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A simple mirrorless plastic optical fiber displacement sensor was used to determine the concentration of paracetamol (PCM) in an
aqueous solution. Paracetamol concentrations between 5 and 45 ppm were tested by the proposed sensor. With a mirror, the
substantial sensitivity observed by an output power changed against displacement of 0.0403 mW/um for the front slope and
0.023 mW/pm for the back slope with linearities of more than 99%. On the other hand, nonmirror reflector showed a sensitivity
of 0.0006 mW/um for the front slope and 0.0002 mW/um for the back slope for the case of a red reflector and a sensitivity of
0.0007 mW/pm and 0.0003 mW/um for the front and the back slope, respectively, for the case of a white reflector. The sensor
sensitivity for the red and white coloured papers, which were used as the nonmirror reflectors and the mirror reflector itself against
changing PCM concentrations, was 0.0004 mW/ppm, 0.0008 mW/ppm, and 0.02 mW/ppm, respectively. The experimental results
indicated that the sensor was not only able to detect and measure the concentration of PCM in aqueous solutions but was also very
stable with the additional advantages of a cost-effective and practical design that is highly beneficial for real-world sensing applications.

1. Introduction antipyretic and anodyne pharmaceutical drugs in the world

[1]. The applications of PCM are numerous, ranging from
Acetaminophen, or more typically known as paracetamol  being used to help treat fevers to reducing coughing, chills,
(PCM), is one of the most commonly used and important ~ backache, sore muscles, toothache, severe pain, and even
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migraines [2-4]. At medicinal doses, PCM is very safe and
has no dangerous repercussions [5]. However, an overdose
of PCM can lead to toxic metabolite accumulation that could
cause severe consequences and side effects such as kidney
and liver damage [6]. By itself, PCM typically does not pose
any side effects to the consumers except for those who may
have developed hypersensitivity or drug overdose which
could result in nephrotoxicity, hepatotoxicity, or even renal
failure due to the formation of toxic metabolites [7, 8]. While
the chances of such side-effects are minor, they cannot be dis-
regarded; to date, there have been more than 100,000 emer-
gency phone calls, 56,000 emergency room visits, 2,600
hospitalisations, and 458 deaths related to acute liver failures
due to PCM over dose per year in the US alone. This brings
about a startling conclusion that PCM overdose occurrences
are more common in comparison to the overdose of any
other pharmaceutical compounds in the US [9]. In Australia,
PCM overdose cases were reported at alarming rates which
may be a result of public misconceptions on the safety of
PCM, leading to its misuse and subsequently accidental over-
dose [10]. There have even been reports of rare situations in
by Bourdeaux and Bewley of death from PCM overdose
despite treating the patient with N-acetylcysteine [11].
Altogether, these incidences build a very strong case that
PCM poisoning is not to be taken lightly. Further complica-
tions arise when taking into consideration that PCM and its
chemical analogues can also easily accumulate in aquatic
environments and in fact have been detected in surface water,
wastewater, and drinking water in many parts of the world
[12]. These contaminants originate from multiple sources
including consumer use and disposal, hospital drug waste,
and pharmaceutical manufacturing facilities [13-15].
Although the concentrations of PCM in water bodies range
within nanograms to micrograms per liter, these biologically
active drugs may still affect the sensitive aquatic organisms
despite their very low concentrations [16]. Various health
effects on aquatic organisms have been reported from expo-
sure to even low levels of PCM which include acute and
chronic damages, inhibition of cell growth, and behavioral
alterations.

As a result of this, the development of simple and accu-
rate methods to detect PCM constituents is crucial because
towards regulating drug safety that affects the public health.
In recent years, various types of sensors for the detection of
PCM have been developed, including those based on electro-
chemical sensing [1, 17-20], ultraviolet and mass spectro-
metric detection [5], chemiluminescence detection [21, 22],
sequential injection chromatographic determination [13],
and fluorometric sequential injection analysis (SIA) optosen-
sing [14]. However, all these methods require lengthy prede-
tection extraction and long-running processes which are
cumbersome when it comes to testing large amounts of sam-
ples for the presence of PCM, especially at healthcare centers.
In light of these limitations, sensing application using optical
fibers has recently becoming increasingly popular. Optical
fibers have long been the mainstay of communication
domain, but its applications in sensing have also been
recently exploited with researchers discovering that these
sensors could not only be used to detect many of physical
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TasLE 1: Fiber optic sensor and its applications.

