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Abstract

The objective of this study is to design a temperature measurement system
based on a non-contact method using a sensor camera from a webcam. The
material being measured is nickel wire given an electrical current of

4.5 A-6.5 A with an interval of 0.5 A. The temperature measurement is based
upon the measurement of the average pixel value distribution of infrared (IR)
electromagnetic waves emitted by the measured material, i.e.: the nickel wire.
The IR waves are passed through a diffraction grating and then captured by
the sensor camera consisting of red, green, and blue layers. Calculation of
the temperature is conducted by way of Planckian distribution as a model

for the average pixel value distribution in the IR regions producing Wien’s
displacement law. Results show that the IR wavelength at maximum average
pixel value shifts to a shorter wavelength as the nickel wire is heated in
accordance with Wien’s displacement law. Moreover, the Wien’s constant is
recovered for the temperature calculation of the red and green layers, which
shows the best model for the non-contact measurement system. However,

the temperature measurement still contains a systematic error that shifts the
calculated temperature in contrast to the true temperature. This systematic
error may be reduced by adjusting the measurement system set-up.
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1. Introduction

In the past two decades, the industrial world has
developed a new method of temperature measure-
ment by processing thermal images from infra-
red (IR) radiation [1]. This method is often also
referred to as thermography [2]. The application
of this method is conducted widely in scientific
research and industry as a novel non-destructive
testing [3], monitoring [2—4], and gas type test-
ing [5] method. Non-contact thermal imaging has
the ability of remote measurement without direct
contact with the object being measured, e.g.
measuring the depth of a thick oil spill [6] and
breathing rate [7]. Thermal imaging may replace
conventional thermometer in the temperature
measurement of a material.

Digital cameras [8] are always equipped with
sensors built from semiconductor materials that
are sensitive to certain wavelengths of photons.
Sensors built with silicon material will be sensi-
tive to photons with wavelengths below 1.1 pm,
which includes visible light at wavelengths of 0.4
pm to 0.8 pm. Therefore, every digital camera is
equipped with filters that pass only visible light
wavelengths. Basically, every digital camera can
be used as a near infrared (NIR) sensor by remov-
ing the filter that passes only visible light and
installing filters that pass only infrared.

Planck’s black-body law [9, 10] states that
each distribution curve (representing a certain
temperature, 7) has a maximum value at a cer-
tain wavelength (Amax). Subsequently, Wien’s
displacement law states that the relationship
between A\pnax and T results in a constant called
the Wien’s constant. The aforementioned rela-
tionship between Ay,ax and T can be derived from
the equation of the intensity distribution of the
Planckian distribution. Planck states the intensity
equation for the black body radiation as:

Iy — Cl)\is
b 7[6% - 1] (1)

where C; and C, are constant parameters. If
equation (1) is differentiated with respect to

the wavelength, A, set to be equal to zero, i.e.:

dé% = 0, then the value of A\, T is always con-

stant or Apeak I’ = b with b equal to 2.898 x 10°
nmK. This value of b is known as Wien’s constant.
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Thermal image processing makes use of
NIR radiation so that anyone can make their own
thermal camera using an ordinary digital camera
by removing the IR filter and installing a visible
light filter. Image processing captured by the digi-
tal camera that functions as an IR camera can be
done based on the Planckian distribution. The
purpose of the present study is to design a thermal
camera for temperature measurement in a non-
contact manner based on the Planckian distribu-
tion and subsequently the Wien’s displacement
law in the IR regions. Hence, this measurement
system can be an excellent school project for sen-
ior high school students or a final year project for
undergraduate students.

2. Method

The study is experimental research carried out
to determine the wavelengths at peak intensities
(Amax) induced by changes in the electrical cur-
rent () subjected upon a nickel wire such that the
nickel wire is heated. The data obtained are then
plotted to determine the temperature (7) of the
heated nickel wire based on Planckian-like dis-
tribution, especially in the near infra-red (NIR)
region.

The heated material being observed is the
nickel wire, which is made in the form of a
solenoid with 17 coils each of which is 9mm in
diameter. The wire is then electrified on a direct
current (DC) such that heat is produced. The
heat arises from the wire while emitting electro-
magnetic waves. The current is varied in a range
between 4.5 A and 6.5 A with an interval of 0.5
A.

