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57 ABSTRACT

A method and measurement system for calibrated measure-
ment of at least one variable of a sample are based on an
optical behaviour of at least one sensor substance which
depends on the at least one variable. The at least one sensor
substance is brought into contact with the sample. At least
one calibration area, associated with the at least one sensor
substance, is defined. At least one image is recorded which
captures at least one of the at least one sensor substance and
at least one of the at least one calibration area. The value of
the at least one variable of the sample is derived from the at
least one image, based on image data associated with the at
least one of the at least one sensor substance and on image
data associated with the at least one of the at least one
calibration area.

13 Claims, 5 Drawing Sheets
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1
METHOD FOR CALIBRATED OPTICAL
MEASUREMENT AND SYSTEM THEREFOR

RELATED APPLICATIONS

This Application is a Continuation application of Inter-
national Application PCT/IB2017/055201, filed on Aug. 30,
2017, which in turn claims priority to European Patent
Application No. EP 16187793.1, filed Sep. 8, 2016, both of
which are incorporated herein by reference in their entirety.

FIELD OF THE INVENTION

The invention relates to the measurement of a variable of
a sample using an optical behaviour of a sensor substance,
and specifically to the calibration of such a measurement.

BACKGROUND OF THE INVENTION

The UK patent application 8333822, published as GB 2
132 348 A, refers to a method and apparatus for determining
the presence of oxygen. A sensor element is formed by
incorporating a luminescent material whose intensity and
lifetime of luminescence are quenchable by oxygen into a
carrier material permeable to oxygen. A reference element is
provided by incorporating the same luminescent material
into a carrier material impermeable to oxygen; the reference
element can have a wedge shape or hold the luminescent
material at a concentration varying along the reference
element. Sensor element and reference element are exposed
to a sample to be analysed and are illuminated. Evaluation
is done by the eye or an electronic device. An image is not
recorded.

German translation DE 697 09 921 T2 of European patent
EP 0 901 620 B1 relates to a detection apparatus for
chemical analysis. In one embodiment, a sample container is
divided into three chambers, one chamber for holding a
sample to be analysed, the further two chambers holding
reference solutions. For each variable of the sample to be
measured, three separate optical readout setups are provided,
one for each chamber, each readout setup including a light
source and a photoelectric sensor. Signals from the photo-
electric sensors of the readout setups for those chambers
holding reference solutions are used to interpret the signals
from the photoelectric sensor of the readout setup for the
chamber holding the sample, i.e. for calibration of the
measurement performed on the sample.

International patent application PCT/IB2011/051797,
published as WO 2011/138705 A2, relates to a sensing
device for optically detecting a substance in a fluid. The
method of detection is based on total internal reflection at an
interface, this total internal reflection depends on a number
of magnetic particles present at the interface, which number
in turn depends on a variable of a sample, here the concen-
tration of the substance. No sensor substance with an optical
behaviour that depends on the variable of the sample is used.

International patent application PCT/US2003/025702,
published as WO 2004/017374 A2, discloses a method and
corresponding apparatus for determining a variable of a
sample, more precisely concentration of a substance. The
method is based on fluorescent tags binding to molecules to
be detected. The fluorescence of the tags as such is inde-
pendent of the concentration of the substance. No sensor
substance with an optical behaviour that depends on the
variable of the sample is used.

European patent application 13154017, published as EP 2
762 066 A1, relates to the determination of oxygen in blood.
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A marker is placed on a person’s skin. The marker has two
marker areas which transmit light at a first and at a second
wavelength, respectively. The marker is not in contact with
blood. The determination is based on the difference in
absorption of the first and second wavelength by oxygenated
haemoglobin and by reduced haemoglobin. No sensor sub-
stance with an optical behaviour that depends on the variable
of the sample is used.

Measurements of a variable of a sample based on an
optical behaviour of a sensor substance in principle are well
known, numerous approaches exist, as well as suitable
sensor elements and sensor substances for such measure-
ments. Some of these methods and/or sensor elements are
described for example in published German patent applica-
tions DE 10 2011 055 272 A1, DE 10 2013 109 010 A1, DE
10 2010 061 182 Al, DE 10 2014 107 837 Al, German
patent DE 10 2013 108 659 B3, and references cited therein.
The measurement principles and approaches described in
this prior art can also be applied in the context of the present
invention. The sensor substance may in particular be a
chemical compound directly affected by the variable of the
sample to be measured, or may be a mixture of several
compounds. For example, the sensor substance may be a
fluorophore in a buffer solution, where the fluorophore is
affected indirectly by the variable to be measured via a
change of a pH-value of the buffer solution, with an optical
behaviour of the fluorophore depending on pH-value, and
the pH-value of the buffer solution for example changed by
carbon dioxide, thus making possible a measurement of a
partial pressure of carbon dioxide. Numerous such examples
are known in the prior art, and the invention is in no way
limited to the specific examples just mentioned.

Measurements, to be reliable, require calibration of the
measurement setup. Calibration is an extra step, usually
performed prior to the measurement proper, requiring addi-
tional effort on the part of a user of the measurement setup.
If a measurement setup has been calibrated and reliable
measurements are to be performed with it, it must be assured
that the measurements are performed at conditions which do
not render the calibration useless, or at least corrections for
deviations from the calibration conditions must be taken into
account. This requires determining the relevant conditions at
which the measurement is performed and deviations from
the calibration conditions. Therefore, taking into account
calibration for correct measurements amounts to significant
additional effort.