Application Parameters

Temperature, humidity, pressure,
width, thickness, etc.
pH calculation, analyse gas content,
concentration of solution, etc.

Physical sensors

Chemical sensors

Blood flow measurement,

Biomedical sensors
glucose content, etc.

parameters of traditional sensors but also with great sensitiv-
ity and efficiency. Many optical fiber sensors have been dem-
onstrated including those used for the detection of liquid
solution concentrations such as glucose [15], calcium [23],
honey [24], cholesterol [25], formaldehyde [26], and sodium
chloride [27]. Furthermore, plastic optical fiber displacement
sensors (POFDS) have shown significant promise due to its
various advantages such as being resistant to electromagnetic
interference, consistent, highly sensitive, and operable in any
situation [15]. These, combined with its low cost, make
POFDS a very suitable tool for chemical sensing. POFDS
have grown to be one of the most versatile sensors in accor-
dance to its application [23]. These sensors could be used
to measure various physical and chemical parameters such
as vibration, temperature, and pressure as well as pH levels,
concentration, density, and even the refractive index of lig-
uids. Table 1 shows a basic analytical parameters for compar-
ison between the sensors reported [28-32].

With these great advantages, developing a simple and
accurate approach using POFDS to detect PCM would be
highly desirable by pharmaceutical industries to realise
detection that is fast, simple, and inexpensive but with good
accuracy. The main goal of this work is to develop a simple
mirrorless POFDS to detect the presence of PCM with better
precision and sensitivity. The principle behind the POFDS to
determine PCM concentrations is based on a very simple yet
highly sensitive and accurate detection scheme which is by
measuring the intensity of the reflected laser light from the
target surface placed at the bottom of the samples as modu-
lated intensity dependent sensors detect the amplification of
the light that has travelled between the sensor head and the
target surface. This proposed technique is simple and reliable
as well as time and cost-effective as compared to existing
pharmaceutical sensors.

2. Principle of Bundled Displacement Sensor

In order to more easily analyse the principle behind the fiber
bundle, a number of assumptions are made [33]:

(1) The fiber bundles are modelled as one transmitting
fiber (TF) and one receiving fiber (RF) that are close
to each other with no gap between both fibers

(2) Both fibers are assumed to have a same cross section
S, with radius w, (see Figure 1(b))

(3) The light from TF is characterized as a symmetrical
cone with an angle of divergence 8, and the origin 0
positioned at z,, inside the TF
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FiGuRrk 1: (a) Basic configuration of fiber bundle displacement sensor. (b) Side view of TF and RF in the context of the mathematical

simulation.
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F1GURE 2: Illustration of the reflection of the fiber bundled probe. (a) Shaded area shows the light cone departing TF that illuminates the
reflecting surface and reflected back to RF. (b) By lengthening the light cone beyond the reflecting surface, the image of the RF end can be

projected to calculate the amount of light illuminated.

The main components of the optical sensor can be seen in
Figure 1(b). By using a flat reflecting surface, the analysis of
the displacement sensor becomes much simpler as the image
of the incident light cone can be extended beyond the reflec-
tor. In Figure 2, the sketch of the reflection of light is dis-
played based on the geometrical optics concept, and the

coordinates of the midpoint of the receiving fiber Q' are:

Q'{yzz‘”“’ 1)

z=2z,+2h,

where h is the distance between the end of the probe and the
reflecting surface. Based on the electromagnetic theory of para-
xial Gaussian beams, it can be assumed that the optical power
emitted Py, from origin at TF is a paraxial beam with a Gaussian
shape which obeys an exponential law as the irradiance dimin-
ishes over the radial beam cross-section such that:

Power (mW)

v

Displacement (d)

F1GURE 3: The power drop pattern curve by Van Etten and Van der
Plaats [37].
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FIGURE 4: The experimental setup of POFDS for PCM detection. The movement of the displacement of the probe is respect to Z-axis, and
there are two reflector types used in the experiment which is mirror and colour paper. Each reflector type is placed at the center bottom of

the beaker.

where r is the radial coordinate, z is the longitudinal coordi-
nate, and the radius w is a measure of the beam width which
depends on z. This can be written as [34-36]:

w(z) = wyy |1+ (i)z, (3)

