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1
COMPOSITE SENSOR FIBRES AND
APPLICATIONS THEREFOR

This application is a U.S. National Stage Application
under 35 U.S.C. §371 of International Patent Application
No. PCT/AU2012/000916 filed 2 Aug. 2012, which claims
the benefit of priority to Australian Patent Application No.
2012900852 filed 5 Mar. 2012, the disclosures of all of
which are hereby incorporated by reference in their entire-
ties. The International Application was published in English
on 12 Sep. 2013 as WO 2013/131120 Al. To the extent
appropriate, a claim of priority is made to each of the above
disclosed applications.

FIELD OF THE INVENTION

This invention relates generally to composite sensor fibres
containing thermoresponsive material, and to methods of
making such fibres. In a particularly advantageous applica-
tion, the invention relates to composite thermochromic
fibres and to fabrics or non-wovens incorporating such
fibres. In one aspect, the invention is concerned with a
dressing or other garment that includes the thermochromic
fabric and provides a method of monitoring a wound in
which such a dressing is applied to the wound. The com-
posite sensor fibres of the invention can also be used for the
monitoring of temperatures over engineering surfaces such
as building elements (e.g. walls, floors and ceilings), wires,
cables and pipes.

BACKGROUND OF THE INVENTION

A number of textile products have been described for
applications including bedding, apparel. hygiene and toys in
which microencapsulated thermochromic pigments are
incorporated into synthetic fibres as a dispersed phase (e.g.
U.S. Pat. No. 6,444,313 and US patent application 2003/
0087566), or as a coating on the surfaces of the fibres using
a binding medium (e.g. U.S. Pat. No. 4,681,791). Ther-
mochromic yarns, fabrics and garments are also disclosed in
Japanese patent publications 59144613 and 4756267. Japa-
nese patent publication 48044522 discloses composite fibres
containing cholesteric liquid crystals.

US patent application 2008/0279253 discloses ther-
mochromic garments to track body temperature regulation
of patients and children for use by clinicians, parents and
caregivers. The garment contains at least two thermochro-
mic dyes or colourants, each being sensitive to a different
temperature range. This provides a facility to identify
whether a body is overheating or is too cool, or to ascertain
whether a heating or cooling device is working sufficiently.
Described embodiments include the addition of mincroen-
capsulated leuco dyes into polymer fibrous webs by melt
blowing techniques. Another garment incorporating ther-
mochromic pigments or thermochromic strip thermometers
is described in US patent application 2009/00467760. The
garment is proposed as a means of providing early detection
and prevention of cold exposure to skin surfaces, or venous
insufficiencies.

There have been a range of disclosures of medical or
clinical applications for thermochromic liquid crystalline
materials. In U.S. Pat. No. 5,806,528, such materials are
proposed as temperature indicators for fluids intravenously
delivered to patients, to ensure that they are not at a
temperature that is either uncomfortable or harmful to a
patient. US patent application 2011/0028804 discloses a
topical product that exhibits thermochromic behaviour when
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applied to the skin. The product is intended to be used for
diagnosing the onset of conditions such as necrosis and
decubitus ulcers in the skin of a patient, by identifying
increased temperatures due to inflammation present in the
early stages of ulcer formation. The topical product is
described as being a liquid and is possibly applied as a spray.
The patent application suggests the use of either liquid
crystalline mixtures or leuco dyes as a thermochromic
component, dispersed into a body lotion or soap.

U.S. Pat. No. 5,181,905 discloses a wound dressing
containing a thermochromic indicator for monitoring the
condition of an underlying wound while the dressing is
being worn. The thermochromic component is in the form of
a temperature sensitive liquid crystal tape that has a plurality
of labelled boxes containing liquid crystalline mixtures
tuned to appear coloured at different temperatures. Tempera-
ture determination is dependent on which box or boxes
appear coloured while the dressing is being worn.

U.S. Pat. No. 4,433,637 describes a thin flexible sheet
coated with liquid crystals, microencapsulated or otherwise,
over a black backing as a means for measuring temperatures
of the surface of the skin.

It is an object of the invention, at least in one or more
aspects, to provide a novel and useful composite sensor
fibre.

Reference to any prior art in the specification is not, and
should not be taken as, an acknowledgment or any form of
suggestion that this prior art forms part of the common
general knowledge in Australia or any other jurisdiction or
that this prior art could reasonably be expected to be

ascertained, understood and regarded as relevant by a person
skilled in the art.

