& frontiers | Frontiers in Physics

ORIGINAL RESEARCH
published: 26 May 2022
doi: 10.3389/fphy.2022.893131

OPEN ACCESS

Edited by:

Andrei Nomerotski,

Brookhaven National Laboratory
(DOE), United States

Reviewed by:

Ramy Abdlaty,

McMaster University, Canada
Helmut Budzier,

Technical University Dresden,
Germany

*Correspondence:

Leizi Jiao

jiaolz@nercita.org.cn

These authors have contributed
equally to this work and share first
authorship

Specialty section:

This article was submitted to
Radiation Detectors and Imaging,
a section of the journal

Frontiers in Physics

Received: 10 March 2022
Accepted: 22 April 2022
Published: 26 May 2022

Citation:

Jiao F, Wang K, Shuang F, Dong D and
Jiao L (2022) A Smartphone-Based
Sensor With an Uncooled Infrared
Thermal Camera for Accurate
Temperature Measurement of

Pig Groups.

Front. Phys. 10:893131.

doi: 10.3389/fphy.2022.893131

®

Check for
updates

A Smartphone-Based Sensor With an
Uncooled Infrared Thermal Camera for
Accurate Temperature Measurement
of Pig Groups

Fu Jiao™?", Kun Wang®', Feng Shuang’, Daming Dong? and Leizi Jiao**

"Guangxi Key Laboratory of Intelligent Control and Maintenance of Power Equipment, Guangxi University, Nanning, China,
2National Research Center of Intelligent Equipment for Agriculture, Beijjing Academy of Agriculture and Forestry Sciences, Beijjing,
China, 3State Key Laboratory of Remote Sensing Science, Aerospace Information Research Institute, Chinese Academy of
Sciences, Beijing, China

Low-cost uncooled infrared thermal cameras show a large application potential for the
rapid diagnosis of pig diseases. However, with the increase in ambient temperature and
absorbing infrared radiation, almost all of them produce severe thermal drift and provide
poor accuracy of temperature measurement. In addition, the unknown surface emissivity
onapig’s body can also bring measuring errors. In this article, an uncooled infrared thermal
camera with an accuracy of 3°C was used to develop a smartphone-based sensor for
measuring the pig’s temperature. Based on this sensor, we proposed a system combined
with internal calibration for real-time compensation of the thermal drift and altering
spectrum for eliminating the influence of unknown surface emissivity to improve the
accuracy of temperature measurement. After calibration, the accuracy of this sensor
was improved from 3 to 0.3°C without knowing the emissivity. We used this sensor to
successfully identify pigs with abnormal temperatures on a livestock farm, which indicated
that our proposed methods may be widely employed for rapid temperature screening and
diagnosis of pig diseases.

Keywords: uncooled infrared thermal camera, temperature measurement accuracy, internal calibration, altering
spectrum, rapid diagnosis of pig disease

INTRODUCTION

Physiological abnormalities of pigs, such as fever, estrus, and skin rash, will lead to an abnormal
change in the body temperature [1-4]. This change will occur earlier than other visible symptoms [5].
Therefore, an accurate measurement of temperature is important for the rapid diagnosis of pigs’
physiological abnormalities [6-9]. At present, mercury-in-glass thermometers, ear tags, and infrared
point thermometers are commonly used to measure pigs’ body temperature. As a traditional method,
a mercury-in-glass thermometer is accurate and inexpensive but easy to cause stress response and
cross infection [10-13]. The ear tag allows continuous temperature measurements of pig groups.
However, erroneous or failed temperature measurements will occur when the ear tags are loose or
broken, owing to rubbing and gnawing between pigs [14, 15]. An infrared spot thermometer with
non-contact and fast characteristics can effectively avoid stress response and cross infection.
Nonetheless, its temperature measurement is easily affected by the local difference in the surface
emissivity of pigs [16, 17], and all of these methods only measure temperature at one focal point of
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the pig’s body. Hyperspectral imaging can also be used as a
reliable technique for the thermal measurement of biological
tissues due to disease or thermal ablation treatment and has
made some research progress [18, 19]. In the face of intensive
farming with high population densities and numbers, a method
that can quickly and accurately screen the pig’s temperature is
needed.

