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Rapid Response All-Fiber Moisture Sensor

Jiamin Wang™, Jigiang Wang™, Zhen Li*", Zikun Yu, Shuo Li, Tongyu Liu,
Tong Sun, and Kenneth T. V. Grattan

Abstract—Combining the benefits of photothermal con-
version in a doped optical fiber with the principle of Fiber
Bragg Grating (FBG)-based temperature measurement, a new
optical fiber method for the measurement of moisture content
has been developed and its performance is reported. This
novel all-fiber approach shows the important characteristics
of fast response, miniaturization in the design and low power
consumption. In this work, a 1480nm pump laser has been
used to heat the cobalt-doped fiber used, which has been
embedded in the sample under investigation, where the sen-
sor temperature change was obtained by using a FBG written
into the cobalt-doped fiber. The fast, in-situ measurement
of moisture content developed takes advantage of the linear
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relationship between the temperature change characteristics experienced during the heating process and the moisture

content. To calibrate and characterize the sensor developed,

a variable moisture-content test platform was established,

and experiments were conducted to investigate the performance of this optical fiber approach. The all-fiber moisture
sensor developed in this way has been evaluated by measuring the moisture content of samples of soil and pulverized
coal and the data obtained were in good agreement with the results obtained from using the more conventional (and slow)
drying method, with a maximum error of just over 1% and a rapid, 2s, optimum measurement time achieved.

Index Terms— Moisture content, fast response, photothermal conversion, temperature characteristic value.

I. INTRODUCTION

HE change of moisture content in the soil is one of

the major factors which causes natural disasters such as
landslides [1], the unwanted flow of industrial debris or other
waste products [2] and results in flooding washing away a
wide range of materials [3], causing danger to infrastructure
and, frequently, loss of life. In order to provide warning of
such incidents and to alert those who may be in danger
before they happen, accurate monitoring of the change in
moisture content of soils and other materials is important — in
that way to avoid potentially heavy casualties and significant
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economic losses. At the same time, a good knowledge of the
moisture content is also an important influencing factor for
the better evaluation of the ground conditions in geotechnical
engineering [4], in agricultural precision irrigation [5], and
in hydrological condition research [6]. In particular, better
real-time dynamic monitoring of moisture content can improve
the utilization rate of water resources and agricultural crop
yields, which will make better use of scarce resources and help
protect the earth’s ecological environment. In industries such
as mining, the chemical industry, metallurgy and pharmacy, the
accurate control of moisture content is used to ensure safety
in production and to give better product quality control [7].
Currently, there are many different methods that can be used
to measure moisture content. For example, the drying method
which can be routinely used is destructive to the structure of
the sample itself, and measurements can take a long time to
perform. It is also essentially a laboratory-based measurement
(and therefore subject to errors that may arise due to the time
between sampling and the testing actually being carried out)
and often is used for the calibration of other measurement
methods [8]. Other techniques may also be problematic, for
example the time domain reflection method can easily be
disturbed when in use, is complex and overall is expensive
to implement [9]. The tensiometer method has low stability
and is difficult to use for continuous in-situ monitoring [10],
while the neutron scattering method uses radioactive samples
and in addition to this causing safety concerns, errors can often
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be seen in the calibration process [11]. Other methods that are
used include the Ground Penetrating Radar (GPR) method,
which is suitable for moisture content monitoring over large
areas, but data received can be difficult to interpret and the
results are significantly affected by the ground conductivity
[6]. The remote sensing method is mostly used for a macro-
scopic estimation of the moisture content over a large range,
but is not suitable to give accurate measurements when made
over a smaller area or with samples of a limited size [12].
This shows that there is an on-going need for new methods to
be developed and implemented and optical fiber methods have
proved to offer high quality solutions to many other needs in
industrial measurement and control.

Optical fiber-based sensing technology shows the outstand-
ing advantages of light weight, corrosion resistance, high
intrinsic safety, long transmission distances and easy large-
scale networking. In recent years, such sensing techniques
have been widely used in the electric power and chemical
industries, as well as in mining, in military and security
applications and increasingly in other fields [13], [14]. In 2015,
Cao et al. proposed a distributed measurement method based
on carbon fiber heating of an optical cable, where the heating
process required an external power supply, with large power
consumption seen in an experiment that required a long mea-
surement time [6]. Further, in 2017, Zhu et al. have designed a
soil moisture sensor using a long-period fiber grating, but the
results published showed it was not suitable for measuring low
levels of moisture content in a sample [15]. A polymer-coated
Fiber Bragg Grating (FBG) sensor has been used for relative
humidity sensing [16], but the fabrication of this polymer
coating structure is relatively complex and the resulting sensor
characteristics are difficult to control. A distributed optical
fiber sensor for this type of measurement has been proposed
in 2021 by Shi et al. — however, an external power supply is
also required for this measurement device [17] which can be
problematic for its use in some remote locations.