The radiation of the electromagnetic waves
emitted by the wire is observed using a web cam-
era (webcam) for each variation of the current.
The webcam is equipped with a thin filter sensor
on the surface of the pixel that serves to draw up
the colour of the object so that the image from the
webcam consists of three layers, i.e.: red, green,
and blue (RGB). The sensor is a camera sensor
with an array size of 1280x720. The size of this
array shows that the camera sensor has a length of
1280 pixels and a width of 720 pixels. Moreover,
before being received by the webcam, the electro-
magnetic waves are passed through a diffraction
grating.
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Figure 1. Illustration of the device arrangement (a), side view of the device (b), the power supply (c), the webcam
and diffraction grating from side view (d) and top view (e).

A graphical illustration of the experiment
setting is provided in figure 1(a). The experiment
is carried out in the following steps: (i) placing
the nickel coils in an (light-tight) enclosed box to
avoid noise on the webcam sensor (figure 1(b)),
(ii) connecting the nickel wire to a power supply
as the electrical source (figure 1(b)), (iii) placing
two collimators in front of the nickel coils (figure
1(b)), (iv) placing a diffraction grating outside
the box in front of the collimator (figure 1(d)),
(v) placing the webcam outside of the box par-
allel exactly in front of the grating (figure 1(c)),
(v) turning ON the power supply connected to the
nickel wire such that the nickel wire is heated,
(vi) the spectral emitted by the heated nickel wire
are captured and observed by the webcam, and
(vii) analyzing the IR spectral from the webcam
to determine the temperature of the heated nickel
wire. The tools used in this study must be sterile
from vibrations so that the position of each tool
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does not change relative to each other. The dif-
fraction grating used is a grid with 600 lines per
mm. Hence, the width of the gap in the grating
is 1.67 micrometers. Finally, the distance of the
webcam from the grating is 6.7 mm.

The camera sensor is so placed that the cen-
tre and first bright diffraction patterns can be cap-
tured by the sensor. The pattern is then analyzed
to determine the maximum wavelength at each
value of the current flowing in the nickel wire.
Determining the maximum wavelength value is
done by taking the pixel value data on the first
bright pattern and then plotting it according to the
wavelength. This data can be used to determine
the temperature of the heated nickel wire.

The analysis to obtain the distribution of the
IR spectral from the webcam may be explained
as follows. The index of the centre bright pixel is
determined from the midpoint of the pixel index
range with the largest pixel value. The first order
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bright pattern, ¢, is determined from a range of
indices observed from the pixel pattern forming a
band. The distance of the centre and the first order
bright patterns, P, is determined by the difference
between the centre and first-order bright pixel
indices (in pixel units), stated mathematically as
P = |t, — t;|. In this study, the pixel index with a
length of 1280 is used as a ‘ruler bar’ to measure
P in order to calculate the wavelength produced
by the wire. The central bright pattern in this
study is located in the pixel with an index of 1139,
whereas the first-order bright pattern is located in
the pixels with a range of indices from 80 to 500.
However, the unit of the wavelength obtained is
still in pixels and needs to be converted into nano-
metre (nm). To change the pixel unit into nm, P
must be multiplied by the pixel width, J,, in nm.
The pixel width in nm is determined by the width
of the sensor, d;, divided by the number of pix-
els, k, or it can be stated as o, = J; /k. Hence, the
value of P in nm, that is P, can be determined via
P, = P§,. Converting the length of 1280 pixels
into meters is done by measuring the length of
the sensor using a calliper, resulting in a length of
one-pixel equivalent to 4687.5 nm.

The wavelength range is determined using
the equation

nA =dsinb, )
with
Py
sin = ——, (3)
(P2 +L12)?

with n = 1 (first-order bright pattern), such that
Py

AN=d —"
(P2 +12)}

“4)

Using this equation, the wavelength of the
pixel range of 80 to 500 is 680.2nm to 992.2nm.
Pixel value data obtained from the image cap-
tured by the camera sensor are summed and then
divided by the number of the data available to
obtain the average pixel values. The average pixel
values are then plotted on a graph to determine
the distribution pattern of the infrared intensity as
a function of the wavelength.