SUMMARY OF THE INVENTION

Itis an object of the present invention to provide a method
for calibrated measurement of at least one variable of a
sample, wherein the effort for calibration is reduced in
comparison with the prior art.

This object is achieved by a method according to claim 1.

Claim 17 relates to a corresponding measurement system.

In the method according to the invention for calibrated
measurement of at least one variable of a sample, a contact
between the sample and at least one sensor substance is
established. Each of the at least one sensor substance exhib-
its an optical behaviour dependent on at least one of the at
least one variable of the sample. The contact between a
respective sensor substance and the sample must be such
that the optical behaviour of the respective sensor substance
can be affected by the sample. For example, the at least one
variable of the sample may be a concentration of a sub-
stance, a partial pressure of a substance, a pH-value, a
pressure, or a temperature. In case the variable is a concen-
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tration or partial pressure of a substance, this substance must
be able to reach the sensor substance. If the variable is a
pressure, the contact must be such that the sensor substance
is exposed to the pressure. If the variable is temperature,
then heat exchange between the sensor substance and the
sample must be possible. As non-limiting examples, the
method may be used to determine partial pressure of gases
like oxygen or carbon dioxide in a gas or liquid environ-
ment, or a concentration of ions like ammonium or of certain
molecules in a liquid. By the method according to the
invention measurements may also be performed on liquid
layers adhered to or emanating from a solid object or on
gases diffusing out of a solid object.

It is possible that the optical behaviour of a sensor
substance depends on more than one variable of the sample.
It is possible that two or more different sensor substances are
used, all of which have a respective optical behaviour that
depends on the same variable of the sample. For each
variable of the sample to be measured there must be at least
one sensor substance with an optical behaviour that depends
on the respective variable of the sample.

According to the method, at least one calibration area is
defined. Each such calibration area is associated with at least
one sensor substance used in the method; here the associa-
tion is such that the respective calibration area is used for
calibration of a measurement involving the respective at
least one sensor substance. There can be more than one
calibration area per sensor substance. Also, if a sensor
substance is used for measuring more than one variable of
the sample, then for this sensor substance there can be one
or more calibration areas for each variable of the sample in
the measurement of which the respective sensor substance is
used.

Further according to the method, at least one image is
recorded. Each of the at least one image captures at least a
portion of at least one of the at least one sensor substance
and at least a portion of at least one of the at least one
calibration area. The image preferentially is recorded with a
camera.

The at least one image is a digital image and the value of
the at least one variable of the sample is determined from the
at least one image. Image data associated with the at least
one sensor substance, e.g. pixel values of pixels which in the
image represent the at least one sensor substance, i.e. which
represent an area or region of space in which the sensor
substance is present and in contact with the sample, and
image data associated with the at least one calibration area,
e.g. pixel values of pixels which in the image represent the
at least one calibration area, are used to determine the value
of the at least one variable of the sample.

Determining the value of a variable of the sample is to be
understood to include the determination of the value of the
variable up to error bounds known in the art, but is also to
include determining whether the value of the variable is
within a given range, where this range can have only an
upper bound or only a lower bound or both an upper bound
and a lower bound.

Image data associated with a calibration area are used for
calibrating the measurement, as will be detailed further
below. Thus each recorded image not only holds sensor
output in the form of image data associated with at least one
sensor substance, but also calibration data in the form of
image data associated with at least one calibration area. The
effort for calibration therefore is reduced in comparison with
prior art methods; recording one of the at least one image is
a single step, but yields both sensor output and calibration
data, which subsequently can be evaluated automatically.
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Furthermore, any changes in ambient conditions, like e.g.
temperature or salinity, that may affect the optical behaviour
of the at least one sensor substance in addition to the at least
one variable which is to be measured using the sensor
substance, at least in embodiments also affect the at least one
calibration area in a similar fashion. Therefore, deviations
from calibration conditions are taken into account automati-
cally, making calibrated measurements easier than in prior
art.

In embodiments, the optical behaviour of a sensor sub-
stance is an optical parameter of the sensor substance, e.g.
a colour of the sensor substance, which optical parameter
depends on a variable of the sample. For example, if the said
variable of the sample changes in a defined way, the colour
of the sensor substance changes. Such an optical parameter
can be measured by known methods, for example colour can
be measured by known colorimetric methods. Further non-
limiting examples of optical parameters are reflectance of
the sensor substance and transmittance of the sensor sub-
stance, in each case possibly for a specific wavelength range.
In embodiments, the optical behaviour of a sensor substance
is a luminescence effect. Luminescence includes both phos-
phorescence and fluorescence. For example, the intensity,
colour, or polarisation of luminescence light emitted by the
sensor substance upon suitable excitation may depend on at
least one variable of the sample. Further examples include
that a decay time of luminescence intensity or luminescence
polarisation depends on at least one variable of the sample.
Measurement approaches exploiting such dependencies are
well known, and also described in the cited prior art.

In particular, the at least one image may be recorded with
a handheld device. Use of a handheld device makes the
measurement method especially easy to use and particularly
suitable for field work.

