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A Wireless Sensor Network Platform for
Water Quality Monitoring

Tomoaki Kageyama', Masashi Miura', Akihiro Maeda®, Akihiro Mori? and Sang-Seok Lee'
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Environment Sanitation Research Center, Tohaku-gun, Tottori, Japan
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Abstract—We have developing a wireless sensor network
system for water quality monitoring. It consists of various
sensors for the sensing of physical and chemical properties of
water, and systems including wireless communication module,
power module and interface between sensors and wireless
communication module. In this paper, we report the development
results of a novel wireless sensor network platform for water
quality monitoring, which is proposed for rapid prototyping of
wireless sensor network system. In order to demonstrate our
novel wireless sensor network platform, we fabricated the
platform as a sensor node and field-tested it with several sensors
in the lake. As a result, we could confirm that our proposed novel
platform was operated successfully in real environment.

Keywords—wireless sensor network; platform; sensor node;
water quality monitoring; profocol; field-test

I.  INTRODUCTION

The natural water resources monitoring is important issue
especially from the viewpoint of environment preservation and
human health care. As a water monitoring method, a wireless
sensor network (WSN) system is considered as a proper and
effective one, because we can obtain the real time and over the
wide area monitoring data through the WSN system. Currently,
the main components of WSN system such as sensors and
wireless communication modules are small and cheap, by
which tremendous sensor nodes can be easily implemented. It
makes precise and accurate water quality monitoring, and also
a step towards the trillion sensor era.

We have developing a WSN system to monitor the natural
water resources quality. It consists of sensors for the sensing of
physical and chemical properties of water, and systems
including wireless communication module, power module and
interface between sensors and wireless communication module.
Until now, as sensors for water quality monitoring, we have
developed the pH sensor [1] and the turbidity sensor [2]. Other
sensors such as chlorophyll sensor, BOD sensor and
temperature sensor are under developing at present. Moreover,
we have also developed a novel WSN platform to achieve
complete WSN system for water quality monitoring, which is
originally proposed for rapid prototyping of a WSN system. In
this paper, we report the development results of our proposed
WSN platform including its design, fabrication and field-test
results.

II.  DESIGN OF WSN PLATFORM
Sensors under development for a new application such as
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1442

Maln module:

master

Bus (SPI)

App module
(Sensor)

App module
(Power)

D @ (100 G50

Fig. 1. Block diagram of system bus of our wireless sensor network platform.
Main module is connected to the SPI bus as a master and the application
modules are also connected to the SPI as a slave. Communication module and
master are connected by an UART. An antenna is attached to the
communication module. Application modules have sensors and power
devices .

water quality monitoring systems are immature, not optimized
for use and frequently replaced for test, while the sensors are
utilized in the generic devices such as smartphones are well
optimized, Therefore, it is necessary to develop a new WSN
platform flexible to arbitrary various sensors for water quality
monitoring. In the development of such flexible WSN
platform integrating various sensors, the most important issue
is the communication protocol. There are many wireless
communication protocols for the sensor node [3]. Currently, as
communication protocols, GPIB and USB protocols are
popular and often used in many research fields. However,
GPIB is not suitable for small devices in terms of size
although it is robust, Moreover, USB is complicated and not
easy to handle, Here, we propose a simple internal protocol
used within a sensor node for the flexible WSN platform.
Details are described as follows.

A. Bus

The bus structure of the WSN platform is shown in Fig. 1.
The system consists of master, slave and communication
modules. The main module (master module) manages other
modules, Application modules have their own functions, which
are connected to the main module through the serial peripheral
interface (SPI), The main module behaves as an SPI master. By
using the SPI, we don’t need complicated address setting,
which is easily available because it is implemented in most of
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Fig. 2. Pin assignment of the connector. The top view of the connector
mounted on the board is shown in the left. The pin assignment is based on the
ICSP, however, the RESET pin has been assigned to the SS pin in our design.

the microcontrollers. The main module is connected to the
transmission module for the communication as well through
the universal asynchronous receiver transmitter (UART).
Moreover, an antenna is attached to the transmission module,
Application modules in our WSN platform consist of sensors
for water quality monitoring and power devices for power
sources such as battery and solar cell. The connection was
implemented based on in-circuit serial programming (ICSP),
and the box pin header (6-pin) was used as the connector. The
pin assignment is summarized in Fig. 2. The difference
between usual ICSP and used in ours is that slave select (SS)
pin is assigned instead of RESET pin. As a result, by the
switching of connection, it can be shared with the
programming terminal to the microcomputer, which causes the
reduction of the system size and the manufacturing cost.

