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An apparatus and associated methods for temperature sensing

Technical Field

The present disclosure relates to the field of temperature sensing, associated methods and
apparatus, and in particular concerns an ambient temperature sensor for use in electronic
applications. Certain disclosed example aspects/fembodiments relate to portable electronic
devices, in particular, so-called hand-portable electronic devices which may be hand-held in
use (although they may be placed in a cradle in use). Such hand-portable electronic devices
include so-called Personal Digital Assistants (PDAs) and tablet PCs.

The portable electronic devices/apparatus according to one or more disclosed example
aspects/embodiments may provide one or more audio/text/video communication functions
(e.g. tele-communication, video-communication, and/or text transmission, Short Message
Service (SMS)/Multimedia Message Service (MMS)/emailing functions, interactive/non-
interactive viewing functions (e.g. web-browsing, navigation, TV/program viewing functions),
music recording/playing functions (e.g. MP3 or other format and/or (FM/AM) radio broadcast
recording/playing), downloading/sending of data functions, image capture function (e.g.
using a (e.g. in-built) digital camera), and gaming functions.

Background

Certain electronic devices can be used as temperature sensors. Typically, sensors suitable
for sensing ambient temperature employ multi-layer or multi-component arrangements.

Measuring the ambient temperature using a sensor mounted on an electronic device, a
person, or other source of heat, can be problematic. The heat source to which the sensor is
mounted will usually be at a different temperature to the surrounding ambient environment.
Therefore the ambient temperature as determined by the temperature sensor will be
influenced by the higher temperature of the heat source to which the sensor is mounted,
giving inaccuracies in the determined ambient temperature.

The listing or discussion of a prior-published document or any background in this
specification should not necessarily be taken as an acknowledgement that the document or
background is part of the state of the art or is common general knowledge. One or more
aspects/embodiments of the present disclosure may or may not address one or more of the
background issues.
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Summary

According to a first aspect, there is provided an apparatus comprising:

a substrate;

a sensing material located on the substrate;

a first pair of contacts coupled to the sensing material and separated by a first
distance; and

a second pair of contacts coupled to the sensing material and separated by a second
distance, the second distance being greater than the first distance;

wherein the apparatus is configured to provide a first electrical property
measurement between the first pair of contacts and to provide a second electrical property
measurement between the second pair of contacts, the first and second electrical property
measurements for use in determining an ambient temperature and/or a substrate
temperature.

The first and second pairs of contacts may be located on a common side of the sensing
material.

The sensing material may be in contact with the substrate and the atmosphere.

The first and second pairs of contacts may be located on the side of the sensing material
located adjacent to the substrate.

The sensing material may have a first side adjacent to the substrate and a second side
opposite the first side. The first and second pairs of contacts may be configured and
arranged such that, when the apparatus is in use, an average current path through the
sensing material between the first pair of contacts is located closer to one of the first and
second sides in comparison to an average current path through the sensing material
between the second pair of contacts, which is located closer to the other of the first and
second sides.

The first pair of contacts may define a current path of average current density through the
sensing material substantially adjacent to the substrate. The second pair of contacts may
define a current path of average current density through the sensing material substantially
through the bulk of the sensing material further from the substrate and closer to an
atmosphere side of the sensing material.

The sensing material may comprise one or more of: a carbon foam; an aluminium foam, and
a graphene foam.
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The ratio of the separation of the first pair of contacts to the second pair of contacts may be
or may be greater than: 1:2; 1:4; 1:6; 1:8; 1:10; 1:11; 1:12; 1:13; 1:14; 1:15, 1:20, 1:30, 1:40
or 1:50. Of course in other examples other separation ratios may be used.

The first pair of contacts and the second pair of contacts may share a common contact.

The first and second electrical property measurements may be measurements of:
resistance, resistivity, current, current density, or voltage.

The apparatus may further comprise a controller coupled to the first and second pairs of
contacts. The controller may be configured to obtain the first and second electrical property
measurements. The controller may be configured to use the first and second electrical
property measurements to determine the ambient temperature.

The controller may be configured to compare the obtained first and second electrical
property measurements with predetermined calibration data for determination of the ambient
temperature and/or substrate temperature.

The controller may be configured to apply a voltage across the first pair of contacts and/or
the second pair of contacts to respectively determine the first electrical property
measurement and/or the second electrical property measurement.

The controller may be configured to compare the first and second electrical property
measurements to determine the ambient temperature.

The controller may be configured to compare the first and second electrical property
measurements to determine the substrate temperature.

According to a further aspect, there is provided an apparatus comprising:

at least one processor; and

at least one memory including computer program code,

the at least one memory and the computer program code configured to, with the at
least one processor, cause the apparatus to perform at least the following:

for a sensing apparatus comprising a substrate, a sensing material mounted on the
substrate; a first pair of contacts coupled to the sensing material and separated by a first
distance; and a second pair of contacts coupled to the sensing material and separated by a
second distance, the second distance being greater than the first distance;

obtain a first electrical property measurement from the first pair of contacts;

obtain a second electrical property measurement from the second pair of contacts;
and
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use the first and second electrical property measurements to determine an ambient
temperature and/or a substrate temperature.

The apparatus may comprise a controller to perform the obtaining and/or using steps. The
apparatus may be one or more of: a portable electronic device, a mobile phone, a
smartphone, a tablet computer, a laptop computer, a smartwatch, smart eyewear, a personal
digital assistant, a digital camera, a non-portable electronic device, a desktop computer, a
monitor, a household appliance, a smart TV, a server, or a module/circuitry for one or more
of the same.