In an embodiment, at least one of the at least one sensor
substance is provided embedded in a sensor element or
attached to the surface of a sensor element. The contact
between the sensor substance and the sample is established
by bringing the sensor element into contact with the sample.
The sensor element may for example include a polymer
matrix into which the sensor substance is embedded, and
which is permeable to a substance to be measured using the
respective sensor substance. The sensor elements can be
manufactured in suitable sizes and shapes, for example by
punching or cutting sensor elements from a polymer matrix
holding the sensor substance. The sensor elements are not
limited to including a polymer matrix. Sensor elements of
various constitutions and ways to produce them are known
in the art. While, in principle, one or more sensor substances
used in the inventive method can be mixed with the sample,
having one or more sensor substances embedded in or
attached to a sensor element has the advantage of providing
the sensor substance(s) at a defined position in the sample,
just by suitably positioning the sensor element. Furthermore,
by use of a sensor element, properties like thickness of a
layer holding one or more sensor substances can easily be
fixed, as such properties are determined by manufacture of
the sensor elements.

In an embodiment of the method employing one or more
sensor elements, the one or more sensor elements may be
identified in the at least one image by the position, size, or
shape of the sensor element. For example, if a first sensor
element is used to measure a first variable of a sample, e.g.
pH-value, and a second element is used to measure a second
variable of the sample, e.g. partial pressure of oxygen, then
the first sensor element may be shaped as a square, while the
second sensor element may be shaped as a triangle, so the
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sensor elements can be distinguished by their shape. It
should be clear that the choice of square and triangle is
merely an example and in no way a limitation of the
invention.

As stated above, both image data associated with at least
one sensor substance and image data associated with at least
one calibration area are used for determining the at least one
variable of the sample. In an embodiment, at least one
calibration area is defined by exposing a portion of at least
one sensor substance to defined ambient conditions, wherein
such defined ambient conditions include a pre-determined
value of at least one of the at least one variable of the sample.
For example, if the calibration area is to be used to calibrate
a measurement of a pH-value, then the calibration area is
defined by exposing a portion of the sensor substance used
for the measurement of the pH-value to a defined pH-value.
In this embodiment, of course, when recording the at least
one image for measurement, apart from the portion of the
sensor substance in the calibration area, or part thereof, also
a portion of the sensor substance exposed to the variable of
the sample to be measured, in the example to the pH-value
of the sample, must be recorded.

In an embodiment, at least one calibration area is defined
by a calibration element. A calibration element in this
embodiment is analogous to a sensor element discussed
above, and therefore has at least one sensor substance
embedded within the calibration element or attached on a
surface of the calibration element. In contrast to a sensor
element holding the same sensor substance, the sensor
substance in the calibration element is exposed to defined
ambient conditions, as described above in the general con-
text of a calibration area. For the example of a pH-measure-
ment, the calibration element, sealed against the sample,
may contain the sensor substance used for pH-measurement
in a solution of defined pH-value, for example embedded in
a polymer matrix. A calibration area, or a calibration ele-
ment, in embodiments is exposed to the defined ambient
conditions only when a measurement is to be performed. In
such a case it is possible to change, between measurements,
the range of the value of the variable to be measured for
which calibration is done, by choosing suitable ambient
conditions to which the calibration area is exposed.

The calibration approach described so far is based on
exposing different portions of one and the same sensor
substance, respectively, to the sample and to defined condi-
tions. By exposing the sensor substance to defined condi-
tions, an optical behaviour corresponding to the defined
conditions obviously is achieved. An alternative approach to
calibration achieves the desired optical behaviour, i.e. an
optical behaviour that corresponds to the optical behaviour
of a specific sensor substance under defined conditions, in a
different way. In embodiments, therefore, at least one cali-
bration area is defined by a calibration element exhibiting an
optical behaviour corresponding to the optical behaviour of
at least one sensor substance at a pre-determined value of at
least one of the at least one variable of the sample. For
example, in case the sensor substance is such that an
intensity of a luminescence light emitted by the sensor
substance depends on a variable of the sample, a calibration
element could be prepared in the following way: In a
suitable support a luminescent substance is provided in an
amount that produces a desired luminescence intensity under
defined excitation. The amount of luminescent substance
can be chosen such that the luminescence intensity corre-
sponds to the luminescence intensity of the sensor substance
at a desired value of the variable of the sample that is
measured using the sensor substance. The luminescent sub-
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stance used in the calibration element can be, but need not
be, the same as the sensor substance.

In an embodiment, a calibration area may be identified in
the at least one image by position, size, or shape of the
calibration area. For example, for the measurement of a
specific variable of a sample, two calibration elements may
be provided, a first calibration element corresponding to an
expected upper bound of the variable of the sample, and a
second calibration element corresponding to an expected
lower bound of the variable of the sample. The first cali-
bration element may be shaped as a circle, the second
calibration element may be shaped as a square, and thus the
first and the second calibration element can be distinguished
in the at least one image by their shape. It should be clear
that the choice of circle and square is a mere example, and
in no way a limitation of the invention.

In an embodiment, at least one of the at least one sensor
substance and at least one of the at least one calibration area
are provided on a common carrier. For example, the carrier
may act as common support for one or more sensor ele-
ments, and for one or more calibration elements which
correspond to the sensor elements, i.e. which are used to
calibrate the measurements for which the sensor elements
are used. Sensor elements and calibration elements for
example may be realised as defined portions of the common
carrier, or may be attached as separately manufactured
elements to the carrier.

In an embodiment a plurality of images is recorded, and
at least two of the recorded images differ with respect to the
wavelength region of light recorded in the respective
images. This may for example be achieved by using suitable
optical filters.

