I I N D DS S D D S D DS D D B S D D D DS B D DN

Journal of Research in STEM Education ' STFM
I "l

Vol 2, No 1, July 2016, PP 59-71 (O L

RESEARCH REPORT NG

STEM from the perspectives of engineering design and suggested
tools and learning design

Yu-Liang Ting'

“National Taiwan Normal University, Taipei, Taiwan

Abstract: STEM is an educational concept about which little consensus has been reached as to what it is, and how
it can be taught in schools. This study provides a snap shot of prominent contemporary research results contribut-
ing to better understanding of STEM and its implementation in education. In addition, this study tries to tackle
an issue that school science has traditionally been built around well defined problems for learning purpose. As
most real-world problems are ill-defined, this study proposes to implement the notion of STEM to help students
acquire real-world problem-solving skills by engaging them in an engineering design process, in which students
use the technology tools of graphic-based programming. The proposed learning practice is experiential task-based
learning, in which students are forced to apply and acquire related science and mathematics knowledge during
their engineering design process. It is hoped that related rationales and discussions will stimulates researchers and
educators to adopt or tailor their own learning designs for the current generation of youngsters and promote the
quality of teaching and learning in STEM.

Keywords: Engineering design; Engineering design process; Experiential learning Graphic-based pro-
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Introduction

STEM is an educational concept about which little consensus has been reached as to what it is, and how
it can be taught in schools. Opinions vary as to whether it needs to be taught as a discrete subject or should be
an approach to teaching component subjects, what progression should be followed in STEM education, and
how STEM learning can be assessed (Pitt, 2009; Williams, 2011). Regarding each component in STEM, the S
(Science), T (technology), and M (Mathematics) all have well-defined subject content and related courses in
K-12 education. However, most school teachers are alien to the E, engineering. Katehi, Pearson, and Feder
(2009) recommend that, in addition to developmentally appropriate knowledge and skills for mathematics,
science, and technology, K-12 education should also focus on engineering design. Engineering addressed here
concerns the type that utilizes knowledge in science and mathematics as well as the use of technological tools.
Engineering or engineering design is about the design and creation of man-made products and a process for
solving problems (Katehi, Pearson, & Feder, 2009). This design process or problem solving involves a trade-off,
and takes into consideration what engineers call constraints. One constraint is the laws of nature, or science.
Other constraints include such things as time, economy, politics, social concerns, available materials, environ-
mental regulations, manufacturability, and repairability. Awareness of these constraints result from knowledge
of science.
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In fact, engineering design is different from science inquiry. Science inquiry, as defined by the National
Science Education Standards (NSES p. 23), includes the activities through which students develop knowledge
and understanding of scientific ideas, as well as an understanding of how scientists study the natural world and
propose explanations based on the evidence derived from their work. Being used as a way of understanding
science content, science inquiry helps students learn how to ask questions and use evidence to answer them. In
the process of scientific inquiry learning, students learn to conduct an investigation and collect evidence from
a variety of sources, develop an explanation from the data, and communicate and defend their conclusions.

School science has traditionally been built around well defined problems. Much of the curricula and
teaching practices used in schools have been criticized because their academicism does not give students expe-
rience associated with real-world problems in situations where decisions are not clear cut (Fortus et al., 2004).
Several researchers and organizations have recommended to restructure school science around real-world is-
sues to help students develop the knowledge and skills necessary in a science and technology rich world (Blu-
menfeld et al., 1991; Fortus et al., 2004). It therefore has been asserted that engineering design process is a
needed training in school because most real-world problems are ill-defined, lack required information, and do
not have a known, correct nor best solution (Fortus et al., 2004). In the learning of engineering design, students
are required to use and integrate their knowledge of both science and mathematics to develop a technologi-
cal solution to a problem. This is not meant to claim a priority of engineering design over scientific inquiry.
Both science and engineering are equally important. Scientists discover new knowledge by peering into the
unknown, and engineers need to base on these discoveries to create functional produces (Carlson & Sullivan,
2004). Scientific inquiry is used to generate data for informing engineering design decisions. In education,
engineering design can be used to provide contextualized opportunities for science learning (Katehi, Pearson,
& Feder, 2009). Scientific investigation and engineering design can mutually reinforce each other (Katehi, Pear-
son, & Feder, 2009).