Infrared thermal imaging, as a new method for measuring
temperature, has the advantages of non-contact and imaging
measurement. These advantages make it possible to quickly
screen the temperature of pig groups without stress [20, 21].
Over the years, considering the cost and portability, miniaturized
low-cost uncooled infrared thermal cameras were used for
applied research in multiple fields [22-24]. Based on a variety
of uncooled infrared thermal cameras, researchers have identified
the lameness, fever, estrus, and other activities, according to the
temperature of pigs’ backs, eyes, ear bases, auricles, and noses
[25-29]. Although making a lot of progress, almost all of these
works focus on the correlation between the body surface
temperature and pig’s health. Little attention has been paid to
the temperature measurement accuracy of uncooled infrared
thermal cameras. In one study of a pig’s fever identification,
Siewert et al. evaluated the characteristics of an uncooled infrared
thermal camera used in their work and achieved a temperature
measurement accuracy of +2.0°C [30]. Traulsen et al. found that
there were different errors when using the same uncooled
infrared thermal camera to measure the temperature of the
pigs’ eyes, vulva, and ears [31]. Therefore, the accuracy of the
uncooled infrared thermal camera actually cannot meet the need
for an accurate measurement of the pig’s surface temperature.

The thermal drift of an uncooled infrared thermal camera and
the emissivity of an object are the two most influential factors of
temperature measurement accuracy [32, 33]. With the increase in
ambient temperature and absorbing infrared radiation, uncooled
infrared thermal cameras produce severe thermal drift [34]. This
is the main reason why almost all commercial uncooled infrared
cameras have poor accuracy (about + 3°C or even larger). In
addition, our study showed that the surface emissivity between
the different body parts of a pig is different [35]. The unknown
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emissivity also introduced measuring errors. Unfortunately, these
two effects cannot be corrected by manually setting thermal
camera parameters. Therefore, the external calibration system
must be used to compensate for the influence of these two factors.

To measure the body surface temperature of an animal, the
body surface emissivity must be known in advance, in the case of
the IR thermal temperature measurement. However, the body
surface emissivity of animals is affected by several factors, such as
different surface stains, and the true emissivity of the body surface
cannot be obtained. An altering spectrum system is a temperature
measurement method based on monochromatic emissivity,
which is unaffected by the difference in target emissivity and
is usually achieved using IR filters to obtain IR thermal images in
different wavelength bands [36, 37]. When measuring the
temperature of high-temperature objects, the influence of
surface emissivity on temperature measurement is usually
attenuated by the altering spectrum method, which provides a
reference. However, the applicability of this method for reducing
the effect of variations in the body surface emissivity of a living
animal at room temperature on the temperature measurement
accuracy requires additional verification.

In this article, we developed a smartphone-based sensor using
an uncooled infrared thermal camera with an accuracy of +3°C
for temperature measurement of pig groups on-site. To improve
the accuracy of this sensor, we proposed a system combined with
internal calibration and altering spectrum for real-time
compensation of the thermal drift and eliminating the
influence of unknown surface emissivity, respectively.

MATERIALS AND METHODS

Instruments and Materials

A schematic diagram of the sensor combined with the calibration
system is shown in Figure 1. An uncooled infrared thermal
camera (Therm-App, Opgal, Israel) with the response bands of
8-13 um has a temperature measurement accuracy of + 3°C. It
was connected with a smartphone by a USB OTG interface for
power supply and data transmission. The smartphone (Redmi
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FIGURE 1 | Schematic diagram of the smartphone-based sensor combined with the calibration system for accurate temperature measurement of pig groups.
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FIGURE 2| Photo of the measuring process of T, and T,, by our sensor.

