming the heads of the stitches. The actual mechanism depends on the
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structural dynamics. The length of the above yarn segments are calculated by using a
geometrical model of the plain knitted structure which demonstrates the deformation of
the structure for defined loading conditions. The extension of the length in the yam
segments is then used for the calculation of resistance. For example, for the ECA shown
in Figure 4 the powering configuration of the total equivalent circuit is described below.
The total resistance of the ECA is calculated using RL and RH values of each unit cell
(stitch) by constructing the equivalent resistive mesh (Figure 6).

Mesh theory is applied to calculate the equivalent resistance of the mesh

(ECA).
V= Z L oo )
L = 7 Vi oooeeeeeeeseeeeeeseseeesesssessss s s ssssises 3)
Rocm1/Z-1(1,1) ovevesinversssesssesssmsssssense st (4)

Where V,, and I, are the voltage and current vectors respectively
Z.. is the mesh impedance matrix
z-1(1,1) is the first element of the Z -1.

When the structure is deformed the new resistance of the ECA and the
resistance variation AR is calculated:

AR=Reqg-Reql

Where Reql is the initial resistance of the structure under relaxed conditions.

Inductive fibre mesh transducers
Inductive strain gauge

In one embodiment a solenoid is knitted using electro conductive yarn
together with a non conductive yarn, preferably an elastic yarn such as Lycra or Spandex
in order to create the required elastic properties. The structure can be any one of the basic
knitted structure or their derivatives or any combination, knitted in a tubular form. The
electro conductive yarn can be a polymeric or a metallic yarn; however a yarn with a very
low electrical resistance is preferred. An example of a solenoid 70 made from copper (Cu)
wire of gauge 36 is shown in Figure 7. The two yarns (Cu wire and elastomeric yarn) were
knitted using plaiting technique, i.e. the yarns were delivered to the knitting needles in
such a manner that the conductive cu wire appears on the outside layer and the elastomeric
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yarn appears on the inner layer (side) of the knitted tube (solenoid). The conductive wire
extends from the solenoid 70 to act as connecting leads 72 which are connected to suitable
means for energising the solenoid 70 and detecting variations in inductive properties of the
solenoid 70.

Impedance characteristics were analysed under static and dynamic
mechanical loading conditions. The results obtained thereby are shown in Figures 8(a) and
8(b). The electrical characteristics under relaxed state demonstrate a typical high pass
filter characteristic. The cut-off frequency was 103 KHz, and, therefore, for better
performance the solenoid transducer was driven at IMHz to measure strain, i.e. in strain

gauge mode.
Inductive displacement transducers

The solenoid structure described above can be used as a displacement
transducer. However the knitted structure should be made more stable in order to maintain
a lower variation of self inductance. Preferably, a higher ur material such as stainless
steel yarn (which has a pur value 1000 times greater than that of Cu) is used with or instead
of the Cu wire to increase the inductance of the solenoid. This improves the transducer
resolution. The basic principle is to knit an array of solenoids into a garment (minimum
of two) at defined positions. A relatively simple and non-limiting example is given in
Figure 9 which shows an arrangement of three solenoids 90, 92, 94 for capturing the
gestures of a finger. The use of a greater number of solenoids (or other inductive
transducer devices) is within the scope of the invention. S1, S2 and S3 represent the three
knitted solenoids 90, 92, 94.

Two methods might be used to measure the angular displacements (o, 8). In
the first method the mutual impedance variation is measured and in the second method the
electromagnetic induction variation is used. The measurements are carried out for a pair
of solenoids. For the example shown in Figure 9 the solenoids S1 and S2 were considered
as the first pair 1 and the solenoids S2 and S3 as the second pair. The two pairs were
energized alternately. The mutual inductance variation of the first pair due to the bending
of the finger was used to measure the angular displacement a.. Similarly the second pair
was used to measure the angular displacement 8. The two pairs were energized at IMHz
and the time division multiplexing technique was used to measure the readings of the two

solenoid pairs at a frequency of 10 Hz.