The engineering design manifests the science to be learned and the science that is learned directly im-
pacts the modifications made to the design (Apedoe et al., 2008). The engineering design process does not only
focus on having students apply the scientific knowledge that they have learned, but also support them to acquire
and develop scientific knowledge in the context of designing artifacts (Fortus et al., 2005). That is, students
learn the science concepts while they are engaged in design, rather than learning all the relevant concepts and
then applying them to a design challenge. This elaboration not only reveals the relationship between scientific
inquiry and engineering design, but also stands against the misconception of replacing scientific inquiry with
engineering design, a mistake made by many school teachers in their early stage of implementing STEM.

Moreover, although the demand for engineers is increasing, the number of students pursuing careers
in engineering is not (Hirsch et al., 2005). Apedoe et al. (2008) suggest that exposure to engineering design in
the context of high school science is an effective way to encourage students to consider engineering as an im-
portant career option. Hirsch et al. (2005) established a program to provide school teachers with pre-engineer-
ing curriculum to better prepare students to enter engineering degree programs. The curriculum focused on
pre-engineering skills and teachers learn to use instructional strategies that support students construct the con-
nections between science, mathematics and engineering. Carlson and Sullivan (2004) also created an integrat-
ed learning program, in which students were introduced to the world of engineering and the iterative design
process, including the use of technological tools and software. With the spirit of discovery learning spanning
the K-16 continuum, the integrated program helps prepare and attract a student population whose diversity is
representative of society at large (Carlson & Sullivan, 2004). A growing emphasis of K-16 engineering program
is the preparation and guidance of middle- and high-school students towards the university engineering and
technology program. In light of the above discussion, this study intended to employ the notion of STEM to
help students construct scientific understanding and real-world problem-solving skills by engaging them in a
proposed engineering design process.

STEM curriculum development
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The curriculum development in STEM requires teachers to set up an appropriate design task, in which
two criteria are essential (Apedoe et al., 2008). Firstly, the task must be relevant to students’ lives. Using a task
that has personal relevance to students will increase student ownership and their excitement and interest in
science and engineering design. Secondly, careful consideration must be given to the materials used in the
design process, necessitating the use of tools for prototypes and working models. During the working process,
the science materials need to be reliable and measured easily with these tools. Centered on an engineering
design, there are two main types of STEM curriculum integration: content integration and context integration
(Moore et al., 2014a; Moore et al., 2014b). Content integration focuses on the merging of content fields into a
single curriculum in order to highlight over-arching learning goals, emerging from the subject content in each
discipline and attributing to a related engineering design process. Context integration focuses on the content of
one discipline and uses contexts from others to make the content more interesting, relevant, and challenging.

Content integration emphasizes on merging subject matter from multiple disciplines, and creates a
curriculum that addresses content ideas from a combination of disciplines concurrently (Moore et al., 2014a).
The curricular units explicitly contain learning objectives from individual STEM disciplines. For example, a
socially relevant issue in improving quality of life, a STEM teacher might teach a unit that focuses on developing
a coating to reduce frictional resistance of hip replacement joints to increase the lifespan of the product (Moore
et al,, 2014a). A stronger coating would increase the lifespan of hip replacements, reducing recipients’ need
for additional replacements. As another example, designing a method to clean up water in polluted ponds can
incorporate a meaningful engineering design as part of the design method. This would introduce students to
biological elements of clean water such as relationships within the ecosystem, and have students doing mean-
ingful data analysis such as measuring pH, nitrogen, and phosphorous levels over time (Moore et al., 2014c),
which allows the integration of content from multiple disciplines, including mathematics, chemistry, physics,
biology, and biomedical engineering.

On the other hand, context integration accents one discipline while using a second to frame the lesson
content for the purpose of creating meaning and relevance (Moore et al., 2014a). That is, context integrations
places the focus of one discipline above others and use the secondary disciplines to provide a setting or situation
that creates meaning and relevance for learning the primary content (Moore et al., 2014c). In these situations,
STEM content integration is meant to reveal connections between disciplines and make tasks more meaningful
and interesting for the students, but the curricula does not seek to address any learning objectives from the
secondary disciplines (Moore et al., 2014b). For example, the context could be a company that is examining
the reliability of tires to increase the vehicle safety. The context is engineering, but the unit focus is statistics
in math, specifically Chi-square testing. Another example is counting pelican colonies from aerial photos to
save pelican nests from damage. The context is engineering design with environmental issues, but the content
is mathematics: unit area, perimeter, density, and early ideas of ratio and proportional reasoning (Moore et al.,
2014c).