In an embodiment a first image and a plurality of second
images are recorded. The first and the plurality of second
images all capture the same portion of at least one of the at
least one sensor substance and the same portion of at least
one of the at least one calibration area. For example, the first
and all of the second images may fully show one and the
same carrier, this carrier holding a number of sensor ele-
ments and corresponding calibration elements. At least one
variable of the sample is determined based on image data
associated with the at least one of the at least one calibration
area in the first image and on image data associated with the
at least one of the at least one sensor substance in the
plurality of second images. Alternatively, at least one vari-
able of the sample is determined based on image data
associated with the at least one of the at least one calibration
area in the first image and on image data associated with the
at least one of the at least one sensor substance in the first
image and in the plurality of second images. Put differently,
for determining the at least one variable, image data asso-
ciated with the sensor substance is used from the second
images and optionally additionally from the first image,
while calibration of the measurements is based only on
image data from the first image.

In an embodiment a plurality of images is recorded, each
image capturing the same portion of at least one of the at
least one sensor substance and the same portion of at least
one of the at least one calibration area. For example, all
images of the plurality of images may fully show one and the
same carrier, this carrier holding a number of sensor ele-
ments and corresponding calibration elements. At least one
variable of the sample is determined for each of the plurality
of images based on image data associated with the at least
one of the at least one calibration area and on image data
associated with the at least one of the at least one sensor
substance in the respective image. Put differently, the at least
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one variable is determined separately for each image, based
on image data from the respective image.

In an embodiment, at least a portion of at least one sensor
substance and at least a portion of at least one calibration
area are exposed to light of at least one pre-defined wave-
length range in order to probe the optical behaviour of the at
least one of the at least one sensor substance and/or to record
at least one of the at least one image. Probing the optical
behaviour of a sensor substance may include, without being
limited thereto, determining at least one of colour, reflec-
tance, transmittance of the sensor substance, or exciting for
example a luminescence of the sensor substance.

For at least one variable the value of the at least one
variable may be determined in a space-resolved manner, i.e.
the method may capture, record and evaluate a variation of
the value of the at least one variable across the sample or
across a portion of the sample. This can for example be
achieved using a sensor element which covers a respective
portion of the sample or by distributing a plurality of sensor
elements across the respective portion of the sample.

The measurement system according to the invention for
calibrated measurement of at least one variable of a sample
may be used in carrying out one or more embodiments of the
method according to the invention. The measurement sys-
tem includes a camera and a control and evaluation unit.
According to the invention, the measurement system
includes an arrangement of at least one sensor area and of at
least one calibration area; this arrangement, in embodiments,
is provided on a carrier. Each of the at least one sensor area
contains at least one sensor substance. Each of the at least
one sensor substance exhibits an optical behaviour depen-
dent on at least one of the at least one variable of the sample.
Each of the at least one calibration area is associated with at
least one of the at least one sensor substance; the association
is such that the respective calibration area is used for
calibrating a measurement in which the at least one of the at
least one sensor substance is used. If provided on a carrier,
a sensor area and a calibration area may be realised as
defined respective portions of the carrier or be attached to
the carrier as separate elements.

The control and evaluation unit is configured to control
the measurement system to record at least one image of at
least a portion of the arrangement of at least one sensor area
and of at least one calibration area with the camera, and to
determine at least one of the at least one variable of the
sample from the at least one recorded image, based on image
data of the at least one recorded image associated with the
at least one sensor substance and on image data of the at least
one recorded image associated with the at least one calibra-
tion area. Here it is clear that the at least one image has to
contain appropriate image data, i.e. image data associated
with at least one sensor substance and image data associated
with a calibration area associated with the at least one sensor
substance. If the arrangement is provided on a carrier, at
least one image of the carrier may be recorded. However, it
is also conceivable to define the sensor area by a volume
occupied by the sample which is mixed with at least one
sensor substance. It is also conceivable that the sensor area
and/or calibration area are provided as separate sensor
elements and calibration elements, respectively, to be dis-
tributed on or in the sample.

In an embodiment, the measurement system includes a
light source configured to emit, under control by the control
and evaluation unit, light of at least one pre-defined wave-
length range in order to probe the optical behaviour of at
least one of the at least one sensor substance and/or to record
at least one of the at least one image. In a non-limiting
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example of the measurement system, the light source
includes one or more light-emitting diodes (LEDs). In
another non-limiting example of the measurement system,
the light source includes one or more lasers. In case a laser
is used as light source of the measurement system, the
wavelength range of the light used to probe the optical
behaviour of the at least one of the at least one sensor
substance may be defined by the line-width of the laser.

In an advantageous embodiment, the camera and the
control and evaluation unit are included in a handheld
device. In a specific embodiment, also a light source for the
measurement system, as described above, is included in the
handheld device.

BRIEF DESCRIPTION OF THE DRAWINGS

Below, the invention and its advantages are illustrated in
further detail with reference to the accompanying drawings.

FIG. 1 shows a schematic setup for performing the
method according to the invention.

FIG. 2 shows an example of an image of a sensor element
and calibration elements.

FIG. 3 illustrates the concept of calibration.

FIG. 4 shows an example of an image of sensor elements
and calibration elements.

FIG. 5 shows a further example of an image of sensor
elements and calibration elements.

FIG. 6 shows a carrier with a sensor element for space-
resolved measurements.

FIG. 7 shows a carrier and an area of which an image is
taken.

FIG. 8 shows a handheld device according to an embodi-
ment of the invention.

