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Abstract: The illegal water injection into meat not only breaks the market equity, but also
deteriorates the meat quality and produces harmful substances. In this work, we proposed a fiber
Bragg grating (FBG) sensor that enabled fast, quantitative, and in-situ detection of the moisture
content of water-injected meat. The FBG was written in the erbium-ytterbium (Er/Yb) co-doped fiber,
which could perform the self-photothermal effect by injecting the near infrared laser into the fiber. As
the heated fiber sensor probe was inserted into the meat sample, the temperature decreased due to the
heat dissipation mediated by moisture. The intracore Bragg grating could monitor the temperature
loss by recording the Bragg wavelength shift, which reflected the water content quantitatively. The
results revealed that the sensor could complete the detection within 15s. The sensor’s sensitivity to
detect changes in the pork water content was theoretically calculated to be 0.090847%. The proposed
sensor is expected to provide a novel approach for examination of the meat moisture.

Keywords: Optical fiber sensor; fiber Bragg grating; active fiber; photothermal effect; heat conduction; meat
moisture

Citation: Xiaodong XIE, Enlai SONG, Ziyu YUAN, Yi YIN, Yongkang ZHANG, Qiaochu YANG, et al., “Fiber-Optic Bragg Grating
Sensor for Photothermally Examinating Moisture of Meat,” Photonic Sensors, 2024, 14(3): 240310.

. prevent water from overflowing, resulting in the
1. Introduction . e
injected pork being indistinguishable from the

Water-injected meat is a type of low-quality food =~ normal pork [2]. Injecting water into meat not only

that frequently appears in the meat market. The
injected water increases up to 15%—20% of the net
weight of meat for illegal profit [1]. In recent years,
dishonest traders used chemical agents and drugs
solutions that contained red dyes and gelatinous
substances as additives. Red pigments can enhance
the appearance of meat, making it look fresher.
Gelatinous substances can retain moisture and
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disrupts the market order, but also poses a risk to
human physical health [3, 4].

The continuous emergence of water-injected
meat in the market has attracted widespread
attention to the safety of meat products. As a result,
the examination of water-injected meat has become
a research hotspot. The traditional method uses
manual inspection to determine whether meat has
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been injected [3-7].
differences in sensory perception, the judgment of

However, due to individual

each person may vary, leading to deterioration of
detection accuracy.

Laboratory testing methods mainly include the
microscopic examination, paper-based test, drying,
drip loss, pressure test, and freezing [3, 7]. The
drying method is adopted in the guideline of
“Moisture Limits for Livestock and Poultry Meat”
(GB  18394-2020, China).  Although the
measurement of meat moisture is accurate and
reliable, the detection process is time-consuming
and may compromise the integrity of the sample.

Researchers have proposed various non-
destructive testing methods, such as harnessing
sound, light, magnetism, and electricity to assess the
water content of the meat sample [8-13]. The
non-destructive test has significant advantages over
traditional methods, including its non-destructive
nature, comprehensive approach, ability to cover the
entire process, and high reliability. However, non-
destructive testing methods generally encounter the
challenge of quantitative testing. Developing a rapid,
quantitative, and in-situ detection method for the
water content of injected meat is of significant
practical importance.

The fiber Bragg grating (FBG) has been
extensively researched and utilized in the field of
optical sensing due to its exceptional advantages,
such as compactness, resistance to electromagnetic
high and high
Current research indicates that FBG sensors can

interference, sensitivity, speed.
achieve rapid and accurate measurement of the
water content by utilizing the photothermal effect of
the doped fiber and the principle of FBG
temperature measurement [14-21]. These sensors
have demonstrated a significant development
potential. Sun ef al. [15] proposed an actively heated
optical fiber method (AHFO) based on the
quasi-distributed FBG (AHFO-FBGQG) technology for
large-scale in-situ measurement of the soil moisture

content. Wang et al. [17] developed an all-fiber
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sensor for measuring the micro soil moisture content,
which allows for real-time in-situ monitoring of the
soil moisture content with a maximum error of only
1.41%. Mehravar et al. [18] developed an FBG
sensor embedded in a polymer optical fiber. It was
able to detect small changes in the soil water content
even as low as 0.5%.

