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ABSTRACT

Technology integration in educational settings has led to the development of novel sensor-based
tools that enable students to measure and interact with their environment. Although reports from
using such tools can be positive, evaluations are often conducted under controlled conditions and
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short timeframes. There is a need for longitudinal data collected in realistic classroom settings.
However, sustained and authentic classroom use requires technology platforms to be seen by
teachers as both easy to use and of value. We describe our development of a sensor-based plat-
form to support science teaching that followed a 14-month design process. We share insights
from this design and development approach, and report findings from a six-month large-scale
evaluation involving 35 schools and 1245 students. We share lessons learnt, including that tech-
nology integration is not an educational goal per se and that technology should be a transparent

tool to enable students to achieve their learning goals.

1. Introduction

Being scientifically literate is a crucial 21st century skill as it
influences our ability to make decisions about our personal
life and our participation in society (Lederman et al., 2013;
Valladares, 2021). An overarching goal of science curricula
globally is to ensure that all students develop sufficient scien-
tific knowledge and confidence in science to be informed citi-
zens in an increasingly scientific and technological society
(Hodson & Wong, 2017). Students who are engaged and con-
fident in doing science in schools will develop an increased
understanding of the Nature of Science (NoS). However,
research shows that the NoS and scientific inquiry remain lim-
ited in scope and application in schools (de Andrade et al.,
2020; Gyllenpalm et al., 2022; Yacoubian, 2021).

Integrating technology into science teaching can foster
higher-order thinking in students, promote investigative proc-
esses and inquiry-based learning (Hillmayr et al., 2020; Lichti
& Roth, 2018; Radu & Schneider, 2019) and develop students’
conceptual understanding of science and self-efficacy in
inquiry skills (Calik, 2013; Faour & Ayoubi, 2018; Wu et al,
2021). These ways of thinking underpin how science know-
ledge is developed. Technology can have a significant role in

enabling students to work as scientists and to understand that
science is a process and way of learning about the world
rather than a body of knowledge to be memorized. The chal-
lenge for teachers is to realize the potential of technology to
teach about science through doing science. This requires them
to be confident and competent using technology to foster stu-
dents investigative skills.

The aim of this project was to develop a teacher-friendly
technology resource which makes scientific inquiry access-
ible for all students in an authentic and sustainable way. We
developed a sensor-based platform to foster students’ scien-
tific skills—asking questions, making observations, analyzing
data, and making informed decisions. We recognized that
teachers needed to see the value in, and feel confident with,
any technology that they expected their students to use.
Thus our design focus was to develop a platform that would
support teachers’ implementation of new technology in the
classroom and utilize sensors that are purpose-built to align
with their curricullum goals. In evaluating this work, we
address the following research questions:

RQI: How did the design of the platform and resources support
teachers’ implementation of new technology in the classroom?
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RQ2: To what extent do students engage with the various
features of the platform and the range of sensors available?

We summarize our findings and discuss the lessons we
learnt across the 20 months including that technology inte-
gration in educational settings is complex and fraught; that
technology integration is not an educational goal per se; and
that technology should be considered a transparent tool to
enable students to achieve their learning goals. We suggest
some of the limitations of our study and posit future work.

2. Background
2.1. Technology in science education

Integrating technology into science education supports
inquiry-based learning in a variety of ways (Duval et al,
2017). Interactive technologies allow students to develop sci-
entific reasoning, formulate hypotheses, conduct experiments,
collect and analyze data, and reflect on their observations and
findings, all at their own pace. Examples include web-based
learning platforms with ready-to-use lessons (Ly-Hoang et al.,
2022), plug-and-play sensors (Cao et al., 2021; Fjukstad et al.,
2018; Lechelt et al, 2020; Sensors, 2015), custom-designed
applications for data collection during field trips (Schellinger
et al,, 2017), gamified virtual environments for investigating
and solving problems (Kalogiannakis et al., 2021; Qiao et al,
2023) and virtual laboratories for performing experiments
(Husnaini & Chen, 2019).

Recent developments in the accessibility of low-cost hard-
ware and sensor-based learning technologies have allowed
students to interact with real-world physical phenomena.
These platforms typically utilize a combination of software
and hardware to create systems that facilitate interactive and
tangible learning environments (Schneider et al, 2015).
Davies et al. (2008) emphasize that “proper integration of
technology can increase the likelihood that students will
learn in the science classroom” because technology positively
affects student motivation, creativity, and collaboration
(Sentance et al., 2017).

Mobile devices such as smartphones also provide numer-
ous opportunities for supporting sensor-based learning in
science classrooms. A common approach in prior work has
been to create applications capable of accessing built-in sen-
sor data to promote science inquiry investigations (Chu &
Garcia, 2017; Herodotou et al., 2014; Qiao et al., 2023). For
example, Herodotou et al. (2014) describe their development
and evaluation of an Android-based application that hosts
scientific investigations by allowing students to acquire and
visualize data from all available sensors on a device.
Although students showed interest in using the tool and
proposed a variety of possible investigations, the evaluation
was conducted in a single session of a science and technol-
ogy academy with highly motivated participants, 90% of
whom were male. The authors were thus cautious about the
generalizability of their findings, and plan future work on
how to sustain interest and promote long-term engagement.
Moreover, this highlights the need for large scale evaluations
involving samples where gender and socioeconomic factors

are more representative of those in typical school science
classrooms (Quille et al., 2017).