ZR

where w, is the beam waist radius and zj is the Rayleigh length
and their relationship given by [34-36]:

nwy? = Azy. (4)
In the event of z > z, where the locations of the points are

in the far-field zone, the beam would bear a resemblance to a
spherical wave confined within a cone with a divergence angle

0, of:

and the irradiance function estimation yields:

2P 212
2270 P (_ z260 2>. (©)

By integrating I(r, z) over the surface S, of the fiber end,
the optical power gathered by the RF can be calculated to be:

I(r,z) =

P(z) = JI(r, z)dS. (7)

The irradiance I(r, z) is approximately even throughout
the RF surface with area S, = 7w, which is equal to the value
at Q' wherer = 2w, = 20, z,. Then, the equation obtained is

2P 8
P=IS,= C—ZEexpexp (—cz), (8)
where
z 2h
=— =1+ — =1+2hy, 9
¢ z + z +2ny )

and hy, is the normalized distance. By solving dP/d{ = 0, the
maximum output power is achieved at P, = Pp/4e when (

=8, hy =0.9142. Equation (8) is thus rewritten as the nor-
malized form of Py, = P/P,_ . as:

8 8
Py = Fexpexp (1 - ?> (10)
From Figure 1(b), if ¥ = 0.5mm, A = 633 nm, and w, = 0.46
mm, z, is equal to 1141 mm. Then, hy = h/z, = h/1141 mm
where / is the displacement moved in 50 ym step throughout
the experiment. To calculate the sensitivity of the sensor, P,
is differentiated with respect to hy so that:

Py

S=%,

(11)
to get

s=2%Pn ! (C_Sz - 1>pN(c). (12)

In this experiment, the outcome of the graph should there-
fore follow the Van Etten and Van der Plaats theoretical anal-
ysis in [37] where the output power is the highest after a certain
displacement followed by a drop in power such as that in
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FIGURE 5: (a) Output power against displacement for blank solution for mirror POFDS. (b) Front slope and (c) back slope for the output
power against displacement for the blank solution. The front slope and the back slope were taken from the straight line portion of the
curve to measure the sensitivity of the sensor towards the changes of intensity of light against the displacement.

Figure 3. The slope of the straight-line portion of the curves
defines the sensitivity of the sensor.

3. Experimental Setup

3.1. POFDS with Mirror. The experimental setup of the
POFDS for the detection of PCM is given in Figure 4. The
setup comprised of a 780 nm laser, a Newport M-10X objec-
tive lens with a numerical aperture (NA) of 0.25, a 2m long
Polymethyl Methacrylate (PMMA) plastic optical fiber Y
-coupler, a flat cylindrical mirror, and a silicon optical detec-
tor with an optical response between 700 nm and 1800 nm.
The laser source with 130 mW maximum output power pro-
jected a laser beam through the objective lens into the trans-
mitting core. The laser beam passes through the PCM
samples which then hits a Thorlabs BB03-E03 mirror located
at the base of the beaker. The mirror design wavelength range
is 750 nm to 1100 nm and a surface flatness of A/10 at 632.8
nm over a clear aperture. The intensity of the laser reflected
from the mirror was collected by 16 receiving cores with
NAs of 0.5, core refractive indices of 1.492, and cladding
refractive indices of 1.402. The output power was measured
by an optical detector connected to a digital power meter
display.

The coupler probe was mounted on a 3-axis micrometer
translation stage fixed on a vibration free table. The displace-
ment was determined by withdrawing the coupler probe
from the starting point, where the mirror and the probe were

TaBLE 2: Summary of the sensor response for the blank solution
using mirror POFDS.

Front slope Back slope
Sensitivity Linearity Sensitivity Linearity
(mW/pm) (%) (mW/um) (%)
0.0403 >99 -0.023 >99

nearly making contact with each other. By rotating the Z-axis
translational control knob, the position of the probe from the
mirror was made to increase by 50 ym for each step. To zero
the Z-axis knob, a universal micrometer spanner wrench is
used to ensure the position of the zero scale is placed pre-
cisely. The increment calibration on Z-axis is done by com-
paring each step to a digital vernier caliper of 10um
resolution to ensure the increment of the knob is accurate
to the scale. The concentrations of PCM used were varied
from 5 ppm to 45 ppm, and all measurements were done at
room temperature under the atmospheric pressure.