The figures show only examples of the invention and are
not to be interpreted as a limitation of the invention to the
specific embodiments shown in the figures.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 1 shows an example of a schematic setup for
performing the method according to the invention, using a
measurement system 1 according to the invention. The
measurement system 1, in the embodiment shown, includes
a carrier 50, a camera 110, light sources 120, and a control
and evaluation unit 130. A sample 200 is contained within a
sample container 201. In the example shown, carrier 50 is
placed inside the sample container 201, on a wall of the
sample container 201. The sample container 201 can be an
arbitrary container suitable for holding the sample, and,
dependent on the context of a particular use of the invention,
may for example be a beaker, a bottle holding a beverage, or
a bag for holding medical samples like urine or blood. The
carrier 50 includes at least one sensor substance (not shown)
and at least one calibration area (not shown). Light sources
120 are provided for emitting light 121, to probe an optical
behaviour, for example to excite a luminescence, of the at
least one sensor substance, and, as the case may be, of the
at least one calibration area. Light 111 from the at least one
sensor substance and the at least one calibration area reaches
camera 110 used to record at least one image, the image here
capturing at least a portion of the carrier 50 including at least
a portion of at least one of the at least one sensor substance
and at least a portion of at least one of the at least one
calibration area. It should be clear that in the example shown
at least the wall of the sample container 201 holding the
carrier 50 must be transparent to light 121 from the light
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sources 120 and light 111 from the at least one sensor
substance and the at least one calibration area. “Transparent”
here means that the wall of the sample container 201 lets
pass an amount of light sufficient for conducting the mea-
surement. Control and evaluation unit 130 controls the
operation of light sources 120 and camera 110, and is used
to evaluate image data of the at least one recorded image to
determine a value of at least one variable of the sample 200.
The sample 200 may for example be a liquid or a gas.

FIG. 2 shows an example of an image 100 recorded
according to the method according to the invention. The
image 100 is of a portion of a sample, and the image 100
captures a sensor element 10, as well as a first calibration
element 21 and a second calibration element 22. The sensor
element 10 and the first and second calibration elements 21,
22 differ by their shape. The sensor element 10 is shaped as
a rectangle, the first calibration element 21 is shaped as a
triangle, and the second calibration element 22 is shaped as
a circle. An embodiment of the method according to the
invention can distinguish these shapes in the image 100 by
image analysis, and therefore identify the sensor element 10,
the first calibration element 21 and the second calibration
element 22 in the image 100. Preferentially, distinguishing
the shapes and identification of the sensor element 10, the
first calibration element 21 and the second calibration ele-
ment 22 in the image 100 can be accomplished indepen-
dently of the orientation of the image, so that a precise
alignment between sample or sensor element 10 and cali-
bration elements 21, 22 on the one hand, and image record-
ing equipment, e.g. camera 110 of FIG. 1, on the other hand,
is not required. This is a general advantage, but of particular
interest in cases in which a handheld device is used for
recording the image 100.

The image analysis may, for example, in a first step
identify areas of interest in the recorded image, defined by
pixels having pixel values above a pre-defined threshold.
Such areas of interest are taken to correspond to sensor
areas/elements and calibration areas/elements. By determin-
ing for example sets of distances along various directions, in
terms of pixel positions, between pixels at the boundaries of
areas of interest, the shape and size of the respective areas
of interest can be inferred, in particular if referred to
pre-determined criteria, stored for example in control and
evaluation unit 130 shown in FIG. 1. In this way, the areas
of interest can be identified as sensor elements and calibra-
tion elements, in the example of FIG. 2 in particular sensor
element 10 and calibration elements 21, 22 can be distin-
guished. Position of the sensor areas/elements and calibra-
tion areas/elements can be determined based on the positions
of the pixels representing the respective areas/elements in
the image 100. Different methods of image analysis may of
course also be used.

As an example, the sensor element 10 may hold a lumi-
nescent substance the luminescence intensity of which
depends on a value of a variable of the sample. The first
calibration element 21 may show, independently of the value
of the variable of the sample, a luminescence intensity which
is equal to the luminescence intensity of the luminescent
substance in the sensor element 10 at a value of the variable
of the sample that is an expected minimum value of the
variable of the sample. The second calibration element 22
may show, independently of the value of the variable of the
sample, a luminescence intensity which is equal to the
luminescence intensity of the luminescent substance in the
sensor element 10 at a value of the variable of the sample
that is an expected maximum value of the variable of the
sample.
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Instead of the luminescence intensity, a decay time of the
luminescence may for example be used, of course both for
the sensor element 10 and for the first calibration element 21
and the second calibration element 22.

The sensor element 10 contains the sensor substance in
such a way that the sensor substance is in contact with the
sample, where this contact is such that the optical behaviour,
e.g. luminescence, of the sensor substance, used for mea-
suring a variable of the sample, can be affected by this
variable of the sample. The first calibration element 21 and
the second calibration element 22, in an embodiment, con-
tain the same sensor substance, however, in such a way that
the sensor substance is held within the calibration elements
21, 22 at respective defined conditions, where such defined
conditions include a defined value of the variable of the
sample to be measured with the sensor element 10. The first
calibration element 21 and the second calibration element 22
may, however, be in such a contact with the sample that the
sensor substance they contain is affected by other conditions
of the sample. For example, if the sensor element 10 is used
to measure pH-value, the sensor substance in the sensor
element 10 is in such a contact with the sample that the
sensor substance in the sensor element 10 is exposed to the
pH-value of the sample. The sensor substance in the cali-
bration elements 21 and 22 is held at defined pH-values, but
may still be in thermal contact with the sample, and thus take
into account automatically changes of the temperature of the
sample for calibration. A further example may be that the
sensor element 10 is used to measure the partial pressure of
carbon dioxide, in which case the sensor substance in the
calibration elements 21 and 22 is held at defined values of
the partial pressure of carbon dioxide, but the sensor sub-
stance in the calibration elements 21 and 22 may still be in
such contact with the sample that the sensor substance in the
calibration elements 21 and 22 is affected by concentrations
of certain ions in the sample; the sensor substance in the
sensor element 10 is of course in such contact with the
sample that the sensor substance in the sensor element 10 is
affected by the partial pressure of carbon dioxide in the
sample. In this way, cross-sensitivities of the sensor sub-
stance to the concentrations of these ions are taken into
account automatically for calibration.