Other work claims numerous benefits result from the use
of technology for developing students’ conceptual under-
standing of science and self-efficacy in inquiry skills (Calik,
2013; Wu et al, 2021). However, several limitations are
common in existing empirical studies. These include rela-
tively small sample sizes (Fuhrmann et al., 2021), the use of
carefully controlled conditions rather than authentic class-
room environments (Vogel et al, 2010), and evaluations
that are conducted over short timeframes (Cao et al., 2021).
This latter limitation may result in novelty effects relating to
short-term interest in a new technology rather than sus-
tained benefits in practice. To assess the benefits of tools for
developing students’ scientific inquiry skills, there is a clear
need for large scale evaluations conducted over realistic
timeframes. One of the contributions of the current work is
a longitudinal evaluation of a sensor-based science education
platform conducted over sixmonths and involving over
1000 students from a range of schools.

2.2. Teachers and technology

Of course, the acceptance of technology by teachers is piv-
otal for its long-term success in the classroom (Ertmer,
1999; Joo et al., 2018). Teachers may be competent in using
digital tools and devices in their everyday lives but may not
exhibit similar confidence and knowledge in the use of
effective technology in their science classrooms. They may
rely on their personal beliefs and attitudes to guide their
judgments for whether or not to incorporate technology
into their science classes (Chen, 2008; Hoareau et al., 2021).
Researchers report that although many factors influence the
initial adoption of classroom technology, teachers’ percep-
tions of “usefulness” and “ease of use” are critical for
sustained use and successful integration of technology into
the classroom (Davis, 1989; Scherer et al., 2020).

In their three-year study investigating the integration of
inquiry-based technology in science classrooms, Davies et al.
(2008) comment on the realities of using technology in the
classroom and claim that “learning does not take place sim-
ply because technology is used.” They found that technology
should seem almost invisible in the learning process—*“a
transparent tool” that allows for a seamless experience when
introduced to students and one that effectively enables stu-
dents to achieve their learning goals (Davies et al., 2008;
Davis, 1989; Hu et al., 2003). Educational technology devel-
opers need to pay close attention to teachers’ considerations
and focus on how sensor-based learning platforms might be
implemented in the classroom (Denny et al., 2019; Hakverdi-
Can & Dana, 2012). In the current work, we worked closely
with teachers to design and develop a tool suitable for their
needs and that they perceived as easy to use and of value.

3. Design process

In this section, we describe the design process that guided the
development of our novel sensor-based science education



platform to support scientific inquiry. This is motivated by the
“design principles to support equitable learning across
settings” proposed by Penuel et al. (2014). Five aspects of
these principles include: Firstly, draw on values and practices
from various settings to identify shared learning goals and
resources to meet those goals. Secondly, partnerships should
involve multiple stakeholder groups that can collaborate to
design initiatives for promoting learning. Thirdly, participants
should create stories, artifacts, and imaginative worlds that
connect and hold meaning across their different learning con-
texts. Fourthly, educators should name and support young
people as contributors to authentic learning experiences to
enhance their identification with the learning enterprise.
Finally, intentional brokering of youth learning across settings
is critical, including the preparation of educators and family
members to facilitate learning across different contexts.

We started with conceptual discussion and idea generation
with students and teachers via a series of interviews and work-
shops, and testing low- and mid-fidelity prototypes. Before
large-scale deployment, we developed a plug-and-play sensor
system with a web platform and complementary learning
materials. Here we detail a three-phase design process span-
ning 14-months and summarize the key lessons learnt in each
before reporting the findings from a 6-month deployment in
real classrooms involving more than 1000 students across 35
schools.

3.1. Phase 1: Concept feasibility

This phase involved validating our concept—a plug-and-play
sensor kit for smart phones with a complementary learning
platform—as a tool for students to conduct scientific inqui-
ries. We created mockups of the concept which are illus-
trated in Figure 1.

We ran four 45-min focus group sessions with two teach-
ers in each group. The teachers were recruited through our
personal networks from schools local to the research team.
We showed them the mockups to gauge their receptivity to
the idea and asked how they thought they might use the
sensors with their students. In addition to discussing the
concept, we asked the teachers how they usually ran science
experiments, their observations of student engagement dur-
ing the experiments, and the rules around device use in
schools. These interviews were transcribed and thematically
analyzed (Braun & Clarke, 2006). Teachers were also pro-
vided a questionnaire that included a list of 10 sensors for
measuring common environmental and physiological data
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(heart rate, UV light, brightness, sound, skin conductance,
temperature, atmospheric pressure, humidity, distance to
objects, water quality (pH and chlorine)). They were asked
to (1) rank what they felt would be the most exciting sen-
sors to use in class with a reason for their choice and (2)
indicate the importance of features such as ease of use,
availability of guided lesson plans and alignment of those
lesson plans to curricula using a five-point Likert scale.

