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Abstract

This study aimed to develop and implement the Problem Solving Ability (PSA) test and PSA rubric score based
on design. The PSA test and PSA rubric score were developed to assess students’ ability in identifying and
defining a problem, creating a design solution by applying science to a problem, and giving reasoning to support
the design solution. The PSA test consisted of ‘two-stepped’ open-ended questions on four daily-energy-problem
situations. It was implemented in a science classroom of 41 tenth-grade students at a large public secondary school
of a small town in Western Thailand. The students’ responses were analysed based on the patterns of design
solutions and reasoning to support the design solutions using the PSA rubric score. The validity of open-encoding
was 82.86%. The PSA test expressed students’ problem solving in three core abilities through the integration
between drawing and writing reasons supporting a design sketch. The results demonstrated more clearly the
students’ problem solving ability and application of scientific knowledge and understanding that were implicitly
embedded in the procedures, products, and reasoning they used in solving the problems. The PSA rubric score
also supported the judgment of the PSA to have more reliable scoring of PSA assessment.

Introduction

Problem solving ability has played a critical role in human history (Chi & Glaser, 1985;
Ohlsson, 2012). Problem solving involves people’s efforts to find a solution to a problem using
analytical thinking, critical thinking, creativity, reasoning, and experiences along with
available information (Chi & Glaser, 1985; Schunk, 2004; Reeve, 2013). Since childhood, we
actively solve problems presented by the world. We acquire information about people, objects,
events, or phenomena and organise the information into the structure of knowledge that is
stored in our memory. The structure of knowledge contains bodies of understanding, mental
models, convictions and beliefs, and influences how we relate our experiences together and
how we solve problems that we encounter in everyday life at school, work, even at play
(Resnick & Glaser, 1975; Chi & Glaser, 1985).

The problem solving experiences in daily life are typically open-ended, ill-structured and
complex, just as most real-world problems are ill-defined to some degree and have neither a
known correct nor best solution (Fortus, Krajcik, Dershimer, Marx, & Mamlok, 2005; Yu, Fan,
& Lin, 2014). In addition to real-world scientific inquiry focused on an ill-defined problem,
AAAS (1990) suitably described that “there simply is no fixed set of steps that scientists always
follow, no one path that leads them unerringly to scientific knowledge” (p. 4). Although
inquiry-based curricula and teaching practices certainly enhance students’ problem solving and
knowledge application in dealing with real-world problems, it is not clear that assessment in



International Journal of Innovation in Science and Mathematics Education, 26(3), 1-20, 2018.

the classroom demonstrates an adequate description of a student’s problem solving ability and
understanding of scientific conceptions (Docktor & Heller, 2009; Schoenfeld, 1985).

Background research on problem solving assessment

Over 40 vyears, educational researchers have developed many useful instruments for
assessment, even though, the published assessments have been little focused on the students’
problem solving skills (Adams & Wieman, 2016). However, researchers have been
endeavouring to develop many instruments through representing a range of conceptual
evaluations based on the key steps of problem solving. For instance, Heppner and Peterson
(1978) focused on the assessment of problem solving skills using a Likert-type instrument. The
instrument is developed based on the five main steps of problem solving that comprise general
orientation, problem definition, generation of alternatives, decision-making, and evaluation.
Docktor and Heller (2009) developed a rubric to assess the procedures of problem solving and
reasons through writing. The emphasis of the rubric is on organising problem information into
a useful description, selecting an appropriate principle, applying knowledge to specific
conditions in the problem, using appropriate procedures (especially mathematics), and overall
communication of an organised reasoning pattern. Chang (2010) developed a problem solving
ability test (PSAT) using open-ended essay-questions based on the creative problem solving
model of Osborn (as cited in Chang, 2010, p. 106). The PSAT determines the level of students’
problem solving in different stages: fact-finding, problem-finding, idea-finding, and solution-
finding. The students are required to form their own problem solving strategies using
information in the question and reach a solution from the given multi solutions to solve a
problem. In Thailand, assessment approaches and formats are introduced in many conceptual
evaluations. For instance, Kruatong (2011) developed a diagnostic instrument to evaluate
students’ problem solving using a questionnaire. She focused on the levels of students’ abilities
in solving problems including understanding a problem, identifying appropriate information
and conceptions, sequencing of solving problem, constructing a solution, and evaluating the
answer. Similarly, Purnakanishtha, Suwannatthachote, and Nilsook (2014) developed a
problem solving skills test using multiple pre-set questions, tasks and situations. The test
evaluates the performances of students’ problem solving that comprise identifying a problem,
identifying and analysing the cause of the problem, proposing a problem solving method, and
examining the problem solving result.