B. Power

The power supply system is illustrated in Fig. 3. Power
management is performed by the power management module
which is one of the application modules. It generates 3.3 V
through the DC/DC converter (TPS63060) for the Li-ion 1 cell
battery, which supplies power to each circuit. Power
management module has two 3.3 V power supply systems. One
is the system for supplying power constantly, and another one
is the system that can be operated ON/OFF by the instruction
of the master module. Furthermore, the power can be supplied
directly from the Li-ion cell battery, and the master module is
capable of controlling it as well. Thereby, for the modules
which do not need to be supplied constant power such as
sensors module, even if it has not taken measures
insufficiently to reduce power consumption, it is possible to
reduce the adverse effect on the battery. Moreover, the power
management module is also connected the solar panel to charge
the Li-ion cell battery during the day. In order to improve the
charging efficiency, the charging circuit LT3652 was used,
which has the maximum power point tracking (MPPT)
function. In the power module, the voltage monitoring system
and the safety circuit are also implemented.

C. Transmission

Communication with the outside of the sensor nodes is
performed with the Internet connection using the 3G mobile
network. This makes it possible to observe the water quality
monitoring results at any location where the Internet is
available. We adopted the post method of https in data
transmission to achieve the certification of encryption and
server. However, it takes large power consumption when the

App module [Power)

Agp module
[Sensor)

Fig. 3. Block diagram of the power supply system, which is simplified one to
supply power to sensor node. Bold line and green colored line represent the
power line and the control line, respectively. In the module, the voltage
monitoring system and the safety circuit are implemented.

data are transmitted through the 3G network. If the power
supply is limited, then it is necessary to perform the
intermittent operation to save power consumption. In our
prototyped WSN platform, the communication module is being
powered directly from the Li-lon cell battery, which is
performed by the master controller.

III. FABRICATION OF WSN PLATFORM

In order to demonstrate our designed WSN platform, we
fabricated a sensor node using our WSN platform. Our sensor
node is designed in a form of buoy to monitor the lake water
quality.

The fabricated main module, power module and
transmission module in the sensor node are shown in Fig. 4.
Maoreover, power sources such as Li-ion cell battery and solar
cell are connected to the modules. For the detection with
sensors, sensor circuit is connected further.

The sensor node was fabricated based on eastly obtainable
materials such as PVC pipe for'the main frame, acrylic dome
for the cover of assembled modules and Styrofoam for
ensuring buoyancy. The transparent acrylic dome was utilized
as the cover of module for the electric generation with solar
cell during the day. The fabricated sensor node has the height
of about 500 mm and the diameter of about 300 mm. The

Fig. 4. The fabricated main module, power module (LT3652) and
transmission module. The 6600mAh capacity Li-ion cell battery and solar cell
are connected to power module,
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Fig. 6. The sensors utilized in field-test: (a) NTC thermistor and electrodes to
measure electrical conductivity of the lake water and (b) temperature sensor
and lluminometer.

photograph of fabricated buoy type sensor node is shown in
Fig. 5.

IV. FIELD-TEST OF WSN PLATFORM

We performed field-test to confirm the operation of our
WSN platform using the fabricated sensor node shown in Fig.
5. In the test, temperature and electrical conductivity of the
water were detected using negative temperature coefficient
thermistor and in-house-made electrodes, which are shown in
Fig. 6(a). The electrodes shown in Fig. 6(a) were implemented
beneath the sensor node buoy and placed underwater. The
circuit of the sensor was covered with silicone resin for
waterproofing. Furthermore, we also implemented temperature
sensor and illuminometer (Fig. 6(b)) in the acrylic dome to
measure temperature and illuminance inside the acrylic dome.

The fabricated sensor node was placed on the lake as
shown in Fig. 7 for the field-testing. The field-testing was
performed for a week and the sensor node was operated
without malfunction during the test. The measured data by

Fig. 7. The fabricated sensor node was placed on the lake Togo in Tottorl
prefecture, Japan for the field-testing.
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Fig. 8. A screen shot of a Google spreadsheet, in which the measurement
results transmitted from the sensor node are displayed.

e

the sensors were transmitted every 10 minutes to server
through the Internet connection using the 3G mobile network
and the logged data are displayed on the Google spreadsheet. A
screen shot of Google spreadsheet displaying measured and
transmitted data in real time is shown in Fig. 8. In Fig. 8, water
temperature and temperature in the dome, electrical
conductivity of the water and illuminance are displayed in the
left upper, right upper and left lower graphs, respectively as
examples of acquired data. When performing data
transmission, we powered on the module 1 minute prior to
transmission, and we cut off the power after the data
transmission to save the power.