A new approach is proposed here, recognizing the short-
comings of the above (and other) measurement methods, while
taking full advantage of the excellent performance of optical
fiber-based techniques for different sensing applications. Here
the photothermal conversion effect in a doped fiber, combined
with the well-established principle of FBG-based temperature
measurement, have been combined in an all-fiber moisture
content sensor which can provide fast, long distance and
on-line monitoring of the moisture content in a range of bulk
materials. A further benefit is that it has been designed for in-
the-field applications, where conventional power supplies are
not available, and thus the low power consumption designed
into the sensor system (e.g. from battery use here) is important.

Il. MEASUREMENT PRINCIPLE AND STRUCTURE

A. Principle of All-Fiber Moisture Content Measurement

The measurement approach used in this all-fiber mois-
ture content sensor is discussed below. The key principle is
that the different levels of moisture of the sample will lead to
the change in its heat conduction performance, as the higher
the moisture content, the greater will be its heat conduction
capacity [18]. The all-fiber sensing probe with self-heating and

temperature measurement functions proposed here has been
designed to be inserted into the sample, where the cobalt-
doped fiber in the probe allows photothermal conversion from
the pump laser energy to thermal energy [19]. The probe
temperature can be measured by using the separate FBG-based
sensor written into the cobalt-doped fiber [20], and the sample
moisture content can be determined, based on a calibration of
the relationship between the temperature change which arises
due to the heat dissipation by the moisture content [21].

With the reasonable assumption that that the samples con-
sidered are homogeneous and isotropic, the internal heat
conduction can be modelled as a one-dimensional problem
[6]. The quantity of heat generated by the pump laser (per
unit length of the doped fiber in unit time) can be given by:

dp()
01 =k i

where pg is the initial light intensity at the fiber tip containing
the FBG, «a is the absorption coefficient of the pump laser light
in the doped fiber, [/ is the doped fiber length used and k is
the photothermal conversion coefficient (it can be noted that
all the above are constants).

The thermal loss therefore is given by:

= kopoe — al (D)
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where on Eq. (2), K is the thermal conductivity which is
related to the nature of matter itself; and %ﬁo is the tem-
perature gradient. The thermal energy used to heat the fiber
[17], [22] may be expressed as:

03 = 01— 02 =cm(T —Tp) = cmAT; (3)

where c is the specific heat capacity of the heat source; m is the
mass of heat source; Tj is the initial probe temperature before
heating; T is the probe temperature affer heating; and thus
AT, = T — Tp can defined as the temperature difference due
to the influence of the moisture present and which indicates
the degree of thermal diffusion in the sample, after the initial
heating pulse was applied.

The fiber optic temperature sensor approach employed
through the doped grating was based on the principle of
monitoring the wavelength change of the FBG written into the
fiber, from which the probe was constructed, and which is used
as the basis of the transducer. Details of the design of such
sensors used for temperature measurement (and compensation)
have been published elsewhere e.g. [23]-[27]. However, this
work takes that design to a different level where, in summary
when the grating was subjected to thermal changes due to
the presence of the moisture, the temperature change AT; =
T — Ty can then be related to the FBG wavelength shift Az,
and this temperature shift is given by

ATt = KtAAt = Kt(A — A0) “4)

where Kt is the temperature sensitive coefficient of the FBG
in the doped fiber. This grating can be used to measure
the probe temperature and the temperature change and here
At = A — A0 indicates the wavelength shift due to the pres-
ence of the moisture in the sample. Therefore, the temperature



sensing is undertaken using the FBG-based sensor, which can
be characterized by the grating wavelength shift that occurs.

