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Abstract—We examine the major technical problems that students experi-

ence in authentic scientific inquiry and propose an Arduino-based device, adapt-

ing the Internet of Things technology, which is designed for school science in 

order to solve those technical problems. Three major technical problems as fol-

lows: First, it is difficult to have a variety of measuring tools which may satisfy 

the needs of students. Second, it is hard to equip students with tools befitting the 

complex inquiry procedures which students develop on their own. Lastly, there 

exists a problem in which a particular group(s) of students take advantage of their 

competence in technology and have a monopoly in the process of data analysis. 

Physical computing and IoT technology can provide solutions to these problems. 

Development boards like Arduino and Raspberry Pi can be purchased at afford-

able prices, which allows for measuring devices to be made at low cost by con-

necting sensors to those boards. Utilizing these development boards may also 

lead to the possibility to optimize measuring methods or procedures for inquiries 

of each student. By transmitting the measured data to the IoT Platform, students 

can have equal access to the data and analyze it easily. We also investigate ech-

nologies used in IoT-applied physical computing including development boards, 

IoT platforms, and telecommunications technologies. Lastly, as an example of 

inquiry that adapts physical computing and IoT, we introduce the case of trans-

ferring data, measured by a temperature/humidity sensor connected to a develop-

ment board, to the IoT Platform and visualizing them. 

Keywords—Science Education Research, Computer-Based Learning, Hands-

On Learning, Arduino, Physical Computing, Internet of Things, Scientific In-

quiry 

1 Introduction 

With rapid development in technology, our lives have become more connected to 

scientific technology than ever, and it is almost impossible to think about our lives 

without technology. Public interest in technology has been growing accordingly, and at 

the same time, technology itself has been taking a form that is readily accessible to the 

public. Public interest in technology and the improving accessibility to technology are 
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dialectically interacting with and promoting each other. As science and technology are 

inseparable, the current trend has been constantly stimulating reforms in science edu-

cation. 

One of the important goals of science education is to improve students' scientific 

reasoning.[1]–[3] In order to accomplish the goal, schools encourage students to par-

ticipate in a scientific inquiry like observation and/or experiment.[4] Scientific inquiry, 

which refers to a range of activities from collection and analysis of data to establishment 

of arguments based on evidences, helps students gain scientific knowledges and de-

velop high-order thinking skills. Chinn, Malhotra distinguished authentic inquiry from 

simple inquiry. Authentic inquiry, here, refers to scientific activities carried out by stu-

dents who develop their own research questions and invent complex procedures to ad-

dress questions of interest.[4] It is difficult for students to generate research questions 

themselves as well as to invent complex procedures in order to answer their questions. 

A bigger obstacle, however, is related to technical limitations that often make it difficult 

for students to implement the complex procedures they have devised. In this article, we 

find the major technical obstacles students face in authentic inquiry and propose a new 

inquiry tool based on Arduino adopting the Internet of Things (IoT) designed for sci-

entific inquiry by students. 

2 Technical Limitation in Authentic Inquiry 

Three major problems arising in the process of authentic inquiry by students are as 

follows: The first issue arises when it comes to having a variety of measuring tools 

which may satisfy the needs of students. Second, it is difficult to equip students with 

tools befitting the complex inquiry procedures they invent on their own. Lastly, there 

arises a problem when a particular group(s) of students or individual(s) competent in 

technology becomes dominant in the process of data analysis for inquiry. 

The first problem is related to the fact that schools need to provide a wide range of 

measuring tools for students who pursue their authentic inquiry. In authentic inquiry, 

students generate research problems and select various variables to solve them, which 

leads to the necessity of various measurement tools.[5] Previously, simple inquiry was 

carried out under the guidance of teachers who selected variables to measure and made 

the necessary tools ready for students. Authentic inquiry, however, encourages students 

to generate their own unique research problems which lead to broadening the range of 

variables to be measured. Limits in the budget should be considered when schools try 

to purchase measuring tools to suit the needs of students. For instance, if a student wants 

to explore the problem of fine dust in a local community and has designed his own 