According to a further aspect, there is provided a method comprising:

for a sensing apparatus comprising a substrate, a sensing material mounted on the
substrate; a first pair of contacts coupled to the sensing material and separated by a first
distance; and a second pair of contacts coupled to the sensing material and separated by a
second distance, the second distance being greater than the first distance;

obtaining a first electrical property measurement from the first pair of contacts;

obtaining a second electrical property measurement from the second pair of contacts;
and

using the first and second electrical property measurements to determine an ambient
temperature and/or a substrate temperature.

The method may further comprise comparing the obtained first and second electrical
property measurements with predetermined calibration data for determination of the ambient
temperature and/or substrate temperature.

The method may further comprise applying a voltage across the first pair of contacts and/or
the second pair of contacts to respectively determine the first electrical property
measurement and/or the second electrical property measurement.

The method may further comprise comparing the first and second electrical property
measurements to determine the ambient temperature.

The method may further comprise comparing the first and second electrical property
measurements to determine the substrate temperature.

The method may further comprise measuring resistance, resistivity, current, current density,
or voltage as the first and second electrical properties.

According to a further aspect, there is provided a method of forming an apparatus for use in
determining an ambient temperature and/or a substrate temperature from a first electrical
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property measurement and a second electrical property measurement, the method
comprising:

locating a sensing material located on a substrate;

coupling a first pair of contacts separated by a first distance to the sensing material
and configured to provide the first electrical property measurement therebetween; and

coupling a second pair of contacts separated by a second distance to the sensing
material configured to provide the second electrical property measurement therebetween,
the second distance being greater than the first distance.

The method may further comprise locating the first and second pairs of contacts on a
common side of the sensing material.

The method may further comprise arranging the sensing material to be in contact with the
substrate and the atmosphere.

The method may further comprise locating the first and second pairs of contacts on the side
of the sensing material located adjacent to the substrate.

The method may further comprise arranging the sensing material to have a first side
adjacent to the substrate and a second side opposite the first side. The method may further
comprise arranging the first and second pairs of contacts such that an average current path
through the sensing material between the first pair of contacts is located closer to one of the
first and second sides in comparison to an average current path through the sensing
material between the second pair of contacts, which is located closer to the other of the first
and second sides.

The method may further comprise arranging the first pair of contacts to define a current path
of average current density through the sensing material substantially adjacent to the
substrate. The method may further comprise arranging the second pair of contacts to define
a current path of average current density through the sensing material substantially through
the bulk of the sensing material further from the substrate and closer to an atmosphere side
of the sensing material.

The method may further comprise using one or more of a carbon foam, an aluminium foam,
and a graphene foam as the sensing material.

The method may further comprise arranging the separation of the first pair of contacts to the
second pair of contacts in a ratio of: 1:2; 1:4; 1:6; 1:8; 1:10; 1:11; 1:12; 1:13; 1:14; 1:15,
1:20, 1:30, 1:40 or 1:50 or greater than 1:50.
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The method may further comprise arranging the first pair of contacts and the second pair of
contacts such that each pair shares a common contact. The steps of any method disclosed
herein do not have to be performed in the exact order disclosed, unless explicitly stated or
understood by the skilled person.

According to a further aspect, there is provided a computer readable medium comprising
computer program code stored thereon, the computer readable medium and computer
program code being configured to, when run on at least one processor, perform at least the
following: for a sensing apparatus comprising a substrate, a sensing material mounted on
the substrate; a first pair of contacts coupled to the sensing material and separated by a first
distance; and a second pair of contacts coupled to the sensing material and separated by a
second distance, the second distance being greater than the first distance;

obtain a first electrical property measurement from the first pair of contacts;

obtain a second electrical property measurement from the second pair of contacts;
and

use the first and second electrical property measurements to determine an ambient
temperature and/or a substrate temperature.

According to a further aspect, there is provided an apparatus comprising, for a sensing
apparatus comprising a substrate, a sensing material mounted on the substrate; a first pair
of contacts coupled to the sensing material and separated by a first distance, and a second
pair of contacts coupled to the sensing material and separated by a second distance, the
second distance being greater than the first distance:

means for obtaining a first electrical property measurement from the first pair of
contacts;

means for obtaining a second electrical property measurement from the second pair
of contacts; and

means for using the first and second electrical property measurements to determine
an ambient temperature and/or a substrate temperature.

Corresponding computer programs (which may or may not be recorded on a carrier) for
implementing one or more of the methods disclosed herein are also within the present
disclosure and encompassed by one or more of the described example embodiments.

According to a further aspect, there is provided a temperature sensing device comprising an
apparatus according to any claimed apparatus.

The present disclosure includes one or more corresponding aspects, example embodiments
or features in isolation or in various combinations whether or not specifically stated (including
claimed) in that combination or in isolation. Corresponding means for performing one or



10

15

20

25

30

35

40

WO 2015/114201 PCT/FI12014/051059

more of the discussed functions are also within the present disclosure, for example an
electrical property obtainer (e.g. a voltmeter or ammeter), an electrical property user (e.g., a
computer configured to use the electrical properties to determine a temperature), or an
electrical property comparer (e.g., to compare the values with each other and/or with
calibration data to obtain a measure of temperature).

The above summary is intended to be merely exemplary and non-limiting.

Brief Description of the Figures

A description is now given, by way of example only, with reference to the accompanying
drawings, in which:-

Figures 1a-1¢ show example schematic apparatus according to the present disclosure;
Figures 2a-2b show example models of temperature distribution within an apparatus
according to the present disclosure;

Figures 3a-3b show example models of current density within an apparatus according to the
present disclosure;

Figure 4 shows an example calibration plot according to the present disclosure;

Figures 5a-5b show an example model of current density within an apparatus at different
substrate temperatures according to the present disclosure;

Figure 6 shows an example of an apparatus comprising a controller according to the present
disclosure;

Figure 7 shows an example method according to the present disclosure; and

Figure 8 shows a computer-readable medium comprising a computer program configured to
perform a method or methods according to the present disclosure.