As a result, the thermal conductivity K can be
expressed as:
cmKt kapoe — al
Kzar—q(l—io)—l?# )
an 10 an 10

When the temperature field is stable and the samples are
homogeneous, the temperature gradient %ﬁo is constant, and
Eq. 5 can be simplified to be as follows:

K = koKt(A — Ag) + by = ko ATt + by (6)

where ko = 0_‘}”}% , by = —1“"‘2_27‘;_0”. The sample thermal con-

.. an "0 ant0 .
ductivity, K, 1s the sum of the liquid thermal conductivity Ky,
and the solid thermal conductivity Ks (a reasonable assump-
tion is that the gas thermal conductivity can be ignored), and
thus:

K =Ky + K @)

When the temperature field is stable, the adjacent solid and
liquid matter in the sample are in thermal equilibrium and so
their mutual heat transfer can be ignored. There is a positive
correlation between Ky, and moisture content w, where Ky =
aw. As a result, the moisture content of the sample can be
given by:

w=ki1AT; + by (8)

where here k; = ko/a is the moisture-temperature conver-
sion coefficient; and b1 = —Ag/a + bp/a is the moisture-
temperature correction coefficient. It can be seen that there
is a linear relationship between the temperature change, AT;
and the moisture content w, which then forms the basis of
the measurement process in the probe. During the heating
process, there is a good (negative) correlation between the
probe temperature (characterized by the wavelength shift of
FBG) and the moisture content of the sample medium on
which the measurement was made. In practice, in this method
it can be seen that the higher the moisture content of the
sample, the lower is corresponding temperature characteristic
change AT; and that their relationship is linear.

B. Design of the All-Fiber Moisture Content
Measurement System

The all-fiber moisture content sensing system (as shown
schematically in Fig. 1) includes the pump laser source, the
sensing probe, a Wavelength Division Multiplexing (WDM)
device, a commercial FBG interrogator, and a data processing
module. The system used light from the 1480nm pump laser
to heat the doped fiber in the sensing probe. The FBG
interrogator incorporated a 1550nm pulsed laser (light from
which illuminated the FBG used to determine the moisture
content) — it also received the reflected signal from this FBG.
The WDM in the system was used to combine the pump
laser light with the laser light emitted by the interrogator and
directed into the probe. Here, the cobalt ion doped into the
specialist fiber used absorbed the pump laser energy allowing
a photothermal conversion to occur through a non-radiative
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Fig. 1. All-fiber moisture content sensing system design, showing the
pump laser source, the FBG interrogator (and monitoring host), the
wavelength division multiplexing (at wavelengths shown of 1480 and
1550 nm) and the sensing probe.
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Fig. 2. All-fiber moisture content sensor structure showing the two FBGs
used in the system and the insulated base between them.

transition (multi-phonon relaxation). The reflected signal from
the FBG, which is characteristic of the temperature change of
the probe, entered the interrogator through the WDM module
and the wavelength shift was then determined by the calibrated
interrogator, allowing the temperature change, AT; to be cal-
culated by the data processing system. This change then could
be related to the moisture content, calculated with a knowledge
of the linear relationship between the temperature difference
AT; and the moisture content (where the relationship is given
by Eq. 8).

Fig. 2 shows an illustration of the structure of the all-
fiber moisture sensor, showing the two different FBGs used
in the system and the insulated base between them. The
temperature of the probe will change when inserted into
samples with different levels of moisture content, and this
results in a shift of the central wavelength of the FBG in
the doped fiber, which then can be monitored. In order to
eliminate any potential measurement error which would be
caused by the environmental temperature changes, a further
FBG (the ‘compensation grating’) was installed (in series with
the FBG used for moisture measurement) in the probe itself,
to reflect any ambient temperature change of the sample itself
(i.e. changes not caused by the moisture effect). In order to
reduce any potential measurement error in the reading from
this additional FBG which could, for example, be caused by
the heat conduction between them, the distance between the
two FBGs in the probe used was kept to ~20mm (as shown
in Fig. 2). Additionally, as can be seen, a heat insulation base
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Fig. 3. Basic configuration of test platform, showing the key elements
of the device.

was added to limit the heat conduction between the two FBGs
used in the probe.

[1l. MOISTURE CONTENT TEST PLATFORM

To verify the performance of the sensing system designed,
and discusssed above, a moisture content test platform was
established, as shown schematically in Fig. 3, and used to
calibrate the system. This figure illustrates the basic con-
figuration of the test platform — it incorporates an all-fiber
moisture content measurement system, the different samples
evaluated (e.g. soil, pulverized coal, etc), a dryer, an electronic
weighing instrument and other relevant electronic components.
The technical specifications of each of the elements of the
system are given in Table I.