The latest research indicated that the endogenous
photothermal effect of active optical fibers could be
utilized to conduct photothermal therapy on
malignant tumors [22]. This presented a novel
method for incorporating internal heat sources into
FBG sensors for detecting the moisture content.

This work had explored the FBG sensor for
detecting the moisture content of meat by
orchestrating the endogenous photothermal effect of
active optical fibers and the FBG temperature sensor.
As the heated fiber sensor probe was deposited in
the meat sample on site, the temperature would
decrease caused by the heat dissipation in the
moisture condition. The intracore Bragg grating
could record the temperature decrease quantitatively,
which reflected the water content in the meat sample.
The results revealed that the sensor could finish a
detection less than 15s. The sensitivity of the sensor
regarding the meat water content could be
theoretically estimated to 0.090847%. The proposed
sensor is expected to provide a novel approach for

examination of the meat moisture.

2. Principle and theory

2.1 Design of sensor probe

The sensor probe was fabricated using an
erbium/ytterbium (Er/Yb) fiber with an FBG written
in it. The Er/Yb fiber served as the self-heating
element to generate heat through the photothermal
effect, while the FBG functioned as the in-situ
temperature sensor to detect the temperature drop of
the Er/Yb fiber caused by moisture in pork, as
shown in Fig. 1(a).

Firstly, a piece of Er/Yb fiber with a ~2cm
length was prepared and connected to a light source
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and a spectral analyzer for real-time monitoring of
the spectral evolution of the FBG. The FBG was
fabricated using the phase mask method [23-25].
The 193nm ultraviolet light emitted by an excimer
laser (Coherent model: COMPexProl110) was used
as the laser source. A phase mask with a wavelength
of 1065.51nm was selected to set a suitable Bragg
wavelength. The transmission spectrum of the
fabricated FBG is shown in Fig. 1(b).
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Fig. 1 Structure and spectrum of the sensor: (a) schematic of
the fiber-optic probe using an FBG written in the Er/Yb fiber
(the Er/Yb fiber serves as the self-heating element, while
the FBG functions as the in-situ temperature sensor) and
(b) transmission spectrum of the FBG in the fiber-optic sensor
probe (when connecting the sensor to a broadband light source
and spectrometer, the reflection spectrum can be observed).

2.2 Thermal effect of the sensor probe

The thermal conduction between optical fibers
and the external environment, as well as the
photothermal effect of optical fibers, can result in
temperature variation within the fiber core. The
change in temperature within the fiber can not only
cause thermal expansion but also alter the refractive
index of the fiber. Both of these effects can lead to a
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drift in the spectrum of the FBG. According to the
Bragg conditions, we can derive the relationship
between the temperature change in the fiber and the
drift of the central wavelength of the Bragg grating:
M:z(/\a”eff +h a—AJAT (1)
oT oT

where A is the period of the FBG, and n. is the
effective refractive index of the fiber.

In the above equation, the right side illustrates the
impact of temperature on FBGs. The thermal
expansion resulting from an increase in temperature
alters the refractive index and grating spacing,
causing a shift in the wavelength of FBGs. This
indicates that FBGs with the same period have
identical temperature sensing characteristics.

To investigate the effects of temperature changes
in the environment on the sensor probe, the probe
was placed in a temperature-controlled box for
heating. The study measured the correlation between
air temperature changes and the drift of the FBG
spectral peak. During the experiment, the indoor
temperature was 24.6 ‘C, and the temperature
range of the selected temperature control box was
0°C-100C. Firstly, the temperature of the incubator
was raised to 80 “C. Three sets of initial FBG spectra
were recorded separately after the sensor and
reached  thermal

environmental  temperature

equilibrium. The temperature box was then
controlled to slowly reduce the internal temperature.
Three sets of FBG spectra for every 2°C decrease
were recorded once thermal equilibrium was
achieved.

Similarly, to investigate the effect of temperature
variation in aquatic environments on the sensor probe,
the probe was submerged in water and subjected to
heating. The temperature of the heater was adjusted,
which led to the water temperature increasing from
28°C to 50°C. The temperature here should not
exceed 50 °C. If it did, bubbles might be generated,
leading to strain disturbances and potentially
affecting the accuracy of temperature detection.