3.1.1. Findings and learnings

We found that the idea of using sensors in the classroom
was welcomed by the teachers. This was mainly due to their
prior experience of seeing students enjoy hands-on activities
that made use of familiar contexts, and that produced an
immediate response. Requirements for sensors included dur-
ability, with one teacher mentioning “replacement every
4years is acceptable,” and to be able to produce robust,
repeatable measurements. In addition, we learnt that all of
the schools had “no phone” policies but their students had
access to either school-issued Chromebooks or their per-
sonal laptops during class. Therefore, we abandoned the
idea of using phones and instead chose a web-based plat-
form as it could be easily accessed via laptops.

Teachers indicated that heart rate and UV sensors were
likely to be the most exciting ones to use in class. This was
due to reasons such as students’ previous experience with
the concepts, relatability to students’ life, and the relevance
to the real world and the curriculum. We also learnt that
generalist primary school teachers who cover all the subject
areas needed more guidance and structure to teach science.
One Principal observed that such generalists “tend to lack
confidence in science,” thus indicating the need to provide
complementary teaching resources alongside the sensor
hardware and software platform.

Lastly, we found that the teachers appreciated that they
were engaged as part of the design process, with one stating
“I am excited to be part of this.” They valued the fact that
their expertise and opinions mattered in shaping the plat-
form. As a consequence, all of the teachers in the initial
focus groups volunteered to be involved in further work.

3.2. Phase 2: UV experiment pilot study

We started this phase with a prototype—a web-based guided
experiment using a UV sensor. The aim of this phase was to
understand how the hardware sensor and scaffolded content

o
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Figure 1. ( A) The first concept of the mobile learning platform. (B) The first prototype of the plug-and-play sensor used in Phase 1.
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was used by teachers in a classroom setting. We recruited
two grade eight classes (42 students), together with two
teachers. Students participated in a 2-hr session which was
led by the class teacher, with a team of our researchers pre-
sent to observe and offer assistance.

The session began with students navigating to the web-
based experiment where they were asked to find the best
material to protect a fictional character from UV light. This
involved choosing the materials for investigation, formulat-
ing a hypothesis, collecting and analyzing data, and discus-
sing findings. At the end of the session, students were
allowed to use the sensors to engage in free exploration of
the platform.

It was important for us to see how students interacted
with our system (Sanders & Stappers, 2012), so observations
were noted by the researchers present in the class. In add-
ition, we collected student feedback on Things I liked about
today’s session and Things I would change about today’s ses-
sion via an online form. Both teachers were interviewed for
15-min for their observation of the class, thoughts on how
our platform would fit into their existing curriculum, and
how they might use it in the future. These data were the-
matically analyzed (Braun & Clarke, 2006).

3.2.1. Findings and learnings

Of the 42 students who participated, 29 described the ses-
sion as “fun,” and others used words such as “amazing,”
“awesome,” and “cool.” We observed that some students
wanted to start taking measurements immediately when the
sensors were plugged in, instead of following the guided
experiment procedure. Body movement and expression of
the students showed that they were the most excited when
measuring materials using the sensors, and appeared to be
less engaged when having to discuss the results at the end.
Many students wanted to investigate beyond the given
experiment. Ten comments for Things I would change were
related to testing more or multiple materials. They also
expressed interest in taking the sensors home. These obser-
vations and feedback affirmed that students were motivated
to use the sensors, but, greater flexibility for students to
engage with a variety of experiments was needed.

Both teachers were pleased with the session and thought
the sensors worked well. One teacher thought the use of
sensors would “allow more student driven practicals, as each
would have the device to use to test their own ideas.” The
other teacher thought that having the plug-and-play sensors
without the guided content would be more useful in ena-
bling students to perform their own experiments. This called
for a reconsideration of the very structured learning mater-
ial. As the teachers expressed the desire to have control over
the lessons, we noted the importance of flexibility and the
ease of integration with existing curricula and lesson plans.

3.3. Phase 3: School trial

We developed a Beta version of a web platform alongside
four sensors (UV, Humidity, VOC and Conductance). We

used these four sensors as they were the first to be con-
structed. The heart rate sensor, which was rated by teachers
in Phase 1 as the most exciting to use in class, was com-
pleted in time to be rolled out in the main deployment stage
(see Section 4). Using the platform, students were able to
publish an inquiry (ie, the investigation they were conduct-
ing using the sensors). Figure 2 shows screenshots of this
process: once the sensor was connected, students could see
changes in values, capture up to three data points and
describe the inquiry.

We tested our system in three classrooms. A total of 79
students and 3 teachers from two schools were involved.
Teachers were asked to lead the 1-hr class in which the stu-
dents were able to explore the platform and use the sensors
freely (see Figure 3(B)). In addition to the data collected
from the server logs from the web platform, researchers were
present to observe and take notes. At the end of the session
students shared their feedback using post-it notes under four
categories: (1) Three things I liked, (2) Three things I would
change or disliked, (3) Three things I learnt, and (4) Two
things I want to try at home (see Figure 3(C)). These data
were thematically analyzed (Braun & Clarke, 2006).

3.3.1. Findings and learnings

During the school trial, one teacher chose to give a 10-min
demonstration to their students on how to use the platform
and the sensors. We recorded more inquiries published for
this class that had the teacher demonstration, compared to
the two classes that did not have a demonstration. We
observed those students in the classes without the demon-
stration spent more time working out how to navigate the
platform. As a result, we noted that lesson materials should
include introductory information to help teachers schedule
and perform a brief demonstration. This finding also
informed how the on-boarding workshop would be run dur-
ing the deployment phase.

