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Abstract — Aim of the paper is to show that the colorimetric
characterization of optically clear colored liquids can be
performed with so called dielectric-interference multi-
spectral micro sensors in comparison to spectral sensors.
Multi-spectral micro sensors and spectral sensors are
differentiated by their spectral resolution, measurement
speed, accuracy and cost. Multi-spectral micro sensors are
less expensive. The paper describes how dielectric-
interference multi-spectral micro sensors are calibrated with
application specific calibration methods and conventional
liquid color standards, methodically and theoretically. The
paper proofs that and how dielectric-interference multi-
spectral micro sensors can be applied with smartpads for the
calculation of measurement results both in laboratory and in
field. A given practical example is the application for the
colorimetric characterization of petroleum oils and fuels and
their colorimetric characterization by the Saybolt color scale.
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1. SUBJECTIVE LIQUID COLOR INSPECTIONS

In chemical, pharmaceutical and cosmetic industries the
quality demands for colored liquids are growing. Typical
colored liquids are solvents, oils, fatty acids and fuels. The
quality of optically clear liquids is characterized for example
by their colors. For different liquids a bigger number of
characterizing standards and scales in the past have been
developed and applied (Fig. 01) [01].
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Fig. 01. Liquid specific colorimetric characteristics

Nowadays the color analysis of liquids can be applied by the

so called:

- subjective visual color inspection method, where qualified
inspection persons compare subjective the investigated
liquid probes with defined mechanical color standards or

- objective tristimulus, multi-spectral and spectral
measurement methods where measurement systems

compare objective the investigated liquid probes with

defined electrical color standards
A fundamental preposition for objective quality assurance are
appropriate measurement systems. Innovative measurement
systems are combinations of photonic micro sensor modules
and digital image processing with smartpads. These systems
are mobile applicable in laboratories and in field (Fig. 02)
[02] [03] [04] [05] [06] [07].
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Fig. 02. From subjective inspections to objective measurements

In the International Vocabulary of Metrology calibration
is defined (VIM 2.39): “Calibration is an operation that,
under specified conditions, in a first step, establishes a
relation between the quantity values with measurement
uncertainties provided by measurement standards and
corresponding indications with associated measurement
uncertainties and, in a second step, uses this information to
establish a relation for obtaining a measurement result from
an indication.”

Calibration standards for color inspections and
measurements are manifold (Fig. 03) [08] [09] [10] [11] [12].
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Fig. 03. Calibration standards for color inspections and
measurements

Calibration standards can be used to match the
capabilities, performance and ease-of-use of smart mobile
photonic micro measurement systems. Concerning the
differences between laboratory and in-field measurements the



environmental conditions for in-field measurements might be
more complex than in laboratory. Nevertheless the
resolutions, accuracies and reproducibilities of laboratory and
in-field measurements should be more or less equal. Main
problem is the task specific calibration of in-field
measurement systems. The colorimetric characterization of
optically clear colored liquids with calibrated multi-spectral
micro sensor modules is documented in the DIN EN 1557,
1997 [13] and the ASTM E 308 — 99, 2013 [14]. The
determination for example of Saybolt color numbers is
documented in ASTM D 6045 — 96, 2013 [15]. Aim of the
investigations was the color and spectral characterization of
optically clear colored liquids which can be described by the
Saybolt color scale. The Saybolt color scale is an empirical
scale from —15 (darkest) to +30 (lightest) to express the colors
of clear petroleum oils and fuels (Fig. 04) [15].
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Fig. 04. Liquid probes (top), quality of liquid probes (center) and
Saybolt color scale for liquids (down)

The Saybolt color scale is used not only for the
colorimetric characterization of petroleum oils and fuels but
also for a wide variety of petroleum products such as undyed
motor and aviation gasoline, aviation turbine fuels, naphthas,
kerosine, pharmaceutical white oils, diesel fuel oils, heating
oils, and lubricating oils [15].

2. OBJECTIVE LIQUID COLOR AND SPECTRAL
MEASUREMENTS

The paper tackles also technologies for so called multi-
and hyper-spectral micro sensors which can be used for
objective measurements in industry, biology/medicine,
agriculture/ environment, administration and security. Four
different multi- and hyper-spectral micro sensor technologies
can be distinguished.