V. CONCLUSIONS

We developed a novel WSN platform for water quality
monitoring, which was proposed for rapid prototyping of
WSN system. In order to demonstrate our novel WSN
platform, we designed and fabricated the platform as a sensor
node and field-tested it in the lake for a week with sensors
such as temperature sensor, electrical conductivity sensor and
illuminometer. As a result, we could obtain real time
measured data transmitted from sensor node and confirm that
our proposed novel platform was operated successfully in real
environment, It means that our novel WSN platform using the
proposed system is flexible, useful for rapid prototyping of a
new WSN system and a low cost solution. Moreover, we
believe that our WSN platform can be applied to not only
water quality monitoring but also other various areas using
WSN system.
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Abstract: We have been developing a wireless sensor network system to monitor the quality of lake
water in real time. It consists of a sensor module and a system module, which includes communication
and power modules. We have focused on pH, turbidity and chlorophyll a concentration as the criteria
for qualifying lake water quality. These parameters will be detected by a microfluidic device based
sensor module embedded in the wireless sensor network system. In order to detect the turbidity
and the chlorophyll a concentration simultaneously, we propose a simple optical measurement
method using LED and photodiode in this paper. Before integrating a turbidity and chlorophyll a
concentration sensor into the microfluidic device based pH sensor, we performed feasibility studies
such as confirmation of the working principle and experiments using environmental water samples.
As a result, we successfully verified our simultaneous sensing method by using a simple optical setup
of the turbidity and the chlorophyll a concentration.

Keywords: water quality monitoring; turbidity; chlorophyll a concentration; optical setup; wireless
sensor network

1. Introduction

In terms of natural resource preservation, a real-time and constant environmental monitoring
system is an important research and development topic [1-6]. The targets of the environmental
monitoring systems are very far-reaching and can include air, water, and soil. In this paper, we
specifically focus on water quality monitoring, which is one of the most important issues worldwide.
Water quality is closely related to the quality of drinking water and water for fishing and agriculture.
In typical water quality monitoring systems, physical and chemical quantities such as pH, turbidity,
dissolved oxygen concentration, chlorophyll a concentration, temperature, salinity, and pressure
are monitored. However, a commercially available conventional water quality monitoring system
is generally large and expensive. The high cost of monitoring systems prevents the real-time and
continuous monitoring of a large area. In other words, sufficient numbers of water quality monitoring
systems cannot be established in large natural resources such as lakes or rivers due to their high cost.
It also causes low accuracy of water quality monitoring.

In order to obtain a low cost and high accuracy for lake or river water quality monitoring systems,
we have been developing a wireless sensor network system. Our wireless sensor network system
consists of a sensor module and a system module, which includes a wireless transceiver module,

Micromachines 2017, 8, 112; d0i:10.3390/mi8040112 www.mdpi.com/journal/micromachines
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control ICs for sensors, and a power module. Previous partial development results on the nodes
of wireless sensor network systems have been reported in [7]. On the other hand, in the case of
the sensor module, various sensors to monitor water quality, such as pH sensors, turbidity sensors,
chlorophyll a concentration sensors, and temperature sensors, will be integrated into a microfluidic
device. Among those sensors, we have developed a pH sensor. Our microfluidic device-based pH
sensor measures pH with three electrodes: working, counter, and reference electrodes. We integrated
three electrodes into the microfluidic channel, including a reference electrode. This can be applicable to
not only water quality monitoring but also other fields such as nanoparticle synthesis monitoring [8].
Before integrating the turbidity and chlorophyll 2 concentration sensors into the microfluidic sensor
module with a pH sensor, we studied the feasibility of simultaneous sensing through a simple optical
measurement setup. Our optical measurement setup, using LEDs and photodiodes (PDs), is simple and
costs little, whereas the commercial turbidity and chlorophyll a concentration sensors use expensive
optical systems. Moreover, our measurement setup allows us to combine two sensors into one.
Although many commercial turbidity and chlorophyll a concentration sensors require large samples or
should directly contact samples due to their probe size or structure, respectively, our measurement
setup does not require sample quantities that are as large, and we can detect turbidity and chlorophyll
a concentration without contact. Our setup also provides more exact results in the calibration.

In this paper, we propose a simple optical measurement method for the simultaneous sensing of
turbidity and chlorophyll a concentration, and report the results of a feasibility study.