By employing an OBIS Coherent laser, a potential source
of error in the experiment could be reduced as this laser
ensures a stable output power with little to no fluctuations.
To avoid interference from other stray light sources, the exper-
iment was done in a closed container. To reduce any possible
physical vibrations, the experiment was conducted on a
vibration-free table manufactured by Thorlabs. The data and
analysis was done by using a normal data analysis software.
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FIGURE 7: (a) Front slope and (b) back slope at different concentrations of PCM using mirror POFDS.

3.2. POFDS without Mirror. The experiment was then
repeated using a similar approach but with the reflector
changed to coloured paper. In Figure 4, the colours chosen
for the reflector were white and red to reflect only specific
wavelengths [38]. A 2 cm x 3 cm 80 gsm white and red Mir-
rorkote® waterproof adhesive paper is used in this experi-
ment. The displacement of the probe was achieved in the
same manner as before by fixing it onto the Thorlabs
micrometer translation stage, and the direction of the move-
ment is controlled via the Z-axis with the increment of 50 ym
for each step.

3.3. Preparations of the Paracetamol (Acetaminophen)
Solution. The PCM powder was purchased from Sigma-
Aldrich (Darmstadt, Germany). The solutions ranged from
5 ppm to 45 ppm, and nine replicates were done for each con-
centration. Each replicate is prepared by weighing the PCM
powder and then carefully added into a 100 ml volumetric

flask of distilled water at room temperature (25°C). The solu-
tions were dissolved by gently stirred until no clumps or any
large particle could be observed. A new weighed quantity of
PCM in 100 ml of distilled water is done for each replication
at each concentration from 5ppm to 45 ppm. The solution
then was poured into a 100 ml beaker to be detected by the
Sensor.

4. Results and Discussion

4.1. POFDS with Mirror. A response was first obtained in a
distilled water to provide an insight of the pattern that should
be observed. The increment of the probe is set from 0 ym to
400 pm which is sufficient to correspond to the output power
of the laser. The intensity of the reflected output power shows
no change after the increment is increased. In Figure 5(a), the
experimental curve obtained shows a good sensor response
with a gradual increase in the output power for the front
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TABLE 3: Summary of the features of the sensor for each red and white reflector.
Colour of Paracetamol concentration  Peak output power . .Fr.Om slope L . .B.ack slope L
reflector (ppm) (mW) Sensitivity Linearity Sensitivity Linearity
(mW/mm) (%) (mW/mm) (%)
5 0.142 0.0006 98 -0.0002 99
15 0.136 0.0006 98 -0.0002 99
Red 25 0.132 0.0006 99 -0.0001 99
35 0.129 0.0005 98 -0.0001 99
45 0.126 0.0006 98 -0.0001 929
5 0.175 0.0006 97 -0.0003 99
15 0.166 0.0006 97 -0.0002 99
White 25 0.161 0.0006 97 -0.0002 99
35 0.152 0.0005 97 -0.0002 99
45 0.145 0.0005 95 -0.0002 99
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F1GURE 9: Experimental curve of (a) red colour paper and (b) white colour paper for output power against displacement for blank solution.

slope. Meanwhile, the back slope is inversely proportional to
the distance from the source of the reflected output power.
The reflected output power was zero at 0 um displacement
because the tip of the probe was so close to the mirror surface
that no light was reflected back to RF. As the displacement
increased, RF started to collect the light reflected from the
mirror, and the output power increased to the maximum
value. The output power peak in accordance with the
reflected cone of light is illustrated in Figure 2 and can be
seen to have overlapped most of the core area of RF [39].
As the displacement increased, specifically from 250 ym to
400 pm, the output power decreased because the size of the

TaBLE 4: Summary of the features of the sensor using mirror as
reflector.

Paracetamol Front slope Back slope
concentration Sensitivity ~Linearity Sensitivity ~Linearity
(ppm) (mW/pm) (%) (mW/pm) (%)

5 0.0401 99 -0.0228 99

15 0.0399 929 -0.0227 929

25 0.0375 99 -0.021 99

35 0.0377 99 -0.0209 99

45 0.0379 99 -0.021 99
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light cone became very large. As a result, the intensity of
reflected laser collected by the receiving fiber started to
reduce. This pattern would thus also be observed for the sam-
ples that contain the analytes of interest, albeit at different
output power values.