IV. EXPERIMENTAL VERIFICATION OF
THE SENSOR SYSTEM

A. Verification of the Measuring Principles

To evaluate the performance of the sensor system designed
in several different situations, five sample groups were studied.
There were: sand with a dry density of 1.03g/cm’ (where
the thermal conductivity of bulk materials is mainly related
to the moisture content and its density when dry) and the
saturated moisture content of 23.87%, samples of anthracite
pulverized coal with a dry density of 1.21g/cm? and a saturated
moisture content of 35.56%, but tested with different moisture
contents. These were used with the all-fiber sensing probe
discussed above being embedded in the different samples (each
sample being of 400g), with these tests being done one-by-
one. The pump power from the laser which created the initial
probe heating was set to 250mW (to heat the sensor probe
directly), as a result of which the wavelength shift of the
FBG, previously calibrated for moisture content determination,
was measured. In the tests carried out, a sampling point
was obtained every second, with an overall experimental
monitoring time of 20s being found to allow for a stable
measurement to be made.

TABLE |
COMPONENTS OF THE MOISTURE CONTENT TEST PLATFORM

Parameter Value
Soil type sandy soil
Types of pulverized coal anthracite
Pump laser source wavelength 1480nm
Demodulator model GC-97001C
Pump power <400mW
Electronic weighing instrument accuracy 0.001g
Drying box temperature/heating time 115°C/12h/5h
Doped FBG center wavelength 1550.038nm
Temperature measuring FBG center wavelength 1539.870nm
Doped fiber length/Pump laser absorption rate 8mm/38%
1542.8 T T T T
[—m— 3.49%—@— 10.93% —A— 13.74%—v— 16.54%—— 21. 06%) |
1542.7 b
1542. 6 7
o 1542.5 .
=
S 1542.4 R
N
=
2 1542. 3 .
[
B
= 1542. 2 b
1542.1 b
1542.0 b
1541.9
0 5 10 15 20
Time (s)
(a)
1542. 8 T T T T
‘+ 4.68%—0— 11.51%—A— 19.23%—v— 26.89% —&— 32.76%
1542.7 4
1542. b
= 1542. T
£
S 1542. B
)
=)
S 1542. .
(]
8
= 1542. b
1542. T
1542. T
1541.9 ! L . ;
0 5 10 15 20
Time (s)
(®)

Fig. 4. (a) FBG wavelength shift vs. heating time (in a sandy soil sample
of different moisture content values, as shown).(b) FBG wavelength shift
vs. heating time (in a pulverized coal sample with diferent moisture
content values, as shown).

Fig. 4 shows the wavelength shift of the moisture-
monitoring FBG, as a function of the heating time used,
when exposed to soil and pulverized coal, each with different
levels of moisture content. It can be seen that the probe
temperature change (related then to the FBG wavelength shift
used for moisture determination) in these different samples
(with, as noted different moisture contents) have an upward
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Fig.5. (a) Fitting between temperature characteristic value and moisture
content (in a sandy soil sample) for time periods 1s, 2s, 19s and 20s.
(b) Fitting between temperature characteristic value and moisture content
(in a pulverized coal sample) for time periods 1s, 2s, 19s and 20s.

trend, with time, after heating was applied. The profile shows
that the wavelength shift increases rapidly in the first few
seconds, and then the rate of increase of the wavelength change
reduces gradually. The higher the moisture content of the
sample under evaluation, the smaller is the rate of increase
of the wavelength shift. Importantly, the wavelength shift can
be seen to positively correlate with the temperature change
(reflected in the wavelength change seen for the FBG). It can
be seen that the higher the moisture content of the sample
surrounding medium, the lower is the temperature change
characteristic.

B. Analysis and Verification of the Rapid Measurement
Based on the above testing and calibration of the sensor
system, measuring the temperature characteristic value AT;
through the all-fiber moisture content monitoring system,
and calibrating to show the linear function relationship seen
between the temperature characteristic value and the known
moisture content, further tests were carried out. In these,
different time periods of 1s, 2s, 19s and 20s were selected
and then fitted to the temperature characteristic changes of
the different soil and pulverized coal samples (each with its
corresponding moisture content), to allow the set of calibration
graphs shown in Fig. 5 to be determined. It can be seen
from the graphs in the figure that for the different substances
evaluated, a linear relationship exists between the moisture
content and the temperature characteristic (for each specific
time period used). Further, the temperature characteristic value
decreases with the increase of the sample moisture content.

Additionally, it can be seen that the temperature character-
istic value fitting curve (for a specific time period) shows
an excellent correlation. Of the different time values used,
as would be expected, the graph for the time period of 1s has
the smallest fitting coefficient (because the temperature field
around the probe is unstable when heating is just started (over
that period) and equilibrium has not been reached) while the
optimum fitting coefficient was 0.9938 (for the time period of
2s). This outcome shows that the measurement result for a time
period of 2s gives both an accurate result and conveniently a
fast measurement of the sample moisture content.