Based on the review of existing instruments, it is clear that the instruments are developed on a
variety of problem solving processes and measurements. However, we summarise the core
principles of an assessment model for the development of PSA assessment. The core principles
are as follows:

1) The use of a situation to provide a problem, a task, and information in a question;

2) The problem must have multi solutions from which students can select appropriate

principles and apply knowledge to create their solutions; and
3) The assessment must emphasise the key steps of problem solving.

From an analysis of the previous work, we can see that the instruments can examine the ability
of problem solving based on the core steps. We also see that the published instruments do not
explicitly focus on the students’ idea of communication and the process of obtaining solutions
supported with scientific reasoning. In other words, students propose their solutions to real-
world problems through designing some kind of intervention and make a claim about how their
design ideas would be worked in their own words. Furthermore, we found that the published
rubric scores focus on science conceptual evaluation, for instance, a revised form of the concept
evaluation scheme (CESCH) of Westbrook and Marek (1991). There is no criteria of
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assessment which can classify the solutions and reasoning supporting the solutions within
problem solving using a rubric score.

To support students in developing proficiency, at the beginning, the teacher needs to know
what students can achieve and how to assess during and after learning has occurred. However,
possible methods to assess problem solving require knowing both the procedures and the
products demonstrated by students which reflect not only how they apply scientific conceptions
to solve real-world problems, but also their scientific explanation, with sound reasoning, for
the solution. Hence, this article is focused on creating specific open-ended problems that allow
students to propose their own ways of solving problems through designing some kind of
intervention and explaining in their own words how their design would work, and on
developing a criteria of assessment to classify students’ solutions and reasoning supporting
their solutions.

Focus on design

Design widely refers to any kind of human activities. The goal of design is either synthesizing
a product that can solve an open-ended and ill-structured problem or specifying plans from
which a product can be realised (Simon, 1996; Fortus, Krajcik, Dershimer, Marx, & Mamlok,
2004). We review relevant studies focused on instruction in engineering design as well as
studies of design in the context of science education. We found that there are many reasons
supporting design as a methodology for learning science. First, design has the rich real-world
context of an authentic hands-on task that can deal with science-related real-world problems
(Crismond, 2001; Fortus et al., 2004, 2005). Second, design is a practical real-world problem
solving experience (ITEA, 2007). The design process includes six basic stages: defining the
problem and identifying the need; collecting information; introducing alternative solutions;
choosing the optimal solution; designing and constructing a prototype; and evaluating the
result, that accord with the key steps of problem solving models (Doppelt, Mehalik, Schunn,
Silk, & Krysinski., 2008; Sternberg, 2009; Shahat, Ohle, Treagust, & Fischer, 2013; Yu et al.,
2014).