In Figures 5(b) and 5(c), the linearity attained from the
front and the back slopes for the blank solution was 99%
and indicated a good basis results to compare with other data
obtained. The front slope and the back slope had a sensitivity
of 0.0403 mW/um and 0.023 mW/um, respectively. These
slopes indicate the sensitivity of the sensor where the straight
line portion of the curve is plotted to create a linear graph to
analyse the sensors’ sensitivity [37]. From the data, the sensor
was able to detect a high output power reflected from the
mirror up to 1 ym of the displacement. The responses from
the sensor are summarized in Table 2.

The signal obtained from the probe in the presence of
various concentrations of PCM was plotted against the dis-
placement as shown in Figure 6. The pattern of the curves
shown in Figure 6 follows a similar trend to the response
obtained in the blank solution which confirms that the results
follow the inverse square relationship where the intensity of
the reflected laser is inversely proportional to the distance
of the source. Therefore, it is also plausible to resolve and
analyse the data in a similar approach when treating the data
recorded in the blank solution. The results are also seen to
follow the rule of thumb [40] of the displacement sensor.

The highest sensitivity was obtained for a PCM solution
at 5ppm as 0.0401 mW/um for the front slope and 0.023
mW/pm for the back slope. The spectrum obtained for 5
ppm PCM solution also showed the highest output power
among the measured spectra. This could due to the concen-
tration of the PCM in the solution being fairly low, and there-

fore, most of the light emitted by the probe and reflected by
the mirror does not scatter due to the lower amount of
PCM particles in the laser trajectory. Thus, almost all of the
reflected laser is collected by the receiving fiber. Meanwhile,
the spectrum recorded for the PCM solution at 45 ppm had
a sensitivity of 0.0379 mW/pym and 0.021 mW/um for the
front and back slopes, respectively. It showed the lowest out-
put power as compared to other spectra because most of the
laser was scattered by the large amount of PCM molecules.
Therefore, the lower the concentration of the analyte, the
higher the sensitivity of the sensor and the larger the output
power in the given range of displacement.

The sensitivity of the sensor with respect to the changes
of output power over the displacement for the front and the
back slopes for each curve is given in Figure 7. The lower
PCM concentration renders a greater sensitivity of the sensor
to determine the PCM concentration. Linear relationships
were observed for the graphs of the output power versus
the displacement for both the front and back slopes for each
concentration while most of it achieved a linearity of 99%.
The performance of the sensor is summarized in Table 2.

Figure 8 exhibits a linear relationship between the aver-
age peak output power and the concentration of PCM. From
the analysis, the sensor was capable of sensing any given con-
centration within the range from 0 ppm to 45 ppm due to the
linearity of more than 96%. This enables the sensor to pro-
vide readings at a resolution of 0.02mW/ppm which indi-
cates that the sensor has high sensitivity towards the PCM
in the solution. The highest peak output power and the low-
est peak output power obtained are 6.996 mW and 6.246 mW
for 5ppm and 45 ppm, respectively. Significant shifts in the
peak output power were observed for each concentration of
the PCM, and this implies that the sensor could detect small
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FIGURE 11: The average output power against displacement for (a) red and (b) white reflector at different concentrations of PCM.

changes in the concentration of analytes. The error bar in the
graph indicates that value of the peak output power in each
replicate is spread in a small standard deviation (SD) value
around the mean value. The characteristic of this sensor is
summarized in Table 3.

The higher output power is closely related to the larger
amount of reflected laser picked up by RF. This is caused
by the low refractive index in the solution [41], and thus, a
higher intensity laser transmission could be emitted through
the sample. The increasing PCM quantity added into the
solution increases the refractive index as this allows the laser
to further disperse into the solution instead of being reflected
to RF. Basically, higher refractive index material has a lower
refraction angle [42] that causes the decrease in the peak out-
put power as the concentration increases. From the data, it is
very interesting to note that each concentration of the tested
PCM has a different value of peak output power with differ-
ent intensity. This means that the sensor has the ability to
reiterate the similar measurement of the intensity based
signal for the same concentration.

TABLE 5: Summary of the capabilities of the sensor with red and
white reflector for blank solution.