SUMMARY OF THE INVENTION

In a first aspect, the invention provides a novel structure
of composite sensor fibre that may be usefully adapted as a
composite thermochromic fibre. In this aspect, the invention
also provides a method of forming the composite sensor
fibre.

A second aspect of the invention entails a realisation that
a fabric or non-woven formed from composite thermochro-
mic fibres may be effectively incorporated in a dressing by
which the condition of an underlying wound may be moni-
tored without the use of external electronics or temperature
probes. In this aspect, the invention also provides a method
of monitoring a wound.

In its first aspect, the invention provides a composite
sensor fibre comprising a filamentary core and an outer layer
encapsulating an intermediate sensor layer of a detectably
thermoresponsive material.

In this aspect, the invention further provides a method of
making the composite sensor fibre comprising continuously
delivering the filamentary core from a supply thereof and
co-extruding the thermoresponsive material about the core
and the outer layer about the thermoresponsive material at a
temperature that facilitates the coextrusion but at which the
core remains substantially solid and the outer layer does not
substantially inhibit delivery of the thermoresponsive mate-
rial.

In an embodiment, the thermoresponsive material is a
thermochromic material. Preferred thermochromic materials
comprise thermochromic liquid crystalline materials, which
may typically be mixtures of liquid crystalline compounds in
order to achieve a predetermined temperature indication
accuracy over a predetermined temperature range.
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For thermochromic applications, the outer layer is gen-
erally transparent and the filamentary core is preferably
configured to provide a contrast for facilitating the obser-
vation of temperature or temperature gradient changes in the
thermochromic material, for example specific colour appear-
ances or gradients. Advantageous embodiments of the fila-
mentary core exhibit a generally circular or generally tri-
lobal cross section.

The first aspect of the invention extends to materials, e.g.
but not limited to fabrics, non-wovens and other fibrous
materials, formed from or incorporating the composite sen-
sor fibres of the invention.

In the second aspect of the invention, there is provided a
dressing that includes a fabric having a matrix of ther-
mochromic composite sensor fibres according to the first
aspect of the invention, which fibres indicate localised body
temperature changes adjacent the dressing by visibly exhib-
iting a change in colour or colour gradient.

In the second aspect, the invention further provides a
method of monitoring a wound comprising applying to the
wound a dressing that includes a fabric having a matrix of
thermochromic composite sensor fibres according to the first
aspect of the invention, which fibres indicate localised body
temperature changes adjacent the dressing by visibly exhib-
iting a change in colour or colour gradient.

The thermochromic fibres of the second aspect of the
invention are preferably composite sensor fibres according
to the first aspect in which the intermediate sensor layer
contains thermochromic material. For this application, the
thermochromic material is preferably but not exclusively a
mixture of liquid crystalline materials selected so that the
observed colour or colour gradient changes provide an
indication of the temperature of the adjacent environment
within a predetermined accuracy over a defined temperature
range. A suitable temperature range for wound monitoring
may be 25° to 45° C. but is not limited to this range. Suitable
liquid crystalline materials are cholesterol based compounds
but may also be non-sterol in nature.

As used herein, except where the context requires other-
wise, the term “comprise” and variations of the term, such
as “comprising”, “comprises” and “comprised”, are not
intended to exclude further additives, components, integers
or steps.

Further aspects of the present invention and further
embodiments of the aspects described in the preceding
paragraphs will become apparent from the following
description, given by way of example and with reference to
the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be further described, by way of
example only, with reference to the accompanying drawings,
in which:

FIG. 1 is a diagram of alternative idealised cross-sections
of embodiments of composite sensor fibre according to the
first aspect of the invention;

FIG. 2 is a schematic of a suitable melt extrusion arrange-
ment for forming composite sensor fibres such as those
depicted in FIG. 1,

FIG. 3 is a simplified cross-section of the die of the
arrangement illustrated in FIG. 2;

FIG. 4 is a plot of the reflectance spectra in the visible
range as a function of temperature for composite sensor
fibres incorporating a particular mixture of cholesterol based
liquid crystalline materials; and
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FIG. 5 depicts (by greyscale shading) the thermochromic
response to the application of a warming human hand to a
fabric knitted from composite thermochromic fibres similar
to that having the response characteristic illustrated in FIG.
4.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

FIG. 1 shows two preferred but non-limiting alternative
cross sections for composite sensor fibres 10 according to
the invention. Each fibre comprises a solid filamentary core
12 and an outer layer 30 encapsulating an intermediate
sensor layer 20 of a detectably thermoresponsive material.
Outer layer 30 is of generally tubular configuration. In one
case, the core is of solid cylindrical form while in the other
the core is symmetrically trilobal. Both illustrations are
idealized: real fibres approximate these forms.

