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Abstract. In special applications, such as the transient adhesion process over small polymer components used in electric
motors, electronic circuit coating or moisture transport in wood; moisture in the upper layers, close to the surface and
at the surface, affects the processes more rapidly. Existing measuring principles, such as those based on nuclear
magnetic resonance, are cumbersome to use and they are also less suitable for some parts of the moisture range. For
this reason, a novel, non-contact, light-reflection type of moisture sensor was investigated, designed and developed
(patent pending). It is based on a water molecule’s light-absorbing characteristics in the near-infrared (NIR) spectrum.
The light from a double laser diode is led through an optical fiber and reflected back from a sample to an InGaAs
photodiode detector. The high stability of the relatively low-cost laser source was achieved through a constant-power
laser-control circuit. The sensor was designed for measuring the surface and near-surface moisture on a polymer
samples with complex geometry and thin walls, which proved to achieve an approximately 0.1% of effective resolution
of bulk moisture content below 2 %. The tests showed that the mechanical set-up of the samples plays a significant role.
For this reason the special measuring cell was designed in order to be able to use the sensor in an industrial process
line, where every year several hundred thousands of polymer samples are manufactured. The advancements from first
introduction of the sensor will be presented, together with the experience obtained with its industrial implementation.
The later work is in close relation with the activities of the European metrology research programme (EMRP) joint

research project Metefnet.

1 Introduction

Due to a slow moisture transport in most of the materials
[1, 2], moisture distribution is not uniform during a longer
transition period. A resulting moisture profile can have a
significantly different effect on some industrial processes
[3], such as for instance coating or adhesion, where layers
immediately below the surface should have the most
influence. In addition, for some samples with complex
geometry moisture distribution needs to be measured also
at a particular spot and a knowledge of profile in one
direction (e.g. in depth) or of a bulk moisture will not
suffice. For this reason, a new NIR laser-based sensor was
developed for measuring a surface moisture [4]. To obtain
focused dimensional targeting the laser is lead through a
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specially designed optic fiber, which allows also to collect
the diffused reflected light. This makes it unique compared
to other moisture sensing techniques [5, 6, 7, §].

On the other hand, targeting a small sample with complex
geometry and uneven surface, requires special care to be
given to mechanical positioning of the optic fiber. This is
especially so, if the sensor is to be used as part of quality
control in serial production on-line process, where special
focus was given to repeatability and reproducibility of the
measurements. The paper will present the mechanical
alignment solution, which was tested on a polymer motor
parts in the company Domel d.o.0., which is a global
developer and supplier of complete electro-motor and
component solutions.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License 4.0, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

Article available at pfip:Z/cimetrologie.edpsciences.ord or ffip:77/dx.dor.org/10. T051/metrology/20150011003



http://cfmetrologie.edpsciences.org
http://dx.doi.org/10.1051/metrology/20150011003

Web of Conferences

The sensor development was done in the Laboratory of
Metrology and Quality at the University of Ljubljana,
Faculty of Electrical Engineering, which is the holder of
the national measurement standard for thermodynamic
temperature and humidity.

2 NIR
sensor

laser-based surface moisture

2.1 The measurement principle

NIR radiation interacting with a sample may be absorbed,
transmitted or reflected. As we are interested in the
measuring of the surface or near surface moisture in
opaque polymer elements we focused on the diffuse
reflectance.

Reflectance spectroscopy and Diffuse Reflection Infrared
Fourier-Transform (DRIFT) spectroscopy [9, 10] can be
used to obtain the infrared spectra of solid materials
without any sample preparation. It can provide information
about the material’s constituents, including the moisture,
because characteristic chemical bonds have absorption in
the near-infrared (NIR) region. However, these spectra are
difficult to interpret, because they depend strongly on the
experimental conditions. Others have demonstrated that it
is possible to use this principle of on-line measurements
without sample preparation and for surface moisture of
limited number of applications and materials (e.g. soil,
paper). Diffusion, reflectance and transmission properties
of radiation propagation in the material are very dependent
on the material matrix and geometry of sample. This paper
therefore investigates suitability of the proposed sensor by
using optic fiber for online measuring of surface and near-
surface moisture in small polymer parts with thin walls and
complex geometry.

Radiation aimed at the sample’s surface can be directly or
internally reflected, absorbed or diffused in all directions.
DRIFT spectroscopy utilizes the diffused radiation from
the sample and is a result of the radiation beam penetrating
into the sample and its diffusion in the sample. The main
source of distortion for the DRIFT spectrum is the direct
reflection (specular reflection) from the sample surface.
From a theoretical point of view the Lambert-Beer law, is
not (directly) applicable for DRIFT spectroscopy. For
material samples undergoing preparation to meet the
conditions of constant scattering coefficient and infinite
sample dilution in a non-absorbing matrix the Kubelka-
Munk theory could be applied. The Kubelka-Munk model
relates sample concentration to the intensity of the
measured infrared spectrum [11].