No matter the method of content or context integration, combining content from multiple disciplines
in a meaningful way is not an easy task. It is important to ensure that the essential aspects of each subject con-
tent areas are not lost through the process of integration (Glancy et al., 2014). Williams (2011) proposed that,
rather than integration, a more reasonable approach may be to develop interaction between STEM subjects by
fostering cross-curricular links and the integrity of each subject remains respected. Interaction, rather than
integration, involves providing links between the subjects when the rationale for such is clear, and is related
to teachers’ judgments about expected learning outcomes for students (Williams, 2011). Meanwhile, teachers
must be willing to collaborate with each other and to believe that interactions between subjects will provide
enhanced learning opportunities for their students. The impetus for meaningful STEM links in schools must
be grass roots driven, and requires partnerships between teachers with a shared vision (Barlex, 2007; Williams,
2011).

Finally, it is important to recognize the requirements of STEM curricula (Moore et al., 2014a):

ISSN:2149-8504 (online)
©i-STEM 2015, j-stem.net 61




Journal of Research in STEM Education ol W
m . i.ﬁ
L

Ting

1. the context must be relevant and motivating so students develop personal connections to the learning,

2. students must engage in the design process that develops students’ creativity and higher-order thinking
skills,

3. students should have opportunities to learn from failure and redesign,the main objectives of the lesson
must include meaningful and important mathematics and/or science content,

4. the lessons that incorporate non-STEM content, such as reading or social studies, are suggested,

5. the lessons must incorporate and emphasize teamwork and communication.

When the STEM curricula follow the above requirements, it is expected that the learning practices
will (1) increase student interest in STEM disciplines, (2) deepen student understanding of each discipline by
contextualizing concepts, (3) broaden student understanding of STEM disciplines through exposure to socially
and culturally relevant contexts, and (4) encourage student to enter STEM fields (Moore et al., 2014a).

Challenges in implementing engineering

Contrary to many common education practices, engineering does not assign learning to stand-alone
subject domains. Engineers use their understanding of subject-area knowledge and associated skills to under-
stand the problems and make use of tools to test solutions (Katehi et al., 2009). One of the fundamental aspects
of engineering is mathematics, which provides a means to represent relationships and properties, and to devel-
op models for predicting outcomes. Mathematics, science, and technology provide the content knowledge of
the world, in which problems need to be resolved through engineering design processes. Many of the concepts
introduced in the classroom present engineering opportunities (Mann et al., 2011). For example, students learn
about the properties of materials, the motion of objects, the phenomena of light, the transfer of heat, and the
conduction of electricity. In the engineering design for electricity and magnetism (Mann et al., 2011), students
are required to use their knowledge of electrical circuits to create an electrical and/or magnetic invention that
serves a purpose (e.g., alarm circuit and electromagnet). In this case, the science concepts and technology
knowledge include: Power, Voltage, Resistance, Insulators, Circuits, and Magnetism. The required mathemat-
ical concepts is Algebra: application of a variety of formulas for basic circuit design and measurement. These
statements reveal the interwoven relationships among subject domains in STEM.

Oftentimes, engineering is viewed wrongly as a separate entity, and teachers hesitate to add more to
their curriculum. Some teachers experience anxiousness because they are unfamiliar with engineering concepts
and careers, feel uncomfortable with open-ended problems when using the design process, or express concern
with problems that do not have one right answer (Katehi et al., 2009; Mann et al.,, 2011). Claims of not having
time and minimal knowledge, in addition to a perception of being overworked, result in the conclusion that
engineering cannot be added into the curriculum (Douglas, Iversen, & Kalyandurg, 2004; Mann et al., 2011). It
should also be clarified that integrating engineering into current teaching does not mean adding new curricu-
lum. Engineering concepts could be demonstrated in all content areas but seldom are recognized as engineer-
ing.