2, Optical Measurement Setup

We propose a simple optical measurement method for the simultaneous sensing of turbidity and
chlorophyll a concentration of the lake water. Basically, we obtain these two quantities with a single
measurement setup by measuring the output light intensity, which is transmitted through the sample
water. However, the physical origin of the output light to be detected is different when turbidity and
chlorophyll a concentration measurements are taken. In the case of turbidity sensing, we detect the
scattered light intensity caused from the suspended tiny pollutant particles in the water. In other
words, the stronger the scattered light intensity is, the higher the degree of pollution will be. On the
other hand, in the case of chlorophyll a concentration sensing, we detect the fluorescent light intensity
emitted from chlorophyll 2 molecules. Chlorophyll 2 molecules emit fluorescence with a wavelength
of around 685 nm when an excitation with a wavelength of around 450 nm is applied [9,10]. If the
suspended aquatic phytoplankton is rich, then chlorophyll a concentration is high and the fluorescence
intensity becomes strong.

A schematic diagram of the optical measurement setup is shown in Figure 1. In the optical
measurement setup, we utilized low cost LEDs and photodiode (PD) as an incident light source and
a detector of the transmitted light intensity, respectively. The small water sample bottle (diameter;
24 mm, height including lid; 52 mm) is put into the socket and fixed. The socket was fabricated by a
3D printing technique. As shown in Figure 1, in the socket, we prepared 5 holes for 2 LEDs and 3 PDs
to investigate an optimal measurement position. However, generally, we use 2 LEDs such as a red and
a blue LED. These 2 LEDs and 1 PD are sufficient to measure two quantities in real time.

In the experiment, we used the red LED with a typical wavelength of 624 nm (OS5RKA3131A,
OptoSupply, Hong Kong, China) and the blue LED with a typical wavelength of 470 nm (OSB56A3131A,
OptoSupply) as incident light for turbidity sensing and an excitation light for chlorophyll a fluorescence,
respectively. The PD (57183, Hamamatsu Photonics, Hamamatsu, Japan) with a spectral response
range of 300-1000 nm was adopted. The diameter of the LEDs, and the area including the burr of the
PD are 3 mm and 4.3 x 4.6 mm?, respectively.
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Bottle ~y

LED1

(a) (b) (c)

Figure 1, Optical measurement setup for turbidity and chlorophyll @ concentration sensing:
(a) schematic diagram of the optical measurement setup; (b) detailed structure of the sockef;
(c) photograph of a 3D printed socket with wires for measurement.

An equivalent circuit diagram of our optical measurement setup is shown in Figure 2. The power
supply voltage (Vcc), the current control resistor (R1) for the LEDs, and the bias resistor (R2) for
photovoltage measurement are 5 V, 0.984 k), and 9.89 k(), respectively. In the experiment, a socket
with the sample is placed in a box to prevent the influence of environmental light. A view of the
experiment is shown in Figure 3. The measurement system is assembled based on the equivalent
circuit shown in Figure 2. Moreover, in the experiment, we performed turbidity and chlorophyll a
concentration sensing experiments individually to demonstrate feasibility.

—e‘ Vee

RI A PD

LED
R2 Vout

~

Figure 2. Equivalent circuit diagram of the optical measurement setup: The LED represents an LED1
or an LED2 in Figure 1b.

Sample in the socket

Power source
Voltmeter

Figure 3. A view of the experiment with the optical measurement setup based on the circuit
configuration shown in Figure 2,

3. Experiment Results and Discussions

We performed the turbidity and chlorophyll a concentration sensing experiments with standard
samples for calibration and the environmental water samples to demonstrate the feasibility as follows,
before performing the integration of two sensors into a microfluidic pH sensor.
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3.1, Turbidity Sensmg

Before the turbidity sensing experiment, we pelformed cahbratron to claufy the couelatlon
'between tulbldltles and output photovoltages. In accordance with mteruatronal standard 1SO 7027 [11],
a formazine solution is recommended as the turbrdlty standard solution for measurmg turbidlty by
_ '._the optlcal method However, formazme is dlffrcuit to handle because a hydrazme su]fate, whichisa
- carcrnogemc agent is necessary in the mixing process to obtam the formazine solution [12]. On the
“‘other hand, kaolm has been plevalently utilized as a turblchty standard soluhon fora long time,
Since kaolm isa ctay mmeral it is completely free of anything harmf-uI is easy to handle, andisa
low-cost mateuai However, a kaolm solution settles easily. 1t causes variations in turbidity during
- the measurement In order to resolve the’ ptoblem, a styrene—dwmylbenzene (St--DVr B) copolymer .