Note 1, Xiaomi, China) running on an Android 4.4 system was
used to acquire infrared thermal image data from this camera. It
was also used to interact with the control board of the calibration
system to set the ceramic plate temperature and rotate the
infrared filter. The calibration system consists of three parts:
the internal calibration module, altering spectrum module, and
control board. APP software was developed on the smartphone
for acquisition, control, and measurement. The control board can
interact with the APP through Bluetooth communication and
measure the environmental temperature. In addition, a black-
body radiation source (Hyperion R-982, Isotech, Britain) was
used to fit the compensation model for the calibration system.
In the internal calibration module, a micro constant
temperature source is formed through a metal ceramics heater
and a thermistor for the real-time correction of thermal drifts.
The metal ceramic heater had an area of 15*10 mm? and was fixed
in the front of the infrared lens. Using heat-dissipating silica gel,
the thermistor adhered to one side of the metal ceramic heater
facing away from the infrared lens. A temperature control
accuracy of +0.1°C was obtained by adjusting the current of
the metal ceramic heater by using the control board, according to
the value of the thermistor. In order to minimize the impact on
the imaging function of the uncooled infrared thermal camera,
only a small area of the micro constant temperature source
entered the field of view of the infrared lens. The micro
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TABLE 1 | T, values obtained based on Eq. 1 using the black-body source.

T, (°C) Ta (°C)
20< T, <28 -1.6
28< T, <31 -0.5
31< T, <33 0.6
33< T, <35 1.2
35< T, <38 2.0
38< T, <40 2.8
40< T, <45 3.5

constant temperature source was set to 30°C during the whole
calibration process.

In the altering spectrum model, an infrared band pass filter
with a diameter of 254 mm (Spectrogon, Taby, Sweden) was
placed between the micro constant temperature source and the
infrared lens. It has a pass band frequency of 9.48-10.093 um and
was fixed on a motor. The motor was driven by the control board
and could be rotated freely. Therefore, infrared radiation in two
different spectral bands could be obtained by moving in and out
of the field of view of the infrared lens. It was used to verify the
feasibility of the altering spectrum module for reducing the
influence of the pig’s body surface emissivity on temperature
measurement accuracy.

Principle of Internal Calibration

Commercial uncooled infrared thermal cameras have a non-
uniform correction model to ensure the response uniformity
of all pixels of the detector [32, 33]. This provides us with a
possibility to compensate the thermal drift of the detector by the
calibration model of partial pixels. In our system of internal
calibration, we assumed that the correction formula is defined as
follows:

To=Tr+(Tw—T,)+Ta. (1)

Here, T, is the true temperature of the object, Tx is the
measured radiation temperature of the object by this sensor,
T, is the true temperature of the metal ceramic heater, and T;n is
the measured temperature of the metal ceramic heater. As the
temperature of the object changes, the errors caused by the
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FIGURE 3| Measured temperature of the black-body source changed with time by using our sensor: (A) before calibration and (B) after calibration by providing the

internal calibration method. Reducing emissivity effect by the altering spectrum.
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FIGURE 4 | Fitting curve of Eq. 8 using the data by our sensor.

temperature drift response between the true and measured
temperature may not remain constant. This difference in
errors is expressed by T;. When we set a different true
temperature (T,) of a black-body radiation source, T; and T’m
can be obtained by our sensor. T}, is also known. Therefore, T4
can be calculated by the data fitting process.

Principle of the Altering Spectrum

In the direct measurement of temperature, because the
temperature and emissivity of the object are unknown, the
emissivity must be measured before the temperature of the
object can be calculated [14]. However, in the face of local
differences among emissivity of pigskin, this direct method
does not accurately detect temperature. The altering spectrum
can simultaneously calculate the emissivity and true temperature
of an object by obtaining the radiation temperature based on the
infrared thermal camera in both spectral bands
(AAy and AM,)[38]. It can be expressed as follows [39]:

Smartphone Thermal Sensors’ Accurate Thermometry

T =eT,™ + (1-eT", ()
T =T, + (1 - s)TZZ. (3)