Generally, in embodiments in which both the sensor
element 10 and the calibration elements 21, 22 hold the same
sensor substance, any cross-sensitivity of the sensor sub-
stance may affect both the sensor element 10 and the
calibration elements 21, 22. In this case, this cross-sensitiv-
ity is taken into account automatically in the calibration and
requires no separate steps.

By analysing image data of the image 100, in particular
values of pixels of the image 100 which correspond, respec-
tively, to the sensor element 10 and the first calibration
element 21 and the second calibration element 22, a cali-
brated measurement of the at least one variable of the sample
can be performed.

FIG. 3 illustrates calibration. In the example, four cali-
bration elements 21, 22, 23, and 24 are shown. For the sake
of concreteness, but not as a limitation, all calibration
elements 21, 22, 23, 24 shown are assumed to hold a sensor
substance showing a luminescence behaviour with a decay
time that depends on the partial pressure of oxygen. Each of
the calibration elements 21, 22, 23, 24 contains the sensor
substance exposed to a different, pre-defined value of the
partial pressure of oxygen. A coordinate system with
abscissa 310 and ordinate 320 is shown. The abscissa 310
gives values of the partial pressure of oxygen, the ordinate
320 corresponding values of a quantity characterising the
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optical behaviour of the sensor substance, here in particular
characterising the decay time of the luminescence, for
instance the ratio of two integrals of decaying luminescence
signals, the integrals evaluated over defined time intervals
during the decay of the luminescence; such ratiometric
measurements as well as alternative approaches are
described further in the cited prior art. Each of the calibra-
tion elements 21, 22, 23, 24 with a known pre-defined value
of the partial pressure of oxygen and a measured ratio of
integrals of luminescence signals yields a point in the
coordinate system. As indicated by the arrows, calibration
element 21 yields point 301, calibration element 22 yields
point 302, calibration element 23 yields point 303, and
calibration element 24 yields point 304. These points 301,
302, 203, 304 define a curve 300, here a straight line, to
which ratios of integrals of luminescence signals, obtained
for example from a sensor element 10, can be referred in
order to find the corresponding partial pressure of oxygen.
More precisely, the ratio from the sensor element 10 is
measured, and a point 305 on the line 300 is found with a
value on the ordinate 320 which corresponds to this ratio.
The abscissa of this point 305 gives the value of the partial
pressure of oxygen. By processing image data from both
sensor elements and calibration elements, the method
according to the invention achieves a calibrated measure-
ment of at least one variable of the sample, in the example
just discussed of the partial pressure of oxygen.

In case measurements using calibration elements 21, 22,
23, 24 and sensor element 10 are performed at different
temperatures, at different temperatures different lines 300
may result, as the relaxation time of the sensor substance
used may not only depend on the partial pressure of oxygen,
but also on temperature. However, in such a case, also the
ratio obtained from the sensor element 10 will be referred to
the respective line 300 produced for the respective tempera-
ture. The principle just explained for the example of tem-
perature also applies to other parameters of the ambient
conditions, for example salinity or pH-value. Therefore, in
the inventive method, by using image data associated with
a sensor substance, here in sensor element 10, and image
data associated with at least one calibration area, here
calibration elements 21, 22, 23, 24, a calibration corrected
for ambient conditions can automatically be taken into
account in the measurements. In the same manner, condi-
tions affecting the recording of images of the sensor element
10 and the calibration elements 21, 22, 23, 24 are taken into
account in the calibration. Such conditions include, for
example, ambient lighting, distance between sample and
recording equipment, e.g. camera, size of sensor element 10
and of calibration elements 21, 22, 23, 24.

FIG. 4 shows an example of an image 100 recorded in the
method according to the invention. The image 100 shows
three sensor elements 11, 13, 15 and six calibration elements
21, 22, 23, 24, 25, 26. The sensor element 11 is used to
measure a first variable of the sample, the sensor element 13
is used to measure a second variable of the sample, the
sensor element 15 is used to measure a third variable of the
sample. Calibration areas 21 and 22 are used to calibrate
measurements of the first variable, i.e. measurements for
which sensor element 11 is used. Calibration areas 23 and 24
are used to calibrate measurements of the second variable,
i.e. measurements for which sensor element 13 is used.
Calibration areas 25 and 26 are used to calibrate measure-
ments of the third variable, i.e. measurements for which
sensor element 15 is used. In this way, embodiments of the
method according to the invention can determine, by a
calibrated measurement, the values of a plurality of variables
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of the sample, by processing image data of an image 100
capturing sensor elements which correspond to each of the
plurality of variables and their associated calibration ele-
ments.

In the image 100 shown, the sensor elements 11, 13, 15
and the calibration elements 21, 22, 23, 24, 25, 26 may be
distinguished based on their respective positions.