inquiry perfectly, it is not possible to pursue his inquiry without a fine dust meter fur-

nished in school. It is not realistic to have every school be equipped with fine dust 

meters that are not universally needed. Furthermore, it is unclear what type of specifi-

cations a student may need for his inquiry and how many devices should be prepared 

in advance. Even if fine dust monitoring devices are prepared, in the absence of con-

sistent maintenance, they are highly likely to be out of order and end up being discarded 

with only being used a few times. 
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The second problem of having tools to accommodate the complex procedures stu-

dents invent stems from the fact that students make their own research designs. Authen-

tic inquiry may require different devices depending on the context of the research, even 

if the same variable is measured. For example, here is a student who wants to measure 

changes in the fine dust concentration in a specific area for 24 hours in the process of 

his or her inquiry. Even if there were a very precise fine dust measuring device prepared 

in the school, it would be difficult for the student to use the device if it requires users 

to calibrate every time and record the measurement on their own. In this regard, meas-

urement tools used for students’ scientific inquiry should be able to measure variables 

as a matter of course, but at the same time, they need to be capable of supporting stu-

dents’ research design. 

The last problem, in which a particular group(s) of students or individual(s) skillful 

in technology monopolizes inquiry in the process of data analysis stems from limited 

access to a PC which does not allow more than one student to operate the computer at 

the same time. Collaborative learning in scientific activities has been recommended as 

it is believed to encourage student participation and enhance the learning effect.[6] In 

the collaborative inquiry-based science activities, students carry out scientific reasoning 

based on the evidence gathered in order to draw reasonable conclusions. Raw data col-

lected from devices developed by physical computing can be one of evidence for sci-

entific reasoning. However, given the setting of measuring tools and the data transmis-

sion/storage system, it is inevitable that anyone who accesses the collected data first 

has priority to data over others. To be specific, if a student gather data from the meas-

uring device connected to a PC, the PC operator will have access to the data before 

anyone else. If data is stored on a memory card, anyone who reads the memory card 

first will have priority to data. It is known that, in collaborative learning, students with 

high academic ability, those who are popular, or male students demonstrate a tendency 

to dominate the overall activities[7], [8]. In scientific inquiry adapting physical compu-

ting, these students are more likely to get prior access to data than others. Having pri-

ority in accessing information does not only mean getting data first. Since information 

itself is  power,[9] getting information faster than others is equivalent to having a more 

dominant position in scientific inquiry. 

3 Physical Computing for Authentic Inquiry 

Physical computing can offer an alternative to address the issues mentioned above. 

In the past, developing a device to measure a specific variable was something that only 

an expert could do, but the advent of low-cost development boards such as Arduino and 

Raspberry Pi has opened an era in which anyone can easily develop a device. If you 

connect a sensor that can measure the variable you want to a development board, a 

measuring device you have been looking for is just completed. Sensors to be connected 

to development boards are sold on the Internet at very low prices. China is one of the 

major countries that manufacture low-cost sensors. The Chinese online shopping sites, 

like AliExpress, support multilingual services, and ship worldwide. Shipping to Korea 

is free if you choose to use a regular mail service which may take about 20 to 30 days. 

6 http://www.i-joe.org



Paper—Adapting Internet of Things to Arduino-Based Devices for Low-Cost Remote Sensing in School… 

 

If you choose the EMS or DHL service, shipping will be done within 7 to 14 days at a 

cost of about US 20 dollars. 

The more powerful advantage of physical computing is that it can customize a meas-

urement device to accommodate each students' own inquiry. First, students can select a 

sensor with appropriate specifications according to their purposes of inquiry. Even a 

sensor that measures the same variable may vary in characteristics depending on its 

kind, having different measurement ranges, accuracy, working voltages, usable temper-

ature/humidity, and prices. Therefore, in inquiry using physical computing, getting to 

choose a sensor is the biggest benefit that students can enjoy, but at the same time, 

choosing the right one is the most important and challenging task for them. Further-

more, it is possible to freely design measurement procedures according to the purpose 

of inquiry. Users are given the right to decide whether measuring takes place only when 

they want, at regular intervals while power is on, or at a temperature defined in advance. 