Here, ¢ is the emissivity of object, n; and », are the power
indexes in Ay and AM,. T, (the measured radiation temperature
of the object in AL), Tg, (the measured radiation temperature of
the object in A);), and T, (environmental temperature) can be
detected by our sensor. In the bands of 8-13 um (AA;, response
bands of infrared cameras used in our sensor), n; = 3.9889(40].
Therefore, once n, corresponding to the infrared filter with the
bands 0f 9.48-10.093 um (AA,, bands of infrared filter used in our
sensor) is obtained, the emissivity and (¢) and true temperature
(T,) of the object can be calculated by Egs 2, 3.

According to Planck’s radiation law, the measured thermal
radiation of the object by an infrared thermal camera is defined as
follows:

_ [ RC[exp( E2) 1]
I (TO) = _[AARALbA (To)d/\ = JAARA - A [exp(AT(J) 1] da.
4)

Here, Ly (T,) is the spectral radiance of the object, R is the
spectral responsivity of the detector, and AA is the spectral range
of thermal radiation received by the camera. C; =
3.7418 x 1074 (W - cm?) and C, = 1.4388(cm - K) are the first
and second radiative constants, respectively. Since Rj is a
constant for the same thermal infrared camera, Eq. 4 can be
simplified as follows [40]:

Ix(T,) = jMLM (T,)d) = CT". 5)

Here, C and n are variables that change with the spectral bands
of infrared radiation received by the infrared thermal camera.
When the spectral bands are AA; and AA, respectively, we can
obtain the equation as follows:

Ix, (T,) = C,T}, (6)
I, (T,) = C2T22~ (7)

‘Without Filter

‘With Filter

FIGURE 5 | Calibration result graph of the altering spectrum system. (A) Infrared thermal image of the paper before and after the addition of the filter. (B) True
temperature of the paper, the temperature measured using the infrared detector, and the temperature measured using the altering spectrum system.
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infectious disease.

FIGURE 6 | Actual detection results. (A,B): Infrared thermal images of the pigs suspected to be infected. (A) Actual detection process in the piggery. (B) Infrared
thermal image of a suspected febrile pig. (C) Actual detection picture of the pigs where infectious diseases are frequent. (D) Infrared thermal image of a pig with an

Body surface
temperature
as high as
35.6°C

Infected areas
easily observed|

By the ratio of Eqs 6, 7, we obtain:

CZIRl (TO) -
B 8
CIIRZ (To) ° ( )

Ig, (To) !
We define 12 = Ir (To), % = C',and n; — ny = n'; then, Eq.
8 can be expressed as follows:

I,(T,) =C'T". )

Through measuring the infrared radiation corresponding to
the different temperatures of the black-body source by our sensor,
np can be obtained based on Eq. 8 or Eq. 9. On this basis, we can
measure the true temperature of an object with unknown
emissivity by our sensor based on Eq. 2 and Eq. 3.

RESULTS AND DISCUSSION

Improving the Accuracy by the Internal
Calibration

Considering the actual needs of a pig’s temperature measurement,
we set the object (black-body source) at different temperature values
in the range of 25-45°C. Here, T, and T, are both given values; T:,
and T;n could be measured by our sensor (as shown in Figure 2).
Therefore, T, was fitted in the range of 25-45°C based on Eq. 1, as
shown in Table 1. It does not keep a constant and changes with the
true temperature of the object.

Before using our internal calibration model (Figure 3A), we
obtained the measured temperature of the black-body source with
the true temperatures of 28, 32, 36, 40, and 44°C (Figure 3A). The
measured temperature of the black-body source attenuates with
time. The absolute errors between the measured and true
temperature at different setting values were different but
maintained a similar variation trend. In the range 35-42°C, we
observed that the absolute errors were more than 2°C in 80s.
Therefore, the uncooled infrared thermal cameras used in our
sensor could not accurately measure the pig’s temperature
without calibration. When our internal calibration module
worked, our sensor re-measured the previous true temperature
of the black-body source by using different T', values. The curves
are shown in Figure 3B. Compared with the results in Figure 3A,
the measured temperature after calibration was almost equal to
the true temperature of the black-body source. Moreover, the
maximum error between measured and true temperature was
only 0.4°C. These results indicated that the proposed internal
calibration method could effectively correct the thermal drift of
uncooled infrared thermal cameras.