Third, design is a form of cognitive modeling that can crystallize a conceptual model into a
physical embodiment (Sadler, Coyle, & Schwartz, 2000; Fortus et al., 2005). Design provides
opportunities for externalizing ideas in the mind to concrete representations (physically visible
outside the mind of a creator) (Silk, Schunn, & Cary, 2009; Roth, 2001; Stensel, 2013). So,
using design in the science classroom can provide opportunities for students to clearly
communicate their design ideas. Another reason supporting the use of design, is that it may
have distinctive benefits for engaging students in scientific reasoning. When students are active
problem solvers in a design context, they are accountable to justify alternative design solutions
using prior science knowledge as a background resource for informing decisions and
developing scientific explanations with sound reasoning (Silk et al., 2009). Design has the
advantage of encouraging scientific reasoning to help students transition from their design
ideas to reasoning scientifically. Thus, based on all of the reasons reviewed above, it is clear
that design can deal with science-related real-world problems, compel students to propose ways
to solve the problems through drawing, represent reasons, and demonstrate the core abilities of
problem solving. Design therefore, has strong potential for supporting the PSA assessment.

Purpose of study

This study has two objectives. First, we developed the Problem Solving Ability (PSA) test and
PSA rubric score based on design for PSA assessment. Second, we implemented these
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instruments to test on tenth-grade students at a secondary school in Western Thailand in the
first semester of the 2016 academic year.

Methodology

The development of instruments based on design for PSA assessment
The development of the PSA test and PSA rubric score based on design comprised two phases.

Phase I: The development of the PSA test
The construction of the PSA test involved:
1) stating the purpose; this test was used for examining students’ problem solving ability;
2) defining content from the chemistry and physics textbooks of the Institute for
Promotion of Teaching Science and Technology (IPST) including materials from other
countries (typically USA and Australia) aligned with the Thai National Science
Curriculum in the Basic Education Core Curriculum B.E. 2551 (A.D. 2008) and
objectives;
3) generating design contexts and questions in the Thai language;
4) verifying on correlation, correction, and validation by three science educator experts:
two in physics and one in chemistry; and,
5) implementation with 41 tenth-grade secondary school students.

The design contexts were then improved by adjusting for the necessary changes. The PSA test
included four open-ended questions as a two-stepped idea expression (the integration between
drawing and writing reasons supporting a design sketch) that was not the standardized national
test. Three questions focused on creating a design solution and giving reasons supporting the
design solution related to science concepts. Another question focused on justifying alternative
design solutions and giving explanation with sound reasoning scientifically. The test needed to
be completed within 60 minutes. The objectives, design contexts, and questions are shown in
Table 1.

Table 1: Four open-ended questions of the PSA test

Items Objectives Design contexts and questions
1 (1) Identify and define problem An information board needs nine light bulbs
(2) Apply the concepts of electrical glowing. You have resources: nine 1.5-2.5 V

light bulbs and four dry cells. A dry cell has a
voltage of 1.5 V. If you need the nine light
bulbs on for the signboard to shine most
brightly, how would you create an electric
system using these resources?

guantity and circuits to solve a problem

(3) Give reasoning supporting the drawing
solution related to electrical quantity
and circuits

2 (1) Identify and define problem You have two cell designs. Design 1 has a
(2) Apply the concepts of series-parallel beaker gnd a metal A and B cqnnectlor) that
connected cells and electrochemical cell ~ @€ Put into the table salt solution. Design 2
and reaction to solve a problem composes two beakers and each beaker has a
metal A and B that are put into the table salt
solution and connect the metal A to A and
metal B to B. Select an optimal design
solution from design 1 or/and design 2 for the
highest efficiency. How do you justify the
selected design solution? Why do you think
this is s0?

(3) Give reasoning supporting the drawing
solution related to series parallel
connected cells and parallel
electrochemical cell and reaction
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3 (1) Identify and define problem You have a copper wire and six bar/rod

(2) Apply the concepts of electromagnetic ~ Magnets. A single bar magnet has dipole;

induction and simple machines to solve  NOrth and South. The North Pole of the

problem magnet will be opposite of the South Pole. In

school Scout camp, a student needs

equipment that generates electric energy or

do work efficiently. If you can help the

student to meet the need, how would you

create the equipment using the copper wire
and six bar/rod magnets?