Front slope Back slope
Colour of - N e -
reflector Sensitivity  Linearity = Sensitivity =~ Linearity
(mW/pm) (%) (mW/pm) (%)
Red 0.0006 >98 -0.0002 >99
White 0.0007 >95 -0.0003 >98

4.2. POFDS without Mirror. The experiment was then con-
tinued with the reflector now changed to the red and white
coloured paper. These colours were chosen based on the
previous work by the authors in the colour detection using
the fiber optic displacement sensor [43]. From the previous
research, red and white colour paper reflects the most of
the projected light and projected a very stable outcome in
terms of output power of the intensity of the reflected light.
This is because different colour can absorb and reflect differ-
ent wavelength [44]. Thus, both of these coloured paper
reflectors are believed to have the capabilities of replacing
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the mirror to compensate the amount of stray light that can
affect the reading of the sensor. Due to low concentration
of PCM to be tested, the amount of the displacement of the
probe is limited to 400 ym which correspond to the output
power of the laser. No change in the intensity of the reflected
output power after the displacement exceeded this range has
been detected. Based on Figure 9, the response for both
reflectors were tested in a distilled water to give an overview
of the pattern of the curve that should be observed. Both col-
ours provide good experimental curves with a gradual
increase of the front slope and gradual decrease of the back
slope in accordance to the inverse square relationship curve.
At 0 ym displacement, the output power was close to 0 mW
because the gap between the probe and the reflector was very
near, causing almost no reflected laser to be collected by RF.
When the displacement was increased, the overlap between
the reflected cone of light with RF was enlarged [39]. Hence,

TaBLE 6: Comparison of attributes of the paracetamol POFDS for
each reflector.

Concentration Sensitivity Linearity
Reflector range (ppm) (mW/ppm) (%)
Red colour 5-45 0.0004 95
paper
White colour 5.45 0.0008 98
paper
Mirror 5-45 0.02 95

the output power started to rise to reach its maximum value
at 250 um displacement. After this, the output power
decreased with further increment of the displacement as RF
was no longer able to effectively pick up the reflected laser
and TF starting to disperse even more and losing its intensity.
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Thus, this experimental curve was used as the benchmark for
all samples.

Table 4 shows that the linearity for both front slope and
the back slope of each colour was greater than 95%. This
proves that this sensor has a great base data to be evaluated
with other samples. Figure 10 shows that the white reflector
has a greater sensitivity on the front slope as compared to
the red reflector with 0.0007 mW/um and 0.0006 mW/um,
respectively. This shows that the sensor can measure the
intensity of the output power in displacement increments
of 1 ym. From the experimental curve, all samples should fol-
low the pattern of the blank solution.

The response of the sensor for both reflectors towards the
changes of the PCM concentration is plotted in Figure 11
against the displacement of the sensor. All curves for both
red and white coloured papers reproduce the same pattern
as set by the blank solution. The highest and the lowest peak
output power set by red colour paper was 0.147mW and
0.126 mW, respectively. Meanwhile, for the white coloured
paper, the highest peak output power plotted was 0.185
mW while the lowest peak output power was 0.145mW for
Oppm and 45ppm, respectively. The higher peak output
power was caused by the lower refractive index of the solu-
tion which allowed more reflected laser light to be collected
by RE. Greater amounts of PCM make the solution more
concentrated and thus have a higher refractive index [41],

in turn lowering the peak output power. This is because
whenever the laser hits the sample, it will disperse signifi-
cantly, and therefore, a lower laser intensity can be collected
by RF.

From Figure 11, each PCM concentration shows a signif-
icant difference in the maximum output power. This proves
that the sensor can differentiate between different concentra-
tions of PCM and therefore indicates that even when the
reflector has been changed from a mirror to just coloured
paper, the sensor still functions well to detect the concentra-
tion of solution. In Table 5, the highest front slope sensitivity
of the sensor towards the changes of output power over the
displacement was gained by the white reflector at 0.0007
mW/pm, and the lowest sensitivity was plotted by the red
reflector at 0.0005 mW/pum. From Figure 12, both slopes for
each colour had a linearity greater than 95% which proves
that the sensor is highly reliable.

