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People in northern China use underground water as their major water source. The fluoride in the water is
threatening the health of the people. We demonstrate a fluoride concentration measurement method
using a smartphone and microaxicave grating. The hue-value relation of the image captured by the
smartphone and the results of a commercial spectrophotometer show great consistency, which
indicates that the resolution of fluoride concentration of our system approaches 80 pg L1 We also

use a rigorous coupled-wave analysis (RCWA) method, to calculate the diffractive efficiency of the
Received 14th July 2017 . . d it sh bett f th ial ti in diffracti
Accepted 27th August 2017 microaxicave and it shows better performance than some commercial gratings in diffractive
efficiency. Our fluoride detection system does not need any additional power or light supply and has

DOI: 10.1039/c7ra07727k a volume of 264 cm?® and a weight of 140 g, which can bring great convenience to fluoride detection
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Introduction

Fluoride is an essential ion in the human body. A moderate
intake of fluoride can prevent dental caries." However, excess
doses of fluoride may cause serious harm to the human body
such as skeletal abnormalities and lesions of the endocrine
glands.>® In order to prevent these potential detriments to the
human body, the World Health Organization (WHO) sets the
guideline concentration to be 1.5 mg L™ ',* while the maximum
allowable concentration in drinking water is 1.0 mg L " in most
parts of China and 1.2 mg L™ " in remote rural areas.® Fluorine is
the 13th most abundant element in the earth's crust
(625 mg kg ') and exists in trace amounts in almost all
groundwater throughout the world.® In the rural areas of
northern China, e.g. Tianjin and Hebei province, the fluoride
concentration in groundwater may exceed 3 mg L '; as the
groundwater is the major source of drinking water, the daily
intake of fluoride may exceed the allowable level and conse-
quently cause huge health problems in the long term.” The
detection of fluoride concentration is becoming an urgent issue
in these areas of China.

The conventional ways to measure fluoride concentration
are fluorine selective electrode® and fluorine reagents spec-
trophotometry.® They both are time consuming and involve
large experimental equipment and trained technicians,
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which may not always available in the rural areas. Some rapid
fluoride identification instruments are reported these
years.'>"* These instruments need additional light and power
source, which may bring inconvenience in on-site
measurement.

According to Pew Research Centre, 58% of Chinese people
are using smartphone and the percentage is increasing every
year."> Modern smartphones are equipped with CPU, GPU and
memory of great performance. Furthermore, many sensors are
integrated in the smartphone, such as complementary metal
oxide semiconductor (CMOS), ambient light sensor and
compass and etcetera. By using these sensors, researchers are
able to design plenty of equipment in many fields such as
spectroscopy,”™® fluorescence spectroscopy, micros-
copy,"** pH sensing,”* surface plasmon resonance detec-
tion,*** phase detection.”® These progresses in material
detection justified that smartphone-based detection devices
are portable, low-cost and powerful. Camera sensors of
a smartphone can capture the information of all visible
wavelengths. Smartphone itself is portable and popular in all
scenario.

Dhillon et al.*® summarized the recent progress of fluoride
detection. Of all the detection methods, colorimetric probes
based on a specific reaction are more selective and stable in
fluoride detection. Moreover, measurements toward the
optical physical change of the sample is efficient and conve-
nient, which fits the situation of rural area. Fluorescent or
colorimetric chemosensors based on polymers were developed
due to their simplicity of use, signal amplification, easy
fabrication into devices, and combination of different
outputs.”® Liu et al.”” synthesized a new chemosensor dis-
playing high selectivity and sensitivity to F~ at 610 nm. Deka
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et al.*® developed a high-resolution ligand for fluoride detec-
tion at 536 nm. Solé et al.?® synthesized a bidentate borane as
colorimetric fluoride ion sensor at 363 nm. Recently, fluoride
concentration detectors using a mobile phone are reported.
Levin et al.*® analyse the colour of the dyed fluoride solution
and Hussain et al. present a fluoride sensor using the ambient
light sensor of the smartphone. These smartphone-based
devices are compact and low-cost. These devices take advan-
tages of the great function of smartphone, which makes them
efficient in fluoride detection. However, they just focus on the
intensity of the light at a certain wavelength or a specific dyed
colour. Progress in chemistry has produced many new high-
resolution fluoride sensors in different wavelengths
mentioned above. A fluoride detector considering all the
visible colours is necessary to match that progress in
chemistry.