Description of Specific Aspects/Embodiments

This disclosure is generally directed to temperature sensing. Certain electronic devices can
be used as temperature sensors. For example, a mobile communication/computing device
may comprise an ambient temperature sensor.

Measuring the ambient temperature using a sensor mounted on an electronic device, a
person, or other source of heat, can be problematic. The heat source to which the sensor is
mounted will usually be at a different temperature to the surrounding ambient environment.
For example, a temperature sensor mounted in a mobile computing device may be mounted
on a substrate alongside other heat-generating components. Therefore the ambient
temperature as determined by the temperature sensor will be influenced by the higher
temperature of the heat source to which the sensor is mounted, giving inaccuracies in the
determined ambient temperature.
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Disclosed herein is an apparatus comprising a substrate and a sensing material located on
the substrate. A first pair of contacts is separated by a first distance and a second pair of
contacts is separated by a second distance. The second distance is greater than the first
distance. The apparatus is configured to provide a first electrical property measurement
between the first pair of contacts and to provide a second electrical property measurement
between the second pair of contacts, the first and second electrical property measurements
for use in determining an ambient temperature and/or a substrate temperature. The term
“‘contact(s)” is used throughout, but other suitable terms which may be used include
“electrode(s)” and “electrical contact(s)”.

The first and second pairs of contacts are configured and arranged to provide an electrical
property measurement, which may be indicative of resistance, from which the ambient
and/or substrate temperature can be determined. The arrangement of the electrical contacts
allows the substrate temperature to be decoupled from the ambient temperature as the
resulting current paths between the contact pairs, through the sensing material, are
influenced by the substrate temperature and ambient temperature by different amounts.

Each contact pair may be configured to have a voltage applied across it such that a
measured electrical property (such as resistance or current density for example) of the
sensing material can be obtained and used to determine a temperature. The apparatus may
use an association between a temperature gradient across the sensing material (for
example, due to a temperature difference between two opposing faces of the sensing
material) and the values of one or more electrical properties of the sensing material. How the
electrical property between the first pair and second pair of contacts varies with different
substrate and ambient temperatures may be predetermined. One or more electrical
properties may be recorded in a calibration process for a series of ambient and/or substrate
temperatures. Such calibration data may be used, by comparison to an electrical property
measurement, to determine an unknown ambient and/or substrate temperature.

Thus, the resistance of the sensing material may vary with temperature and the temperature
of the sensing material is influenced more by the substrate on the first side and more by the
atmosphere on the second side. Therefore, the substrate temperature and the ambient
temperature will influence the current flow over the current paths between the contact pairs
by different amounts.

The first pair of contacts may be located in close proximity to each other relative to the
second pair of contacts, such that a current flow between them is concentrated at the
surface of the sensing material where the contacts are located. If the contacts are located at
the sensing material/substrate boundary, then the measured current may represent a current
flow close to the sensing material/substrate boundary. The second pair of contacts may be
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positioned having a large separation from each other with respect to the first pair of contacts,
such that a current flow between them is substantially greater through the bulk of the
sensing material away from the surface of the sensing material where the contacts are
located. The combination of measuring a current flow (or other electrical property) having a
significant component relating to current flow at the sensing material/substrate interface, and
a current flow (or other electrical property) relating to current flow substantially through the
bulk of the sensing material (i.e. further from the sensing material/substrate boundary), may
allow the ambient temperature to be determined with the effect of the substrate temperature
substantially removed (and vice versa in some examples where the substrate temperature
may be determined).

Examples disclosed herein may be considered to allow for improved temperature sensing,
by allowing for the influence of a heat-generating body close to the temperature sensor to be
accounted for while the manufacture of the temperature sensor can be relatively easy.

Figures 1a-1c¢ illustrate apparatus 100 which may be used as ambient temperature sensors.
The apparatus 100 shown in figures 1a-1¢ each comprise a substrate 102 and a sensing
material 104 located on the substrate 102. A first pair of contacts 106 is coupled to the
sensing material 104. The contacts in the first pair 106 are separated by a first distance 108.
A second pair of contacts 110 is also coupled to the sensing material 104. The contacts in
the second pair 110 are separated by a second distance 112. The second distance 112 is
greater than the first distance 108.

The apparatus 100 are each configured to provide a first electrical property measurement
between the first pair of contacts 106 and to provide a second electrical property
measurement between the second pair of contacts 110. The first and second electrical
property measurements can be used in determining an ambient temperature of the
atmosphere around the sensing material 104. The first and second electrical property
measurements can also be used in determining a substrate 102 temperature.

The electrical property measured may be, for example, resistance, resistivity, current,
current density, or voltage. The electrical property measurements made using the first and
second pairs of contacts will be dependent on the temperature of the material (due to
temperature-dependent variations in the electrical properties in the sensing material). For
example, resistivity distribution in the sensing material will depend on the temperature
distribution within the sensing material and on the temperature coefficient of resistivity in the
material. Therefore determined resistivity values can advantageously by used to determine
temperatures. In other examples another electrical property measurement may be recorded
which may be used to determine temperature. In some examples a particular electrical
property may be determined from another related measured electrical property using a
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mathematical relationship. For example, current density may be obtained from a resistance
measurement using Ohm’s law.

For example, if a resistance R is measured, the resistivity (and therefore resistance
measurement) of the sensing material varies dependent on the temperature Ts of the
sensing material, the temperature T, of the atmosphere (ambient temperature) and the
thickness d of the sensing material (i.e., R = f(Ts, T,, d)). The resistance R> between the
second pair of more spaced apart contacts may dependent more strongly on 7, and d than
the resistance R4 between the first pair of more closely spaced contacts. The temperature of
the sensing material is influenced on one side by the temperature of the substrate, and on
another side by the temperature of the atmosphere. The sensing material will be at the
substrate temperature at the substrate side, the atmospheric temperature at the other side,
and at temperatures in-between in the bulk. By determining temperature dependent
electrical measurements using the first and second contact pairs, the effect of the substrate
temperature may be decoupled from the temperature of the sensing material (and thus the
atmosphere).