L mletobeads solution was proposed as the turbidity s standard solution, However, a 5t-DVB copolymer

' :_mrcmbeads tulbldlty standatd Solutlon is much more expenswe than other tutbldrty standard so]utlons

In the cahbration, we utlhzed both a kaolm solunon and a St-DVB copolymer mrcrobeads soiutlon
- :concentratlons are), 10 20 50, 10{] 200 and 500 mg/ L as shown 1n Figure 4, Then, we measured the
S photovoltages for each kaolm solutron wrth the optrcal measurement setup shown in Flgure 3.Inthe .
" measurement, the red LED was set o, the LEDl posxtlon in Figure 1b, and we measuted the output

o 'photovoltages at three posmons PD1,PD2, and PD3, also shown in Flgure 1b. The measurement results -
-are represented in Figure 5. The photovottages measured at the position of PD2 are not represented in .

~Figure 5 because the posmon of PD2 is aligned with LEDI and because the photovoltages were out -

of range In other words, PD2 measured the hghtmtenslty of the hght source LED1 rather tha_n that =

. of the scattered lrght caused from the suspended kaglin particles, However, if the sample is a dense .
o ﬁ'suspensmn or if the LED and PD are far away from ear_h other, the measurement w1th LED1 and PDZ
fmayalsobevahd ' : - : I T L S
© 1 As a result, we were able to distmgursh the degrees of tuszdlty accordmg to the measured_ .
. -photovoltages, but we coulcl not distinguish them with the naked eye, especially for low concentlatlon -
_‘samples shown in Flgure 4, Furthermore, we were also able to confirm the linear 1e1at10nshrp bett\feen
" the concentration of the cahbratlou solution and the scattered light mtensrty The lmeauty was

" confirmed for the posmons of both PEX1 and PD3.: We observed more accurate linearity in the

" measurement results from PD3. This lmearlty comes from the rapld prec1p1tatron effect of kaolin in the
'measurement which means that the pho tovoltage measurement at the bottom of the sample yields
a more accurate turbldlty Moreover, especially in low coucentrahon regions of less than 50 mg/L,

whichisa region that is more. meamngfui for the sensors durmg detection, it shows better linearity, - '

In turbidity sensmg with environmental water samples, Ze10, cahbratron is necessary only when the
_ scattered ilght mtensﬁy is cons1dered ' o I - :

Figure 4, The 7 dlfferent concentratlon cahblatlon solutions of kaoim From left to right, the
concentrations are 500, 200 lt}{) 50, 20, 10, andOmg/L '
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0 100 200 300 400 500 600
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Figure 5. The measurement results for the calibration solutions of kaolin shown in Figure 4. PD1 is
placed perpendicular to LED1, and PD3 is placed at the bottom of the sample.

To convert the photovoltage value to the Nephelometric Turbidity Unit (NTU), we measured the
same kaolin calibration solutions with a commercial turbidity sensor (Hydrolab DS5X, OTT Hydromet
GmbH, Kempten, Germany) calibrated with a formazine calibration solution. The NTU is defined by
the formazine calibration solution. The turbidity measurement results are shown in Figure 6. Using
the measurement results in Figure 6, the measured photovoltages were converted to NTU turbidities.

180 -
160
140
120

2

80
60
40
20
0 T T T T T |
0 100 200 300 400 500 600
Concentration of kaolin [mg/L]

Turbidity [NTU]

Figure 6, The measurement results by the commercial turbidity sensor for the same kaolin calibration
solutions used in the measurement by the measurement setup in Figure 3. The photovoltage values
can be converted to an NTU value.

We also performed turbidity measurements with environmental water samples from Lake
Koyamaike located in the Tottori Prefecture of Japan. We collected eight measurement samples
in Lake Koyamaike, and the places are indicated in Figure 7. Sample Nos. 3 and 4, and Nos. 5 and
6 were collected at the same place, but Sample Nos. 4 and 6 were collected after a pause. In the
measurement, we measured the photovoltage for each sample, and it was converted to NTU turbidity
using the relationship shown in Figure 6. The NTU turbidity measurement results are summarized
in Figure 8. The photovoltage measurements were performed by PD1 and PD3, and the results were

in agreement. The turbidity of Sample Nos. 4 and 5 are relatively higher than the others due to the
muddiness of the stream during sampling.
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Figure 7. Sampling position at Lake Koyamaike in Tottori Prefecture, Japan. We collected
8 environmental water samples from Lake Koyamaike.
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[ Output of PD1
1 Output of PD3

Turbidity [NTU]

Sampling position

Figure 8. Turbidity measurement results for samples at the 8 places indicated in Figure 7.