It is therefore crucial to help teachers build up a descent understanding and attitude toward engineer-
ing design, which is not a new topic nor an un-precedent action to be added to students’ existing over-loaded
school work. People all naturally engage in design. People all use tools and materials purposefully when trying
to suit their needs; thus, the capacity for design is a fundamental human aptitude (Fortus et al., 2004; Roberts,
1995). It is optimistic to expect that design-based activities have the potential to address a basic capability
existent in all students (Fortus et al., 2004). Design is a particular, but representative, instance of real-world
problem-solving, having no prescribed path leading from the required specifications to the final product design
(Bucciarelli, 1994; Fortus et al., 2004). As the design product is the result of a wide range of value judgments, it
is difficult to determine if a design product is the best solution to the requirements.
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Engineering design process

Engineering design requires the linkage of (1) narrative discussion/description, (2) graphical explana-
tions, (3) analytical calculations, and (4) physical creation, and the connection of math, science and technology
can be present in the design processes (Wicklein, 2006). Hence, engineering design might serve to form moti-
vating contexts to integrate the other three STEM disciplines (Katehi, Pearson, & Feder, 2009). The engineering
design is meant to teach students that engineering is about organizing thoughts to form decision making for the
purpose of developing better solutions and/or products for problems. The knowledge and skills associated with
the process of engineering design do not depend on the engineering discipline (e.g., mechanical, electrical, civ-
il, etc.) and/or engineering science (e.g., thermodynamics, statics, or mechanics) that a particular engineering
problem is related to (Hynes et al., 2011). Design tasks entail developing critical thinking skills associated with
engineering, technology, and science literacy.

The present study suggests using the technology tools of graphic-based programming for STEM in
high schools. In general, graphical-based programming tools have a “low floor” (easy to get started) and a “high
ceiling” (opportunities to create increasingly complex projects over time) (Lye & Koh, 2014; Papert, 1980; Res-
nick et al., 2009). Resnick et al. (2009) proposed one additional requirement of “wide walls”, supporting many
different types of projects so students with many different interests and backgrounds can all become engaged.
For example, App Inventor is the invention of MIT and is hosted at the MIT Center for Mobile Learning (Mo-
relli et al., 2015). App Inventor is a blocks-based visual programming language enabling people with little to no
previous programming experience to create mobile Apps for Android devices. It aims to transform the complex
language of text-based coding into visual, drag-and-drop building blocks. The simple graphical interface grants
novices the ability to design and deploy a basic, fully functional App. The Inventor tool offers various modules,
which can be selected via “drag and drop”, and added to a screen. Those modules support data collection, in-
cluding making use of the built-in sensors of smartphones. The data accessed by sensors can later be displayed
on the mobile screen for science learning. For example, smartphones contain a large number of built-in sensors,
such as accelerometers, gyroscopes, magnetic sensors and light detectors, which allow students to perform
multiple science measurements in non-classroom settings. Smartphone accelerometers are a simple and easy
way for students to collect data for the analysis of free fall (Kuhn & Vogt, 2013; Vogt & Kuhn, 2012). From a
simple measurement like this, the students can understand the decrease/increase of weight when the elevator
starts/stops the descent. What is more, students can obtain some interesting and scientific conclusions after a
numerical analysis of the accelerometer measurement data (Gonzalez et al. 2014). A more complex physical
system is the physical pendulum, which can be experimentally studied using the acceleration and rotation (gy-
roscope) sensors available on smartphones (Monteiro et al., 2014). On an amusement park pendulum ride, the
resulting data in the measurements of the radial and tangential acceleration and the angular velocity obtained
with smartphone sensors can be graphed to assist in the creation of force diagrams to help students explain
their physical sensations while on the ride (Monteiro et al., 2014; Vieyra & Vieyra, 2014). Students relate the
graph of force diagrams to physical points on the ride and use Newton’s laws of motion to explain and justify
their physical sensations at those points on the ride. In this example, where the acceleration leads to forces
experienced throughout the body, the connection between the experience of forces on and in the body and the
mathematical description of motion helps students gain a deepened understanding of mechanics and its rele-
vance outside the classroom (Pendrill & Rohlen, 2011).

This study proposes giving students the opportunity to design mobile apps for their science learning.
Students can prepare the software applications in the computer lab, defining the goal of the App, i.e., the data
they need to collect and how to be collected for later applications. Once the application design is completed,
it can be saved and later executed on a smartphone. Students are empowered with the capability to design
and interact with the physical world through their own insight and programming determination. Xie et al.
(2015) argued that the convergence of computing, connectivity, and content enables people to leverage their
smartphones to solve problems they encounter in their daily life. For the students without much experience
in computing programming or capabilities in operating sophisticated technology tools which are unaffordable
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for most high schools, the proposed graphic-based programming tools provide support and motivation for
students participating in engineering design processes. For the specific case of App Inventor, it empowers all
students to transition from being consumers of mobile learning applications to becoming creators through
STEM engineering design processes.