In terms of student feedback, 21 students liked how easy
it was to use the sensors, 14 students described the session
as “fun,” and 12 students wanted more time to explore and
experiment. Students liked the ability to sense or detect
things that they could not see. This feedback gave us confi-
dence that the system was engaging for students.

3.4. Teachers’ requirements

Teacher feedback from the Phase 1 focus groups indicated
that the availability of resources was important. However
the resources provided for the guided experiment in Phase 2
were, from teacher accounts, too prescriptive and specific.
The amount of preparation that went into this demonstra-
tion session was unsustainable. Furthermore, it was counter
to our intention for the tool to be student-driven. With this
in mind, we prepared an exemplar for each sensor and com-
plementary learning materials with the aim to support teach-
ers in incorporating our system into their classrooms. To
better understand teachers’ needs, we conducted 30-min
interviews with seven teachers, with teaching experience
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Figure 2. The procedure of publishing an inquiry. (A) Plug in one of the six sensors. (B) Collect up to three sets of data points. (C) Name and describe the inquiry.

Figure 3. ( A) Class kit that includes 20 each from 6 different sensors and 20 USB cables. (B) Students in Phase 2 engaging with the sensors. (C) Feedback session

with students at the end of the session.

ranging from 2 months to 33 years. Interview questions were
guided by four over-arching topics: (1) a typical science
class, (2) experience in adopting new materials, (3) lesson
preparation, and (4) teaching with sensors. The interviews
were transcribed and thematically analyzed (Braun & Clarke,
2006).

3.4.1. Findings and learnings

Teachers commented on the importance of being well pre-
pared before and during teaching. They needed to under-
stand the teaching materials and feel confident that using
the technology would support their students’ learning goals.
If they were not comfortable using the tools, they would
find it difficult to teach their students. Teachers commented
“It would be helpful having someone show me how to use it
first” and “I definitely need to be confident with it first
before using it with students.” One of our priorities, there-
fore, was to ensure teachers were confident in using our
sensors and the platform by themselves. This was addressed
in the on-boarding workshops, detailed in Section 5.1.

Most teachers favored a guided approach to introducing
the sensors. “When introducing something new, I'd intro-
duce a very simple task.” We provided clear instructions
and an illustrative task for each sensor as a result of this
feedback.

Lastly, many teachers, especially those who were inexperi-
enced, reported that it took a lot of time to create, find, and
adapt resources. “It’s mostly trying to find resources for les-
sons, resources take up a lot of time... find the right ones
to use and then typing it all up and tying it into achieve-
ment objectives.” In addition, teachers had to ensure that
the resources aligned with the national curriculum. As all
the teachers relied on various web portals for their resour-
ces, providing a centralized web portal for our resources
appeared be the most valuable approach for teachers. We

describe how our implementation addresses the feedback
provided by teachers in Section 4.3.

4. Implementation

In this section, we describe how the final version of the
learning platform was implemented in terms of hardware
sensors, web portal, and pedagogical resources.

4.1. Sensors

4.1.1. Hardware design

We developed 6 different sensors (see Figure 2(A)) to measure
the following properties: ambient temperature and humidity,
ambient light and UV index, volatile organic compounds
(VOQ), electrical conductance, body temperature, and heart
rate. All sensors share a core design. A Microchip
ATSAMDI11D14 controls the sensor and handles the commu-
nication between the connected computer. A low dropout
regulator provides the 3.3V supply for the microcontroller and
sensor components, except for the VOC sensor which is pow-
ered at 3.1V. As we learnt from Phase 1 that the robustness
and durability of the hardware was an important feature, we
designed the circuit boards to also carry resettable fuses and
ESD diodes to protect both the circuit board and the con-
nected device from electrostatic events arising from mishan-
dling. Similarly, considering the importance of creating
accurate measurements, VOC, humidity, light and heart rate
sensors utilize off-the-shelf digital sensors that connect to the
micro-controller over an I2C bus; these components have the
advantage of being calibrated by the manufacturer. The body
temperature sensor is different, as its sensing component out-
puts an analogue voltage, thereby requiring an extra amplifica-
tion and signal conditioning circuit before the analog-to-digital
converter of the microcontroller. This sensor needs individual
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calibration due to the analog nature of the components, which
was carried out prior to distribution. The electrical conduct-
ance sensor is based on a custom analogue circuit of high pre-
cision components to ensure accuracy.

As the plug-and-play operation was an important feature,
the sensors communicate and draw power from the USB
port of the connected device. The micro-controller commu-
nicates using a serial communication protocol (USB-
CDC(ACM)). Since this is a standard USB protocol, a
majority of the modern operating systems support this com-
munication protocol without third party driver require-
ments. Tested on Windows, macOS, Android, ChromeOS,
and Linux based OS, the plug-and-play operation works on
virtually any device with a USB port.

4.1.2. Class kit

Each class was provided with one class kit which included
20 of each sensor type and USB cables. They were packaged
in easy to use cardboard drawers, and each drawer was
color-coded and clearly labeled with icons (see Figure 3(A)).
Students could easily identify and choose the sensors they
wanted to use during the class or teachers could access one
set of sensors if they wanted students to investigate a par-
ticular phenomenon.