In order to determine the temperature of the
nickel wire, we propose that the aforementioned
IR pixel distribution is in accordance with a
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Planckian-like black body distribution. The rea-
son is that the infrared radiation emitted by nickel
wire is a thermally induced radiation, such that its
pixel distribution should be similar to that of the
black-body distribution, although the nickel wire
itself may not be an ideal black-body. Hence, the
pixel distribution can be stated in A following
equation (1) where C; and C, may be determined
by fitting the pixel distribution data with equa-
tion (1). However, in this case, these parameters
are not explicitly calculated. Furthermore, the
Wien’s displacement law is also obtained as given
above. As in the black-body, the Wien’ displace-
ment law should not depend upon the shape or
material of the radiator [11], but certainly depends
upon the measuring device used. The Wien’s dis-
placement law is the main relation for the non-
contact temperature measurement system, i.e.:
measuring the Apax Of the material produces its
temperature, 7, with b being the Wien’s constant
and can be written as

AmaxT = b. (5)

Hence, in order to apply the equation, the
constant b must be determined from the meas-
urement process. In this case, b is determined by
comparing the Ap,x obtained from the webcam
measurement with the true temperature obtained
from a contact temperature measurement via
a thermocouple. Once b is obtained, then the
Wien’s displacement law can be used to deter-
mine the temperature of any (heated) material
using this specific measurement system.

The temperature measurement using a ther-
mocouple may be given as follows. First, the
thermocouple is calibrated using a furnace. This
is conducted by placing the thermocouple inside
the furnace. Then, the temperature of the furnace
is set. For each value of the furnace temperature,
the voltage of the thermocouple is measured.
Hence, a graph between the temperature and
voltage (T versus V) can be produced. In order to
measure the temperature of the nickel wire, the
thermocouple is placed inside the nickel coil. As
the nickel wire is heated, the thermocouple pro-
duces a voltage, which then can be compared to
the T versus V graph obtained. Finally, using the
Amax data from the non-contact (webcam) meas-
urement and 7 from the contact (thermocouple)
measurement, the constant K may be measured.

Phys. Educ. 55 (2020) 025017
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Figure 2. Images of the IR spectral captured by the webcam with 4.5 A (a), 5.0 A (b), 5.5 A (c), 6.0 A (d), and 6.5

A (e) of the electrical current given to the nickel wire.

3. Results and discussion

The diffraction patterns of the electromagnetic
waves emitted by the hot wire are captured by the
webcam, especially in the IR spectral range. The
images which are captured by the webcam sensor
are stored as RGB images in a jpg. format. These
images may be observed in figure 2 with various
electrical current values.

Figure 2 shows the diffraction patterns of
the electromagnetic waves emitted by the heated
nickel wire. It can be observed from the images
that the centre bright pattern is located on the right
side of each of the image given by the dark area as
indicated by the arrow. This pattern becomes dark
because it is intentionally covered to manually
control the automatic gain control (AGC) so that
it appears to resemble a solar eclipse in that it may
not out-bright the first-order bright pattern. The
first-order bright pattern is located on the left side
of each image as indicated by the yellow arrow.
Furthermore, it may be observed that, as electrical
current is increased, the image becomes brighter.