A particularly useful form of the composite sensor fibre is
one in which the intermediate sensor layer 20 comprises
thermochromic material, the core 12 provides a contrast for
facilitating visibility of colour and/or colour gradient
changes in the intermediate layer, and the outer layer 30 is
substantially transparent for viewing those colour or colour
gradient changes. In embodiments of particular interest, the
core 12 is a polymer containing black or dark pigment and
the intermediate sensor layer 20 is a thermochromic liquid
crystalline mixture. Such a fibre reversibly changes colour
through the full visible spectrum from red to blue as the
temperature is increased through a working temperature
range determined by the composition of the liquid crystal-
line mixture. Consistent with the general behaviour of
unencapsulated thermochromic liquid crystalline mixtures,
the fibre exhibits clear and reversible thermochromic behav-
iour.

The filamentary core 12 may be a monofilament or
multifilament fibre, preferably made from a high tempera-
ture stability polymer or metal in view of the process of
formation as described below. A particularly suitable such
polymer is polyether ether ketone (PEEK) containing black
or dark pigment. The core preferably though not essentially
provides mechanical support for the further layers of the
fibre.

In the case where the intermediate layer 20 is a ther-
mochromic material, the trilobal shape of FIG. 1 is preferred
because this maximises the contrast background when
viewed from any given angle without compromising the
flowability of the material in the later described coextrusion
process for formation of the composite fibre. In this case, the
intermediate layer 20 is divided into three longitudinal
segments and the core 12 contacts the outer layer 30 at the
tip of each lobe, and is thereby anchored to the outer layer.

In the simplest case, however, the core 12 may be
generally circular in cross-section. In other embodiments, it
may be, for example, linear or elongated with flat sides, or
elliptical, or, in more complex shapes, quadralobal,
hexalobal, etc.

The intermediate sensor layer may in general be a liquid,
a low melting point wax, or a solid at room temperature. The
preferred liquid crystalline mixtures are waxy or oily at
room temperature, 20° C.

A preferred process for forming the composite, sensor
fibre of the invention, in particular the preferred composite
thermochromic fibre, is a melt coextrusion process. A sche-
matic of the setup for this process is provided in FIG. 2. The
three components are fed simultaneously into a die 40
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configured for “wire strand coating” coextrusion. A simpli-
fied cross-sectional profile of a successful die configuration
is shown in FIG. 3.

A pre-prepared high melting temperature polymer fibre/
filament 12' containing black pigment (for example PEEK
containing carbon black pigment) is threaded vertically
through the die 40 via feed point 42 and drawn through from
a supply spool 51 at a steady rate as controlled by a
downstream godet system 50. At the same time a pre-
prepared thermochromic liquid crystalline mixture 20' is fed
at a steady rate into feed point 44 from a liquid pump 52, and
an appropriate polymer 30' is fed at a steady rate as a melt
into feed point 46 by a melt extruder 54.

An example of a suitable polymer for the outer transpar-
ent layer is polypropylene, which has a melting temperature
substantially lower than the inner core material, for example,
below 200° C., and was found to perform very well in the
illustrated setup. PEEK has a melting temperature of 343° C.

The liquid pump 52 is maintained at a temperature to
enable the liquid crystal mixture to flow sufficiently, for
example in the range 40-80° C.

The liquid crystalline and polymer layers are coated onto
the core fibre 12' as it passes through the die by co-extrusion
of the thermochromic liquid crystalline material 20" about
the core 12' and of the outer layer 30' about the liquid
crystalline material 20'. On exiting the die at 48 the outer
polymer layer solidifies and traps the thermochromic inter-
mediate layer between the core fibre and itself. The resultant
composite fibre 10 is then passed through the godet system
50 (which may or may not involve further elongation) and
is collected at the winder onto a bobbin 56.

The PEEK fibre/filament 12' is drawn/pulled through by
the godet system. The liquid crystalline material and poly-
mer melt are simultaneously fed into the die at rates depen-
dent on the throughput speed of the PEEK fibre and the
desired loadings. The rate of release of the liquid crystalline
material is controlled by the liquid pump 52. The composite
sensor fibre formed typically has a diameter in the range 5
to 300 micrometers, preferably 30 to 300 micrometers, most
preferably 60 to 300 micrometers, but not limited to these
ranges, depending on the relative amounts of each compo-
nent in the cross-sectional profile.