We also performed calibration with the St-DVB copolymer microbeads solutions for comparison.
For calibration solutions of St-DVB copolymer microbeads, we prepared eight different concentration
calibration solutions. The prepared St-DVB copolymer microbeads solution concentrations were 0,
1,2, 5,10, 20, 50, and 100 mg/L and are shown in Figure 9. In the measurement, the measurement
setup and procedure were the same as that used for the kaolin calibration solutions. The measurement
results are shown in Figure 10. Here, we only measured the photovoltages from PD1 and PD3.

With the St-DVB copolymer microbeads calibration solution, we were also able to distinguish the
degrees of turbidity according to the measured photovoltages. Moreover, we were able to successfully
confirm the linear relationship betiween the concentration of the calibration solution and the scattered
light intensity. Although the measurement results between PD1 and PD3 have small differences, we
could obtain linearity with almost identical slopes. This means that the St-DVB copolymer microbeads
are uniformly distributed in the solution and the precipitation effect can be ignored. The zero calibration
is also necessary only to consider the scattered light intensity when we measure the turbidity of the
environmental water sample.

Figure 9. The 8 different concentration calibration solutions of St-DVB copolymer microbeads: From left
to right, the concentrations are 100, 50, 20, 10, 5, 2, 1, and 0 mg/L.
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Figure 10. The measurement results for calibration solutions of St-DVB copolymer microbeads shown
in Figure 9. PD1 is placed perpendicular to LED1, and PD3 is placed at the bottom of the sample,

We also performed turbidity measurements with the same environmental water samples, which
were used in previous turbidity measurements. The measurement results based on the 5t-DVB
copolymer microbeads solution calibration are shown in Figure 11. The NTU turbidity conversion
was performed by using the relationship shown in Figure 6 as well. The turbidity values measured
by PD1 agreed with those measured by PD3. Although the obtained turbidity values based on the
St-DVB copolymer microbeads solution calibration were slightly smaller than those based on kaolin
solution calibration. Specifically, in most low turbidity areas, the turbidity showed almost the same
values. According to the measurement results for each calibration solution shown in Figures 5 and 10,
the St-DVB copolymer microbeads solution calibration is considered as the more accurate method.
However, in real applications, it is more important and meaningful to detect and clarify low turbidity
water instead of high turbidity water. Therefore, the cheaper and easier method using the kaolin
calibration solution is considered to be the effective one.
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Figure 11. Turbidity measurement results based on St-DVB copolymer microbeads solution calibration
for samples at the 8 places indicated in Figure 7.

3.2. Chlorophyll a Concentration Sensing

We also performed a chlorophyll a concentration sensing experiment with the same optical
measurement setup shown in Figure 3. Before the measurement with an environmental water sample,
we calibrated to clarify the correlation between chlorophyll a concentrations and output photovoltages.
As calibration solutions of chlorophyll a, we prepared eight different concentration calibration solutions.
The prepared chlorophyll a concentrations were 0, 5, 10, 20, 50, 100, 200, and 500 pg/L, which are
shown in Figure 12. With the naked eye, the concentration differences cannot be distinguished. In the
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measurement, the measurement setup and procedure are the same as what we used for the turbrd]ty
measurement, except for the LED, For chlorophyll a measurements, we utilized a blue LED mstead of
ared LED for the excitation of fluorescence. The blue LED was set to the LED2 posrhon in Figure 1b.
. The measurement resulis are shown in Frgure 13. In the measurement, the photovoltages were detected
by PD3 only because detection by PD3 yielded better results in turbichty measurement. Moreovey,
*weset a red filter sheet on PD3 to consider only the fluorescence around 685 nm in the measurement

: -_'For convemence in the red filter selup, we chose PD3 for the detechon As a result we were also able . S _
o obtam good linearity between ch!orophyﬂa concentratlons and photovoltages In other words, with

the same srmple optical measurement setup, we can easxly detect both the turbldny and the chIorophy]I .
-a concenhahon Commoniy used commercml chlorophyii @ sensors measure water soluble uranine
.--(ﬂuorescem dlsodlum salt, ngngNagos) ﬂum escence 1ntensrty for cahbratlon, and measurement_ '

resuits are then. converted to chlorophyll fa concentration However, by. usmg our measurement

i : 'setup, we can duectly calrbrate with the chlorophyli a that is dassoived in ethanol and dzluted wrth

-water. In chlorophyll g concentration sensing with an envrronmental water sample, zero cahbratlon s

o _-necessary to consuder ﬂuorescence mtens1ty only :"

Frgure 12. The 8 d;fferent concentratlon cahbratlon solutions of chlorophyll @ From Ieft te ught the
concentrations are 500 200, 100 50,20, 10 5 and 0 ug / L, ' -

-
o
1

-y =0.0032x+0.1382_

Output voltage of PD [mV] .;3 :

== -
R R SRR T RN

0100200 300, 400 500 6w
Concenirahon of chkorephyll a [;sg!l.]