We designed and built a fluoride concentration detection
system to analyse the light intensity of dyed fluoride solution in
all hue values. A quartz microaxicave fabricated with grey-scale
direct laser writing and inductively coupled plasma etching®*
disperses the incident light to chromatic rings of different
intensity and position. Firstly, we records the pattern with the
CMOS camera of the smartphone. Then we process the image in
hue-saturation-value (HSV) colour space to generate value-hue
relation curves, from which we find that the peak of the curves
decreases linearly as the concentration of fluoride enhances
from 80 ug L' to 640 pug L™'. Our system concerning all hue
values is of the advantages of small size, mass and high reso-
lution. With the popularity of smartphone, and the built-in
mobile network system, our detection system will make onsite
distributed fluoride detection easier in northern China.

Methods

A spectrometer simulation and structure

The schematic design of the system is shown in Fig. 1. Light
signal from the flashlight of a smartphone (Huawei Honor V9)
passes through a pinhole of diameter 1.0 mm using an optical
fibre. The light signal coming out of the pinhole passes through
a quartz cuvette (path length 10 mm) and a plasma-etched
microaxicave to generate circular diffraction pattern and then
collimated by a plano-convex lens of focal length 30 mm. In
order to match the size of the camera sensor, we magnify the
collimated light to match the sensor size of the camera to the
smartphone by a set of magnifying lens of focal lens 4 mm.
Finally, we use the CMOS camera of the smartphone to capture
the diffractive pattern. Before taking the picture of the dif-
fractive pattern, the ISO, shutter speed, focal length and the
exposure value are locked after putting an empty cuvette into
our system. The final system, which is shown in Fig. 1(b),
measures 40 mm x 40 mm X 165 mm in size and 140 g in
weight.

Microaxicave analysis

Blazed grating is commonly used in lab-used spectrometers,*
the diffraction efficiencies at blaze wavelength (around 500 nm)
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Fig. 1 (a) Layout of the microaxicave portable spectrometer system,
the downside of (a) is the amplified sketch of microaxicave. (b) Snap-
shot of the portable spectrometer system.

of blazed reflection gratings are typically around 75% and drop
to 40% at 800 nm.** Since the wavelengths of visible light range
from 390-780 nm, we modify the structure parameters of
microaxicave to obtain the highest diffraction efficiency at
632.8 nm.** Compared with a blazed grating, the microaxicave is
better in depressing the zero-order diffracting energy and
focusing more incident energy to the first-order diffraction.
Fig. 2 shows the RCWA results of the diffraction efficiency of
microaxicave in the visible range,**® and Fig. 3 shows the
diffraction pattern in our system. The microaxicave is optimized
for the central wavelength of 632.8 nm. The first order diffrac-
tion efficiency is higher than 70% from 520 nm to 800 nm, while

09 LTS —
= TS

G0 order

4 — = 1st order
—&—2nd order
— & 3rd order

900 450 500 550 600 650 700 750 800
wavelength{nm)

Fig. 2 Diffraction efficiency of microaxicave optimized for 632.8 nm
calculated by RCWA.
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Fig. 3 Diffraction pattern of microaxicave captured by the camera of
smartphone of the solution with (a) water and the dyed solution of
fluoride concentration at (b) 0 pg L2, (c) 80 ug L™, (d) 160 pg L2, (e)
320 pg L% () 480 nug L% (g) 640 pg L%

the second order diffraction efficiency is lower than 10% in this
range, allowing higher light intensity passing through the
microaxicave. Contrary to the linear pattern of the traditional
grating, the diffractive pattern of the microaxicave is circular
rings shown in Fig. 3.