Advantageously, by using an apparatus which may be manufactured in a simple way (for
example, in two-step deposition of a sensing layer and a contact layer) improved
temperature sensing may be achieved without complex manufacturing. The speed and cost
of producing such an apparatus may be considerably lower than other approaches used
which may rely, for example, on a multi-stage deposition process (more than two steps) or
on more complex component arrangements. Optimisation of the sensing material can be
performed to provide for temperature sensing in different environments (for example, for use
in different devices or within different temperature ranges).

In figures 1a-1c the first and second pairs of contacts 106, 110 are located on a common
side of the sensing material 104. In figures 1a and 1b the first and second pairs of contacts
106, 110 are located on the side of the sensing material 104 located adjacent to the
substrate 102 (i.e. at the sensing material 104/substrate 102 interface). In figure 1c the first
and second pairs of contacts 106, 110 are located on the side of the sensing material 104
located adjacent to the atmosphere opposite the substrate 102.

Locating the pairs of contacts on a common side of the sending material may
advantageously allow for a simple fabrication method, for example in which the contacts are
all printed/deposited in a process on one side of the sensing material. Such a method may
provide a very simple, reliable, and cost effective way of manufacturing a temperature
sensing apparatus.



10

15

20

25

30

35

WO 2015/114201 PCT/FI12014/051059
11

In these examples, the first pair of contacts 106 define an average current path through the
sensing material 104 substantially adjacent to the substrate 102. This is due to their
relatively close proximity to each other compared with the locations of the contacts in the
second pair. Also, the second pair of contacts 110 in these examples define an average
current path through the sensing material 104 more substantially through the bulk of the
sensing material 104. This is due to their relatively large spacing from each other compared
with the locations of the contacts in the first pair. Current paths through the sensing material
104 are discussed further in relation to figures 3a-3b and 5a-5b.

In figures 1a-1c the first pair of contacts 106 and the second pair of contacts 110 share a
common contact. Sharing a common contact may be advantageous in reducing the total
number of contacts required to obtain the two (i.e., first and second) electrical property
measurements to just three contacts.

In figure 1a the first pair of contacts 106 comprises contact A and contact B located close to
contact A. Contact A is located towards one side of the sensing material. The second pair of
contacts 110 comprises contact A and contact C. Contact C is located towards an opposite
side of the sensing material 104 to contact A. In this arrangement the large separation of the
second pair of contacts 110 is achieved by positioning the contacts A and C at opposite
sides of the sensing material 104. Increasing the separation of the contacts (A and C) may
provide an advantage because the average current path formed between the contacts will be
increasingly through the bulk of the sensing material as the separation of the contacts
increases.

In figure 1b the first pair of contacts 106 comprises contact A and contact B located close to
contact A. Contact A is located towards one side of the sensing material. The second pair of
contacts 110 comprises contact B and contact C. Contact C is located towards an opposite
side of the sensing material 104 to contacts A and B.

In figure 1c the contact pairs 106, 110 are located on the side of the sensing material 104
furthest from the substrate 102 on the atmosphere side of the apparatus 100. This
arrangement may also provide for temperature sensing of the atmosphere (ambient
temperature). The first, more closely spaced, contact pair 106 is configured to determine a
temperature which is substantially dependent on the sensing material/atmosphere
temperature due to the average current path between the two contacts in the first pair 106
localised at the sensing material/atmosphere interface. The second, more widely spaced,
contact pair 110 is configured to determine a temperature which includes a greater influence
by the substrate temperature due to the average current path between the two contacts in
the second pair 110 being distributed more uniformly through the bulk of the sensing
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material and therefore closer to the substrate than the average current path between the first
pair of contacts 106.

The sensing material 104 used in such apparatus 100 may comprise one or more of a
carbon foam; an aluminium foam, and a graphene foam. The sensing material may not
necessarily be a foam, and may be, for example, a composite material which combines
properties of a low thermal conductivity and a high temperature coefficient of resistance.
Such materials may be suitable for use as temperature sensing materials, and their
particular properties may be engineered for improved accuracy of temperature sensing. The
properties of the material used may be tailored for the intended use of the apparatus (for
example, depending on the temperature range in which it will likely be used, or with a
particular stability depending on the likely time of operation of the apparatus). In general, the
sensing material may be configured to have a large surface area to volume ratio, such that it
is sensitive to changes in ambient temperature. Thus, the material is preferably an
electrically conductive foam.

In other examples the first pair of contacts and second pair of contacts may not necessarily
share a common contact. This may advantageously allow for more flexibility in contact
placement and contact connections, although an additional contact is required to be
deposited compared with a two-contact-pair arrangement in which a common contact is
shared between the pairs. In other examples each pair of contacts need not necessarily be
on the same surface of the sensing material. For example, one pair may be located on one
side while another pair may be located on an opposing side of the sensing material. As
another example, one pair may be located on one side of the sensing material with a third
electrode located within the sensing material and connected with a common electrode of the
first pair using a via or similar connection. As another example, a first contact pair may be
located on a surface while a second separate contact pair may be located in the bulk of the
sensing material.