2.2 Design of the sensor

The wavelengths of the characteristic absorption bands for
water in the near-infrared range are at 0.75 pm, 0.97 um,
1.19 um, 1.45 pum, 1.94 pm and 2.95 pm. Although the
range at 1.94 pum, used, for example in [12] provides a
better signal-to-noise ratio, the 1.45 pm band was used
because of the availability of a compact and relatively low-

cost laser-light source and other optical components, e.g.,
optical fiber and a photodetector.

To determine the moisture content in a sample, two
measurements at different wavelengths are necessary: one
at the water-absorption band (measurement wavelength)
and the other at a wavelength that is considerably less
influenced by the moisture of the sample. This reference
wavelength was chosen at 1.31 um, because of the
availability of the compact and relatively low-cost laser-
light source. With this wavelength pair a compact,
commercial, telecommunications, fiber-optic, laser
module could be used, comprising two laser diodes
operating at 1490 nm and 1310 nm, optical isolators and
coupling optics.

Due to the small sample size, a specially designed common
optical fibers were used to, first, guide the probing NIR
radiation to the sample and, secondly, the diffusely
reflected radiation back from the sample. This
configuration is very convenient for targeting small
samples with a non-planar geometry. Additionally, for an
on-line measurement in industrial applications, sensitive
electronic equipment can, in this way, be separated from a
measurement spot.

A block diagram of the moisture sensor system is shown
in Fig. 1. The radiation from two lasers is guided via
optical fiber to the sample. The dual-wavelength, laser-
diode module (1310/1490 nm) with an optic-fiber pigtail
is used. The optical output power is 1.47 mW at 1310 nm
and 1.43 mW at 1490 nm. Diffusely reflected light from
the polymer sample is led through an optic fiber to the
photodiode number 1. The photodiode number 2 with an
optic fiber is used to determine the amplitude of measuring
and reference light radiating from the optical fiber and is
positioned in a way that no reflected light from the sample
is collected, see Fig. 1. Due to the low sensitivity of Si
photodiodes in this spectral range, InGaAs photodiodes
were used instead. The signals from photodiode amplifiers
are digitized with an embedded, multichannel, 24-bit, data-
acquisition system and processed in real-time using
LabView software. The signals used to control the laser
diodes are generated by a 16-bit, multichannel system. The
length of the data blocks used in data-acquisition is 0.5 s
(10 kHz sampling rate, 5000 samples for one data block),
therefore the sample frequency of the sensor is 2 Hz.
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Figure 1. Block diagram of the moisture sensor
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2.3 Sensitivity improvements

To be able to achieve the required high sensitivity for this
set-up, it was crucial to substantially increase the stability
by taking the following steps. Due to the temperature
dependence of the laser’s optical power, the wavelength
and the coupling to the optical fiber, the laser module is
mounted on a custom-made, thermoelectrically cooled
thermo-block with a temperature controller. Taking into
consideration the thermal capacity of the block, the
positioning of the regulating temperature sensor and the
isolation, the achieved short-term stability was below
1 mK, with immunity to ambient temperature change at
1 mK/K. Additionally, a two-channel, laser-diode, power
supply was electronically customized in order to drive the
laser diodes in a constant optical power mode. This was
achieved by adding a feed-back control connection in a
laser drive circuitry.

The laser diodes are driven by square-wave-shaped pulses
with frequencies of 80 Hz and 62.5 Hz for the
measurement (1490 nm) and reference laser (1310 nm),
respectively. These two frequencies are used to avoid any
interference from the ambient light (100 Hz), the power
grid (50 Hz) and so as to have an integer number of periods
in the measuring interval (500 ms), thus avoiding
discontinuities at the beginning and at the end of the
measurement cycle. The amplitudes are set according to
the desired laser power and are adjusted to have the same
optical power for both lasers. The necessary
current/optical power characteristics were measured for
each laser and the appropriate control amplitudes were
calculated. By operating both lasers with an AC signal at
the same time, the influence of the ambient light and short-
term system drift is reduced. Immunity from the ambient
light was established by a demodulating signal with a real-
time digital lock-in amplifier, which extracts the amplitude
information from the reference and measuring signals
simultaneously.

2.4 Sensor’s response

The tests were performed on a polymer samples, which
were kept at different relative humidity levels from 10 %,
75 % and 100 %, for long enough to allow their bulk
moisture level to stabilize. The bulk moisture in the
samples was measured by a moisture analyzer. Samples
were prepared in two different shapes — disk shape and
those that are used in small electric motors, as shown in
Figure 1.