Sample preparation

We use the fluoride chromogenic reagent following the stan-
dardization enacted by the ministry of environmental

Fig. 4 The snapshot of the dyed solution from the left to right is
OpgL % 80pugLt160ugL ™t 240 pgL % 480 pgLtand 640 pg L2
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Fig. 5 V-H relation curves calculate by summing the intensity of all
the pixels of V-channel in different hues. The rainbow ribbon on the
hue axis represents the colour of this hue value assuming S and V equal
to 1.

protection of China® to dye the fluoride aqueous solution (the
specific preparation steps are listed in the ESI materialst). All
chemicals except sodium fluoride, which is guaranteed grade,
used in our work are of analytical grade and were used as
received without further purification. The dye reagents were
prepared following the same standardization.” We dilute 0, 1, 2,
4, 6, 8 ml 2 ug L' standard fluoride solution (the specific
preparation steps are listed in the ESI materialst) of the to 10 ml
with deionized water and add 10 ml fluoride chromogenic
reagent and dilute to 25 ml with deionized water in 25 ml
volumetric flask to produce 0, 80, 160, 320, 480, 640 pg L'
fluoride solution (Fig. 4) and orderly fill the cuvette to capture
their diffraction pattern. In addition, we show the captured
image by smartphone in Fig. 3 respectively. Because the fluoride
dye reagent reacts with the fluoride ions in the solution and
forms a blue complex compound, the colour of the dyed fluo-
ride solution turns blue with the increase of the concentration
of fluoride ions.

Diffraction pattern processing

Tailed to the circular diffraction pattern of the microaxicave and
character of the fluoride-dyed solution, we compiled an algo-
rithm with MATLAB to extract the spectrum information of the
sample by directly processing the circular diffractive pattern
captured by smartphone camera. We know that the principle of
our chromogenic reagent and some novel ways of measuring
the concentration of fluoride are to dye the fluoride solu-
tion.””***” We have to make colour become an independent
parameter to measure the concentration. Therefore, we convert
the image from RGB colour space to HSV colour space to analyse
the colour change of the fluoride concentration. In HSV colour
space, hue (H) represents the degree to which a stimulus can be
described as red, green, blue, and yellow.*® We use hue to
represent the sample's colour character. Saturation (S) repre-
sents the colourfulness of a stimulus relative to its own
brightness. Value (V) represents the brightness of the colour.
We convert the RGB colour space to HSV colour space by the
following equations:

RSC Aadv., 2017, 7, 42339-42344 | 42341
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S ={ max(R,G,B) — min(R, G, B) . 2
max(R, G, B) ) otherwise
_ max(R,G,B)
V=T s ®)

where R, G and B stand for red channel, green channel and blue
channel respectively. The value of H, S and V is normalized to
unity.

Then, we calculate the sum of V channel value across all the
pixels of the captured image with different H value. After that,
we draw V-H relation curves of different samples, and show
them in Fig. 5.

From Fig. 5, we can see that the intensity of the value is
higher when the hue is around 0.2 when the cuvette is filled

2500

——Water
——0.00 mg/L
—0.08 mg/L| 7
0.16 mg/L|
~—0.32mg/L| |
0.48 mg/L|
—0.64 mg/L

2000

1500

Value

1000

500,

Fig. 6 V—H relation curves after a Gaussian low-pass filter when the
cut-off frequency is 20.
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Fig. 7 V-H relation curves of different fluoride concentration.
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with water. The peak of water curve appears at 0.166. When we
add the dyed solution to the cuvette, the value of hues decreases
in 0.15 to 0.55 and different concentration of fluoride seems to
have different peaks. This indicates our dyed fluoride solution
have great ability to absorb light of yellow and green colours and
it fit well with the fact that the dyed solution seems blue-purple
in Fig. 4. In order to prevent the stray light effect, we apply
a Gaussian low-pass filter to Fig. 5 to increase the signal to noise
ratio (SNR). The low-pass filter is dimed as:

)

() = exp( - (@)
where D, is the cut-off frequency, D denotes the distance
between the point (x,v) and the cut-off frequency D,. The
process procedure is followed by:

v(h) = F N F(vo(h) x Eu)) (5)

where v, is the original V-H curve and v is the filtered curve, and
7 and F ' represent Fourier and inverse Fourier transform
respectively.