4.2. Web portal

4.2.1. Software

The web platform was built using three main components:
(1) a front-end single-page app using the vue.js' framework,
(2) a back-end using asp.net core® web API for server-side
connections, and (3) a relational database to store recorded
and published data using Microsoft SQL Server.” The con-
nection to sensors is established using the standard Web
Serial API* connection via USB.

The application is hosted on Amazon Web Services
(AWS) Cloud, and the infrastructure of the deployment is
described using Infrastructure as code (IaC) using
Terraform® which makes it easy to switch cloud providers
(eg, GCloud, AWS, or Azure). Each component is built into
Docker® containers which makes it easy to scale up and
down based on usage and performance of the system using
Elastic Container Services.”

all

4.2.2. Workflow

The web portal supports any laptop running Chrome version
89 and above. The access to the web portal is orientated
toward schools where teachers can create classes and invite
students to join using a class code. The students can create
their user account without providing any personally identifi-
able information (ie, generic username and password).

Once logged in, students can collect up to three data points,
capture a photo for each set, and label and describe the inquiry
in the Notes and Description section (see Figure 2). Users can
choose to publish the inquiry for classmates to view or save it
as a draft. Once the item is published, classmates are able to
comment on the inquiry. In addition, there are two other fea-
tures for users to interact with the system: replication and
remix. Replication is when a student produces the same
inquiry as another student’s, and remix is when a student uses
a published inquiry as a starting point or inspiration for their
own inquiry. These options are illustrated in Figure 4.

4.3. Teacher resources

We ensured that teachers felt supported and were confident
to use our system, addressing concerns that had been identi-
fied in our findings from Section 3.4, in many ways. For
example, by creating a teacher resource website® and a
Facebook community group to connect teachers to one
another (see Figure 5). The teacher resource site was avail-
able for any educator to use, and included sensor safety
instructions and video tutorials on how to use the web plat-
form. In addition, each sensor has a complementary lesson
exemplar consisting of background information, materials
needed, teaching points about scientific inquiry, curriculum
links, sensor information, in-class activities and extension
exercises. Templates were also provided for teachers to plan
their own lessons, and a Google folder was created to sup-
port sharing of resources between the educator community.
In addition, our team of researchers were available at all
points during the deployment for troubleshooting and added
challenges and relevant material on a regular basis.

5. Evaluation in the real world

To investigate the use of our system in real world classroom
settings, we deployed it as part of junior science courses
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Figure 4. The inquiry editor. (A) The discover page shows the published inquiries, which can be filtered for each sensor. (B) Sample inquiry about UV-blocking

materials published by platform user.



in 35 schools throughout New Zealand. In order to
address our research questions, we collected qualitative
feedback from teachers via semi-structured interviews and
monitored student engagement through the platform logs
for six months.

5.1. Participants & procedure

A total of 1245 students (aged between 10 and 14; 602
males, 643 females) from 35 schools participated. Sixty-six
teachers were involved, with science teaching experience
ranging from less than 3 years to greater than 11 years. Our
aim was to facilitate a natural integration with minimal dis-
ruption to their existing teaching plans.

We first approached schools within our researchers’ net-
works, including those schools that participated in Phase 1.
Additional teachers were recruited via online advertisements
in science teacher groups on Facebook as well as on email
lists. Teachers registered their interest via a survey which
asked for information related to the socio-economic status
and geographic location of the school, their students’ year
group, number of students per class, and digital confidence.
This information was used to pre-screen for the most suit-
able schools and teachers for deployment. The aim was to
get a wide range of schools and teachers that were represen-
tative of the country’s education system.

Once the teachers were selected, an in-person on-boarding
workshop was conducted to teach them how to use our sen-
sor kit and web portal. Online webinars were held for those
that could not attend in person. On-boarding sessions were
experiential with our team’s education lead taking the teach-
er’s role and the participating teachers acting as students.
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The aim of this, informed by the Phase 3 findings and learn-
ings, was to allow teachers hands-on experience of our sys-
tem, understanding the protocol as a student first, and then
familiarizing them with how they would on-board and dem-
onstrate the system to their own students.

After the class kits were sent and student consent forms
were received, we encouraged the teachers to make use of
the sensors, the web portal and pedagogical resources as
much as they could. There were no instructions given to the
teachers as to which lesson material to use or how often.

5.2. Data collection & analysis

At the end of the six-month deployment, semi-structured
interviews were conducted to gain an understanding of the
teachers’ experiences and how our system was used in their
classrooms. We were able to interview 13 teachers with
different science specialities (eg, biology, physics) and a wide
range of teaching experience. Our interview questions had
four guiding topics relating to the teacher’s observations of
their students’ participation in class, their own experience of
teaching using our system, the barriers to use or limitations
of our system, and the possibility of future usage. We tran-
scribed the interview responses and carried out a thematic
analysis (Braun & Clarke, 2006).