(3) Give reasoning supporting the drawing
solution related to electromagnetic
induction and simple machines

4 (1) Identify and define problem A farmer has a lot of products (rice and chili)
(2) Apply the concepts of electrical and has kept the products for a long time in
quantity, circuits, series-parallel an agriculture warehouse that is far from the
connected cells, electrochemical cell, power supply system. The products become

energy transform, visible light humid and are moldy. The products are dried
absorption, heat t’ransfer all the time if the agriculture warehouse keeps
electromagnetic induction, the basic warm at 50-60 °C. If you can help the farmer
working of a DC generator, and/or solve this problem, how would you create

simple machines to solve a problem equipment and a system without using

electricity on grid?
(3) Give reasoning supporting the drawing Ictty on gnt

solution related to electrical quantity,
circuits, series-parallel connected cells,
electrochemical cell, energy transform,
heat transfer, visible light absorption,
electromagnetic induction, the basic
working of a DC generator, and/or
simple machines

Phase I1: The development of PSA rubric score

The criteria for classification of students’ responses based on the patterns of design solutions
and reasoning supporting the design solutions were adapted from Westbrook and Marek (1991,
1992) and some were developed by researchers. The PSA rubric score included three
components. First, the criteria for classifying a design solution were 1) no response (NR)/ no
understanding (NU)/ un-solved problem (USP), 2) partial solved problem (PSP), and 3) solved
problem (SP). Second, the criteria for classifying scientific reasoning supporting the design
solution were 1) no response (NR)/ no understanding (NU), 2) specific misunderstanding (SM),
3) specific depiction (SD), 4) partial understanding (PU), and 5) sound understanding (SU).
Third, the rubric score had six levels (six was the highest scoring and zero was the lowest). The
components of PSA rubric score are shown in Table 2 and 3.
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Rubric score

Design solution 0 1 2 3 4
Reasoning supporting the design solution
NR/NU Specific Specific depiction (SD) Partial Sound

No response (NR)/
No understanding
(NU)

/ Un-solved problem
(USP)

e no answer or left
the drawing blank, or
e drawing with un-
acceptable ideas and
irrelevant; uncodable
responses and no
explanation or
uncodable responses;
an unclear response,
contained irrelevant
information or a
part/full of question
repeated, or

e drawing with un-
acceptable ideas to
solve problem or the
design sketch indicates
a complete failure to
meet the need, criteria,
and constraints
specified in the problem
and no explanation or
uncodable responses;
an unclear response,
contained irrelevant
information or a
part/full of question
repeated

misunderstanding (SM)
e drawing with un-
acceptable ideas and
irrelevant; uncodable
responses and
explaining with un-
acceptable/incorrect
description in science
concepts supporting
idea; illogical
information, or the
response indicates a
complete misconception
of the concept, or

e drawing with un-
acceptable ideas to solve
problem or the design
sketch indicates a
complete failure to meet
the need, criteria, and
constraints specified in
the problem and
explaining with un-
acceptable /incorrect
description in science
concepts supporting
idea; illogical
information, or the
response indicates a
complete misconception
of the concept

e drawing with un-
acceptable ideas and
irrelevant; uncodable
responses and
explaining with idea
depiction relevant to
drawing; responses
without description in
science concepts
supporting idea, or the
response does not
indicate a complete
conception, or

e drawing with un-
acceptable ideas to solve
problem or the design
sketch indicates a
complete failure to meet
the need, criteria, and
constraints specified in
the problem and
explaining with idea
depiction relevant to
drawing; responses
without description in
science concepts
supporting idea, or the
response does not
indicate a complete
conception

understanding (PU)
e drawing with un-
acceptable ideas and
irrelevant; uncodable
responses and
explaining with
partially acceptable/
correct description in
science concepts
supporting idea or
response contains a part,
but not all, of the
information necessary to
convey a complete
understanding; no
incorrect information
occurs in the response,
or
e drawing with un-
acceptable ideas to solve
problem or the design
sketch indicates a
complete failure to meet
the need, criteria, and
constraints specified in
the problem and
explaining with
partially acceptable/
correct description in
science concepts

understanding (SU)
e drawing with un-
acceptable ideas and
irrelevant; uncodable
responses and
explaining with
acceptable/correct
description in science
concepts supporting idea
or all components of the
validated response, or
e drawing with un-
acceptable ideas to solve
problem or the design
sketch indicates a
complete failure to meet
the need, criteria, and
constraints specified in
the problem and
explaining with
acceptable/correct
description in science
concepts supporting idea
or all components of the
validated response