FIG. 5 shows an example of an image 100 recorded in the
method according to the invention. The image 100 shows
three calibration elements 21, 22, 23, which can be distin-
guished by their shape, and a plurality of sensor elements 10,
which can be distinguished by their position. In the example
shown, all the sensor elements 10 are used for measuring the
same variable of the sample at different positions of the
sample, and the calibration elements 21, 22, 23 are used for
calibration of these measurements. In a specific case, the
sample may comprise a plurality of separate portions, for
example, in a microtiter plate each well of the microtiter
plate may hold a portion of the sample and one of the sensor
elements 10. In this case, by recording image 100 and
analysing the image data from sensor elements 10 and
calibration elements 21, 22, 23, calibrated measurements of
the variable may be performed in parallel for each well of
the microtiter plate captured in the image 100. This embodi-
ment can also be considered a special case of a space-
resolved measurement of the variable.

FIG. 6 shows an example of a carrier 50. The carrier 50
includes a sensor element 10, to be used for space resolved
measurements. In the example shown, the sensor element 10
includes three sensor substances, each sensor substance
showing an optical behaviour that depends on a different
variable of a sample. Each of the three sensor substances is
distributed homogeneously over the area of the sensor
element 10. For concreteness, but without limiting the
invention, a first sensor substance shows an optical behav-
iour that depends on a pH-value of the sample, a second
sensor substance shows an optical behaviour that depends on
a partial pressure of oxygen of the sample, and a third sensor
substance shows an optical behaviour that depends on a
partial pressure of carbon dioxide of the sample. For cali-
bration of these measurements, three groups of calibration
elements are provided, one group for each variable. The
calibration elements 21 are shaped as squares, form the first
group, and are used to calibrate measurements of pH-value.
The calibration elements 22 are shaped as triangles, form the
second group, and are used to calibrate measurements of the
partial pressure of oxygen. The calibration elements 23 are
shaped as circles, form the third group, and are used to
calibrate measurements of the partial pressure of carbon
dioxide. In the example of a carrier 50 shown in FIG. 6, the
carrier 50 furthermore includes a length scale 60.

For performing a measurement, the carrier 50 is brought
into contact with a sample, for example in the manner shown
in FIG. 1. The sensor substances in the sensor element 10
then are in contact with the sample. An image of the carrier
50 is recorded, this image thus capturing the sensor element
10 and the calibration elements 21, 22, 23. Image data from
the image, in particular corresponding to the sensor element
10 and the calibration elements 21, 22, 23 are processed, as
described above, to obtain calibrated measurement values of
the three variables of the sample, in the example mentioned
of pH-value, partial pressure of oxygen, and partial pressure
of carbon dioxide.

Across the part of the sample in contact with the sensor
element 10 each of the three variables of the sample men-
tioned may vary, and therefore, for each of the three sensor
substances, different portions of the sensor substance may be
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exposed to different values of the variable of the sample for
the measurement of which the sensor substance is used.
Therefore, the optical behaviour of each sensor substance
may vary across the sensor element 10, corresponding to a
variation of the respective variable of the sample. This can
be exploited for space-resolved measurement of each of the
three variables.

The result of such a space resolved measurement for one
variable may for example be shown on a display as a
colour-coded distribution of the values of the respective
variable over the area covered by the sensor element 10. A
user may switch between the variables to be displayed. As
an alternative, an average value of each variable across the
area of the sensor element 10 may be calculated and dis-
played to the user. Displaying values of the measured
variables to a user is an option that of course also exists if
no space-resolved measurement is conducted in the first
place, for example in cases where sensor elements like those
shown in FIGS. 2 and 4 are used.

In order to measure more than one variable, light from the
sensor substances and the calibration elements may be split
into different wavelength ranges, where the different wave-
length ranges correspond to different variables. This may be
achieved for example by suitable optical filters or other
known optical elements. It may also be possible to record
more than one image, wherein for each image illumination
from a different wavelength range is used. This option may
for example be chosen if the optical behaviour, e.g. lumi-
nescence, of different sensor substances requires different
wavelengths to be probed, and it is preferred to avoid mutual
perturbations of the evaluation of the luminescence behav-
iour of one sensor substance by the luminescence behaviour
of the other sensor substances.

FIG. 7 shows a carrier 50 including a sensor element 10
for measuring a variable of a sample and calibration ele-
ments 21 and 22 for calibrating the measurement of this
variable. Also shown, by dashed lines, is an area of which an
image 100 is taken, in order to evaluate the image data for
determining the variable of the sample. As can be seen, in
the example shown, only calibration element 22 is captured
fully by the image 100, while of calibration element 21 and
sensor element 10 only a portion is captured by the image
100. Depending on the image analysis and measurement
principle used, such an image 100 may still be useful for
measurement. If, for example, the sensor substance in sensor
element 10 shows a luminescence the decay time of which
depends on the variable to be measured, and this dependence
is used for measurement, then, although only a portion of the
sensor element 10 and only a portion of the calibration
element 21 are captured by the image 100, the measurement
can still be performed successfully. On the other hand, if the
measurement is based on luminescence intensity, a success-
ful measurement may require more elaborate image analy-
sis. For example, the method may recognize, by image
analysis, that only a portion of sensor element 10 and
calibration element 21 have been captured, in particular
identify the captured portions of the sensor element 10 and
the calibration element 21 as such, and determine the value
of the variable based on an average intensity, corresponding
to an average pixel value, of the pixels corresponding to,
respectively, the captured portions of sensor element 10 and
of calibration element 21, and to the entire calibration
element 22.