Flgure 13. The measurement results for chlorophyli a so]utlons shown in Frgure 12. PD3 placed at the
bottom of the socket was used for detectaon : -

We performed chlorophyll a concentration meas ulements with the same environmental water
samples, which were used in previous turbidity measurements. The measured chlorophyll a
concentrations are summanzed in Figure 14. ‘The chiorophyll a concentration was measured
successfully with the same optlcal measurement setup applied to turbidity sensing, The chlorophyll a
concentration is also one of the more important quantities in defining water quality. For instance, the
turbidity of Sample No. 4 showed the highest value, but the chlorophyll a concentration of it was not
high. This means that the environmental water sample at the Sample No. 4 position was only muddy
and not polluted by phytoplankton
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Figure 14. Chlorophyll a concentration measurement results for samples at the 8 places indicated
in Figure 7,

In the chlorophyll a concentration measurement, we used a red filter in front of PD3 to effectively
detect fluorescence. PD3 is also used for turbidity detection, and we performed the turbidity
measurement again with a red filter on PD3 to investigate influence of the red filter installation
on turbidity measurements. In the measurements, we measured photovoltages and NTU turbidities
for kaolin calibration solutions shown in Figure 4 by using our measurement setup and a commercial
sensor, respectively. The measurement results with and without the red filter on PD3 are shown in
Figure 15. Although the output photovoltages are decreased due to scattered light intensity reduction
for the high concentration sample, the linearity still exists; specifically, there are no remarkable
variations for low concentration samples, which are samples that are more useful in real applications.
As a result, it reveals that two LEDs and one PD are sufficient to simultaneously detect both the
turbidity and chlorophyll a concentration with our measurement setup.

5 80

y =0.3961x + 5.1197

8 40 ~ ¢ Without Filter
& 30 I With Filter

0 50 100 150 200
Tubidity [NTU]

Figure 15. Comparison of the turbidity measurement results with and without a red filter on PD3.

In order to improve the strength of output photovoltages, we investigated the reflection effect
of the socket. We put Al foil tape inside and around the socket to gather reflected scattered or
fluorescent light to increase the output photovoltage. In the measurement, we used chlorophyll a
solutions as samples shown in Figure 12. Moreover, a larger LED which has a 5 mm diameter was also
tested. The measurement results are shown in Figure 16. Of course, all measurement results showed
good linearity. There were no remarkable changes in the strength of photovoltages between 3 mm
and 5 mm diameter LEDs. However, the output photovoltage strength was much more improved
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when the reflective Al foil tape was applied. For instance, for the chlorophyll a concentration of the
5 ug/L sample, which is sample with the lowest concentration, the output photovoltage strength
was increased by 14.9%. It is obvious that using reflection in the measurement setup is effective and
should be considered when turbidity and chlorophyll @ concentration sensors are integrated into a
microfluidic sensor module, as shown in Figure 17.

T A
6 y =0.0102x +0.9818 21
= 5mm diameter LED
& 5 ith Al foil t
1 0w oil tape
g ™
6 4 | 5mm diameter LED
gp without Al foil tape
= 3 -
: }
4 i
% 2
O N 0.0032x + 0.1382
mm diameter LED without Al foil tape
0% e ' !
0 200 400 600

Concentration of chlorophyll a [ug/L]

Figure 16. Comparison of the turbidity measurement results with and without a red filter on PD3.

Temperature sensor

Inlet Vi J 4 Vi y/ Outlet

/ T
£/ )

\C‘—;’i{_}@

pH sensor Turbidity and chlorophyll a
concentration sensor

A
BOD or DO sensor

Figure 17, A schematic diagram of a microfluidic sensor module for the lake water quality monitoring
wireless sensor network system.

In environmental water measurement, it is important to guarantee constant LED intensity. To do
s0, the ageing effect of LED intensity must be clarified, which will be considered as a follow-up to this
work. Moreover, the intensity of the LEDs and the sensitivity of the PD should be optimized to obtain
an optimal device size.

4, Conclusions

We have been developing a wireless sensor network system to monitor lake water quality in real
time. It consists of a microfluidic sensor module and a system module. In this paper, we propose a
simple optical measurement setup to detect turbidity and chlorophyll a concentration at the same time.
Before integrating it into a microfluidic sensor module, we performed feasibility studies to confirm the
working principle and to obtain guidance for an optimal device design.