Nevertheless, this temperature range was sufficient
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for our subsequent experiments. Three sets of FBG
spectra for every 2°C increase in temperature were
recorded separately once the water and fiber
temperatures had reached thermal equilibrium.

Based on the above experiment, we obtained the
temperature response characteristics of the probe in
both environments of air and water, as shown in
Fig.2.
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Fig. 2 Temperature response characteristics of the sensor
probe in both environments of air and water.

Based on the linear regression analysis of the
experimental data, the temperature sensitivity of the
sensor probe in both environments of air and water
could be determined, as presented in Table 1.

Table 1 Temperature response characteristics of the sensor
probe.

Environment Air Water

Temperature sensitivity (nm/C) 0.01063 0.009 86

According to the table above, the temperature
response characteristics of the sensor probe are
almost the same in both environments of air and
water, presenting the versatility of the sensor in
different ambiences. This is due to the stable external
environment temperature control, which results in the
uniform grating responses.

As Er/YDb fiber was connected to 980 nm pump
light, a portion of the energy from the LD laser was
up-converted into green light emission and
up-converted to the spontaneous emission photon

energy, respectively. The remaining photonic energy
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was transformed into heat mediated by the
non-radiative transition, leading to an increase in the
temperature of the fiber core. The heat deposited in
the fiber core was primarily transferred to the
cladding through solid heat conduction, while the
heat in the cladding continued to dissipate outward.
This would reduce the temperature inside the fiber
core, allowing it to reach thermal equilibrium and
ultimately form a steady-state temperature field
within the fiber.

To investigate the thermal impact of pump light
on sensor probes, we positioned the pumped probes
in both air and water conditions. The pump power
was gradually increased from OmW to 500mW with
an increment of 25mW. After 60s, three sets of FBG
spectra were recorded once the sensor probe had
reached internal thermal equilibrium. The
wavelength shifts of the sensor probe regarding both

conditions are illustrated in Fig.3.
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Fig. 3 Photothermal response characteristics of sensors in air
and water conditions.

Based on the linear regression analysis of the
experimental data, the temperature sensitivity of the
sensor probe in both air and water conditions could
be determined, as presented in Table 2.

Table 2 Pump light response characteristics of the sensor
probe.

Environment Air Water

0.00128 0.0002

Temperature sensitivity (nm/°C)

At room temperature, the thermal conductivity
of air is 2.552x1072 W/(mK), the specific heat
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capacity is 1.013x10°J/(kgK); The thermal
conductivity of water is 0.574W/(mK), and its
specific heat capacity is 4.2x10°J/(kg-"C). Because
water has a higher thermal conductivity than air,
heat transfer from the optical fiber to the external
environment occurs more rapidly. In addition, water
has a higher specific heat capacity than air, denoting
that it can absorb more heat from optical fibers than
the air. By taking into account the heat transfer from
the fiber to the air following an increase in pump
light power, we can derive the relationship between
the pump light power and fiber temperature as
follows:
_ 0.001 28 T, @)
0.010 63
where P is the pump light power, its unit is mW; T is
the surface temperature of the optical fiber, 7| is
the initial temperature of the fiber surface, and their
units are K.

3. Simulation

A solid and porous medium heat transfer model
was established, to simulate the process of detecting
the moisture content of the pork by using the
sensor. When the pump light was turned on, the
sensor generated thermal deposition through the
photothermal effect of its active optical fiber part.
This heat quantity was then transmitted to the fiber
cladding, pork interior, and air environment through
thermal conduction [26, 27]. This work was finished
by the finite element analysis software.

3.1 Simulation of photo-thermal effect of the
sensor probe

The photo-thermal effect model of sensor probes
can be represented as follows [28, 29]:
H-o-P(r,z) (0<r<n)
q(r)= 1 3)
0 (n<r<r)
where 77 is the thermal conversion efficiency, #
and r, are the radii of optical fiber core and cladding,
respectively, o is the pump absorption coefficient,

and P(r,z) is the spatial distribution of the pump
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light in the active fiber, which can be expressed as

P(r,z)=F,-Pt(r)-exp(-0oz) 4)
where F, is the incident pump power, and Pt(r) is
the normalized energy distribution of the optical fiber
fundamental mode. Most rare-earth ions doped fibers
are multimode at 980nm. However, when the fusion
loss between the active fiber and single-mode fiber is
very small and without bending the optical fiber, the
high-order mode part is very small.