10

15

20

25

30

WO 2004/100784 PCT/GB2004/002192

-15-

In the second method first the solenoid S1 was energized and voltages
induced in the solenoids S2 and S3 were measured. Then the solenoid S2 was energized
and the voltages induced in solenoids S3 and S1 were measured and finally the solenoid
S3 was energized and the voltages induced in solenoids S2 and S1 were measured. The

angular positions «, B were calculated from the data.

The integration of knitted solenoid arrays in to a knitted garment (preferably
using the seamless knitting technology) enables the detection (measurement) of elbow and
knee movements and knee movements. Similarly, knitting solenoid arrays into a glove
during its manufacture enables the detection of the finger movement, thus providing the
platform for the creation of a virtual keyboard for PCS, music, games and other niche

applications.
Capacitive fibre mesh transducers

Capacitive knitted transducer devices can be produced, and it is possible to
knit an array of such transducers within a base structure. The base structure can be
knitted from a non-conductive yarn and electrodes are created within the base structure
using an electro conductive yarn, preferably a low resistance yarn such as stainless steel
or copper wire. Deformation of the structure results in a displacement of the electrodes
and the change of capacitance in the electrodes can be used to measure the mechanical

strain, the touch, the displacement and the proximity.
Capacitive proximity transducers

The construction of a touch or proximity transducer 100 is shown in Figure
10. The capacitive proximity transducer 100 is constructed using two knitted layers
(multi-layer structure). The transducer comprises two concentric electrodes 102, 104, a
compensating electrode 106 and a base knitted structure 108. The electrodes 102, 104, 106
are knitted on to one layer and their connectors are knitted on the second layer (layer
underneath the layer with electrodes). The described proximity transducers can also be

used as flexible switches in smart garments.
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Knitted capacitive strain gauge

Figure 11 shows a capacitive strain gauge 110 comprising interdigitated
electrodes 112, 114 and a base structure 116 knitted from non-conductive yarn. The strain
gauge 110 may be produced as a single knitted layer.

By arranging the electrodes 112, 114 as shown in Figure 11 (defined as a
“comb” electrode configuration) the structural deformation of a knitted structure can be
measured. The structural deformation may be caused by a mechanical loading of the
structure. In order to improve the performance of the strain transducer 110 a non

conductive elastomeric yarn can be used to knit the base structure 116.
Knitted parallel plate capacitor

A parallel plate capacitive transducer may be constructed by using multi-layer
knitted structures (these are also known as spacer structures). A spacer structure consists
of two independent planar knitted structures that are interconnected by a monofilament
yarn. Spacer structures can be conveniently knitted on modern electronic flat-bed knitting
machines by using three different yarns (yarn carriers). An advantage of knitting to
fabricate a parallel plate arrangement is the capability of knitting electrodes of defined
size, shape and their precision positioning within a ground structure. The electrode plates
are constructed by knitting them separately on to the individual planar knitted structures
using conductive yarns and the space between the plates is constructed by knitting a high
modulus non conductive monofilament yarn. A capacitive array is constructed by knitting
the electrode plates according to a predetermined grid on to the individual planar knitted
structures, thus isolating the conductive plates. When constructing the transducer(s) an
important consideration is to select the yarns of the plate faces to have similar mechanical
properties. Advantageously, the whole structure is knitted in one go. Figure 12 shows an
array of parallel plate capacitive transducers 120 comprising electrode plates 122. A base
layer 124 comprising a non-conductive yarn extends between the electrode plates 122.
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Modelling of Electrical Equivalent Circuit of a Knitted Electrode

When an electrode comes in contact with the skin and electrical interface is
formed between them. The interface formed has two components: 1) between theelectrode
and the electrolyte; and 2) between the electrolyte and the skin.

The second component depends primarily on the epidermis layer which consists of three
sub layers. This layer is constantly renewing itself. Cells divide and grow in the deepest
layer called the “stratum germinativum”, and the newly formed cells are displaced
outwards as the newly forming cells are grown beneath them. As the newly formed cells
pass through the “stratum granulosum” they begin to die and lose their nucleus material.
During their outward journey the newly formed cells degenerate further into layers of the
flat keratinous material, which forms the “stratum corneum”. This layer consists of dead
cells, and the epidermis layer, therefore, is a constantly changing layer of skin. As such
when the “stratum corneum” it removed it will regenerate within twenty four hours. The
deeper layers of skin consist of the vascular and nervous components of the skin, sweat
glands, sweat ducts and hair follicles.