6
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Rubric score

Design solution 0 1 2 3 4 5 6

Reasoning supporting the design solution

Partial solved
problem (PSP)

- NR/NU

e drawing with
partially acceptable
ideas to solve
problem or the design
sketch contains a
part, but not all, of
the information
necessary to convey
a complete
accomplishment;
can achieve a part of
the need, criteria,
and/or constraints
specified in the
problem and no
explanation or
uncodable responses;
an unclear response,
contained irrelevant
information or a
part/full of question
repeated

Specific
misunderstanding (SM)
e drawing with
partially acceptable ideas
to solve problem or the
design sketch contains a
part, but not all, of the
information necessary to
convey a complete
accomplishment; can
achieve a part of the
need, criteria, and/or
constraints specified in
the problem and
explaining with un-
acceptable/incorrect
description in science
concepts supporting idea;
illogical information, or
the response indicates a
complete misconception
of the concept

supporting idea or
response contains a part,
but not all, of the
information necessary to
convey a complete
understanding; no
incorrect information
occurs in the response
Specific depiction (SD)

e drawing with
partially acceptable ideas
to solve problem or the
design sketch contains a
part, but not all, of the
information necessary to
convey a complete
accomplishment; can
achieve a part of the
need, criteria, and/or
constraints specified in
the problem and
explaining with idea
depiction relevant to
drawing; responses
without description in
science concepts
supporting idea, or the
response does not
indicate a complete
conception

Partial
understanding (PU)

e drawing with
partially acceptable ideas
to solve problem or the
design sketch contains a
part, but not all, of the
information necessary to
convey a complete
accomplishment; can
achieve a part of the need,
criteria, and/or constraints
specified in the problem
and explaining with
partially acceptable/
correct description in
science concepts
supporting idea or
response contains a part,
but not all, of the
information necessary to
convey a complete
understanding; no
incorrect information
occurs in the response

Sound

understanding (SU)
e drawing with
partially acceptable
ideas to solve problem
or the design sketch
contains a part, but not
all, of the information
necessary to convey a
complete
accomplishment; can
achieve a part of the
need, criteria, and/or
constraints specified in
the problem and
explaining with
acceptable/correct
description in science
concepts supporting idea
or all components of the
validated response
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Rubric score

Design solution 2 3 4 5 6
Reasoning supporting the design solution
NR/NU Specific Specific depiction (SD) Partial Sound

Solved problem (SP)

e drawing with
acceptable ideas to
solve problem or the
design sketch indicates
a complete
accomplishment and
achieves the need,
criteria, and
constraints specified in
the problem and no
explanation or
uncodable responses;
an unclear response,
contained irrelevant
information or a
part/full of question
repeated

misunderstanding (SM)
e drawing with
acceptable ideas to solve
problem or the design
sketch indicates a
complete
accomplishment and
achieves the need,
criteria, and constraints
specified in the problem
and explaining with un-
acceptable /incorrect
description in science
concepts supporting
idea; illogical
information, or the
response indicates a
complete misconception
of the concept

e drawing with
acceptable ideas to solve
problem or the design
sketch indicates a
complete
accomplishment and
achieves the need,
criteria, and constraints
specified in the problem
and explaining with idea
depiction relevant to
drawing; responses
without description in
science concepts
supporting idea, or the
response does not
indicate a complete
conception

understanding (PU)
e drawing with
acceptable ideas to
solve problem or the
design sketch indicates
a complete
accomplishment and
achieves the need,
criteria, and constraints
specified in the problem
and explaining with
partially acceptable/
correct description in
science concepts
supporting idea or
response contains part,
but not all, of the
information necessary to
convey a complete
understanding; no
incorrect information
occurs in the response

understanding (SU)
e drawing with
acceptable ideas to solve
problem or the design
sketch indicates a
complete
accomplishment and
achieves the need,
criteria, and constraints
specified in the problem
and explaining with
acceptable/correct
description in science
concepts supporting idea
or all components of the
validated response
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Table 3: Answer keys of specific design solution of the PSA rubric score for item 1-4