During the simulation process, we simplified the
model by assuming that the active optical fiber
section of the probe was ~2cm and nearly saturated.
Without considering the temperature distribution
along the axis of the probe, we simplified the model
into a two-dimensional axisymmetric model. The
field distribution of the
transmitting in the optical fiber core is shown in Fig.4.

optical basic mode
The distribution closely approximated a Gaussian
distribution, and based on the fitting curve results,
the standard deviation (o) was 2.54548 um.
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Fig.4 Simulation of the heat source in the sensor probe. The
self-heating energy of the Er/Yb fiber is related to the
normalized energy distribution of the optical fiber fundamental
mode.

To begin, we set the initial temperature of both
the sensor probe and pork in the model to 297.75K.
With a pump power of 400mW, the surface
temperature of the optical fiber could be calculated to
be 350.70K by utilizing (2). Assuming that there was
no airflow indoors during the experiment, convective
heat transfer of air could be approximately ignored.
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By the finite element analysis software, a heat
transfer model was established between the optical
fibers and air. The model approximated a solid heat
transfer model without airflow. When setting the
power parameter of the deposition beam in the
debugging model as £, =5.5x10°W, the optical
fiber surface in the model could reach 350.70K. The
heat source based on the model of the sensor probe is
as follows:

’ , 1 72
P =P -exp| — 5
" 270 p[ ZO'ZJ )
where P’ is the simulated heat source thermal

power, the deposited beam power is P, =5.5x 107°W,
and the standard deviation 0=2.54548 pm.

3.2 Simulation of the pork moisture content
detection experiment

The research subject of this experiment was the
lean pork meat. Conventionally, the water content of
the lean pork is 70%. The water present in the pork
can be roughly divided into three types: bound water,
non-flowing water, and free water, with proportions
of 5%, 80%, and 15%, respectively. Bound water and
non-flowing water exist within the cell interior and
among the filaments, myofibrils, and membranes,
respectively. Free water, on the other hand, exists in
the extracellular space and can flow freely. The water
injected into the pork is primarily in the form of free
water. For this reason, the pork was simplified as a
porous medium model, assuming that the water in the
pores remained stationary.

By the finite element analysis software, a heat
transfer model was established for the pork moisture
content detection sensor. Firstly, “heat transfer —
porous medium heat transfer” was selected as the
physical field for research. Next, a geometric model
was established that was center-symmetric for both
the optical fiber and pork. From the center, the inner
layer was solid, consisting of the optical fiber core
and cladding, while the outer layer was a porous
medium consisting of the water-injected pork. The
radii of the fiber core and cladding were 4.5 um and
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62.5 um, respectively, and the thickness of the outer
porous medium was 2 cm.

Next, three layers of material were set up.
The fiber core and cladding should be made of
silica glass material, with the main parameters
being C,=70311J/(kg-K), p=2203 kg/m’,
and k=138 W/(m-K). The main parameters
of  water-injected  pork  were set as
C,=34321/(kg-K), p=1170 kg/m’, and
k=0.455 W/(m-K), and porosity was calculated
based on the volume ratio of free-flowing water to the
meat matrix in the pork.

The initial temperature value for each part of the
model should be 297.75K. The outer boundary
should be in contact with indoor air, with a constant
boundary temperature of 297.75K. The internal heat
source should be the conversion of the active optical
fiber photothermal effect, which could be set using
(5). The specific parameters for this formula should
be the deposited beam power P/ =5.5x10°W and
standard deviation 6=2.54548 um.

Finally, the model was meshed with an “ultra-fine”
unit size. Additional research was conducted on the
“frequency domain transient” by setting the output
time from Os to 60s with a step size of 0.1s. After
executing the calculation steps, the simulation results
could be obtained. We selected the radial temperature
field of the model at Os, 20s, 40s, and 60s, and the
corresponding simulation results are presented in
Fig.5.