4 Internet of Things for Authentic Inquiry 

Besides physical computing, IoT plays a very useful role in students' authentic in-

quiry. First, it can eliminate discrimination of data accessibility found in the process of 

collaborative learning. Sending collected data to the IoT platform, to which more than 

one student can access simultaneously, can reduce discrimination of data accessibility. 

In other words, all students are placed on equal status in terms of accessibility to infor-

mation.[10] Each student can create his or her own account and, and access authority 

to devices can be controlled for each account. 

The IoT also helps students overcome time and space constraints in their inquiry. 

Observations using traditional physical computing were difficult to store the collected 

data systematically. Although it is possible to display data collected in real-time by 

using display modules such as LCD and OLED, it has a disadvantage of information 

being volatile. Using secondary memory units to record, data can be stored permanently 

while students need to load and reorganize data stored on the memory card for each 

measuring device they employ. On the contrary, there is no need for such cumbersome 

work when using the IoT platform. Data transmitted from devices is systematically rec-

orded in DBMS of the IoT Platform. 

IoT can make the data analysis easy for students. In a traditional inquiry, collected 

data was organized, charted, and analyzed using desktop-based applications such as 

Microsoft Excel or LibreOffice Calc. However, since most of IoT platforms have data 

analysis features including charting, students simply access their accounts and then vis-

ualize the collected data on a dashboard they create. 

5 Design 

For the success of scientific inquiry using physical computing, students need to find 

out which will be most suitable for their scientific inquiry and make a choice from 

various development boards, sensors, and IoT platforms. Having many options may 

promise possible advantages in broadening the range of implementation, but it also 
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means that teachers or students may need more time to decide which option they should 

choose for their inquiry. Przybylla pointed out that although ideas for physical compu-

ting projects are presented at academic conferences and many teachers express their 

interest in physical computing at training workshops, it turns out that theoretical and / 

or practical knowledge about physical computing has not been properly disseminated 

to teachers.[11] This may be also caused by the fact that each training workshop adopts 

different technologies, making teachers who are first introduced to physical computing 

or the IoT technology may think they get to learn something new every time they are at 

those workshops. 

In this article, we would like to propose a suitable configuration for conducting in-

quiry using physical computing and IoT technology in science education. By doing so, 

we expect it may help teachers, who want to introduce physical computing and the IoT 

technology to their classes for the first time, familiarize themselves with cutting-edge 

technologies with more ease and speed. 

What is considered most important in designing is that teachers, who are not profes-

sional technicians or engineers, and students should be able to carry out their own sci-

entific inquiry without any help from experts. For example, if a particular IoT platform, 

whose intuitive UI makes it easy to use, requires professional-level knowledge in server 

installation, the platform is excluded from the options as it is not something that can be 

readily used by teachers and students. Technologies at high costs are also avoided. If 

an LTE module is attached to a development board for communication between the 

development board and the IoT platform, users are surely advantageous in mobility 

compared to the Wi-Fi only setting. However, using an LTE module requires a sub-

scription to the LTE network service and leads to the burden of paying bills on a regular 

basis. Physical computing with IoT largely consists of sensors, development boards, 

IoT platforms, and wireless communication networks (see Figure 1). As sensors vary 

depending on the design of inquiry, a common discussion cannot be made. In this re-

gard, we only discuss development boards, IoT platforms, and wireless communication 

networks below. 
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Fig. 1. Composition of IoT-applied Physical Computing 

5.1 Development boards 

Arduino and Raspberry Pi are the development boards mainly used in the field re-

cently, but given the science education environment in school, it is recommended to 

choose Arduino rather than Raspberry Pi for the following reasons. First, in terms of 

price, Arduino's unit price is between US 3 and 4 dollars, only one-tenth of Raspberry 

Pi. Second, when it comes to the installation of an operating system, Arduino does not 

require firmware or operating system to be installed, but Raspberry Pi needs an operat-

ing system to be installed and thus, requires additional knowledge for that. Although 

Raspberry Pi has a much higher hardware specification than Arduino, which widens its 

range of application, scientific inquiry in school usually involves simple tasks like 

measuring variables, storing measured data, and sending it to the IoT Platform wire-

lessly. Therefore, Arduino is good enough to be used for scientific inquiry in school. 