In the feasibility study with the optical measurement setup, we investigated the turbidity and
chlorophyll a sensing principles. We prepared calibration solutions for each sensing experiment, and
performed measurements with them. As a result, we could confirm good linearity for both turbidity
and chlorophyll # concentration sensing. Moreover, we performed measurements with environmental
water samples and we could successfully distinguish the turbidity and chlorophyll a concentration
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for each sample. Finally, the red filter effect on PD and the reflection effect of the socket were also
investigated and clarified.

In the near future, turbidity and the chlorophyll a concentration sensors using an optical
measurement setup will be integrated into microfluidics-based pH sensors.
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A FEASIBILITY STUDY OF CHLOROPHYLL SENSOR
- USING A SIMPLE OPTICALSETUP

M. Tale T Kageyama A. Maeda M. Mori?, M Mlum andS S Lee
; I Tottori Umver31ty, Tottori, Japan . :
2Enwonment Samtation Research Center Tohaku gun Tottou, Japan

oW Emall sslee@ele tottorl-u ac Jp, Tel +81 (857)31-5961 :

' "-We are developmg a wueless sensor netwoxk system to momtor wate1 quahty of natulal wate1 .

= .'resoulces such as lake and river. A schemauc view of the element of our wneless sensor netwmk o
: system is shown in Fig. 1, whxeh consists of micr ofluidics based sensoxs, commumcatlon and power. .
~modules. ‘As components of the microfluidics based sensor -module, we have developed pH{1]:and -

: '_tutbidlty sensor [2]. Moreover, new sensors such as chlomphyll concentration sensor, temperature L

o sensor and BOD sensor will be 1mplemented To do so, we performed a feas1b111ty study to 1eahze a )

B mleroﬂuidws based chlomphyll concenn atlon sensor and here we 1ep01t the expeument lesults

0u1 chlorophyll concentrat:on sensm is 1eahzed wﬁh a sunple opncal setup usmg an LED and a

: -:photodtode (PD), which will be mteglated w1th othel sensors for water quality monitoring, It has

- advantage in ferins .of ‘the mteglatlon of sensors since the sxmple optlcal setup fox chlomphyll :
' concentratlon sensmg can be also appllcable to tu1b1d1ty sensmg : . :

: In 01de1 to verafy chlonophyll concentl atzon sensmg wath our optlcal setup befme the integlatlon, we

' '-pexformed feasibility. stucly To do so, we measured utanine (ﬂuo:escem disodium salt CaoHioNa,0s) -

_ fluorescence intensity in the expeumeot because commercial sensor is using the cotrelation between
‘uranine. The fluorescence of uranine with the center wavelength of 521 nm for mcldent light with the -

_center wavelength of 494 nm is shown in Fig. 2. In the expeument we utilized 5 uranine solutions. - '

' “with different concentrations, The sample solutzons are shown in Fig 3 and the d:ffe1 ences cannot be .-
: .d1st1ngu1shable by naked eyes. - : : . _

" '0u1 expenment setup w1ththe smaple optloal setup is desoubed in F1g 4 Each sample shown in Flg 3

~is contained in 10 mL glass bottle, which is fixed by a 3D printed socket. An LED and a PD are also

_ 'attaehed on the socket. We measure photo-voltage of PD. The LED, we used has em1ssxon peak at 470
-nm, The PD has. sensumty from the range of 300 1000 nm, . S

: The expernnent results by our stmple optwai setup and comme1 cial sensor for the uranine sarnples aie
'summarized in Fig, 5. The photo-voltages of fluorescence are measured at the bottom of socket. As a

- result, we obtained agreement on the measuiement 1esults between by our optzcal setup and by the
o _commerc1al sensor ' o : R
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Fig.l A schematic diagram of the element of our
wireless sensor network system to monitor the water
quality.

Fig. 2 Fluorescent image of uranine (CapH;sNa;Os),
which is wused for the reference material of
chlorophyll sensor.

Fig. 3 Uranine samples with different concentrations,
which are not distinguishable each other by naked
eyes.

Fig. 4 Our simple optical measurement setup, which
consists of power source, LED, photodiode, and
ntultimeter,

Measurement results
by our optical setup (mV)
8

0+ T T T T
0 50 100 150 200 250
Measurement results by the
commercial sensor (mg/L)

Fig. 5 Measurement results by our measurement
setup and by the commercial sensor for uranine
sanmiples shown in Fig. 3.
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