Using the simulation model provided above, the
amount of water injected into the pork was set at
OmL, 0.5mL, ImL, 1.5mL, 2mL, and 2.5mL. A
point on the cladding of the optical fiber was
selected with coordinates (62.5um, Oum). The
temperature at this point between Os and 60s is
displayed in Fig. 6(a). After turning on the pump light
for 15, the temperature stabilized, indicating that the
sensor had a response time of approximately 15s.
The relationship between the amount of water
injection and the surface temperature of the sensor
probe is depicted in Fig.6(b). According to the heat
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conduction equation, we believe that the numerical which the R? value for exponential curve fitting was 1.
solution exhibited exponential correlation. This idea In subsequent experiments, we also adopted the
had been validated through the simulations above, in exponential fitting method.
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Fig. 5 Simulation of pork moisture content detection: (a) in the simulation, when the pump light with the power of 400mW is
turned on, the radial temperature distribution of the model is shown at 0s, 205, 40s, and 60s. (b), (c), (d), and (e) are the temperature
distributions of the model section at 0s, 20s, 40s, and 60s when the pump light with a power of 400mW is turned on, respectively.
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Fig. 6 Simulation results: (a) the surface temperature of the sensor probe record within 1 min with the water injection volume
parameter set at OmL, 0.5mL, 1mL, 1.5mL, 2mL, and 2.5mL, respectively (this indicates the fast response characteristic of the
simulated sensor) and (b) the surface temperature of the optical fiber calculated at 60s with the water injection volume parameter set as
following values (this shows that the temperature of the optical fiber decreases with an increase in water injection, and an exponential
curve is used to fit the simulated values).

4. Principle and theory optical fiber cables. The two input ports of the
WDM were connected to a pump light source with a
wavelength of 980nm and the 3dB coupler. The

The experimental setup for detecting the water 3dB coupler was connected to a broadband light
content of pork tenderloin is illustrated in Fig.7. The source and a high-resolution optical spectral
sensor probe was connected to the output end of analyzer (OSA), respectively. The actual detection
the wavelength division multiplexer (WDM) using system built in the laboratory is shown in Fig. 8.

4.1 Detection system
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Fig.7 Schematic diagram of the meat moisture content
detection sensor system.

4.2 Detection system

In the experiment, we chose the lean pork as the
experimental sample. According to relevant materials
and literature, it was found that the main components
of the pork are protein, fat, water, and a very small
amount of trace elements. The fat content of meat
does not have a significant effect on thermal
conductivity. Instead, the ratio of protein to water
content in meat affects thermal conductivity [30]. In
addition, lean meats have a higher moisture content
and can absorb more moisture compared with the
fatty pork [31].
primary source of the water-injected meat in the

Therefore, the lean meat is the

market. We had chosen the lean pork as the subject of
our research due to its representativeness.

A fresh piece of the lean pork with the weight of
66.7g was prepared as the experimental sample.
After a sufficient heat exchanging period within the
laboratory environment, the pork’s temperature was
equivalent to the room temperature. The pork should
be completely wrapped in dry cling film to prevent
moisture loss.

After constructing the detection system, the
sensor probe should be inserted into the pork at the
appropriate depth to measure its internal moisture
content. Because the optical fiber was fragile, the
sensor probe could not be inserted directly into the
pork. We needed to complete this operation using a
syringe needle. Firstly, the sensor was inserted into
the syringe needle and it must be concealed within
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the needle. Then, we inserted the syringe needle into
the pork as deeply as possible, which protected the
sensor probe. This ensured that the Bragg grating
section of the optical fiber-doped sensor was fully
immersed in the meat. Finally, we carefully removed
the syringe needle and set it aside, away from the
pork, to avoid any potential contamination or
interference. Keeping it still for 10min ensured that
after the syringe needle was pulled out, the pork
returned to its original shape and fit tightly against
the sensor probe. As the pump laser in the system was
turned on, the self-heating of the sensor caused its
temperature to rise. The temperature of the sensor
probe decreased due to the heat dissipation facilitated
by moisture. The intracore Bragg grating could
monitor temperature changes by recording the shift in
the Bragg wavelength, which provided a quantitative
measure of the water content.