Design solution

Items Un-solved problem (USP) Partial solved problem (PSP) Solved problem (SP)

1 Drawing an opened circuit, a shot circuit, oran ~ Drawing an closed circuit, but it can solve the Drawing an closed circuit, and completely solve the given
undefined circuit given problem partly problem

2 Selecting “design 2 is higher efficient than Selecting “design 2 is higher efficient than design  Selecting “design 1 is the same efficiency as design 2” as a
design 17 as a result of consideration design 1 17 as a result of consideration design 2 has two result of consideration the factors affecting rates of
has not current or selecting “design 1 is higher  cells chemical reactions (the concentration and nature of the
efficient than design 2” as a result of reactants and surface area of electrodes) of design 1
consideration design 2 has not current resemble the factors of design 2. The factors have affected

the current and voltage of cells. The current and voltage of
design 1 are equal to the current and voltage of design 2 or
selecting “design 2 is higher efficient than design 1” as a
result of consideration design 1 is a cell and may have
lower concentration of reactants than design 2. Design 2
is two parallel connected cells that has affected its current.
The design 2 has higher current than design 1, but design 2
is the same voltage as design 1.

3 Drawing the North Pole of a magnet is on the Drawing an equipment dose not annotate the Drawing the North Pole of a magnet is on the opposite
opposite side of the North Pole of another magnetic poles, but it may be occurred any side of the South Pole of another magnet. The equipment
magnet/ the South Pole of a magnet is on the change in the magnetic environment of a coil of can occur the phenomenon of inducing a current through
opposite side of the South Pole of another wire that causes a voltage (emf) to be induced in changing the magnetic field in a coil of copper wire, for
magnet, the North Pole of a magnet and the the coil if the magnetic poles are identified instance, moving the magnet toward or away from the coil,
North Pole of another magnet adhere to correctly. moving the coil into or out of the magnetic field, and
together/ the South Pole of a magnet and the rotating the coil relative to the magnet.

South Pole of another magnet adhere to
together, all of the magnetic field are parallel to
a coil of copper wire, or have not a main
element such as a magnet or a coil of copper
wire.
4 Drawing an equipment and a system have not Drawing an equipment and a system have not Drawing an equipment and a system have essential

important components, function, or features,
and do not work and solve the given problem.

some components, but they can do work and
solve the given problem partly.

components, and can do work and completely solve the
given problem.
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The implementation of instruments based on design for PSA assessment

To test students’ problem solving ability, the PSA test was implemented in a science classroom
of tenth-grade students at a large public secondary school of a small town in Western Thailand
in the first semester of the 2016 academic year. Forty one students including 27 females
(65.85%) and 14 males (34.15%) were selected through purposive sampling. They had overall
achievements in a variety of subjects (science, mathematics, language, etc.) on a scale of GPA
0 — 4.00 in the second semester of the 2015 academic year from different lower secondary
schools (GPA 3.51 - 4.00, n = 11, 26.83%; GPA 3.00 — 3.50, n = 27, 65.85%; and GPA 2.5 —
2.99, n = 3, 7.32%). 80% of the students were from the same school. The students had learned
science concepts in the Thai language aligning with the Thai National Science Curriculum in
the Basic Education Core Curriculum B.E. 2551 (A.D. 2008): heat transfer, visible light
absorption, chemical reaction, electricity, electrical quantity and circuits, basic electronic
components, and energy transform. They acquired experiences in learning series-parallel
connected cells, electrochemical cell, simple machine, and principle of dynamo from the
learner development activities in the special programs of school. The Thai National Science
Curriculum has been validated for the correct science concepts and provide goals, learning
standards, essential science knowledge, skills, capacities, and desired characteristics to all
educational service area offices and schools with an appropriate framework and guidance for
preparing the pertinent science curriculum and instruction in basic level (Grades 1-12).