Some suggestions about what students need to do and how teachers should help during the process of
engineering design are adopted from Hynes et al. (2011). The further elaboration of the suggestions is given
below. The suggestions should not be read as a rigid set of guidelines that must be followed, but rather as a set
of guiding principles to consider in the teaching and learning of engineering. The engineering design process
is a cyclical, stepwise process for solving real-world engineering problems. Oftentimes the task requires some
jumping around from step to step.

Identify and define problems

When students are capable of identifying a need or problem in a given situation, they should be provid-
ed with the opportunity to do so. The problems should be ill-defined, and students need to acknowledge the de-
sign goals and identify the necessary constraints imposed on the problem. In addition, students might be given
the opportunity to decompose a given situation in order to frame a problem in their own words (Koehler et al.,
2005, Lemons et al., 2010). The problem needs to be open-ended with many possible solutions. This approach
not only increases the likelihood of the students taking ownership of the problem, but it also provides students
with an opportunity to practice critical thinking skills (Hynes et al., 2011). As the problem is ill-defined, stu-
dents need to conduct some background research, and understand that there are many science and mathe-
matics issues to consider when solving a real-world issue. Learning may begin with an exploration of students’
interpretations and understandings of the science concepts to be addressed (Apedoe et al., 2008; Taber, 2003).
Students will recognize that they need to fully explore the problem in order to be well-informed as to how to
solve it. At this moment, teacher may scaffold the related curriculum which is necessary to the students. This
approach allows students to comprehend that research is integral to the process of engineering design (Ennis
& Greszly, 1991). As students research the need or problem and discover new ideas or constraints, they will
redefine and clarify the problem.

Develop and select possible solution(s)

The ultimate purpose of engineering design is to create a solution or an end product that solves the
problem. Students need to be able to justify and rationalize the solution which they pursue. This requires that
a better possible solution be selected for the project. What may seem the best for one person may not always
seem best for another person. Recording possible solutions for the design task takes into consideration the
need for planning and teamwork. Students should actively collaborate in groups to foster individual learning
and creativity. Through this process, students practice their communication skills with others and understand
tradeofts while forming ideas within the problem criteria and constraints (Mullins, Atman, & Shuman, 1999;
Radcliffe & Lee, 1989).

Students are advised that a perfect solution is rarely available to real-world problem. This requires stu-
dents to back-up their ideas with proper evidences and issues that are discovered through research (Dym et al.,
2005). This also assures that students use their knowledge of mathematics and science in their own words to
make informed decisions, constantly assessing each choice along the way.

Construct a prototype

Building things is often the concept students have about engineering design prior to exposure to any
engineering design (Hynes et al., 2011). This is clearly not the case, as the previous two activities describe the
need for sufficient planning before engineering construction can begin. Iterative prototyping until an final
product is reached is a key component of this stage (Hynes et al., 2011; Koehler et al., 2005). As students iterate
on their solution, it is important to allow them to fail and learn from those failures. Regarding the construction
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a physical model, some students may have the conception of using 3D printer to make their final product, or
solution to a problem. A 3D printer should be treated as prototype maker, not only an end-product maker. In
addition, a prototype is a representation or model of the final solution, which can be physical, virtual, or math-
ematical (Hynes et al., 2011).

There may be a number of prototypes developed throughout the engineering design process that build
upon each other or represent different characteristics of the final solution (Hynes et al., 2011). The prototype
may not always perform like the intended final solution. Instead, it should illustrate some fundamental func-
tionality or look of the proposed final solution.

Test and evaluate the solution(s)

Students must develop their own experimental tests based on the constraints and requirements of the
problem to judge and evaluate their solutions and prototypes (Trevisan et al., 1998). Regarding the proposed
graphic-based programming tools, students may tinker with quick feedback and interactive computational
practices such as testing and debugging, which are cognitively less demanding. This allows students to acquire
computational problem-solving practices more easily. Ultimately, these tools become “technology-as-partner
in the learning process” (Jonassen, Howland, Marra, & Crismond, 2008, p. 7) and can help students to extend
these computational practices towards enhancing their general problem-solving skills.

The proposed graphic-programming tools can engage students in the building of digital products,
thereby enabling programming activities to be used as a means to express their ideas. This can shape students’
computational perspective about the computational tools and technological world. That is, computational per-
spectives entail students developing understandings of themselves and their relationships with others and the
technological world (Lye & Koh, 2014). It is cautioned that the programming experience may be non-educative
as students are merely doing it in the trial-and-error mode without actively reflecting on their experience (Lye
& Koh, 2014). Hence, the students ought to be thinking-doing and not just doing (Lye & Koh, 2014).