An equivalent electrical circuit of the skin-electrode interface is shown in

Figure 26, in which:

E,. is the half cell potential between the electrode and electrolyte interface;
C, is the capacitance of the electrode electrolyte interface;

R, is the leakage resistance of the electrode electrolyte interface;

R, is the electrolyte resistance;

E,. is the half cell potential between the electrolyte and the skin;

C, is the capacitance of the skin electrolyte interface;

R, is the leakage resistance of the electrolyte skin interface;

R, is the resistance of the dermis and subcutaneous layer;

E, is the half cell potential of sweat glands, ducts and the electrolyte;

C, is the capacitance of sweat glands, ducts and the electrolyte interface; and
R, is the leakage resistance of sweat glands, ducts and the electrolyte

interface.

The electrical equivalent circuit of the ECA system was developed by
modifying the known Cole-Cole model with an inductance (L) and a resistance (R)
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connected in series; this represents the impedance of the electrical pathways connecting
the ECA to a pre-processing unit. The lump components Ry, R, L, R and £ were
determined by analysing the impedance spectrum of the ECA system. The impedance is
measured between two electrodes. The electrode area is selected to be 2.5 x 2.5 cm? (or
course, this area is in no way limiting). The equivalent circuit of the measuring
arrangement shown in the Figure 27(a), and comprises a pre-amplifier 270 and, knitted
electrodes 272. The skin tissue and an effective ECG source are shown at 274 and 276,

respectively.

The total impedance of the electrode system can be represented by the
equivalent circuit shown in Figure 27(b). The individual components were estimated
empirically as demonstrated by Danchev and Al Hatib. (Danchev, S., and Al Hatib, F.,
“Non linear curve fitting for bio electrical impedance data analysis: a minimum ellipsoid
volume method” Physiological measurement 20 (1999) N1-N9, the contents of which are

incorporated herein by reference).
Determination of electrode-skin-electrode impedance

A sleeve integrated with electrodes was produced for impedance
measurements. In this example the seamless knitted sleeve the electrodes (contact area 2.5
x 2.5cm? positioned Scm apart. No skin penetration was carried out. The electrodes were
connected to an impedance analyzer, and the impedance was measured within the
frequency spectrum of the ECG, ie, between 5 - 400 Hz.

Current clinical practice for measuring an ECG is to attach metal electrodes
to the skin of a patient. Prior to attaching the electrodes a thin layer of electro conductive
gel is applied to the surfaces of the electrodes, in order to improve the electrical
conductivity between the skin - electrode interface. The performance of ECAs of the
invention was studied using this practice by employing a thin layer of electro conductive
gel. Impedance measurements were made which demonstrated a value between 7 - 9
KOhms for the amplitude and a phase angle variation between -35° and -65°.

An example of an ECG signal picked up by the ECA system is shown in
Figure 28. The signal was of sufficient quality for early diagnostic purposes. The PQRST
components could be clearly identified in the wave forms; occasionally the U wave could

also be observed.
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Measurements were also performed without the electro conductive gel. The
magnitude of the impedance was in the range 1.4 MOhms to 200KOhm:s for the frequency
range 20 - 40Hz. The phase angle was in the range of -55° to -75°. ECG signals could be
recovered using this system. A certain amount of noise is observed in the “raw” ECG
signal due to artefacts such as deformation of the knitted structure and line interference.
Signal processing techniques can be used advantageously to remove such artefacts and
interferences, and thus improve the quality of the ECG signal.