During the above process conditions are maintained to
ensure a substantially even coating of both components onto
the outside of the PEEK fibre. If the die is too cool for
example, the polypropylene melt blocks the progress of
liquid crystalline material out of the die between the two
polymer layers. Thus the temperature of the die is set in a
range that facilitates the co-extrusion but at which the core
remains substantially solid (and therefore typically suffers
little or no distortion), and the outer layer does not inhibit
delivery of the liquid crystalline material. A suitable tem-
perature range that meets these requirements for the
described feed components is found to be above the melting
temperature of the outer material but below the melting
temperature of the inner core material, for example in the
range 170° C. to 200° C.

Applications of composite fibres according to the first
aspect of the invention include temperature indicator devices
for thermal mapping of both engineering surfaces, for
example building surfaces (walls, floors and ceilings), wires,
cables and pipes, and human body surfaces. A particularly
useful application of the illustrated composite fibre, in
accordance with the second aspect of the invention, is a
wound dressing. In one embodiment, the composite fibre 10
may be woven or knitted into a tubular wound dressing of
varying diameter, e.g. between 2 mm and 10 cm. For this
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application the thermochromic material of the intermediate
sensor layer 20 is tuned to have a working temperature
anywhere within the “pathological” temperature range
25-45° C. In more specialist applications, e.g. frostbite
patients, the working temperature would be suitably
adapted. As a wound dressing, the fibre enables clinicians
and patients themselves to monitor, observe or map the
temperature distribution across and around wound beds,
especially chronic wounds such as leg ulcers, pressure ulcers
and diabetic food ulcers, while the dressing is being worn.
This type of system is advantageous in that it does not rely
on the use of any electronic equipment or probes, which can
be invasive, expensive and otherwise impractical. Tempera-
ture indication can be achieved by comparing the localised
colour observed within the thermochromic fibres with a
calibrated colour temperature chart. Absolute temperatures
can be recorded as well as temperature differences or gra-
dients between different areas of a wound bed and undam-
aged surrounding tissue. The observed colour or colour
gradient should ideally give an accurate indication of the
temperature of the surrounding environment within 0.1 and
0.5° C. over a defined pathological temperature range, e.g.
the aforementioned 25° C. to 45° C., or a more focused
range e.g. 27-37° C. or 33-37° C.

Temperature monitoring of wounds can aid in the early
detection of problems such as harmful inflammation and
infection (typically accompanied by a local increase in
temperature), or tissue necrosis and interruptions of blood
supply to tissue (typically accompanied by a local decrease
in temperature). Early detection of developing problems can
lead to more relevant treatment of wounds and therefore
faster wound closure.

Other applications for thermochromic fibrous material
include garments such as stockings or socks for the tem-
perature monitoring of undamaged skin deemed to be at risk
of developing a chronic wound such as a venous leg ulcer,
with the hope that the wound formation may be prevented
altogether in some cases.

By careful selection of a liquid crystalline mixture, the
material appears red at the lower range of its working
temperature range and the colour shifts through the full
visible spectrum (red to yellow to green to blue) as the
temperature increases. The behaviour is completely revers-
ible.

Liquid crystalline mixtures that have been found to be
satisfactory are mixtures of cholesterol based compounds
including cholesteryl oleyl carbonate (COC), cholesteryl
nonanoate (CN) and cholesteryl 2, 4-dichlorobenzoate (CD).
Acceptable mixtures include:

1 50% COC, 40% CN, 10% CD

ii 40% COC, 40% CN, 20% CD

it 30% COC, 40% CN, 30% CD

Other relevant cholesterol based derivatives include but
are not limited to cholesteryl benzoate, cholesteryl propi-
onate, cholesteryl oleate, and cholesteryl chloride. The mix-
ture can be prepared by weighing two or more cholesterol
based derivatives into a glass vessel and heating to 90-110°
C. with mixing until all components melt and combine to
form a homogenous clear liquid. The resultant mixture
develops a thick and oily consistency when cooled to room
temperature. The compounds chosen and their relative
amounts determine the working temperature range of the
thermochromic mixture. Other suitable mixtures include
both cholesterol based and non sterol based compounds.

It has been established that these liquid crystalline mix-
tures are not dramatically changed, in respect to their
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thermochromic responses, by their passage through the die
and resultant trapping between the PEEK and polypropylene
polymer layers.

FIG. 4 shows how the reflectance spectra in the visible
range shifts from the red end of the spectrum to the blue as
the temperature is increased for the liquid crystalline mix-
ture (ii) above. The behaviour has been found to compare
well to that of the unincorporated mixture and is reversible.