Materials which have a high temperature coefficient of resistance of the sensing material
while having a low thermal conductivity are particularly suitable for use as sensing materials.
A composite material that has components to fulfil these requirements may provide a good
sensing material for providing accurate temperature sensing. A carbon foam may be used as
a suitable sensing material, because of its acceptably high temperature coefficient of
resistance and low thermal conductivity properties and it does not require complex
engineering to fabricate. Table 1 below provides some example thermal parameters of
materials suitable for use as sensing materials.
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Table 1 - Thermal properties of materials suitable for use as sensing materials

Temperature .,
) . Thermal conductivity
Material Coefficient of
. (W/(mK))
Resistance (x 10° K')

Carbon foam 0.5 0.03-0.05
Aluminium foam 3.8 5.8
Graphene foams 05-1.2 0.26-2.12

As an example of how an apparatus as illustrated in figures 1a-1b may be used, first the
resistance (as an electrical property of the sensing material) is measured between the first
pair of contacts 106 and the second pair of contacts 110. The current flow between the first
pair of contacts is concentrated close to the interface between the sensing material and the
substrate as a result of the close proximity between the two contacts in the first pair 106.
Therefore this resistance (R1) is strongly dependent on the substrate temperature (Ts). Also,
the current flow between the second pair of contacts 110 is more evenly distributed across
the cross-section of the sensing material 104 due to the greater distance between the
contacts in the second pair 110. Therefore this resistance (R2) is more dependent on the
ambient temperature (Ta) compared with Rq. The resistances R1 and R> may then, for
example, be compared with calibration data that maps R+ and R against known substrate
temperatures (Ts) and ambient temperatures (T.) to give independent measures of both
temperatures.

Figures 2a and 2b illustrate a finite-element computer model of a typical temperature
distribution in a sensing material of an apparatus and the atmosphere around an apparatus.
Figure 2b is a zoomed-in version of figure 2a. The atmosphere 202 and a rectangular
sensing material 204 are shown. The x and y axes show positions along the sensing
material faces and distances into the surrounding atmosphere 202. The boundaries of the air
domain 202 in the model are set to allow convective heat transfer from the sensing material
204 and substrate with the surrounding ambient environment at a set ambient temperature
(Ta). The sensing material 204 has a thermal conductivity (k) set at kK = 0.1 W/(mK) and a
temperature coefficient of resistivity (a) set at a = 3.8 x 10 K. The bottom plane 206 of the
sensing material 204 is modelled as if in contact with a substrate with a fixed substrate
temperature (Ts).

The temperature is shown as a colour map, with the temperature value shown by the z-axis
value (scale shown in Kelvin on the right of the figures). The sensing material surface 206
modelled to be in contact with a heated substrate is set at a temperature (denoted T2(8)) of
80 °C). The ambient temperature is set to 10 "C.
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The temperature difference between the top and bottom surfaces of the sensing material
204 at the centre is approximately 4°C. The temperature decreases with increasing distance
from the heated substrate interface 206. In these models, the temperature decreases more
rapidly with distance away from the substrate at the edges of the sensing material 204 than
in the centre, due to the finite size of the modelled substrate.

The temperature distribution within the sensing material 204 will be dependent on the
temperature of the substrate and on the ambient temperature of the atmosphere surrounding
the sensing material 204. The temperature distribution will also depend on the thermal
conductivity and geometry of the sensing material 204.

Figures 3a and 3b illustrate models of typical current density in an apparatus according to
the models shown in figures 2a-2b. The x and y axes show positions along the sensing
material faces. The first and second pairs of contacts are located at the bottom plane of the
sensing material region 312 (the sensing material/substrate interface). The sensing material
surface 312 is set at a temperature (denoted T2(8)) of 80 °C. Figure 3a shows a second pair
of contacts 306, 310 and figure 3b shows a first pair of contacts 306, 308. Each pair shares
a common contact 306 in this example. In the model shown, the contact present in the
second pair (but not the first) 210 is set at 1 V and the contacts in the first pair 206, 208 are
set at 0 V in each case. A suitable potential difference should be set in the model in order to
measure the resistance (or other electrical property) of the sensing material. Such a range
may be, for example, from 1 mV to 10 V. Further, the excitation may be DC, as in the current
model, or AC wherein the frequency may vary from 1 Hz to 10 MHz, for example.

The current density is shown as a vector field of arrows within the sensing material. Larger
arrows represent higher current density values. The current density z-axis/colour map scale
is shown on the right of figures 3a-3b. Figure 3a for the second, spaced apart, pair of
contacts shows that the current flow is much more evenly distributed across the cross-
section of the sensing material. The average current flow path 314 is shown through the bulk
of the sensing material 304 at a distance of about 0.025 units from the sensing
material/substrate boundary 312 for a sensing material 0.05 units thick. Figure 3b for the
first, closely spaced, pair of contacts shows the current density to be much more
concentrated near the interface with the substrate due to the close proximity of the contacts.
The average current flow path 316 is shown close to the sensing material/substrate
boundary 312 at a distance of less than 0.005 units from the sensing material/substrate
boundary 312 for a sensing material 0.05 units thick.

Figure 4 illustrates example calibration data which provides a relationship between pairs of
electrical property measurements and pairs of atmosphere/substrate temperatures. This may
be provided as a database, look-up table, or graphical plot, for example. The calibration
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method and variations described below are not exhaustive and other options for determining
temperatures from calibrated measured electrical properties may be used.

A 3-D calibration map may be generated by setting a pair of known ambient and substrate
temperatures, and determining an electrical property value (such as a current density value J
or a resistance value R) at those temperature values. In this way, by systematically varying
the known substrate and ambient temperatures, a 3-D map of electrical property values may
be generated as a calibration plot. For example, maps of resistances Ry and R (or the
equivalent current densities J1 and J) between first and second pairs of contacts may be
measured for a series of known ambient and substrate temperature values. Thus two
calibration plots may be generated, one for R1 (or J1) in relation to the first pair of contacts
and a second plot for Rz (or J2) in relation to the second pair of contacts.

Each calibration map may show lines of constant electrical property values for varying
ambient and substrate temperatures (or such lines may be obtained from interpolating
between discrete map values). Such lines may be considered to be isolines (that is, constant
current density isolines or constant resistance isolines).