After the low-pass filter modify, hue-value relation figure is
showed in Fig. 6.

We can see that a peak present when the value of hue is
around 0.1. Therefore, we zoom in the range of hue from 0 to 0.2
and the curves are shown in Fig. 7.

Results and discussion

Fig. 7 shows that the peaks of our H-V curves present around
0.07 and the absorption peak the blue complex compound is
around 620 nm.® From the rainbow ribbon on the hue axis we
can see that when hue equals to 0.07, the colour of it is close to
the colour of the light whose wavelength is 620 nm. Fig. 7 also
shows that the peak of the V-H decrease with the increase in the
fluoride concentration. We extract the peak value of each H-V
curves and dim the absorption rate of fluoride in our system as:

PS

A=1- . (6)
where A is the absorption rate, Pg is the peak value of the
sample, P, is the peak value of the water. Then we use linearly
least square method to fit the absorption of each samples and
show the results in Fig. 8. The coefficient of determination of
the linear fitting is 0.9984, which means the absorption rate we
dimed has a linear relation with the concentration of fluoride
with the range 0.08 to 0.64 mg L™'. In addition, we use a UV
spectrophotometer (UV5100B) following the rule of Chinese

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 The absorption rate of fluoride concentration using smart-
phone analysis and spectrometer.

standard fluoride measurement method to test the fluoride
concentration,’ the experimental result and the linear fitting are
shown in Fig. 8 respectively. The coefficient of determination of
this fitting is 0.9951.

From Fig. 8 we can see that the absorption rate measured by
our system show great consistency with the spectrophotometer
result indicating our system is able to measure the fluoride
concentration of an 80 ug L™' resolution. This fits the lower
determination limit of the standardization of fluoride detection
of China,” proving that our system can be utilized to detect
fluoride concentration of water samples in rural northern
China. Chemosensors such as the BODIPY-based sensor*” can
detect 0-60 pM. But the UV-vis spectrophotometer is not avail-
able for on-site detection. In addition, the coefficient of deter-
mination of our system ranges from 0-640 pg L™ " is higher than
the coefficient of the smartphone-based fluoride detection
sensors ranges from 0-100 pug L™ '** which indicates that our
system is stable and has a good linearity. In our work, we have
composed the microaxicave dispersion element to a portable
low-cost and low-weight smartphone accessory for fluoride
detection. Combing with the flashlight, camera and computing
ability of the smartphone, this system can be used to detect and
quantify the fluoride concentration without additional power or
light supply in any working environment. In addition, the hue-
value computing method is suitable for all visible wavelengths,
which permits our system operating in different chemosensors.

Conclusions

In summary, we build a small-sized, portable, on-site fluoride
concentration detection system, which can measures the fluo-
ride concentration with a resolution of 80 pg L', by using the
flashlight of a cell phone as the light source, microaxicave
grating as the dispersive device and the smartphone’'s CMOS
sensor to collect the diffractive pattern. Tailored to the diffrac-
tion pattern of the microaxicave and the colour character of the
chromogenic reagent, we draw hue-value relation curves from
the diffractive pattern and dim an absorption rate of our system.
We find that the absorption rate we dimmed increasing linearly
with the increase in the fluoride concentration and show the
same gradient with the absorption rate curve measured by
spectrophotometer. This fluoride concentration detection

This journal is © The Royal Society of Chemistry 2017
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system uses no electricity or light source rather than a smart-
phone. The northern China has few people and suffers a lot on
the fluoride in the underground water. We believe that with
great communication ability of smartphone, our system can
make distributed detection and contribute to the detection of
fluoride concentration in the northern China.
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