Garments incorporating knitted transducer devices

A wide range of garments may be produced which incorporate knitted
transducer devices of the type described above. Examples include gloves, mitts, socks,
trousers, and pants. Particularly useful examples include garments for the upper body,
such as vests, sweaters, shirts and the like. Figure 13 shows a cross sectional view of a
vest 130 which incorporates knitted transducer devices. The back portion of the vest is
comprised of a single knitted layer 132. In contrast, the front portion of the vest is made
up of three separate knitted layers, namely a first layer 136, a second layer 138, and a third
layer 140. Also shown in Figure 13 in somewhat schematic fashion is the body 134 of a
wearer of the vest. We describe the vest shown in Figure 13 as a (1 + 3) layer garment.
Different transducers may be knitted into different layers. In a preferred, but non-limiting
embodiment, transducers suitable for ECG measurement are knitted into the first layer 136,
ie, the layer next to the skin of the wearer; further transducers such as strain gauges can
be knitted into the third layer 140. It is noted that it can be desirable to incorporate
inductive knitted transducers into the garment. Such transducers are powered at high
frequencies such as 1 MHZ or more in order to improve the signal to noise ratio. Such
high frequency signals can be harmful to the human body and thus the configuration
shown in Figure 13, in which a second layer 138 is disposed between the third layer 140
and the wearer 134 is advantageous. The second layer 138 acts to screen the wearer from
the high frequency signals. Additionally, or alternatively, the second layer 138 can
provide a further useful function by providing connecting leads which are in connection
with transducers in the first and/or third layers 136, 140. These connecting leads consist
of metal yarns which form part of the knit of the second layer 138. In particular, the
knitted rows (courses) of the second layer 138 can comprise metal yarns. It is noted that
biopotential electrodes for ECG measurements are required to be in contact with the skin,
but their connecting leads should not. Thus, the configuration shown in Figure 13 is
particularly advantageous when the transducers in the first layer 136 are biopotential
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electrodes. The transducers are connected, via the connecting leads, to suitable power
supply/detector means. Such means are well known in the art and thus are not further

exemplified herein.

Figure 14 depicts an embodiment related to the embodiment of Figure 13.
The embodiment of Figure 14 differs in that both front and back portions of the vest are
made up of three knitted layers. Thus, using our nomenclature, Figure 14 shows a (3 + 3)
layer vest. Both front and back portions of the vest comprise a first knitted layer 142
having a plurality of transducers disposed therein as part of its knitted structure, a second
knitted layer 144 having conductive yarns which act as connectors for the transducers
located in the vest, and a third kitted layer 146 having further transducers disposed therein
as part of its knitted structure. In a preferred, but non-limiting embodiment, the transducers
in the first knitted layer 142 are electrodes and the transducers in the third layer 146 are
strain gauges. Also shown in Figure 14, again in somewhat schematic form, is the body
148 of a wearer of the vest. The majority of the vests can be knitted using conventional
non- conductive yarn. Lycra is an example of a suitable yarn, although many other
candidates would suggest themselves to the skilled person.

Fashioned vest having a total of three layers (1 + 2 layers) with no seams and knitted

in sensors.

Figure 15 shows a three layer fashioned vest garment 150 with a back 152,
middle 154 and front 156 layer, no seams and having knitted in sensors (transducers), for
example for use in taking ECG heart readings and respiratory readings. This garment can
be used within a hospital environment, also in the world of sport to collect data from the
patient/person wearing the garment. The garment can also be washed, donned and worn
by unskilled operatives as the sensors have been knitted into the garment in their correct

positions, and thus require no special alignment or treatment.

Three separate welts, one for each layer of fabric, are used so that there are
no raw edges on the completed vest, eliminating over locking these three edges of the
fabric.

The following is the knitting sequence for the three layered welt:
A draw thread divides the comb waste from the three welts. Each layer of the
vest garment starts with its own welt, so that there are no raw edges.



10

15

20

25

30

35

WO 2004/100784 PCT/GB2004/002192

-21-

Each welt consists of one knitted course of one in four stitches on the front
needle bed and also one in four stitches on the rear needle bed (Figure 17 welt start). The
next knitted course knits exactly the same layout of needles but only on the rear needle bed
(Figure 17 tubular rear), and the next knitted course knits exactly the same layout of
needles but only on the front needle bed (Figure 17 tubular front). These two courses can
be repeated if necessary. The operation is then finished with knitting the same needle
layout as the welt start course. The needle loops on the rear bed are now transferred to the
front needles, so that they are out of the way and allow the second welt to begin.

This second welt is knitted in the same sequence as the first welt, except that
the loop layout starts one needle to the left, the last knitted front loops are transferred to
the rear needles; this allows the third welt to be knitted inside the two outer layers of fabric
(Figure 16).