We monitored interactions on the web platform and col-
lected temporal data. Figure 6 shows the student and teacher
activities over the deployment period. We received 1336
inquiry submissions from 409 students. Inquires published on
our web platform contains title, description and notes. Also
we logged the data about which sensor was used. We use
Lederman’s assessment of students’ views on scientific inquiry

Active Users
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Figure 5. ( A) Resources and exemplar lessons aligned with the national curriculum were developed. (B) A professional development community was set up on

Facebook for teachers to share experiences and resources with each other.
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Aim: To find out how the amount of salt
in water effects how conductive the
water is.

Emerging

SPF 30

Sunscreen Quality Setup: Connect the conductivity sensor
to your computer and two crocodile
clips, attach each clip to opposite sides
of a 76mm wide beaker with 300 ml of
tap water in it, measure and record the
results. next, do the same but add 4ml of
salt into the water and stir it until it is
all dissolved and record the results. and
then add four more ml of salt into the
water and stir it until itis fully mixed.

with a higher SPF (560) had a

index. However, the LUX was
similar for all of them

Figure 7. Representative inquiry for each score category. (A) Null (no science); (B) naive (minimal science); (C) emerging (some understanding of science); and (D)

informed (well-informed and scientific response).

(Lederman et al., 2013) (refer to Figure 7 for examples) to
score each inquiry on a score of Null (no science), Naive
(minimal science), Emerging (some understanding of science)
and Informed (well-informed and scientific response).

6. Results & discussion
6.1. Teacher perception

We now address our first research question, RQ1: How did
the design of the platform and resources support teachers’
implementation of new technology in the classroom? We
organized the results around the main themes that emerged
from the data collected.

6.1.1. Teaching with sensors

We noted that each teacher used the system differently in
the classroom. Some teachers integrated sensors into existing
teaching content. For example, the heart rate and tempera-
ture sensors were used to highlight genetic differences
between individuals when teaching lessons on genetics, and
the conductance sensors were used during an electricity
unit. In contrast, other teachers allowed the students to play
freely as they were “keen to explore the platform and see
how that went for students.” During the unguided explor-
ation phase, one teacher identified their students’ sensor
preference and chose an experiment to conduct, as a class,
at the end of the week; another teacher observed knowledge
gaps in students’ understanding in science and adapted their
teaching plans accordingly to cover the unfamiliar concepts
in subsequent lessons. These examples highlight the adapt-
ability of our system.

Teachers’ comments showed us that there were minimal
barriers to integrating the hardware (sensors) into the class-
room. Despite prior work showing that typically there is a
correlation between teaching experience and technology
adoption (Davis, 1989), the inexperienced teachers in our
study found our system just as easy to use as the more expe-
rienced teachers. We attribute this to the design process that
engaged teachers from the beginning and allowed us to

identify and preemptively address potential issues. Our prep-
aration of high quality resources, aligned to the curriculum
and structured workshop sessions enabled confident integra-
tion of the system into the classroom.

6.1.2. Participation and collaboration

On observing students engagement with the sensor toolkit
in class, feedback from the teachers was positive. Their
observations can be broadly broken down into two catego-
ries: participation and collaboration. Most teachers reported
that our sensors increased student participation in science.
One teacher said “Every single kid participated ... normally
there will be at least one who doesn’t want to do it.”
Similarly another teacher mentioned “some of the kids who
never want to do any work, they actually did something.”
In addition, teachers liked how our system offered the
potential for students to contribute in ways that catered to
their abilities.

Students who are struggling to read and write and do the math,
they can make a more basic inquiry and put some basic
instructions. Students who are more scientific...can have a
really clear hypothesis with a title and 10 steps of instructions
and all the detail that they want.

In terms of collaboration, a few different scenarios were
outlined including students working together on a single
inquiry, teaching each other how to use the sensors, and
giving each other instructions for inquiry replications. While
one teacher noticed that some students were nervous work-
ing by themselves, the nature of our toolkit and the platform
enabled every student to have a role in conducting an
inquiry such as setting up the experiment, taking photos,
and writing instructions. Overall, we see our system as hav-
ing good potential to engage reluctant students and to create
a rich learning environment for the class.

6.1.3. Perception of the system

Most of the teachers interviewed highlighted the ease of use
of the sensors. A few teachers emphasized the plug-and-play
nature of the sensors—“you plug it in and get it working



straight away.” One teacher mentioned that “doing some-
thing with the sensors is much easier because you don’t
really have to prep. That has made it a lot more accessible.”
A frequently mentioned feature was the shape and packag-
ing of the sensors. The teachers’ observations revealed that
the colorfulness of the packaging was appealing to the stu-
dents, and the shape made the sensors easy to understand.
Distinctive shapes and colors also allowed teachers to sort
the sensors quickly for storing.

This feedback suggests that user-friendliness was one of
the principle features when thinking about the adoption of
technological tools in the classroom and that our sensors
fulfill teachers’ requirements in this regard. However, teach-
ers commented that the three data-point restriction the plat-
form placed on each inquiry was too limiting (see Figure 2).
As such, these teachers found their own workarounds and
had their students record the sensor data on pen and paper
or other software (Google sheets, docs, slides; Microsoft
Excel), without publishing any inquiries or utilizing other
features of the web platform.

6.2. Student engagement

Now we turn our attention to RQ2: When used over an
extended period time, to what extent do students engage with
the various features of the platform and the range of sensors
available? Student engagement was primarily driven by how
teachers integrated sensors into the classroom. They were
given less autonomy and freedom to engage with the platform
than we had hoped for as teachers, by and large, determined
which sensors would be used and the context for inquiries.