C. Measurement Accuracy and Error Analysis

To evaluate the accuracy of the fast response, all-fiber
moisture content monitoring system, the different moisture
contents of 5 sample groups — these being sandy soil and
anthracite pulverized coal (with the same particle diameter)
— were determined. Table II shows the result of a compar-
ison of the moisture content determined using the drying
method and the All-Fiber Method, with the relative error
being determined by the diffference in the two values. The
data obtained using the drying method were taken as the
benchmark, and when these were compared with the results
obtained from the use of the probe reported here, the maximum
error of the all-fiber method (for the time period of 2s)
was found to be 1.13%, (which is slightly better than that
obtained with a time period of 20s). This shows that with a
time period of 2s, the advantages of both a high accuracy
and a rapid response are realized. These conditions make
the sensor system able to make a rapid measurement of
moisture content and thus be well suited to many industrial
applications, such as model tests in geotechnical engineer-
ing, agricultural precision irrigation, and industrial safety, for
example.
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Fig. 7. Comparison of the measurement error (evaluating soil moisture
content) before (black dots and line) and after (red dots and line)
temperature compensation was applied.

D. Verification of the Repeatability of the Measurements

To evaluate the repeatability of the performance of the all-
fiber moisture sensor, six sandy soil samples with different
values of moisture content, but esssentially the same diameter
and dry density, were selected. The same probe was embedded
in these samples in turn, and the temperature characteristic
values determined using the sensor probe were measured for
a time period of 2s after the start of heating. Then the above
process was repeated three times, with the result obtained as
shown in Fig. 6. The deviation of the results obtained from
the sensor when comparing these three measurements was
obtained to be 2.79%, showing the excellent stability of the
device. It can be seen that the sensor system maintains a stable
performance, with high accuracy in the output.

E. Verification of Ambient Temperature Compensation
Recognizing that there could be some influence on the mea-

surement from changes in the ambient temperature, an exper-

iment has been carried out to investigate the effectiveness of

the compensation mechanism, using the second FBG built
into the sensor, as shown in Fig. 2. To do this, the probe
designed in this work was placed in a sandy soil sample
(with a moisture content of 21.3% determined by the drying
method) and the values obtained for the moisture content
value were recorded every 10min, over an experimental period
of 6h, during which a large temperature difference occurred.
Fig. 7 shows the results of this experiment, where the moisture
content measurement, both with and without the temperature
compensation being applied were recorded. It can be seen
that the change of ambient temperature had an impact on the
reading from the output of the sensor — without the temperature
compensation being applied, the maximum error reached -
2.51%. However, after temperature compensation (using data
from the reference grating built into the probe) was applied,
the error was significantly reduced to be within £0.5%. In this
way, the influence of diurnal temperature variations or seasonal
changes on the measurement results can be eliminated very
effectively when the probe is in use.

V. CONCLUSION

In this work, a new design of an all-fiber moisture sensor
showing a fast response has been developed, using a new
technique which adopts a doped optical fiber as a heating
element with a FBG inscribed in the fiber as the primary
temperature measuring element. The sensor has been designed
to work well even when the ambient temperature changes
and corrections for ambient temperature changes were applied
using data from a nearby ‘comensation grating’ built into the
probe. The design, fabrication and feasibility of this innovative
approach have been described and the device performance
validated through a series of moisture content measurements
on a range of different types of samples. The stability and
accuracy of the sensor system were further verified through a
series of experiments carried out, using a special moisture con-
tent test platform and samples of different types and humidity
level (calibrated against the ‘gold standard’ benchmark drying
method). The results of this series of experiments carried out
in these different media show that the sensor developed was
capable of making measurements within a short time period of
~2s while at the same time the maximum error in the humidity
measurement is just over 1%. This novel detection system has
been show to be capable of measuring humidity changes in
many different types of samples, these varying from different
soils to pulverized coal and showing the wide potential of the
method for monitoring moisture levels in a range of different
types of samples. Further, the method is intrinsically safe as,
being all-optical at the sensor probe, it does not need an
external power supply as there are no currents flowing at the
sensor probe. In that way it can be used safely in mining
applications or in biodigesters or sewers, for example [25],
[26] (where explosive gases such as methane are present),
taking advantage of the fast measurement speed and probe
temperature compensation integrated into the probe design.
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