To use the calibration maps, measured electrical property values from the two pairs of
sensors may be taken. To determine the ambient and substrate temperatures from the
calibration maps, the isoline corresponding to the value of the electrical property taken from
the first pair of contacts may be extracted from the temperature calibration map for the first
pair of contacts, and the isoline corresponding to the value of the electrical property taken
from the second pair of contacts may be extracted from the temperature calibration map for
the second pair of contacts. Thus two isolines corresponding to the measured electrical
properties are found. These may be plotted together in temperature space as in figure 4.

The example electrical property used in figure 4 is current density J. Figure 4 shows isolines
of constant current densities J1 and J2 plotted on an ambient temperature/ substrate
temperature grid (i.e. in temperature space). The equation of the line (line 1) in temperature
space corresponds to the current density measured from the first pair of contacts as J1 =
5.16 x 10° A/m?. The equation of the line (line 2) in temperature space corresponds to the
current density measured from the second pair of contacts as J, = 26 x 105 A/m2,

Where these current density isolines cross provides a unique solution of ambient
temperature (along the x-axis) and substrate temperature (along the y-axis) for the electrical
properties measured using the first and second pairs of contacts. In this example, a first
current density was measured of 26 x 106 A/m2from the first pair of contacts, and a second
current density was measured of 5.16 x 10° A/m? from the second pair of contacts. Two
current density isolines are thus indicated on the calibration plot, corresponding respectively
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to J1 = 26 x 10° A/m? and J2 = 5.16 x 10° A/m2. The intersection of these two lines is shown.
The intersection of these current density isolines gives the ambient and substrate
temperatures (namely, in this example, an ambient temperature of 16 °C and a substrate
temperature of 47.1 °C).

Figures 5a and 5b illustrate the effect of changing the geometry of the sensing material 502.
Figure 5a shows a model of current density between two electrodes 504, 506 within a
sensing material 502 with a 1:1 aspect ratio (i.e. a square sensing material 502). For this
example it can be seen that the current density further away from the sensing material
502/substrate interface is not uniform, and is less evenly distributed across the cross-section
of the material 502. The aspect ratio of the sensing material and the first and second contact
pair separations may be calculated to give a uniform current density in the bulk of the
material. The vertical dashed line 508 indicates where the line plot in figure 5b is taken from.

Figure 5b shows a series of line plots extracted from 3-D current density maps as in figure
5a for different substrate temperatures (from 10°C to 80°C in 10°C increments.) The left side
of the plot in figure 5b (indicated as 0 arc length) corresponds to the side of the sensing
material in contact with the atmosphere, and the right side of the plot (indicated as 0.3 arc
length) corresponds to the side of the sensing material on which the contact pairs are
mounted (the side which is in contact with the substrate in this example). Each plotted line
indicates the current flowing from right to left in the sensing material as shown in figure 5a. A
higher current flow is found closer to the contact (and substrate) side of the sensing material
and a lower current flow is found as the distance away from the contacts is increased. In this
example, the difference in current density between the substrate and atmosphere sides of
the sensing material increases as the temperature difference between the sides decreases.

Figure 6 shows an example of an apparatus/device 600 comprising an apparatus 650
configured for temperature sensing as described herein. The apparatus/device 600 also
comprises a processor 602 and a storage medium 604 which are electrically connected to
one another by a data bus 606. The apparatus/device 600 may be one or more of, for
example: an electronic device, a portable electronic device, a telecommunications device, a
mobile phone, a smartphone, a tablet computer, a laptop computer, a smartwatch, smart
eyewear, a personal digital assistant, a digital camera, a non-portable electronic device, a
desktop computer, a monitor, a household appliance, a smart TV, a server, or a
module/circuitry for one or more of the same.

In this example, the temperature sensing apparatus 650 comprises a substrate 608, a
sensing material 610 located on the substrate 608, a first pair of contacts 612, 614 coupled
to the sensing material 610 and separated by a first distance, and a second pair of contacts
612, 616 coupled to the sensing material 610 and separated by a second distance. The
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second distance is greater than the first distance. As described above, the apparatus 650 is
configured to provide a first electrical property measurement between the first pair of
contacts 612, 614 and to provide a second electrical property measurement between the
second pair of contacts 612, 616. The first and second electrical property measurements are
suitable for use in determining an ambient temperature and/or a substrate temperature.

The processor 602 is configured for general operation of the apparatus 600 by providing
signalling to, and receiving signalling from, the other components to manage their operation.
The processor 602 may be a microprocessor, such as an Application Specific Integrated
Circuit (ASIC).

The storage medium 604 is configured to store computer code configured to perform, control
or enable operation of the apparatus 600. The storage medium 604 may also be configured
to store settings for the other components. The storage medium 604 may comprise read-
only memory (ROM), for example for storage of computer code/computer readable
instructions, and random-access memory (RAM), for example for executing stored computer
code/computer readable instructions. The processor 602 may access the storage medium
604 to retrieve the component settings in order to manage the operation of the other
components. The storage medium 604 may be a temporary storage medium such as a
volatile random access memory. In other examples the storage medium 604 may be a
permanent storage medium such as a hard disk drive, a flash memory, or a non-volatile
random access memory.

The apparatus/device 600 in this example also comprises a controller 620. The controller
620 in this example is shown as a separate component connected via the data bus 606 to
the temperature sensing apparatus 650 and the memory 604 and processor 602. In other
examples the processor 602 may at least partially comprise the controller 620, or the
controller may be distributed amongst other components of the apparatus 600, for example.