6.2.1. Analysis of inquiries

A total of 1336 inquiries were made on the platform by 409
active users (ie, users that made at least one inquiry). While
the majority of the inquiries only contained simple descrip-
tions of the activities, we observed a few advanced scientific
inquiries which followed a scientific investigation procedure.
Examples of these inquiries can be seen in Figure 7. The dis-
tribution of scores can be seen in Figure 8(A). Nearly half of
the 13 Informed inquiries were from a single class. We
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suspect this may be due to the teacher’s direction or
emphasis on writing the inquiries with sufficient details for
other students to replicate as discussed in “Lessons Learnt &
Limitation” (Section 7).

6.2.2. Feature engagement

A total of 988 inquiries were published (where other stu-
dents can see the inquiry) and 348 inquiries were saved as
drafts (where only the creator can see the inquiry). One
teacher thought that their students “got the feeling that they
could always be doing something more” even when they
had taken measurements and added notes, they tended to
not want to share work-in-progress. Despite this, many
teachers saw the Publish function as a “real plus point.”
Teachers observed that students enjoyed being able to see
other students’ inquiries. One teacher told us “I can hear
them talking in the hallway about what they did in their
class, and what other people did in their class.”

Seven remixes and 74 replications were recorded, of which
49 were based on inquiries created by other students
(60.49%), 24 on exemplar inquiries we created (29.63%), and
eight on their own inquiry (9.88%). Providing adequate detail
for someone else to be able to replicate their inquiry had
been an important aspect of the Nature of Science that we
had wanted to encourage through the platform. It seemed to
us that remixing and replication were under-utilized. In fact,
nearly 88% of them were recorded from just four classes.
This suggests that remixing and replication is more teacher-
driven rather than student-driven and that time may be a
constraint. Indeed, a few teachers responded with “didn’t
have time” when asked about their experience with remix
and replication. Many felt that they “did not use the platform
to its full potential,” and they expressed interest in wanting
to “explore it [the platform] more and see what else it can
do, spend more time and look at it.” The closure of schools
across the country due to the COVID-19 pandemic during
part of our evaluation exacerbated the pressure of time fur-
ther. Evidence of this disruption is visible in Figure 6, which
shows a reduction in activity over the duration of a nation-
wide lockdown between August and November.

Sensor Usage

Humidity Vvoc uv Conductance Temperature Heart Rate

Figure 8. ( A) Distribution of inquiries by scores, most inquiries scored naive. (B) The usage of sensors.
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6.2.3. Sensor preferences

Sensor usage was analyzed (see Figure 8(B)). In Phase I,
teachers believed that the heart rate and UV sensors would be
the most exciting ones to use. Indeed, the heart rate sensor
was the most frequently used sensor (336 inquiries). However,
the second most frequently used sensor was the temperature
sensor (275 inquiries). Humidity and VOC sensors were the
least used sensors. One teacher mentioned that the “humidity
sensor was interesting but [’'m] not sure how to use it to run
a practical.” To collect significant data with the UV sensor,
students either needed a UV light source within the class
(such as a UV lamp) or the ability to go out of the classroom.
It appears that the sensors that engaged students the most
were the ones where they could more easily record data with
inquiries based in the classroom (eg, conductance of milk
with varying fat content) or which took measurements that
related to their own bodies (eg, heart rate, temperature).

7. Lessons learnt & limitations

7.1. Technology integration in educational settings is
dynamic and fraught

Developers and end-users of digital technologies do not
always know, nor can they always predict, trends and appli-
cations of technologies. Moreover, due to the opaqueness of
design and presentation of digital technologies, those who
use digital technologies may not always understand the inner
workings of the software and devices they use (Hamilton
et al., 2016). It is also true that developers are not often privy
to the complex environmental constraints of working in a
classroom with 30 students and 1 teacher as end-users. The
contexts, students, pedagogical choices, as well as teachers’
beliefs and motivations all add to the complexity of navigat-
ing this space to design and implement new educational
technology. This was evident when we acknowledged the
teachers’ professional judgment about how to best introduce
the learning platform to their classes. The decision whether
to give students a 10-min structured introduction on how to
connect the sensors and take measurements or whether to
encourage students to play with the sensors and discover the
capabilities was not ours to make. Undeniably, developers
need to work in concert with educators if they are to design
educationally sound solutions that are fit for purpose. For
any technology to be successfully adapted by a teacher, it
must be designed to enhance the teacher’s self-efficacy. That
is, technology should give teachers’ confidence that the tech-
nology will enhance their students’ learning. Focusing on
that purpose led to our second lesson.

7.2. Technology integration is not an educational goal
per se

This is to say that integrating technology does not necessar-
ily lead to enhanced learning. Teachers’ decisions what, and
whether, to integrate technology is a pedagogical decision
reflecting the dynamic and fluid nature of teaching and
learning. The important focus is on utilizing technology to

emphasize pedagogy and practices that support and enhance
teaching and learning. Furthermore, technology can and
should be used as is most appropriate to suit teaching needs.
In some cases, technology may be the substitution of hard
copies to online worksheets as we trialed in the carefully
guided experiment in Phase 2. In Phase 3 the technology
had the capacity to modify the way students did science by
developing a platform which enabled students to remix and
replicate one another’s science inquiries. Therefore, it is
important to strike a balance between traditional teaching
methods and innovative technological solutions in order to
create a well-rounded and effective educational experience
for all students.