Figure 3 present the results of the data plot-
ting that have been processed. These are graphs of
the average pixel values as functions of the pixel
positions (left) and wavelengths (right) for red
(a), green (b), and blue (c) layers, respectively.
The average pixel values versus the wavelengths
(right) graphs are obtained by converting the pixel
positions to wavelengths as explained above.
The range of the wavelength obtained is in the
range of the visible to the NIR spectral, i.e.: from
600nm to 1000nm. The RGB layers show simi-
lar behaviour for the distribution of the average
pixel values, that is starting from wavelengths of
around 1000 nm the average pixel values increase
and until a certain wavelength the average pixel
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values reach a peak (maximum value), and then
decreases as the wavelengths become shorter. It
may also be observed that the peak of each dis-
tribution tends to shift to the left (lower wave-
lengths) as the electrical current is increased
(figure 3-right). This result is as expected: as
the electrical current is increased, the higher
the temperature and the brighter the nickel wire
becomes as observed in figure 2, which means
that the wavelengths at the maximum intensity
of the average pixel values should shift to shorter
wavelengths [12, 13]. It may also be observed
that, as the electrical current is increased, the
temperature increases, and the distribution tends
to shift upward (higher average pixel values). The
behaviours illustrated in the graphs are similar to
those of the intensity distribution for the black-
body [14]. However, in reality, no object behaves
like an ideal black-body, including the nickel coil.
It is not a perfect black-body although the radia-
tion produced here is thermally induced [15].
Therefore, a Planckian distribution is proposed
as given by equation (1) for the distributions in
figure 3 in terms of C; and C,. Consequently, the
Wien’s displacement law may be obtained but
with constant b depending upon the device used
to measure the pixel values. Hence, the latter is
used as the basis of the non-contact temperature
measurement using a webcam in the IR regions.
The wavelength at the maximum average
pixel value for each electrical current and RGB
layers may be observed in table 1. For the electri-
cal current variation from 4.5 A to 6.5 A, the wave-
lengths at the maximum average pixel values are
840.0nm to 811.7nm, 853.4nm to 815.6 nm, and
842.2nm to 817.1 nm for the RGB layers, respec-
tively. These wavelength values are clearly in the
NIR regions. Furthermore, it is confirmed that, as

Phys. Educ. 55 (2020) 025017



Saparullah et al

(@) o

—45A
———50A
—S5A
——E0A
6,5 A

5 & 8 8

)

Pixds average vake
8B B B

arveeagn of pixel value

Wanelength (vm)

650 700 750 a0 850 500 950 1000 1050

160

140
_“5‘/“'\
—S0A

pecel position
(b) %0 v v - v v v v %0 —r— Y
§* _A- 3
s —
g —S0A T “5:
—55A a 0
s — G0 A 3 SSA
3 —5A —=60A
& =} J — 5 A
- |
e v e S
Weslmghemd 0 s 100 150 200 250 300 30 400 4% 0
pocel positen
(C) 250 T T T T T T T 250,
200} A 200}
3 3
S 150H =———2s5a 5 ol 454
? — 0 A £ —:nz:
$ —D55A b7 _G:OA
§ woff —eon § ol —us
== il —
j /\\. so;___//—-\\
L "0 S0 100 150 200 250 300 350 400 450 500

Wanelength (nm)

650 700 750 a0 50 200 S50 1000 1050

pixel position

Figure 3. The distribution curves of the average pixel value as a function of the wavelength for the red (a), green

(b), and blue (c) layers.

the current is increased, the values of these wave-
lengths decrease (to lower values).

On the other hand, the current flowing
through the wire is converted into temperature
measured using a thermocouple. This is done to
compare the results of the above measurement
with the contact temperature measurement in
order to establish the non-contact measurement
system. The calibration of the thermocouple,
which is placed inside the furnace, produces a
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linear relation between the furnace temperature
and the thermocouple voltage as given in figure 4.
The voltage measurement of the thermocouple is
done by positioning the thermocouple inside the
nickel wire, and once the voltage is obtained it
is converted into temperature using figure 4. The
results of the voltage of the heated nickel wire and
the temperature produced for each electrical cur-
rent variation may be observed in table 1, espe-
cially columns 4, 8, and 9. It can be seen that, as

Phys. Educ. 55 (2020) 025017
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Table 1. The comparison between the wavelength at the maximum average pixel value and the temperature

(thermocouple) as a function of the current.

Wavelength at maximum Temperature from

average pixel value (nm) thermocouple
Thermocouple Green Blue

No. Current (A) 1/A voltage (mV) Red layer layer layer °O) (K)
1 4.5 0.22 12.7 840.0 853.4 842.2 379.5 652.5
2 5 0.2 14.1 837.0 830.9 836.2 407.7 680.7
3 5.5 0.18 15.9 815.6 820.2 828.6 444.0 717.0
4 6 0.17 17.9 815.6 820.2 824.0 484.3 757.3
5 6.5 0.15 21.1 811.7 815.6 817.1 548.7 821.7

(b) 900

y=0.05x—6.14
R?=0.999

Voltage (mV)
Temperature (K)

T T T
300 400 600

Temperature (°C)

. R2=0.69562 _ __ - Wi
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- = =~ Linear (green layer)
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1/maximum wavelength (1/nm)

0.001245

Figure 4. The calibration results of the furnace temperature with the voltage of the thermocouple (a) and the
graph of the temperature 7 versus 1/\ax Obtained from from the data of table 1 (b).

the current is increased, the thermocouple voltage
increases as well; hence, the temperature of the
nickel wire increases.