To study the difference in sensor’s response to a reflected
light (surface moisture) and transmitted light (bulk
moisture), we carried out the experiment with disc samples
made from the same polymer material. The discs had a
diameter of 31 mm and were 0.7 mm thick. All the discs
were initially dried at 60 °C for 8 hours and weighed. Half
of them were then put in a sealed dry container with silica-
gel at 10% rh, i.e., dry samples, while the other half of the

samples were immersed in water, i.e., wet samples. Before
each measurement, each sample was again precisely
weighed to be able to calculate the change in the moisture
content of the sample over time. After conditioning, the
sample discs were stacked by putting different
combinations of dry (D) and wet (W) on top of each other.
To eliminate the gaps between the individual samples the
discs were firmly clamped together to form a sample stack.
Prior to clamping, all the individual discs were again
weighed to measure the reference moisture uptake. Figure
2 shows the response of the sensor (light reflection) to the
different combinations of disc samples in stacks. The
combinations are shown above each measurement point,
where the letter at the top represents a wet (W) or dry (D)
disc (or layer in this case), which is the closest to the source
of the sensor’s light, i.e., the optic fiber. The letter at the
bottom, in contrast, represents the wet or dry disc/layer
being on the opposite side of the stack and the farthest
away from the sensor. For referencing, an additional dry
sample disc was used (marked as REF in Figure 2), which
was kept in a dry container (20 °C and 10% rh) for a long
time. The reference sample’s thickness was 2.5 mm, which
corresponds to 3 to 4 layers of the above-mentioned stacks.
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Figure 2. Sensor’s output Sout,N to the reflected light for
different combination of wet (W) and dry (D) layers/discs in a
stack

The results in Figure 2 show that the sensor’s signal, which
is based on the reflected NIR light, changes significantly
only when the first layer/disc of the stack is switched from
dry to wet. There is almost no difference, for instance,
whether the wet disc is in the second or in any other layer.
To make sure that the radiated light from the sensor does
penetrate the whole stack and that potential gaps between
the layers are not obstructing the path, an additional NIR
light detector was also put on the other side of the stack to
measure the transmitted light through the stack. The results
are shown in Figure 3.
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Figure 3. Sensor’s output Sout,N of the transmitted light for
different combination of wet (W) and dry (D) layers/discs in a
stack

The values in both Figure 2 and 3 represent normalized
sensor’s output Sout,N in arbitrary units. The results in
Figure 3 show that the sensor’s response, which is based
on transmitted light, depends only on the number of wet
layers with consistent steps of 66% of the signal, when
only one wet layer is present (stack sample number 9 to 20
in Figure 3). It does not depend on the location of the wet
layer, which was expected. Moreover, it can also be
observed that the potential gaps do not have a significant
impact on the transmitted light. If more wet layers are
present, the step of signal change is increasing
exponentially (stack sample number 21 to 28 in Figure 3).

From these observations it can be concluded that the sensor
respond to the moisture in the upper layer of the stack, near
the surface. The effective depth is seemingly confined to
the first layer, which is approximately 0.7 mm thick. To be
able to obtain an even finer resolution, thinner samples
would need to be stacked. Because of the limitations of our
current technology for making polymer samples, this
remains to be further investigated. Moreover, the influence
of the gaps could not be totally eliminated, as well as the
ratio between the absorbed and the adsorbed moisture. The
latter could have an impact on the reflected light directly
from the surface and not only from the immediate layers
below the surface. The significance of this distinction
depends on the application for which the sensor is to be
used.

These issues mentioned above will be studied in more
detail within the EU EMRP project SIB64 METefnet
project devoted to the measurement of moisture in
materials, which brings together 10 national-standards
laboratories that are active in this field.

3 Industrial implementation of the sensor

Sensor was further upgraded to be able to measure surface
moisture level in the polymer samples online in the
industrial process. The samples are shown in Figure 4.

10 mm

Figure 4. Polymer samples for which

The surface, at which moisture level is to be measured is
indicated by an arrow. As it can be seen form the Figure 4,
this surface is uneven, as it has expressed valleys.
Additionally, the sensor’s response is affected also by not
completely flat surface on a microscale (speckles) and the
angle of the laser beam and also the distance from the optic
fiber and the sample, which changes with non-ideal
alignment and therefore symmetry of the sample.

For this reason we have designed a special alignment head,
which takes into account all these considerations. It is
shown in Figure 5.

Figure 5. Sample alignment head
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After the sample is inserted, it is fully rotated several times
by using micro-stepping stepper motors, while averaging
the sensor’s output.

The alignment head follows also other process
requirements like ergonometry, sample time, dimensional
fit-for-purpose etc.

The complete sensor system before the in-preocess
installation is shown in figure 6. It comprises of the main
sensor part with embedded electronics on the left,
alignment head on the right and the black optic fiber in
between.

Figure 5. The complete system for online measuring of the
surface moisture for polymer samples

4 Summary

The paper summarizes the new system for measuring
surface moisture in polymer sample with complex
geometry. It is based on NIR laser technology using
DRIFT spectroscopy with specially configured optical
part.

This sensor was further adapted, so that it would be able to
be used in industry for the purpose of quality control of
adhesion process. Having constructed a special alignment
head, the results show a high level of repeatability.

Further developments will be focused on the development
of the calibration system, with which such surface
moisture sensors could be calibrated. The work is already
in progress in the scope of joint research project SIB64
Metefnet of the European metrology research programme
(EMRP).
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