7.3. Technology should be considered a “transparent
tool”

Particularly in science classrooms, technology must be easy for
teachers to adapt and integrate into their regular pedagogical
practices. The tools should integrate seamlessly to extend stu-
dents’ science capabilities—ie, to observe, record and share
data. Rather than being a novelty and fun to play with, science
tools must be seen by teachers as adding valuable learning
opportunities. Science teachers look for tools that focus on
assisting student learning and sustaining their engagement in
challenging scientific concepts. Hamilton et al. (2016) affirm
that the specific technological tool is not as important as how
the tool is used to improve student outcomes.

7.4. Limitations in deploying technology in classrooms

While all of the teachers were positive about using the
science education platform at the end of the workshops, not
all of them made use of the sensors or the platform with
their classes. In fact, 9 of the 35 schools who received the
sensors did not record any student sessions during the
sixmonth evaluation period. We reached out to them and
received replies from two teachers who explained that a
class-teacher reshuffle and student changeovers prevented
them from using the sensors. These two schools started
using the sensors after the six-month evaluation period was
over, during the next school year. However, the other seven
schools remained inactive. Of the 25 schools that started
using the sensors, some used the platform solely as a sensor
readout. Since teachers had complete autonomy within their
classrooms to use the sensors and platform how they
deemed appropriate we had no control over this.

7.5. Limitations in evaluating student learning through
inquiries

The analysis of what students had written in the title,
description and notes section of their published inquiry (see
Section 6.2.1) did not give a complete picture of their
understanding of scientific inquiry. When pilot testing the
beta version of the web platform (before the School Trial in
Phase 3), we observed that a student’s thought process and
learning might not be articulated in their published inquiry.



One student published an inquiry titled “Water molecules,”
with no description and three measurements labeled “glass
water,” “outside” and “breath,” and no notes. That inquiry
was coded as “Naive.” However, an interview with the stu-
dent revealed a deeper thought process behind the inquiry:
“When we breathe out, I was expecting dry air ... but when
we breathe out we produce more water molecules than we
would breathing in.” The presence of a hypothesis and
attempt to validate that with observations changes the cod-
ing of the inquiry to “Emerging.”

7.6. Tradeoffs in design

In Phase 2, we observed that students wanted to start taking
measurements immediately, were most excited when taking
measurements, and appeared least engaged when typing in
discussions and conclusions. The design of the final web
platform prioritized getting students easily engaged in inqui-
ries by having them jump straight into measurement and
exploration, and giving them the option to use photos and
short labels to explain what they were measuring. Typing in
a detailed description and adding measurement notes were
optional. This worked to get students engaged—several
teachers mentioned that students were attracted by the fact
that little writing was required “Oh cool, the sensors, we
don’t have to like write anything.” However, it came with
the tradeoff of not supporting or scaffolding textual docu-
mentation of their inquiry or thought processes. One teacher
reported frustration at “getting kids to actually write down
what they’re doing, which is always a problem.”

7.7. Generalizability

Despite finding evidence of positive teacher receptivity and
student engagement with our system in the real world, we
understand that our sensor, platform and learning material
design are closely aligned to one country and its corre-
sponding education system. Replications in other geographic
regions would be valuable. In addition, our deployment was
disrupted for approximately two months by the COVID-19
pandemic. Mandated school closures followed by high rates
of student absenteeism meant time teaching face to face was
shortened. This in turn impacted on teachers’ willingness
and capacity to integrate our technology into their lessons.

8. Conclusion

In this article, we described the design, development, deploy-
ment, and evaluation of a platform to support scientific
inquiry in the classroom. The design process spanned 14-
months and allowed us to create a technological tool that was
accepted by all teachers, regardless of their prior experience.
The large-scale real-world deployment over a period of six-
months provided novel insights that would not have been
seen over a short time frame or in tightly controlled classroom
settings. Compared to typical science classes, students
expressed excitement and a greater desire to participate in the
learning process, including those students who did not
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normally engage well. Teachers were instrumental in how and
when the technology was introduced and used. We continue
to support them in their integration of our tool and develop
and modify it to better meet their requirements. Our future
work aims to address some of the issues still unresolved. We
have developed one platform which can take continuous
measurements to overcome the limitation of 3 data points.
Next we will develop a mobile application so that sensors can
be taken into the “field” and data stored in the cloud. We are
striving to provide a technological tool kit which will change
the way teachers and students engage with learning about sci-
ence through doing science that is relevant and authentic.

Notes
1. See https://vuejs.org/.
2. See https://docs.microsoft.com/en-us/aspnet/core.
3. See https://en.wikipedia.org/wiki/Microsoft\_SQL\_Server.
4. See https://developer.mozilla.org/en-US/docs/Web/API/Web

\_Serial\_API.

5. See https://www.terraform.io/.

6. See https://www.docker.com/.

7. See https://aws.amazon.com/ecs/.

8. See link anonymous for review.
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