B N 4 2 e
o ) S
. C < >
| ‘ ‘
B = —at

Fig.8 Detection of pork moisture content in laboratory:
(a) actual detection system built in the laboratory, (b) sensor
probe inserted into the pork sample, and (c) sensor probe with
the pump light injected into it.

At the

laboratory temperature was 24.6 °C. The spectrum

beginning of the experiment, the

without injecting water into the pork was recorded as
the baseline. Setting the power of the pump laser to
400mW, the FBG
immediately within 60s after turning on the pump

spectrum was recorded

laser. The data were collected every 2.5s. A total of
24 data sets were collected, which were completed
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using the computer software connected to the OSA.
Each time, we chose a fixed position directly above
the sensor in the pork and slowly injected 0.5mL of
pure water into it by using a syringe. After each
injection, waiting for 15min ensured that the pork
fully absorbed the water. Then, the FBG spectrums
should be recorded within 60s using the same method
mentioned above once the pump was turned on.
Immediately turning off the pump light source and
waiting for Smin to allow the pork to cool down to its
initial temperature, we repeated the previous step
twice. Until a total of 2.5mL of water had been
injected into the pork and water was observed
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seeping from the bottom of the pork inside the
preservation film, we stopped injecting water and
terminated the experiment.

After completing the experiment, we processed
the collected
correlation between the amount of injected water and
the peak wavelength shift of the FBG reflection
spectrum of the sensor, as shown in Figs.9(a) and
9(b). Here, a specific portion of the FBG spectrum
(near 1543.545nm) was chosen to calibrate the
spectral shift. Meanwhile, as shown in Fig.9(c), the
sensor responded within 15s and then stabilized,
indicating a sensor response time of 15s.

spectral data to determine the
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Fig. 9 Experimental results: (a) FBG peak wavelength shift process of the sensor in one of the repeated experiments with the water
injection volumes of 0 mL, 0.5mL, 1mL, 1.5mL, 2mL, and 2.5mL, respectively; (b) FBG peak wavelength of the sensor with the
pork under various water injection rates (red dots and line: the FBG peak wavelength is measured when the water injection volume is
OmL, 0.5mL, 1mL, 1.5mL, 2mL, and 2.5mL, respectively, which reveals the corresponding relationship between the sensor FBG
peak and water injection rates into the pork; blue dots and line: they are simulated data obtained through the following model
established using the finite element software, which is used for comparison with experimental data; (c) time response characteristics of

the sensor measured in the experiment.
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4.3 Eliminate environmental

interference

temperature

FBGs are sensitive not only to the temperature of
the fiber itself, but also to the ambient temperature.
Changes in environmental temperature can also cause
the drift in the grating peak, which may interfere with
Although the

temperature in the laboratory remains relatively

the detection results. ambient
constant, environmental temperature interference
cannot be completely ignored during practical
measurements. It can be challenging to maintain a
consistent ~ ambient  temperature.  Therefore,
eliminating environmental temperature interference
is a key issue that needs to be studied. This factor
determines whether the sensor can be applied
practically.

In previous research in related fields, Sun et al.
[32] have proposed temperature compensation
schemes by serializing a doped FBG front-end with a
single-mode FBG. By using this method, we had
improved our sensor probe. The doped optical fiber
FBG part was completely embedded within the pork,
while the single-mode FBG part was positioned on
the surface of the pork to calibrate temperature,
thereby achieving temperature compensation.

During the experiment, it was observed that the
peak wavelength of the single-mode FBG increased
from 1532.875nm at 23min to 1532.882nm at
44min during the fastest heating period, as shown in
Fig.10. Based on the earlier measurement of
temperature sensitivity, it could be estimated that
there was an increase of approximately 0.6648 C,
with an average temperature rise of about
0.0317 C/min. The increase caused a wavelength
drift of less than 0.00033nm, which was lower than
the resolution of the OSA, which was 0.001 nm. It
could generally be believed that within 1min of
heating, the impact of ambient temperature could be

disregarded.
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Fig. 10 Peak wavelength drift of the FBG in the single-mode
fiber serves as a reference during the experimental process.