The third welt again is knitted in the same sequence as the first and second
welt; it also starts one needle to the left with the rear loops but the front loops knit on the
empty needles opposite the second welt rear loops. After the welt sequence is finished the
front loops of the last knitted course are transferred to the rear.

To achieve a fashioned three layer vest garment the front, middle and back
panels of fabric should be connected, except for the start of the arms and neck, where the
back panel still has to be separate up to the bind off at the shoulder.

The following is the knitting and transference sequence for the fashioning of
all three layers on the right selvedge of the vest and for the joining of the front and middle
panels. Reference is made to Figure 18.

After the completion of the main body knitting sequence:

Stage 1: the right hand rear loop (middle layer of the vest) is transferred
two needles to the left from the selvedge, in order to allow the needle to be able to receive
the loop from the front layer of the vest;

Stage 2: the right hand front loop (front layer of the vest) is transferred
in the ground position directly to the rear. This same loop is then transferred to the left
from the selvedge by two needles; doubling up the second front loop of the front layer, this
completes the front layer fashioning;
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Stage 3: the right hand rear loop (rear layer of the vest) is transferred in
the ground position directly to the now empty needle at the front. This same loop is then
transferred to the left from the selvedge by two needles doubling up the second needle loop
in from the selvedge. This completes the rear layer fashioning;

Stage 4: the needle that was moved at the beginning (Stage 1) to allow
other loops to be transferred is now transferred to the left on top of the original right
selvedge needle loop. This completes the middle layer fashioning.

The following is the knitting and transference sequence for the fashioning of
all three layers on the left selvedge of the vest, and also for the joining of the front and

middle panels. Reference is made to Figure 19.

After completion of the knitting sequence:

Stage 1: the first loop on the left selvedge of the middle layer of the vest
is transferred to an empty needle on the front by two needles to the right - this is to allow
the needle to be able to receive the loop from the front layer.

Stage 2: the first loop from the left selvedge of the front layer is
transferred to the rear in the ground position. This is then transferred with the first loop
of the rear layer two needles to the right. This completes the front layer fashioning and
half of the rear layer fashioning.

Stage 3: the first loop to be transferred at Stage 1 of the middle layer is
now transferred to the rear, doubling the second needle loop from the left selvedge.

The bind off and finish of the straps is towards the back of the shoulder. This
is so that the double layer of fabric lies across the shoulder, and helps with the comfort of
the vest when it is being worn. Reference is made to Figure 20.

The following is the knitting and transference sequence for the bind off and
finish of the straps at the shoulder:

Stage 1: the main yarn knits three odd needles on the rear needle bed
from the left, and then knits the same three needles out towards the left (Figure 20).

Stage 2: the main yarn knits two even needles in from the left and leaves
the yarn feeder on the right of the binding off area (Figure 20).

Stage 3: the first needle on the left is now transferred one needle to the
right, this doubles up the left needle loop on the front needle bed (figure 20). |
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Stage 4: from the odd needles on the front needle bed, one loop on the
left of the middle layer is now transferred in the ground position to the rear (Figure 20).

Stage 5: the main yarn knits three even needles on the front from the
right, and then knits three odd needles on the rear towards the right, leaving the yarn feeder
on the right of the binding off area (Figure 20).

Stage 6: the left loop of the front layer is transferred to an empty needle
on the rear in ground position (Figure 20).

Stage 7: the previous left front layer loop transferred at Stage 6 and the
left rear loops are transferred to two needles to the right on to the front needles (Figure 20).

Stage 8: the second loop in from the left on the front needle bed is
transferred in ground position to the rear, doubling up the left hand loop of the rear layer
(Figure 20).

The following is the knitting and transference sequence for the fashioning of
all three layers for the left middle neck opening of the vest, and also for the joining of the
front and middle panels. Reference is made to Figure 21.

After completion of the main body knitting sequence:

Stage 1: the right hand middle rear loop (middle layer of the vest) is
transferred two needles to the left from the left middle selvedge, this is to allow the needle
to be able to receive the loop from the front layer of the vest (Figure 21).