To establish a relationship between the wave-
length at maximum average pixel values (table
1: columns 5, 6, and 7) and the thermocouple
temperatures (columns 8 and 9) as the basis for the
non-contact temperature measurement system,
the Wien’s displacement law is utilized. The con-
stant b is perceived that satisfies the relationship
between Ana.x and T based on results obtained in
table 1. This constant can be determined by plot-
ting 7T (in Kelvin) as a function of 1/ .5 (in 1/
nm) from table 1, which should produce a straight
line given in figure 4(b). Subsequently, the gradi-
ent of the line is b. Figure 4(b) shows the results
of plotting T versus 1/A\p,.x for the RGB layers.
Based on figure 4(b), the constant b for the red
and green layers is 3 x 10° nmK, whereas, for
the blue layer, it is 5 x 10% nmK. Comparing the
aforementioned b results with the Wien’s constant
0f 2.897 x 10° nmK [16], it may be observed that
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the b for the red and green layers produces a good
agreement with the Wien’s constant, whereas, for
the blue layer, it is almost twice of the Wien’s con-
stant. The red and green layers produce consistent
results with Wien’s displacement law because
these colour layers are closer to the IR spectrum
compared to the blue layer, hence more sensitive
in capturing the IR electromagnetic waves. On the
other hand, the blue layer produces the best fit as
the value of the R2, viz. 0.97; it is closest to 1.00,
compared to the red and blue lines.

The linear fit in figure 4 for all layers pro-
duces an additional term C3, such that the formula
becomes

1
T:K()\ )+C3, (6)

which does not exactly correspond to equa-
tion (5). This discrepancy may be remedied by
moving C; to the LHS of equation (6) and denot-
ing T — Cj; as the colour temperature [17-19] or
T., equation (5) becomes

Phys. Educ. 55 (2020) 025017
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1 ) )

n=k (5

which is now in accordance with the Wien’s
displacement law of equation (5). Now, equa-
tion (7) indicates that 7¢ in equation (7), which
satisfies the Wien’s displacement law is not the
true temperature of the material being measured.
Moreover, the true temperature (7) is obtained
by calculating 7. from the Wien’s displacement
law of equation (7) and then subtracting 7, by the
value of Cs. In error analysis [20], the fact that
T. is not the true temperature shows that C3 is a
systematic error in this non-contact measuring
system. This can be explained as the tools of the
measuring system are built partially which pro-
duce imprecision in the measurement. Hence,
the value of C3 may be reduced by the following
ways, e.g.: applying a better position setting of
the object, collimator and the diffraction grating
of the non-contact measuring system and making
sure that the components of the measuring system
do not vibrate or displaced when the measure-
ment is conducted. It is also important to always
positioned the sensor (webcam) such that it only
captures one side of the diffraction pattern as the
pixel length is limited (see the left-most part of
figure 1(a)).

4. Conclusion

The design of the non-contact temperature mea-
surement system is built using a webcam camera
as a heat sensor that captures the diffraction pat-
tern of electromagnetic waves (from the observed
material) passed through the diffraction grating.
Before passing through the grating, the electro-
magnetic wave is first passed through the col-
limator to produce a parallel wave beam. The
webcam captures the average pixel value dis-
tribution, which results in the wavelength at the
maximum average pixel value to shift to a shorter
wavelength as the current given to the nickel wire
is increased. Based on the Planckian distribution
of the average pixel values, the Wien’s constant
is recovered for the red and green layers, which
is the best model to be used as the basis for this
temperature measurement system. The systematic
error that is contained in 7, may be reduced by
better arrangement of the measurement system
set-up. Further observation in order to reduce the
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aforementioned systematic error includes (i) set-
ting the camera sensor without the AGC feature
so that the intensity received by the sensor does
not experience electronic gain; (ii) providing
more precision to the device concerning the sen-
sor, diffraction grating, and collimator; and (iii)
building a prototype in a box that cannot pass IR
radiation in order to prevent noise from outside
the device.
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