2.1. Spectral Sensors

Spectral Sensors with digital image processing show the
intensity of light as a function of wavelength. The deflection
is produced either by refraction with prism or by diffraction
with a diffraction grating (Fig. 05) [06].
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Fig. 05. Spectral sensor with prism (left) and grating (right)

2.2. Micro-Patterned Multi-Spectral Micro Sensors
Micro-patterned multi-spectral micro sensors have
narrowband optical filters integrated on photodiodes. The

patterning is a combination of dielectric, metal and
conductive coatings. The micro-patterned technology enables
specific spectral selective micro sensor design. An example
setup was realized with 8 spectral channels into a 9.0 mm
square footprint (Fig. 06) [16].

Fig. 06. Micro-patterned multi-spectral micro sensor

The photodiodes are configured for common cathode
operation, providing low noise and fast temporal response.
Targeted spectral bands can be in VIS and NIR bands from
400 nm up to 1000 nm.

2.3. Nano-Structured Multi-Spectral Micro Sensors

Nano-structured multi-spectral micro sensors have
hole arrays as the spectral selective elements integrated on
photodiodes. The used physical effect is called surface
plasmon effect [17]. The nano-structured technology enables
specific spectral selective sensor design. An example setup
was realized with 16 spectral channels into a 2.5 mm square
footprint (Fig. 07) [18].

Fig. 07. Nano-structured multi-spectral micro sensor

The integration of amplifiers and signal processing is
possible within CMOS-processes. Targeted spectral bands
can be in VIS and NIR bands from 400 nm up to 1000 nm.

2.4. Dielectric-Interference Multi-Spectral Micro Sensors

Dielectric-interference multi-spectral micro sensors
have titanium dioxide and silicon dioxide filter stacks as the
spectral selective elements integrated on photodiodes. The
dielectric-interference technology enables specific spectral
selective sensor design. An example setup was realized with
6 spectral channels into a 2.4 mm square footprint and all in
all in a SMD chip with 7.0 x 6.0 x 1.7 mm (Fig. 08) [19].
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Fig. 08. Dielectric-interference multi-spectral micro sensor

The dielectric-interference filters show no aging in
comparison to absorption filters and have no thermal drifts.
Targeted spectral bands can be in VIS and NIR bands from
400 nm up to 1000 nm.

2.5. Fabry-Pérot Interferometric Hyper-Spectral Micro
Sensors

Fabry-Pérot interferometric hyper-spectral micro
sensors have Fabry-Pérot interferometric filter on top of each
pixel as the spectral selective elements. Fabry-Pérot
interferometric hyper-spectral technology enables a spatial
spectral selective sensor design. Example setups were
realized as so called line-scan, snapshot-tiled and mosaic into



ceramic 95 pin PGA and uPGA 18.6 mm x 18.6 mm packages

(Fig. 09) [20].
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Fig. 09. Fabry-Pérot interferometric hyper-spectral micro

sensors

The hyper-spectral filters are integrated monolithically on
top of the sensor at wafer-level. That provides high-level
performance with significant reduction in size and cost.
Targeted spectral bands can be in VIS and NIR bands from
470nm up to 1000 nm.

3. MULTI-SPECTRAL MICRO SENSOR
MEASUREMENT VALUE INTERPRETATION

Nowadays the evaluation of colors can be accomplished
by either colorimetric or radiometric values. That results in
the usage of spectral information for the calculation of the
tristimulus color values and their transformation into color
spaces. The advantage is that a higher information density can
be gathered for color measurement purposes. The resulting
tristimulus values can be used for further transformations into
any other color scales (see Fig. 01). The outputs of the
investigated multi-spectral micro sensors are depending from
the used illuminations and the investigated probes. For the
transfer of the specific multi-spectral micro sensor outputs
into standardized, for example Saybolt color numbers, a
calibration must be accomplished [21]. A common calibration
method is the application of a so called target based
correction matrix. The correction matrix is based on a
general comparison of existing reference values (or measured
values of a spectral sensor) with the actual values of a multi-
spectral micro sensor. The measurements of the values are
realized by parallelization of a spectral sensor and a multi-
spectral micro sensor. The relationship between the spectral
sensor values (T) and the multi-spectral micro sensor
values (S) are used for the target based correction matrix (1).
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After transposition of equation (01) into the correction matrix
K (02) the corrected measurement values can be calculated

by:

K=(T-57)(s-s7)" (02)
For a compensated, balanced and calibrated multi-spectral
micro sensors the following steps have to be accomplished:
Calibration Step 1- Offset compensation: To eliminate
potential errors by added electronic components the sensor
must be darkened and a zero measurement must be
performed. The amplification levels for color and dark
measurements must be identical. The offset must be

subtracted from the measurement signals of the multi-spectral
micro sensor to enable the calculation of the correction matrix
(02).
Calibration Step 2 - White balancing: White balance
temperature and aging related spectral shifts of the optical
system (multi-spectral micro sensor, illumination and optics)
will be compensated by the following method: Comparison of
the working multi-spectral micro sensor with an aging
resistant white standard. For transmission measurements the
white balancing is performed by the use of incident light as a
reference.
Calibration Step 3 - Measurement with calibration standards:
Comparison of the multi-spectral micro sensor and the
spectral sensor as reference alternating with the linear
independent calibration standards.
Calibration Step 4 - Calculation of the correction matrix:
Calculation and application of the target based correction
matrix for the measurement task. After the offset
compensation, white balancing and calibrated measurements
the multi-spectral micro sensors can achieve similarly
accurate readings in the same color measurement applications
as spectral sensors.

Further calibration methods for multi-spectral micro
spectral sensors are: Eigenvalue method, Hardeberg method
and Wiener method.

4. PRACTICAL EXAMPLE FOR QUALITY
CONTROL OF COLORED LIQUIDS

The practical example deals with the application of
dielectric-interference multi-spectral micro sensors for the
colorimetric characterization of petroleum oils and fuels and
furthermore their colorimetric characterization by the Saybolt
color scale. To verify the measurement results the color
difference AE has been determined between multi-spectral
micro sensor and spectral sensor measurement values (Tab.
01 and Fig. 10) [22].

Tab. 01. Color difference AE between the calibrated multi-spectral
micro sensor and the spectral sensor (red - outside Saybolt scale)
A [ B ] ¢ I o [ E T F | G [ H
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Fig. 10. Color difference AE between the calibrated multi-spectral
micro sensor and the spectral sensor - Color Values: Normal Probe
| Multi-Spectral Micro Sensor | Spectral Sensor

The determined color differences are relatively small and
in line with expectations. As a result of the target based
calibration the color differences AE between multi-spectral



micro sensor and spectral sensor for the specified measuring
samples have a color difference of AE < 1. The use of liquid
Saybolt calibration standards for the target based calibration
of multi-spectral micro sensors proves to be promising for
practical applications. With the color differences of Saybolt
calibration standards to the normal probe a Saybolt calibration
curve is generated using a logarithmic trend line. The Saybolt
color values of the measured probes are determined by the
equation (y) of the calibration curve (Fig. 11) [22].
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Fig. 11. Calibration curve to determine Saybolt color numbers

As a result, the determination of Saybolt color numbers is
in very good coincidence with the reference values of the
spectral sensor. The calculation of Saybolt color numbers has
shown that the test probes can be distinguished on the Saybolt
color scale. As a result, the determination of the Saybolt color
numbers of the test probes B, C, D, E, F and G are possible
(Tab. 02) [22].

Tab. 02. Measurement results for test probes in Saybolt color
numbers
A B C D E F G H
3207 <1402 878 -605| 1.57| 640| 2083 | 4224
13,96 | 865 575 174 e71] 3005 [ 4298
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5. SUMMARY AND CONCLUSIONS

Aim of the paper was a theoretical and experimental
comparison of the colorimetric characterization of optically
transparent liquids with multi-spectral micro sensors and
spectral sensors. Subject matter of the investigations have
been petroleum oils and fuels, which can be described as a
result of the colorimetric characterization on the Saybolt color
scale. It was clearly demonstrated that the quality of
petroleum oils and fuels can be tested with mechanical
standards and measured either with multi-spectral micro
sensors or spectral sensors. Therefore the usual subjective
color tests can be replaced for petroleum oils and fuels by
mobile objective color measurements. In the present paper it
has been shown evidently that objectified mobile color
measurements of petroleum oils and fuels can be realized by
multi-spectral micro sensors and smartpads in a convenient,
reliable and affordable way. Further on it has been proved,
that multi-spectral micro sensors with smartpads are capable
for the generalization of mobile measurements of optically
transparent liquids. That means:

» Innovative convenient, reliable and affordable measuring
instruments with photonic micro sensor modules,
smartpads and software apps enable objective
colorimetric characterizations of optically transparent
liquids at the point of interest.

*  Multi-spectral micro sensor modules have the same color
accuracy as spectral sensor modules in terms of

colorimetric characterizations for optically clear colored
liquids.

* Highly accurate colorimetric characterizations of liquids
according to DIN EN 1557 and ASTM D 6045 - 96 can be
seamlessly applied to calibrated multi-spectral micro
sensor modules.

» Image processing software apps can be unified for the
numerical and graphical representation of color spectra
and color coordinates in the color spaces.
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