FIG. 8 shows a handheld device 400, which can be used,
together with one or more sensor substances, for example in
one or more sensor elements, and one or more calibration
areas, for example realised as one or more calibration
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elements, to perform the method according to the invention.
The handheld device 400 has a display 410, a handle 420,
and control elements 430, for example buttons. The display
410 can for example show results of measurements in text
form, e.g. a text identifying a measured variable and a
corresponding measurement value for the respective vari-
able. Alternatively, the display 410 may show a spatial
distribution 412 of a variable of the sample, for example
obtained using a sensor element 10 as shown in FIG. 6, as
e.g. a colour-coded distribution, along with a colour-scale
414, relating colours shown in the distribution 412 to values
of the measured variable. Using control elements 430, the
user can switch between display modes, start further mea-
surements, or perform further functions like transmitting
results to external devices or storing results in a memory.
Such a handheld device 400 may, with reference to FIG. 1,
include a camera 110, a control and evaluation unit 130, and
optionally also light sources 120.

LIST OF REFERENCE SIGNS

1 measurement system

10 sensor element

11 sensor element

13 sensor element

15 sensor element

21 calibration area/calibration element
22 calibration area/calibration element
23 calibration area/calibration element
24 calibration area/calibration element
25 calibration area/calibration element
26 calibration area/calibration element
50 carrier

60 length scale

100 image

110 camera

111 light

120 light source

121 light

130 control and evaluation unit

200 sample

201 sample container

300 curve

301 point

302 point

303 point

304 point

305 point

310 abscissa

320 ordinate

400 handheld device

410 display

412 spatial distribution

414 colour scale

420 handle

430 control element

What is claimed is:

1. A method for calibrated measurement of at least one

variable of a sample, the method comprising:

a) establishing a contact between the sample and at least
one sensor substance, each of the at least one sensor
substance exhibiting an optical behaviour which is a
luminescence effect, and which is dependent on at least
one of the at least one variable of the sample;

b) defining at least one calibration area associated with at
least one of the at least one sensor substance by
exposing a portion of the at least one of the at least one
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sensor substance to defined ambient conditions,
wherein such defined ambient conditions include a
pre-determined value of at least one of the at least one
variable of the sample;

¢) forming at least one recorded image, each of the at least

one image capturing at least a portion of at least one of
the at least one sensor substance and at least a portion
of at least one of the at least one calibration area; and

d) determining a value of the at least one variable of the

sample from the at least one recorded image based on
image data of the at least one recorded image associ-
ated with the at least one sensor substance and on image
data of the at least one recorded image associated with
the at least one calibration area.

2. The method according to claim 1, wherein the at least
one recorded image is formed with a handheld device.

3. The method according to claim 1, wherein at least one
of the at least one variable of the sample is a concentration
of a substance, a partial pressure of a substance, a pH-value,
a pressure, or a temperature.

4. The method according to claim 1, wherein at least one
of the at least one sensor substance is provided embedded in
a sensor element or attached to a surface of a sensor element,
and wherein the sensor element is brought into contact with
the sample.

5. The method according to claim 4, wherein the sensor
element is identified in the at least one image by at least one
of the following geometrical properties of the sensor ele-
ment: position, size, shape.

6. The method according to claim 1, wherein the at least
one of the at least one calibration area is defined by a
calibration element, the calibration element having the por-
tion of the at least one of the at least one sensor substance
embedded within the calibration element or attached on a
surface of the calibration element.

7. The method according to claim 1, wherein at least one
of the at least one calibration area is identified in the at least
one recorded image by at least one of the following geo-
metrical properties of the calibration area: position, size,
shape.

8. The method according to claim 1, wherein at least one
of the at least one sensor substance and at least one of the at
least one calibration area are provided on a common carrier.
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9. The method according to claim 1, wherein a plurality
of the recorded images is formed, and wherein at least two
of the recorded images differing with respect to a wave-
length region of light are recorded in said plurality of the
recorded images.

10. The method according to claim 1, wherein a first
image and a plurality of second images are recorded of a
portion of at least one of the at least one sensor substance
and of a portion of at least one of the at least one calibration
area, and wherein at least one of the at least one variable of
the sample is determined based on image data associated
with the at least one of the at least one calibration area in the
first image and on image data associated with the at least one
of'the at least one sensor substance in the plurality of second
images or is determined based on image data associated with
the at least one of the at least one calibration area in the first
image and on image data associated with the at least one of
the at least one sensor substance in the first image and in the
plurality of second images.

11. The method according to claim 1, wherein a plurality
of images are recorded of a portion of at least one of the at
least one sensor substance and of a portion of at least one of
the at least one calibration area, and wherein at least one of
the at least one variable of the sample is determined for each
image of the plurality of images based on image data
associated with the at least one of the at least one calibration
area and on image data associated with the at least one of the
at least one sensor substance in a respective image.

12. The method according to claim 1, wherein at least a
portion of at least one of the at least one sensor substance
and at least a portion of at least one of the at least one
calibration area are exposed to light of at least one pre-
defined wavelength range in order to probe the optical
behaviour of the at least one of the at least one sensor
substance and/or to record at least one of the at least one
image.

13. The method according to claim 1, wherein the value
of at least one of the at least one variable is determined in
a space-resolved manner.
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