Third, given the stability in operating, Arduino is considered more suitable for students 

than Raspberry Pi. To be specific, in order to make high-specification semiconductors, 

the production process needs to be more fine-scaled. The more fine-scaled the produc-

tion process is, the more unstable the electrical properties of chips become. It means 

that those chips are vulnerable to small electrical shocks from outside. Students who 

have little electronic knowledge and are new to physical computing are more likely to 

make mistakes in the wiring process. If students make a mistake when working with 
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Arduino, they can simply turn off the power and try to connect it again to have Arduino 

work normally. However, in such cases, Raspberry Pi is often permanently damaged. 

Fourth, if we limit our discussion to the development of measuring devices, Arduino 

has a wider ecosystem than that of Raspberry Pi. Arduino has been widely used to de-

velop measuring devices by different groups of users from amateurs to experts. Various 

source codes are also shared on GitHub. There have been numerous academic studies 

conducted using low-cost sensors, focusing on temperature[12], humidity, carbon di-

oxide[13]–[17], methane[18], fine dust[19]–[28], soil moisture[29], [15], pH[30] and 

so on. 

5.2 IoT platforms 

Although the definition of IoT Platform is not clear[31], if we roughly count the 

elements commonly found in IoT platforms, it can be defined as software that (1) con-

nects hardware such as sensors and devices, (2) processes communication protocols of 

various hardware and software, (3) provides security and authentication for devices and 

users, and (4) stores, analyzes and visualizes the data collected by sensors and devices. 

As the IoT technology has been used in diverse areas, different IoT platforms have 

appeared in the industry. While such diversity has the advantage of providing users with 

a wide range of choices, it also creates confusion for first-time users about what to 

choose. 

Because each area has different needs for IoT Platforms, it is important to choose 

the right platform depending on the purpose. A platform suitable for scientific inquiry 

in the school environment should be easy for beginners to install, transmit data from 

devices, and visualize the collected data. It would be more desirable if the platform 

supports the exporting function through which users can export the collected data in 

more universal formats such as Microsoft Excel (*.xlsx) so that they can utilize the data 

for further inquiry. For non-English-speaking countries, it is also important to consider 

whether they support multi-locales. The most important thing to consider is if there are 

any costs incurred from using the platform because students who do not have financial 

support from schools should be still able to use the platform. The ultimate goal is to 

enable students who learn IoT technology from scientific inquiry to utilize it in their 

daily lives not necessarily inside research labs. 

Popular IoT Platforms known as suitable for school science education environments 

include Arduino IoT, ThingSpeak, Kaa Cloud, and ThingsBoard (see Table 1). The fatal 

disadvantage of Arduino IoT is that third-party boards are not available for free. Stu-

dents should pay more to use the Arduino genuine board or subscribe to a paid plan at 

US 6.99 dollars per month. ThingSpeak has limited data visualization capabilities, and 

Kaa Cloud has limitations in that it only supports English locales. In addition, Thing-

Speak, Arduino IoT, and Kaa Cloud support 4 to 5 devices only. However, they are still 

convenient with the fact that they can be used without additional installation as they are 

provided through the SaaS(Software-as-a-Service) cloud. ThingsBoard has no limit on 

the number of devices, supports data visualization, and supports locales of 18 lan-

guages. Although ThingsBoard requires its own IoT server, the installation can be eas-

ily done with the support of well-made manuals provided on the ThingsBoard website. 
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Table 1.  Comparison of IoT Platforms 

 ThingsBoard ThingSpeak Arduino IoTa Kaa Cloud 

Cloud X SaaS SaaS PaaS 

Device unlimited 4 5 5 

Plot 
chart, gauge, map, 
table 

chart, gauge chart, gauge, map 
chart, gauge, map, 
table 

Export to files Xb O Oc X 

Locale O X X X 

a. 3rd party boards cannot be used for free. 

b. Expert users can export the raw data through PostgreSQL queries. 
c. Exporting to Google Spreadsheet is available. 