In order to obtain the value of 1, the temperature of the black-
body source was set from 20 to 50°C with an increment of 2°C. Eq.
9 could be fitted by the data acquired by our sensor when the
infrared filter moved in and out of the field of view of the infrared
lens (Figure 4). Here, we observed n' =0.0873; thus,
ny =n; —n' = 3.0916. According to Egs 2, 3, our sensor could
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measure the true temperature of the object with unknown
emissivity.

To verify the reliability of the altering spectrum for improving
the accuracy of temperature measurement, we used white paper as
a test object. The paper was tightly placed on a heated platform
with a temperature-controlled system. At this point, the
temperature of the platform was the true temperature of the
paper. Figure 5A shows the thermal images before and after
the addition of the filter. The thermal images were relatively
clear and showed a high quality when no filter was added,
whereas the imaging quality deteriorated after the addition of
the filter. This change is attributed to the decrease in the IR
radiation received from the detector. Subsequently, the
temperatures of the temperature control platform were set to
30, 40, 50, 60, 70, and 80°C. After the temperature of the paper
was stabilized, the measurements were taken separately. Figure 5B
shows the variation between the true temperatures of the paper, the
temperature measured using the IR detector, and the temperature
measured using the altering spectrum system before and after the
addition of the filter. Apparently, the temperature measured
directly through the IR detector deviates from the true
temperature by receiving the influence of the emissivity of the
paper surface. Using the temperature of the paper obtained using
the altering spectrum temperature measurement system is highly
consistent with the true temperature, with a maximum error of
only 0.3°C. Thus, the altering spectrum system can effectively
eliminate the effect of unknown emissivity and improve the
temperature measurement accuracy of the system.

Application

We used our sensor to conduct a random body surface
temperature screening of normal pigs housed in 12 rooms (6
pigs in each room) on the farm. As shown in Figure 6A, a staff
used our sensor to screen the body temperature of pig groups on-
site. The thermal image (Figure 6B) showed that the abdomen’s
temperature of one pig was higher than that of others, which
indicated that the pig might be febrile. After identifying
artificially, the rectal temperature of the pig was up to 41°C,
with the possibility of fever.

In addition, one thermal image was obtained from a pig hen
where an infectious skin disease was prevalent (The sick pig was kept
in a separate room from another pig with the same skin disease), and
visible images and visual observation could not be distinguished
between infected and uninfected pigs (Figure 6C). However, when
the proposed temperature measurement system was used for
detection, pigs with abnormal body surface temperatures were
clearly observed in the IR images (Figure 6D). Therefore, our
sensor could quickly and accurately screen the body surface
temperature of pig groups and isolate animals with abnormal
temperatures promptly, thereby effectively controlling the spread
of diseases in livestock and poultry houses.

CONCLUSION

In summary, we present a smartphone-based sensor with an
uncooled infrared thermal camera. We demonstrated that the

Smartphone Thermal Sensors’ Accurate Thermometry

internal calibration system designed around the infrared camera
can effectively suppress the temperature measurement errors
induced by the detector’s response drift. Moreover, the altering
spectrum temperature measurement system designed can achieve
high-precision, real-time temperature measurements when the
target emissivity is unknown. This facilitates the effective
elimination of temperature measurement errors induced by
surface emissivity. Furthermore, the robust and accurate
population temperature measurement capability of the system
is verified based on the measurements conducted on pig
populations in a piggery. The proposed system can be an
effective temperature screening tool and shows considerable
potential for application in animal population health control
and early disease prevention.
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