In this stage of engineering design, students are not expected to get the final solution in the first trial,
and debugging is one of the required skills to find the solutions. Debugging encompasses four steps: 1) recog-
nize that something is not meeting the goal, 2) either decide to continue to pursue the original plan or come up
with an alternative, 3) generate a hypothesis as to the cause of the problem, and 4) attempt to solve the problem
(Bers et al., 2014). In the engineering design process, the steps of evaluating and improving, which require de-
bugging, are particularly important in establishing a learning environment where failure rather than immediate
success is expected and seen as necessary for the design process (Bers et al., 2014). Debugging skills are not
limited to the arena of computer science. With appropriate support and explicit instruction, students can trans-
fer debugging skills to activities outside of the programming context (Bers et al., 2014; Klahr & Carver, 1988).

As students have their final solution, they should present the design by detailing the specifications
of their design and how it works scientifically (Apedoe et al., 2008). In this way, the presentation allows stu-
dents to refine and connect their science and engineering knowledge. Meanwhile, to support the success of the
above engineering design process and related learning activities, students should have the so-called Engineer-
ing habits of mind (Katehi, Pearson, & Feder, 2009; Basham & Marino, 2013). That is, in addition to acquiring
knowledge and skills of engineering design, STEM education should also focus on the adoption of engineering
habits of mind (Katehi, Pearson, & Feder, 2009; Basham & Marino, 2013), which include (1) systems thinking,
(2) optimism and creativity, (3) collaboration and communication, and (4) attention to ethical considerations.
Systems thinking requires students to recognize essential knowledge interconnections among the subject do-
mains in STEM and their contributions to the value of engineering. Meanwhile, engineering systems may have
effects that cannot be expected from the behavior of individual subsystems (Basham & Marino, 2013). In every
unexpected challenge engineering possibilities and opportunities can be found. Optimism and creativity thus
are inherent in the engineering design process. Engineering is also about team work which requires engineers’
collaboration; collaboration leverages the perspectives, knowledge, and skills of team members to tackle a de-
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sign challenge (Basham & Marino, 2013). During team work, communication is essential to enable understand-
ing of the requirements of an engineering problem, and to explain and justify the prototypes during the design
process. Ethical considerations draw attention to the effects of engineering on society, including people and the
environment.

The proposed learning task of engineering design

In science learning (for example Chemistry), complexity comes from its understanding of matter at
three levels of representation: macroscopic, microscopic and symbolic (Gabel, 1999). Macroscopic refers to the
observational experience in the laboratory and everyday life; microscopic level means the representation of the
inferred nature of chemical entities (as atoms, ions, or molecules) and the relationships between them; symbolic
level is the representation of the identities of entities (atoms, ions, or molecules) (Gilbert, 2005). It is difficult to
develop an intuitive understanding of the connection between these three levels (Harrison & Treagust, 2002).
However, integrating the three levels of representation would provide a greater conceptual understanding of
the subject content (Gabel, 1999). Incorporating hands-on practical work into the chemistry classroom is one
way to help students strengthen their understanding of the connections between the macroscopic and the
microscopic (Gabel, 1999). Therefore, the proposed learning task is intended to create a learning environment
supporting students to integrate multiple types of representations with hands-on work.

The purpose of learning engineering design in STEM is to encourage students to experience engineer-
ing with hands-on activities as a practical application of math and science knowledge. The required hand-on
activities and exercises of knowledge and skills are aligned with the Kolbs (1984) experiential learning cycle
(Fig. 1). During the process of using computational tools for the creation or tinkering, as suggested in this study,
students access and exercise their knowledge through practical work.