Composite thermochromic fibre comprising a PEEK core,
liquid crystalline mixture (ii) and a polypropylene outer
layer was knitted into a tubular fabric dressing of varying
diameters from 2 mm to 10 cm. FIG. 5 shows the fabric 100,
and depicts (by greyscale shading) the thermochromic
response to the application of a warming human hand to the
fabric.

The invention claimed is:

1. A composite sensor fibre comprising a filamentary core
and an outer layer encapsulating an intermediate sensor
layer of a flowable and detectably thermochromic liquid
crystalline material between the filamentary core and the
outer layer, the thermochromic liquid crystalline material
comprising at least one selected from cholesteryl oleyl
carbonate, cholesteryl nonanoate, cholesteryl 2, 4-dichlo-
robenzoate, cholesteryl benzoate, cholesteryl propionate,
cholesteryl oleate, and cholesteryl chloride, wherein the
outer layer is transparent and the filamentary core is con-
figured to provide a contrast for facilitating the observation
of temperature or temperature gradient changes in the ther-
mochromic liquid crystalline material, and wherein the
temperature or temperature gradient changes comprise
changes in color or color gradient.

2. A composite sensor fibre according to claim 1 wherein
the thermochromic liquid crystalline material is a mixture of
liquid crystalline compounds selected to achieve a prede-
termined temperature indication accuracy over a predeter-
mined temperature range.

3. A composite sensor fibre according to claim 1 wherein
the filamentary core is of a cross-section selected from
generally circular and generally trilobal sections.

4. A composite sensor fibre according to claim 1, wherein
the outer layer has a melting temperature below that of the
filamentary core.

5. A composite sensor fibre according to claim 1 wherein
the filamentary core is a monofilament or multifilament
fibre.

6. A composite sensor fibre according to claim 1, wherein
the filamentary core is polyester ether ketone (PEEK).

7. A fibrous material formed from or incorporating com-
posite sensor fibres according to claim 1.

8. A fibrous material according to claim 7 comprising a
fabric.

9. A clothing item that includes fibrous material according
to claim 8.
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10. A method of making a composite sensor fibre accord-
ing to claim 1, comprising continuously delivering the
filamentary core from a supply thereof and co-extruding the
thermochromic liquid crystalline material about the core and
the outer layer about the thermochromic liquid crystalline
material at a temperature that facilitates the coextrusion but
at which the core remains substantially solid and the outer
layer does not inhibit delivery of the thermochromic liquid
crystalline material.

11. A method according to claim 10, wherein the ther-
mochromic liquid crystalline material is a mixture of liquid
crystalline compounds selected to achieve a predetermined
temperature indication accuracy over a predetermined tem-
perature range.

12. A method according to claim 11, wherein the mixture
of liquid crystalline compounds is fed by a pump at an
elevated temperature selected to enable the mixture to flow
at the elevated temperature.

13. A dressing that includes a fabric having a matrix of
thermochromic composite sensor fibres according to claim
1, which fibres indicate localised body temperature changes
adjacent the dressing by visibly exhibiting a change in
colour or colour gradient.

14. A dressing according to claim 13 wherein the com-
posite sensor fibres are selected whereby localised body
temperature changes adjacent to the dressing within the
range 25° C. to 45° C. are visibly exhibited by a change in
colour or colour gradient.

15. A dressing according to claim 14, wherein the ther-
mochromic liquid crystalline material of the composite
sensor fibres is a mixture of liquid crystalline compounds
selected to achieve a predetermined temperature indication
accuracy within the temperature range 25° C. to 45° C.

16. A method of monitoring a wound comprising applying
to the wound a dressing that includes a fabric having a
matrix of thermochromic composite sensor fibres according
to claim 1, which fibres indicate localised body temperature
changes adjacent the dressing by visibly exhibiting a change
in colour or colour gradient.

17. A method according to claim 16 wherein the compos-
ite sensor fibres of the fabric are selected whereby localised
body temperature changes adjacent to the dressing within
the range 25° C. to 45° C. are visibly exhibited by a change
in colour or colour gradient.

18. A method according to claim 17, wherein the ther-
mochromic liquid crystalline material of the composite
sensor fibres is a mixture of liquid crystalline compounds
selected to achieve a predetermined temperature indication
accuracy within the temperature range 25° C. to 45° C.

19. A method according to claim 18 wherein said mixture
of liquid crystalline compounds is a mixture of cholesterol
based compounds.
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