Stage 2: the right hand middle front loop (front layer of the vest) is
transferred in the ground position directly to the rear. This same loop is then transferred
to the left from the right middle selvedge by two needles; doubling up the second front
loop of the front layer, this completes the front layer fashioning (Figure 21).

Stage 3: the right hand middle rear loop (rear layer of the vest) is
transferred in the ground position directly to the now empty needle at the front. This same
loop is then transferred to the left from the right middle selvedge by two needles doubling
up the second needle loop in from the selvedge. This completes the rear layer fashioning
(Figure 21).

Stage 4: the needle that was moved at the beginning (Stage 1) to allow
other loops to be transferred is now transferred to the left on top of the original right
middle selvedge needle loop. This completes the middle layer fashioning (Figure 21).
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The following is the knitting and transference sequence for the fashioning of
all three layers for the right middle neck opening of the vest, also for joining of the front
and middle panels. Reference is made to Figure 22.

After completion of the knitting sequence:

Stage 1: the first loop on the right middle selvedge of the middle layer
of the vest is transferred to an empty needle on the front by two needles to the right, this
is to allow the needle to be able to receive the loop from the front layer (Figure 22).

Stage 2: the first loop from the right middle selvedge of the front layer
is transferred to the rear in the ground position. This is then transferred with the first loop
of the rear layer two needles to the right. This completes the front layer fashioning and half
of the rear layer fashioning (Figure 22).

Stage 3: the first loop to be transferred at stage 1 of the middle layer is
now transferred to the rear, doubling the second needle loop from the selvedge (Figure 22).

The following is the knitting and transference sequence for the completion
of the knitting sequence for the main body of the three layer vest. Reference is made to

Figure 23.

Stage 1: the first feeder knits even needles on the front bed only (front
layer of fabric).

Stage 2: the second feeder knits even needles on the rear bed only
(middle layer of fabric).

Stage 3: the middle layer loops are now transferred to the front needle
bed one needle to the left - this is to allow the rear layer to be knitted.

Stage 4: the third yarn feeder knits odd needles on the rear (rear layer
of fabric).

Stage 5: the middle layer loops are now transferred to the rear needle

bed one needle to the right, this is to allow the middle and front layers to be knitted.

The Figure 24 shows an example layout of sensors 240 knitted into the
middle layer 242 of the garment, which sensors can be knitted in any position required.

The following is the knitting sequence for an example garment only.
Reference is made to Figure 25. It is an example only, since the sensor can be knitted in
different shapes, such as circular, oblong, or square according to the type of yarn and
signals required from them. Different types of sensor can be employed depending on the
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end application. The middle layer of the vest is used to house the sensor because it is next
to the skin, the front layer of the vest being used to bring in and out the sensor yarn so that
it is insulated by the middle layer. The sensor connector leads are knitted with a highly
conductive (low specific resistance) yarn and these knitted rows (courses) form the
conductive pathways of an integrated circuit.

Stage 1: the main three layers of the vest are now in their normal
position on the rear and middle layers on the rear needle bed, and the front layer on the
front needle bed. At this point the feeder with the sensor yarn is knitted or tucked (in this
case) from the right to the start of the sensor position on the front layer front needles and
knits only the starting width of the sensor on the middle layer rear needles (Figure 25).

Stage 2: at this point the feeder with the sensor yarn is knitted to the
right and then to the left following the selection required to knit the shape or type of sensor
required (Figure 25).

Stage 3: when the sensor has been completely knitted, then the yam

feeder with the sensor yarn knits to the right of the sensor and is then knitted or tucked (in
this case) to the right selvedge (Figure 25).