5.3 Telecommunication 

For transferring data from development boards to IoT platforms, either wired Ether-

net, wireless Cellular, or Wi-Fi can be used. As there exist pros and cons in module 

prices, network service charges, and mobility depending on which communication 

method is chosen, it should be considered carefully. 

If users want stable communication in a fixed location, Ethernet can be the best 

choice (see Figure 1). As it is a wired-communication method, there is no interruption 

due to radio interference. However, the weakness is a lack of mobility because it must 

be connected directly by wired cable. In addition, for many students to use it in the 

same location, UTP ports must be installed in each student's seat. Therefore, in the 

school environment, it is better to use wireless communication such as Cellular and Wi-

Fi than Ethernet. 

The advantage of using cellular networks is mobility which allows data collection to 

be done without any limitations in location. Even if the observation point is changed, 

there is no need to change the settings. However, there is a limitation which requires 

users to open a new account for the cellular network service and pay the service charges. 

Recently, there are companies selling SIM cards for the IoT devices. Hologram.io, for 

example, provides the global roaming service equivalent to a total of 500MB data with-

out limitations of the number of devices connected at US 100 dollars per month. 

Thingsmobile.com offers global roaming data of up to 500MB for maximum 10 devices 

at the rate of US 20 dollars per month. Compared to typical mobile phone plans, these 

services are offered at quite high rates. However, given the differences in network ser-

vice charge policies adopted in different countries or those of various mobile service 

providers, it may be premature to decide whether the SIM cards for IoT devices are sold 

at high prices. To be specific, the SIM808 modules capable of 2G (GSM/GPRS) com-

munication cost around US 9 dollars [12], and the SIM7600E-H modules capable of 

2G (GSM/GPRS), 3G (UMTS/HSPA+), and 4G (LTE) communication are between US 

35 and 40 dollars. The SIM7020E modules capable of NB-IoT communication, a net-

work specialized for the IoT, are only US 10-15 dollars, more affordable than other 

LTE modules (see Figure 1). Since the quantity of data collected from measuring vari-

ables is not huge, the speed of 2G mobile communication is good enough. Therefore, it 

is most desirable to use 2G modules in the school science environment. However, most 

of the 2G modules are based on GSM/GPRS, and some countries (South Korea, North 
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Korea, and Japan) do not provide the GSM services, which makes it unavailable for 

students in South Korea. Since cellular communication is charged according to the 

amount of data, it is important to minimize the amount of transmitted data. To reduce 

the data rate, it is recommended to refer to the paper of Yahya et al. [32]. 

Students, who are familiar with digital devices such as smartphones and thus, have 

a lot of experiences in using Wi-Fi, find it easy and familiar to use the Wi-Fi service as 

a communication method. Students can easily adapt to the Wi-Fi environment as they 

have a good grasp of Wi-Fi characteristics (e.g., SSID and password access, free service 

in most cases, and possible disconnection in case of being distant from the router). Wi-

Fi is the best option for inquiries that measure variables in a fixed space where routers 

are installed. The biggest advantage of all is that it is a network that students can easily 

access without anyone’s help. However, if students must activate a new account for 

network service, receive SIM cards, and pay monthly service fees, it would be difficult 

for them to access that kind of network service. The Wi-Fi modules used primarily in 

Arduino are ESP-01 which cost around US 1 to 2 dollars and are very affordable com-

pared to the Cellular modules (see Figure 1). 

6 Implementation 

When we introduce physical computing and the IoT technology for low-cost telem-

etry in the school science environment, Arduino is recommended for a development 

board and ThingsBoard for the IoT platform. Unless users carry their measuring devices 

as they move from place to place, using Wi-Fi as the method of connecting to the In-

ternet is the least expensive option to choose. In this article, we introduce one example 

of IoT observation. We create a device by combining Arduino and ThingsBoard and 

connecting to Wi-Fi in order to measure temperature, humidity, fine dust, and carbon 

dioxide concentration and apply it to the IoT Platform. 