5. Analysis

In the simulation, assuming a pork mass of 66.7 g,
an initial water content of 70%, and uniform
absorption of injected water throughout the pork, the
water injection is converted into the pork’s water
content. Simultaneously, the temperature response
characteristic of the sensor is utilized to convert the
temperature into the peak wavelength of the FBG.
This enables the establishment of a correlation
between the drift in FBG peak wavelength of the
sensor and the variation in the water content of pork,
as depicted in Fig.11. Through curve fitting, the

relationship formula is obtained as follows:
w

— T139.443 87
Ao =2.535 T2 +1542.010 64.  (6)
m  FBG peak wavelength
1543.5464 —— Exponential fit
B 1543544
&
=
o 1543.542
=]
2L
o
2 1543.540-
B
~
S 1543.538
[=9
Q0
2 1543536
1=2.535 72exp(-x/139.443 87)+1 542.010 64
15435344 R=1

700 702 704 706 70.8 71.0 712
Moisture content of pork (%)
Fig. 11 Practical application model of sensors. In theory, the

moisture content of the pork can be measured by the wavelength
drift of the FBG sensor.
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In this formula, A

simulation

is the peak wavelength
of the simulated sensor FBG, and the unit is nm; W is
the water content of the pork, and the unit is %.
Equation (7) is obtained by differentiating (6):
e 253572 v )
139.443 87

In the experiment, the high-resolution OSA used
had the resolution of 0.001nm. When the water
content of the pork was W=70%, the sensor was able
to detect the minimum change in the water content
of the pork using (7), with a sensitivity of
dW=0.090847%.

Comparing experimental and simulation data as
shown in Fig.9(b), it was found that the peak drift of
the sensor during the experiment was significantly
greater than that predicted by the simulation when
injected water ranged from OmL to 1.0mL. However,
after injecting 1.0mL of water, the drift of the FBG
peak wavelength was negligible. The analysis
suggested that the distribution of water in the pork
was not uniform due to factors such as gravity and
diffusion, when the water injection position was
fixed above the sensor during the experiment. As the
sensor was closer to the water injection point, the
nearby pork had a relatively higher water absorption
rate. Therefore, the sensor detected a higher water
content, causing a significant shift in the FBG peak
wavelength. After injecting 1.0mL of water, it
became evident that the water content of the pork
near the sensor had reached saturation, and the FBG
peak wavelength of the sensor was no longer drifting.
This method of fixed point and quantitative water
injection had the disadvantage of uneven moisture
absorption in different parts of the pork sample. But
the design of this experiment could verify the
sensor’s ability to detect the moisture content of the
pork. Assuming that the water content of the pork
near the sensor reached saturation after injecting
1.0mL of water, the peak wavelength of the FBG was
1543.52909nm. According to (6), the saturated
water content of the pork injected with water was
approximately 71.505%.
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In practice, the moisture content of the injected
pork sold in the market is relatively uniform,
resulting in consistent detection results that align
with the theoretical model.

6. Conclusions

This work proposed a sensor for detecting the
meat moisture content, which was based on the
photothermal effect of the Er/Yb fiber and the
principle of the FBG. It could quantitatively detect
the moisture content of the pork after a brief period of
heating with pump light. The sensor had the response
time of 15s and could detect changes in the pork
moisture content with a sensitivity of 0.090 847%.

The meat moisture content detection sensor
proposed in this work had a relatively simple
production process and low cost. It could achieve
in-situ, rapid, and quantitative detection of the
water-injected meat. It is expected to present a novel
approach for the swift detection of the water-injected
meat.

In the future, portability can be enhanced by
researching techniques for integrating on-chip light
sources and light detection units. In addition, the
water content of the meat varies among different
types and cuts, and it is necessary to establish a
control group for calibration during the actual testing
process. This work only conducted experiments on
one type and one part of the pork, and established a
mathematical model based on this. Subsequent
research can be expanded to cover various types of
meat, and corresponding mathematical models can be
developed for each type. This will enable the
calibration of reference groups during the actual
detection process.
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