Non-limiting advantages and features of the present invention are as follows:

. the creation of a seamless multilayer garment using electronic flat-bed
knitting technology, which enables garments to be knitted with a range of
different transducers, for example electrodes, strain gauges, thermocouples
for temperature measurement, proximity sensors (capacitive sensors), knitted
microphones and antennae. The above transducers and electrodes can be
knitted into different layers of the garment;

. arrays of transducers and electrodes can be knitted with the garment, which
would enable the transducers and electrodes to be selected for their optimum
performance using intelligent software;

. the transducers, electrodes and their connecting leads (conductive paths) can
be knitted as one integral knitted structure which could be a single or a
multilayer (two or more layers). In the case of electrodes the sensing patch
(the electrode) can be knitted on to one layer and the connecting leads
(conductive path) knitted on to the next layer. This may be achieved with
electronic flat-bed knitting technology;

. intarsia and jacquard techniques may be used to create the transducers,
electrodes and conductive paths. This enables the knitting of electrodes and
transducers of different geometrical shapes and sizes (rectangular, circular,
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elliptical etc.). Electronic flat-bed technology also allows knitting of an array
of transducers and electrodes of different geometrical shapes and sizes, which
enable us to measure different physiological values;

. the concept of knitting a garment such as a multilayer vest enables the
creation of a health monitoring system as an integrated circuit. The
multilayer technique also enables us to incorporate microelectronic circuits
and/or components between layers;

. garments can be constructed with connectors, transducers, electrodes,
antennae and electrical shielding as one structure (a complex 3D seamless
knitted structure);

. the electrodes and transducers could be knitted on to the front and back layers
of the garment. The different transducers and electrodes are located at
positions that allow the best quality signals to be captured.

There are numerous variations to the embodiments discussed above which
are within the scope of the invention. For example, a garment may incorporate further
knitted layers. In another variant, garments and/or transducers might be woven instead of

knitted.
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CLAIMS

1. A knitted transducer device comprising a knitted structure having at least one
transduction zone, in which the transduction zone is knitted with electrically conductive
fibres so that deformation of the knitted structure results in a variation of an electrical

property of the transduction zone.

2. A knitted transducer device according to claim 1 in which the first and last
courses of the transduction zone are knitted with electrically conductive fibres which act
as conducting leads for the knitted transducer device.

3. A knitted transducer device according to claim 1 or claim 2 in which the
transduction zone is knitted with combinations of binding elements selected from the
group comprising stitches, tuck loops and floats.

4. A knitted transducer device according to any previous claim in which the

electrically conductive fibres comprise elastomeric conductive yarn.

5. A knitted transducer device according to any previous claim in which the
transduction zone is knitted with a plurality of types of electrically conductive fibres, each
type having a different resistivity.

6. A resistive knitted transducer device according to any previous claim in
which deformation of the knitted structure results in a variation of the electrical resistance

of the transduction zone.

7. A resistive knitted transducer device according to claim 6 operable as a strain
gauge, in which:
the transduction zone is knitted with electrically conductive fibres and non-

conductive fibres; and
the electrically conductive fibres in the transduction zone extend in a common

direction.

8. A resistive knitted transducer device according to claim 7 in which the
electrically conductive fibres extend in the course direction of the transduction zone.
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9. A resistive knitted transducer device according to claim 7 or claim 8 in which
the electrically conductive fibres are incorporated into the transduction zone as laid in

fibres.

10. A resistive displacement knitted transducer device according to claim 6 in
which displacement of the knitted structure from a relaxed configuration results in a
variation of the electrical resistance of the transduction zone which is functionally related

to the displacement.

11. A resistive displacement knitted transducer device according to claim 10
when dependent on claim 5 in which the transduction zone comprises:

a transducing section formed from knitting together electrically conductive
fibres; and

a plurality of electrical contacts in electrical connection with the transducing
section, the electrical contacts comprising knitted electrically conductive fibres of a higher
electrical conductivity than the electrical conductivity of the électrically conductive fibres

in the transducing zone.

12. An inductive knitted transducer device according to and one of claims 1 to
5 in which deformation or movement of the knitted structure results in a variation of the

inductance of the transduction zone.

13. A substantially cylindrical inductive solenoid knitted transducer device

according to claim 10.

14, A substantially cylindrical inductive solenoid knitted transducer device
according to claim 13 in which the transduction zone is knitted from electrically

conductive fibres and non-conductive fibres.

18. A substantially cylindrical inductive solenoid knitted transducer device
according to claim 14 in which the electrically conductive fibres are disposed on the
outside of the solenoid and the non-conductive fibres are disposed on the inside of the

solenoid.
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16. A capacitive knitted transducer device according to any one of claims 1 to 5
in which deformation of the knitted structure results in a variation of the electrical

capacitance of the transduction zone.