6.1 Wiring and coding 

The circuit is constructed as shown in Figure 2, and all the parts are purchased from 

AliExpress. The development board uses Arduino UNO compatible board (US 2.76 

dollars), Wi-Fi module ESP-01S (US 1.53 dollars), temperature and humidity sensor 

DHT11 (US 0.78 dollars), fine dust sensor ZH03B (US 7.98 dollars), and carbon diox-

ide sensor MG-811 (US 21.66 dollars). Using Arduino IDE, we develop a program with 

text coding by utilizing libraries opened in GitHub. 
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Fig. 2. Fritzing Wiring Diagram for Sensing Temperature and Humidity 

6.2 Installation of ThingsBoard 

ThingsBoard, an open-source software, can be downloaded for free from the website 

(http://www.thingsboard.io). To use additional features such as exporting to Excel and 

platform integration, a paid Professional Edition (PE) version should be used, but in the 

environment for school scientific inquiry, it is not necessary to use the PE version as 

the Community Edition (CE) already has sufficient functionalities. 

The ThingsBoard supports various operating systems, including Ubuntu, CentOS, 

Windows, Raspberry Pi, and more. Guides and video tutorials available online will help 

even beginners install it with ease. After the installation is completed, all settings can 

be modified on the administrator's webpage. Among several features on loT platforms,  

students mainly utilize the platform to upload the raw data from their devices. So only 

two menus in the Administrator's page, DEVICES and DASHBOARDS, are used by 

students (see Figure 3). 

 

Fig. 3. Administrator page of ThingsBoard 

6.3 Sending data from Arduino to ThingsBoard 

When the ThingsBoard installation is finished, data from Arduino should be sent to 

the ThingsBoard. The ThingsBoard provides a library which supports Arduino to be 
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connected to the IoT Platform without difficulties. In addition, the ThingsBoard website 

provides an example which describes how to send data measured by DHT11 (tempera-

ture and humidity sensor) to the IoT Platform using ESP8266 Wi-Fi modules. The ex-

ample consists of step-by-step tutorials, which makes it easy for even novices to trans-

mit data. The Arduino UNO, however, has a small Flash memory of 32KB. The Things-

Board Library may consume a considerable amount of memory because of its library 

dependencies.[33] In scientific inquiry using Arduino UNO, we only do simple tasks 

like sending measured data to the IoT Platform, which makes us decide to develop a 

simplified library ourselves instead of the existing libraries provided by the Things-

Board.[34]. 

6.4 Analysis of data in ThingsBoard 

The data sent to the ThingsBoard is systematically accumulated in the Database 

Management System (DBMS). The ThingsBoard provides a dashboard function 

through which data can be visualized and displayed for users’ convenience. The strong 

points that the ThingsBoard dashboard has are the various forms of data visualization 

it supports including charts, gauges, maps, and tables. This enables students who do not 

have knowledge in programming languages to visualize the collected data without any 

difficulties (see Figure 4, 5). 

 

Fig. 4. Chart and Gauge Bar in ThingsBoard Dashboard 
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Fig. 5. Google Map and OpenStreetMap in ThingsBoard Dashboard 

7 Additional Considerations 

These scientific inquiry activities require competencies and knowledges in various 

areas including development boards, programming, and sensor operation. If students 

participate in the activities without clearly setting their goals first, it is highly probable 

that their attention is drawn to points of minor importance instead of focusing on achiev-

ing their ultimate goals. In fact, education courses adopting physical computing have 

not been quite successful in fulfilling their educational goals as students in those courses 

concentrated too much on technical aspects only. 

If what the activities want to accomplish in the end is scientific inquiry, not compu-

ting, it should be ensured that teachers supervise students not to be immersed in tech-

nical aspects only. More direct technical support from teachers is needed to steer their 

classes to scientific inquiry rather than education for computational thinking or coding 

skills. 

8 Associated Content 

The Supporting Information is available on the first author’s GitHub 

(http://www.github.com/shga89). 

• The light library for ThingsBoard 

• Sample Arduino source code using ThingsBoard (Sensing temperature, humidity, 

fine dust, and concentration of carbon dioxide) 
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