Table 6 displays the variation of peak output power with
different concentrations of PCM for red and white reflector.
The highest peak output power was 0.175mW from the
white reflector, and the lowest peak output power was
0.126 mW from the red reflector. The amount of the output
power signifies the intensity of the laser passing through
and thus indicates that the white colour paper can reflect
higher laser power in comparison to the red colour paper.
Furthermore, the tendency of laser scattering whenever it hits
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the sample is decreases when the concentration of PCM is
low. More concentrated solution causes higher refractive
index, and the laser tends to scatter more in a higher
refractive index solution. It is quite clear that the higher
the concentration of PCM, the lower the intensity of the
reflected laser, due to less laser light being transmitted to
RF because of higher scattering of laser and thus a lower
output power detected by the optical detector.

From Figure 13, the sensor was capable of sensing up to
0.0008 mW/ppm for the white reflector and 0.0004 mW/ppm

for the red reflector, respectively. The sensor was very reliable
and could detect small changes in the concentration of the
solutions because significant changes in the peak output
power could be observed for each PCM concentration with
more than 95% of linearity. The error bars from both graphs
also display a small spread of SD value around the mean.
Therefore, both the red and white reflector could also be used
to identify unknown PCM concentrations at certain displace-
ments. The performance of this sensor using these reflectors
is summarized in Table 3.
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From Figure 14, the highest sensitivity among all reflec-
tors is undoubtedly the mirror at 0.02 mW/ppm while the
lowest was the red coloured paper at 0.0004 mW/ppm. How-
ever, the white coloured paper returned a significant result
with a sensitivity of 0.0008 mW/ppm towards different
PCM concentrations and showed good feedback from the
sensor. With a 98% linearity, the result proved that the sensor
was very reliable when using the white coloured paper as a
reflector. From the error bar in Figures 13(a) and 13(b), it
can be seen that the coloured paper had a narrower spread
compared to the mirror in Figure 8 indicating that the peak
output power is accumulated near the mean. Thus, concise
data is established to note that the red and white reflector is
capable of detecting different concentration of PCM in the
distilled water with the addition of steady output power from
each replicate. It shows that the coloured paper reflector
managed to get a stable and consistent outcome as compared
to the mirror. The coloured paper reflector could compensate
for stray light from the surroundings unlike the mirror which
had the tendency to reflect all lights, including those that
would affect the reading of the optical detector. From the
comparison table, the red and white reflectors had the ability
to recreate similar detection for PCM concentrations by
using as intensity-based PODEFS.

5. Conclusion

The detection of the PCM concentrations in an aqueous solu-
tion was proposed and demonstrated using a PODEFS. The
sensor displayed good patterns for each reflector curve with
a gradual increase in the front slope and decrease in the back
slope similar to the inverse square law relationship. For the
PODES using the mirror reflector, the sensitivity of the sen-
sor towards the changes of output power over the displace-
ment was 0.0403mW/um for the front slope and 0.023
mW/um for the back slope with more than 99% of linearity.
The highest output recorded was 6.996 mW for a PCM con-
centration of 5 ppm with the sensitivity of 3.603 mW/um for
front slope and 1.987 mW/um for back slope. Meanwhile, the
lowest output power was 6.246 mW for a PCM concentration
of 45 ppm with the sensitivity of the front and back slope at
3.312mW/um and 1.879 mW/um, respectively. For the non-
mirror reflectors, the sensitivity of the sensor with the
changes of output power over the displacement taken was
0.0006 mW/um for front slope and 0.0002 mW/um for back
slope of the red reflector. In the meantime, the white reflector
had a sensitivity of 0.0007 mW/ym and 0.0003 mW/um for
the front and the back slope, respectively. Each reflector
had a linearity of more than 95% and sensor sensitivity with
respect to the output power against different PCM concen-
trations at 0.0004 mW/ppm, 0.0008 mW/ppm, and 0.02
mW/ppm for the red coloured paper, white coloured paper,
and mirror. This outcome would make this sensor highly
appealing for the pharmaceutical industries to establish an
easy and accurate approach to detect PCM using POFDS in
order to work rapidly, effectively, cheaply, and with good
accuracy. The lengthy predetection extraction and long-
running processes in traditional sensors can be eschewed
when it comes to testing huge quantities of samples for the
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presence of PCM, especially in healthcare, aquatic environ-
ments, wastewater, and drinking water in many parts of the
world. Thus, this experiment concurs that this mirrorless
PODES shows significant potential as a PCM detection
device as it is simple, fast, and has a low production cost, with
the possibility of being a widely used sensor in the future.
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