17. A capacitive knitted transducer device according to claim 16 in which the
electrically conductive fibres in the transduction zone define a plurality of spaced apart
electrodes.

18. A capacitive knitted transducer device according to claim 17 in which the

electrodes are concentric.

19. A capacitive knitted transducer device according to claim 17 in which the
electrodes are interdigitated.

20. A capacitive knitted transducer device according to claim 17 in which the

electrodes are parallel plate electrodes.

21. A capacitive knitted transducer device according to claim 20 in which the
transduction zone further comprises one or more knitted layers of non-conductive fibres
extending between the parallel plate electrodes.

22. A knitted transducer device according to any previous claim comprising a

plurality of knitted layers.

23. An arrangement comprising a plurality of knitted transducer devices
according to any of claims 1 to 22.

24, A detection system comprising:
at least one knitted transducer device according to any of claims 1to 19;
electrical supply means for supplying an electrical signal to a knitted
transducer device; and
detection means for monitoring an electrical characteristic of a knitted

transducer device.
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25. A detection system according to claim 24 comprising a plurality of knitted
transducer devices in which the detection means is adapted to derive information
pertaining to the relative spatial orientation of the knitted transducer devices.

26. A detection system according to claim 25 in which the detection means
derives information pertaining to the relative orientations of the knitted transducer devices
by comparing monitored electrical characteristics of the knitted transducer devices.

27. A detection system according to any of claims 24 to 26 in which electrical

characteristics at a plurality of frequencies are monitored.

28. A detection system according to claim 27 in which the electrical
characteristics are monitored at a plurality of frequencies in the range 1 to 1000Hz,
preferable 5 to S00Hz.

29. A detection system according to claim 27 or claim 28 in which the detection
means produces an ECG from the monitored electrical characteristics.

30. A garment comprising at least one knitted transducer device according to any

of claims 1 to 22.
31. A garment according to claim 30 comprising a plurality of knitted layers.

32. A garment according to claim 31 in which the knitted layers are formed as
an integral knitted structure, and a knitted transducer is present in a knitted layer as part
of the knitted structure.

33. A garment according to claim 31 or claim 32 comprising a first knitted layer
having at least one knitted transducer device and in which the second knitted layer is
knitted with electrically conductive fibres which act as connecting leads for the knitted

transducer device.

34. A garment according to any one of claims 31 to 34 comprising three or more
knitted layers.

3S. A garment according to claim 34 comprising:
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a first knitted layer having one or more knitted transducer devices;

a second knitted layer; and
a third knitted layer having one or more knitted transducer devices.

36. A garment according to claim 35 in which the second knitted layer is adapted
to screen electrical signals emanating from or introduced to a knitted transducer device
located in the third knitted layer.

37. A garment according to claim 36 in which a knitted transducer device in the

third layer is an inductive knitted transducer device.
38. A seamless garment according to any of claims 30 to 37.

39. A method of manufacturing a garment comprising the steps of knitting, in the
same knitting operation:

a first knitted layer having at least one knitted transducer device, the knitted
transducer device comprising a knitted structure having at least one transduction zone, in
which the transduction zone is knitted with electrically conductive fibres so that
deformation of the knitted structure results in a variation of an electrical property of the
transduction zone; and

a second knitted layer integral with the first knitted layer, in which the second
knitted layer is knitted with electrically conductive fibres which act as connecting leads

for the knitted transducer device.

40. A method according to claim 39 in which the garment is knitted on a flat-bed

knitting machine.

4]. A method according to claim 39 or claim 40 in which a seamless garment is
knitted.
42. A method of obtaining an ECG from a patient comprising the steps of:

providing a garment comprising a plurality of knitted transducer devices, in
which the knitted transducer devices each comprise a knitted structure having at least one
transduction zone, in which the transduction zone is knitted with electrically conductive
fibres so that deformation of the knitted structure results in a variation of an electrical

property of the transduction zone;
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clothing a patient with the garment;
supplying electrical signals of a form suitable for making ECG measurements

to a knitted transducer device; and
monitoring an electrical characteristic of a knitted transducer device in order

to obtain an ECG.
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