(make measurements
and experience the

phenomena)
Concrete
experience
(program . -
the code and "_\Ct“’e . Reﬂecn_‘e (observe and
activate the | €Xperimentation observation comprehend)
Sensors)
Abstract
conceptualization

(make assumption and grasp
ideas to plan a new trial or
conclude the experiment)

Figure 1. Modified Kolb’s (1984) experiential learning cycle

The experiential learning cycle is proposed to guide the development of micro-activities (creation or
tinkering with computational artifacts) that integrate these phases and allow for a fluent transition among dif-
ferent types of learning activities in the engineering design process. Kolb argued that learning from experience
is an appropriate way to acquire knowledge: “Learning is the process whereby knowledge is created through
the transformation of experience” (Conradi et al., 2011; Kolb et al., 2000). His experiential learning cycle il-
lustrates how learners construct and refine their knowledge through experimentation. After having a concrete
experience, one can reflect on observations, conceptualize abstractly how it might work, and test these newly
formed concepts through active experimentation. If the resulting experience and reflection do not fit the con-
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ceptualizations, they are adapted and tested with new experimentations (Conradi et al., 2011). The proposed
task of engineering design is to tackle one general concern about hands-on activities, in which students do not
learn the underlying science concepts through these activities, or the knowledge to be learned can be delivered
through direct instruction (Apedoe et al., 2008; Kirschner et al. 2006).

In this study, the proposed use of graph-programming tools for STEM learning can support a quick
tinkering process, when aligned with Kolb’s experiential learning cycle, in which students program the code
and activate the sensors (active experiment), make measurements and experience the phenomena (concrete
experience), observe and comprehend (reflective observation), and make assumptions and grasp ideas to plan
a new trial or conclude the experiment (abstract conceptualization)(Fig. 2). The digital test environment pro-
vides a tangible experience of physical theories and phenomena and supports reflection and conceptualization
of digital information in situ. Students actively participate as programming engineers in engineering design
processes. Students access and exercise knowledge and skills in the subject domains of science, mathematics,
and technology to support their meaningful engineering design. Engineering design provides students with
possibilities to use various science and math materials that they have been taught throughout their education.
By incorporating engineering into the frameworks of traditional math and science, the paradigm shifts from
rigid, content driven, and discipline-specific subject content to a more problem-based engineering design pro-
cess. (Hynes et al., 2011; Koehler et al., 2005).

Computational concepts
& science/mathematics

graphic-based programming

for demonstration) void loop ()
dl = pingl()/58; H
ey Concrete observation
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digi tal¥rite(led,LOV); results of

forward(); measurement,

the car may turn

- to the right or

else if(d2¢10)( turn to the left

tamleft(); while turning on

Seley (120); the LED light.

backward();

digital¥rite(1ed2, HIGH);

delay(300);

digital¥rite(led2,LOV);
forward();

Figure 2. The proposed use of graph-programming tools for STEM learning

The proposed learning design and tools will help students acquire basic technicalities of programming
which include computational concepts such as variables and loops. This study proposes that, in addition to the
learning of computational concepts, students need to construct computational programs to access and manipu-
late the scientific data, and to implement the applications they design. Students learn to solve problems and ac-
quire cognitive skills such as causal reasoning and metacognition. These are so-called computational practices,
through which students can examine problem solving processes during programming. The proposed learning
context may also entail students developing understandings of themselves and their relationships with the tech-
nology tools, smartphones, and the scientific world of physics, and hopefully transferring these competencies
for general problem-solving. These are computational perspectives. The concepts, practices, and perspectives
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are three dimensions of computational thinking required for students (Lye & Koh, 2014; Wing, 2008).
Conclusions

There is little consensus about what STEM is, and how it can be taught in schools. This study is intend-
ed to provide a snap shot of prominent contemporary research and propose some design concepts aiming to
contribute to better understanding of STEM and the potential of its use in education. In this study, STEM is
designed to help students acquire real-world problem-solving skills by engaging them in an engineering de-
sign process. The purpose of learning engineering design is to encourage students to experience engineering
with hands-on activities as a practical application of math and science knowledge. The proposed instructional
design including hand-on activities and exercises of knowledge and skills has been aligned with Kolbs (1984)
experiential learning cycle. Moreover, the technology tools of graphic-based programming are used for STEM
because graphical-based programming tools have the characteristics of low floor, high ceiling, and wide walls
(Lye & Koh, 2014; Papert, 1980; Resnick et al., 2009). Further proposed instruction design is the use of mobile
app authoring tools, with which students can design the mobile apps in the computer lab, save the programs
and later execute them on smartphones. Students are asserted to be empowered with the capability to design
and interact with the physical world through their own insights and programming determinations. The conver-
gence of computing, connectivity, and content enables students to leverage their smartphones to solve problems
they encounter in their daily life (Xie et al., 2015). As the discussions of promising learning potential of the
proposed designs await justifications, this study sheds new light on STEM and points to new possibilities for
researchers and educators to adopt or tailor their own learning designs for the current digital-native generation.
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