The controller 620 in this example is coupled to the first and second pairs of contacts 612,
614; 612, 616 via the data bus 606 and connections (not shown) on the substrate 608. The
controller 620 may be configured to obtain first and second electrical property
measurements from the first and second pairs of contacts. For example, the controller 620
may be configured to apply a voltage (or cause a voltage to be applied) across the first set of
contacts to determine a first resistance value, then may apply a voltage (or cause a voltage
to be applied) across the second set of contacts to determine a second resistance value. Of
course other electrical properties may be measured/determined by the controller 620.

The controller 620 may be configured to use the first and second electrical property
measurements to determine the ambient temperature. For example, the controller 620 may
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have access to stored predetermined calibration data with which to compare the first and
second electrical property measurements and may perform analysis to determine the
ambient and/or the substrate temperature. The controller 620 may perform the comparison
with calibration data in some examples.

In some examples the controller 620 may be configured to compare the first and second
electrical property measurements to determine the ambient temperature. For example, the
controller 620 may identify a calibration curve corresponding to each measurement, and may
compare the first and second measurements via comparison of the two calibration curves to
determine an intersection of the calibration curves from which a temperature value (such as
an ambient temperature) may be obtained. In some examples the controller 620 may be
configured to compare the first and second electrical property measurements to determine
the substrate temperature.

Figure 7 illustrates an example method 700 comprising the following steps for a sensing
apparatus comprising a substrate, a sensing material mounted on the substrate; a first pair
of contacts coupled to the sensing material and separated by a first distance; and a second
pair of contacts coupled to the sensing material and separated by a second distance, the
second distance being greater than the first distance 702: obtaining a first electrical property
measurement from the first pair of contacts 704; obtaining a second electrical property
measurement from the second pair of contacts 706; and using the first and second electrical
property measurements to determine an ambient temperature and/or a substrate
temperature 708.

Figure 8 illustrates schematically a computer/processor readable medium 800 providing an
example computer program configured to carry out the following for any apparatus disclosed
here: obtain a first electrical property measurement from the first pair of contacts; obtain a
second electrical property measurement from the second pair of contacts; and use the first
and second electrical property measurements to determine an ambient temperature and/or a
substrate temperature. The computer program may be configured to carry out any method
disclosed herein.

In this example, the computer/processor readable medium 800 is a disc such as a digital
versatile disc (DVD) or a compact disc (CD). In other embodiments, the computer/ processor
readable medium 800 may be any medium that has been programmed in such a way as to
carry out an inventive function. The computer/processor readable medium 1100 may be a
removable memory device such as a memory stick or memory card (SD, mini SD, micro SD
or nano SD).
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Other embodiments depicted in the figures have been provided with reference numerals that
correspond to similar features of earlier described embodiments. For example, feature
number 1 can also correspond to numbers 101, 201, 301 etc. These numbered features may
appear in the figures but may not have been directly referred to within the description of
these particular embodiments. These have still been provided in the figures to aid
understanding of the further embodiments, particularly in relation to the features of similar
earlier described embodiments.

It will be appreciated to the skilled reader that any mentioned apparatus/device and/or other
features of particular mentioned apparatus/device may be provided by apparatus arranged
such that they become configured to carry out the desired operations only when enabled,
e.g. switched on, or the like. In such cases, they may not necessarily have the appropriate
software loaded into the active memory in the non-enabled (e.g. switched off state) and only
load the appropriate software in the enabled (e.g. on state). The apparatus may comprise
hardware circuitry and/or firmware. The apparatus may comprise software loaded onto
memory. Such software/computer programs may be recorded on the same
memory/processor/functional units and/or on one or more memories/processors/functional
units.

In some embodiments, a particular mentioned apparatus/device may be pre-programmed
with the appropriate software to carry out desired operations, and wherein the appropriate
software can be enabled for use by a user downloading a “key”, for example, to
unlock/enable the software and its associated functionality. Advantages associated with
such embodiments can include a reduced requirement to download data when further
functionality is required for a device, and this can be useful in examples where a device is
perceived to have sufficient capacity to store such pre-programmed software for functionality
that may not be enabled by a user.

It will be appreciated that any mentioned apparatus/circuitry/elements/processor may have
other functions in addition to the mentioned functions, and that these functions may be
performed by the same apparatus/circuitry/elements/processor. One or more disclosed
aspects may encompass the electronic distribution of associated computer programs and
computer programs (which may be source/transport encoded) recorded on an appropriate
carrier (e.g. memory, signal).

It will be appreciated that any “computer” described herein can comprise a collection of one
or more individual processors/processing elements that may or may not be located on the
same circuit board, or the same region/position of a circuit board or even the same device. In
some embodiments one or more of any mentioned processors may be distributed over a
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plurality of devices. The same or different processor/processing elements may perform one
or more functions described herein.

It will be appreciated that the term “signalling” may refer to one or more signals transmitted
as a series of transmitted and/or received signals. The series of signals may comprise one,
two, three, four or even more individual signal components or distinct signals to make up
said signalling. Some or all of these individual signals may be transmitted/received
simultaneously, in sequence, and/or such that they temporally overlap one another.

With reference to any discussion of any mentioned computer and/or processor and memory
(e.g. including ROM, CD-ROM etc), these may comprise a computer processor, Application
Specific Integrated Circuit (ASIC), field-programmable gate array (FPGA), and/or other
hardware components that have been programmed in such a way to carry out the inventive
function.

The applicant hereby discloses in isolation each individual feature described herein and any
combination of two or more such features, to the extent that such features or combinations
are capable of being carried out based on the present specification as a whole, in the light of
the common general knowledge of a person skilled in the art, irrespective of whether such
features or combinations of features solve any problems disclosed herein, and without
limitation to the scope of the claims. The applicant indicates that the disclosed
aspects/embodiments may consist of any such individual feature or combination of features.
In view of the foregoing description it will be evident to a person skilled in the art that various
modifications may be made within the scope of the disclosure.

While there have been shown and described and pointed out fundamental novel features as
applied to different embodiments thereof, it will be understood that various omissions and
substitutions and changes in the form and details of the devices and methods described may
be made by those skilled in the art without departing from the spirit of the invention. For
example, it is expressly intended that all combinations of those elements and/or method
steps which perform substantially the same function in substantially the same way to achieve
the same results are within the scope of the invention. Moreover, it should be recognized
that structures and/or elements and/or method steps shown and/or described in connection
with any disclosed form or embodiment may be incorporated in any other disclosed or
described or suggested form or embodiment as a general matter of design choice.
Furthermore, in the claims means-plus-function clauses are intended to cover the structures
described herein as performing the recited function and not only structural equivalents, but
also equivalent structures. Thus although a nail and a screw may not be structural
equivalents in that a nail employs a cylindrical surface to secure wooden parts together,
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whereas a screw employs a helical surface, in the environment of fastening wooden parts, a
nail and a screw may be equivalent structures.
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Claims

1. An apparatus comprising:

a substrate;

a sensing material located on the substrate;

a first pair of contacts coupled to the sensing material and separated by a first
distance; and

a second pair of contacts coupled to the sensing material and separated by a second
distance, the second distance being greater than the first distance;

wherein the apparatus is configured to provide a first electrical property
measurement between the first pair of contacts and to provide a second electrical property
measurement between the second pair of contacts, the first and second electrical property
measurements for use in determining an ambient temperature and/or a substrate
temperature.

2. The apparatus of claim 1, wherein the first and second pairs of contacts are located
on a common side of the sensing material.

3. The apparatus of claim 1 or claim 2, wherein the first and second pairs of contacts
are located on the side of the sensing material located adjacent to the substrate.

4, The apparatus of any preceding claim, wherein:

the sensing material has a first side adjacent to the substrate and a second side
opposite the first side, wherein the first and second pairs of contacts are configured and
arranged such that, when the apparatus is in use, an average current path through the
sensing material between the first pair of contacts is located closer to one of the first and
second sides in comparison to an average current path through the sensing material
between the second pair of contacts, which is located closer to the other of the first and
second sides.

5. The apparatus of any preceding claim, wherein the sensing material comprises one
or more of: a carbon foam; an aluminium foam, and a graphene foam.

6. The apparatus of any preceding claim, wherein the ratio of the separation of the first
pair of contacts to the second pair of contacts is: 1:2; 1:4; 1:6; 1:8; 1:10; 1:11; 1:12; 1:13;
1:14; 1:15, 1:20, 1:30, 1:40 or 1:50.

7. The apparatus of claim 1, wherein the first pair of contacts and the second pair of
contacts share a common contact.
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8. The apparatus of any preceding claim, wherein the first and second electrical
property measurements are measurements of: resistance, resistivity, current, current
density, or voltage.

9. The apparatus of any preceding claim, further comprising a controller coupled to the
first and second pairs of contacts, and configured to:

obtain the first and second electrical property measurements; and

use the first and second electrical property measurements to determine the ambient
temperature.

10. The apparatus of claim 9, wherein the controller is configured to compare the
obtained first and second electrical property measurements with predetermined calibration
data for determination of the ambient temperature.

11. The apparatus of any of claims 9 to 10, wherein the controller is configured to apply a
voltage across the first pair of contacts and/or the second pair of contacts to respectively
determine the first electrical property measurement and/or the second electrical property
measurement.

12. The apparatus of any of claims 9 to 11, wherein the controller is configured to
compare the first and second electrical property measurements to determine the ambient
temperature.

13. The apparatus of any of claims 9 to 12, wherein the controller is configured to
compare the first and second electrical property measurements to determine the substrate
temperature.

14. An apparatus comprising:

at least one processor; and

at least one memory including computer program code,

the at least one memory and the computer program code configured to, with the at
least one processor, cause the apparatus to perform at least the following:

for a sensing apparatus comprising a substrate, a sensing material mounted on the
substrate; a first pair of contacts coupled to the sensing material and separated by a first
distance; and a second pair of contacts coupled to the sensing material and separated by a
second distance, the second distance being greater than the first distance;

obtain a first electrical property measurement from the first pair of contacts;

obtain a second electrical property measurement from the second pair of contacts;
and
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use the first and second electrical property measurements to determine an ambient
temperature and/or a substrate temperature.

15. The apparatus of any preceding claim, wherein the apparatus is one or more of: a
portable electronic device, a mobile phone, a smartphone, a tablet computer, a laptop
computer, a smartwatch, smart eyewear, a personal digital assistant, a digital camera, a
non-portable electronic device, a desktop computer, a monitor, a household appliance, a
smart TV, a server, or a module/circuitry for one or more of the same.

16. A method comprising:

for a sensing apparatus comprising a substrate, a sensing material mounted on the
substrate; a first pair of contacts coupled to the sensing material and separated by a first
distance; and a second pair of contacts coupled to the sensing material and separated by a
second distance, the second distance being greater than the first distance;

obtaining a first electrical property measurement from the first pair of contacts;

obtaining a second electrical property measurement from the second pair of contacts;
and

using the first and second electrical property measurements to determine an ambient
temperature and/or a substrate temperature.

17. A computer readable medium comprising computer program code stored thereon,
the computer readable medium and computer program code being configured to, when run
on at least one processor, perform at least the following:
for a sensing apparatus comprising a substrate, a sensing material mounted on the

substrate; a first pair of contacts coupled to the sensing material and separated by a first
distance; and a second pair of contacts coupled to the sensing material and separated by a
second distance, the second distance being greater than the first distance;

obtain a first electrical property measurement from the first pair of contacts;

obtain a second electrical property measurement from the second pair of
contacts; and

use the first and second electrical property measurements to determine an
ambient temperature and/or a substrate temperature.
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