Students’ problem solving was analysed based on three core abilities: 1) identifying and
defining a problem, 2) creating a design solution by applying science to a problem, and 3)
giving reasoning supporting the design solution. First, the ability of students’ in identifying and
defining a problem was assessed by checking a design solution according to a problem and a
need provided in the design context and question. One point was given when the design
solution was consistent with the problem and need. Thus, if the design solution was not
consistent with the problem and need, or students did not respond, zero point was given for this
ability. Other abilities were assessed by the PSA rubric score. The maximum attainable score
was 28 points.

Students’ responses to the four open-ended questions were encoded by means of an open-
encoding method in a qualitative dimension. In open-encoding, all of the students’ responses
were examined by researchers. The validity of the open-encoding was verified by peer
checking among three experts; two science educator experts (one in chemistry and one in
physics) and one educator expert in technology education. The validity was 82.86%.

Results

Problem solving ability of secondary school students

The situations concerning science content were used as the context-rich problems for
examination of students’ problem solving ability. The results showed the classification of
students’ problem solving in three core abilities: identifying and defining problem, creating a
design solution by applying science to a problem, and giving reasoning to support the design
solution. These results indicated that students were able to create design solutions by applying
science with acceptable ideas and able to describe reasons related to science concepts clearly
less than 40% (see in Table 4).

10
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Table 4: A number of students’ responses to item 1-4 (N=41 students)

A number of students’ responses (%)

Ability of problem solving

Item 1 Item 2 Item 3 Item 4

1. Identifying and defining problem 36 (87.80) 36 (87.80) 40 (97.56) 38 (92.68)
2. Creating a design solution to a

problem
2.1 Solved problem (SP) 5(12.20) 3(7.32) 12 (29.27) 16 (39.02)
2.2 Partial solved problem (PSP) 16 (39.02) 0 20 (48.78) 7 (17.07)
2.3 Un-solved problem (USP) 20 (48.78) 38 (92.68) 9 (21.95) 18 (43.90)
2.4 No understanding (NU) 0 0 0 0
3. Giving reasoning supporting

the design solution
3.1 Sound understanding (SU) 11 (26.83) 1(2.44) 16 (39.02) 14 (34.15)
3.2 Partial understanding (PU) 11 (26.83) 13 (31.71) 5 (12.20) 15 (36.59)
3.3 Specific depiction (SD) 8 (19.51) 0 11 (26.83) 4 (9.76)
3.4 Specific misunderstanding (SM) 9 (21.95) 26 (63.41) 5 (12.20) 7 (17.07)
3.5 No understanding (NU)/ 2 (4.88) 1(2.44) 4 (9.76) 1(2.44)

no response (NR)

4. No response (NR) 0 1(2.44) 0 0

From an analysis of the design solutions and reasoning, the results showed that students’
scientific knowledge application and understanding were implicitly embedded in their
procedures, products, and the reasoning they used in solving the four open-ended problems.
These results also indicated that most of the students could not relate to scientific conceptions
they had learned in the classroom to solve real-world problems (see in Figure 1).
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Figure 1. The proportion of students’ design solution and reasoning supporting the
design solution (N=41 students)
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Assessing students’ problem solving ability for item 1

The first question could be solved using electrical quantity and circuits. For a design solution
to a problem, 12.20% of students were able to apply electric circuits to create an electric system
that made all bulbs shine most brightly with acceptable ideas. 39.02% of them created the
system with partially acceptable ideas. For solving a problem related to circuits, the result
revealed 48.78% of students drew solutions with unacceptable ideas, for instance, drawing a
system as an opened circuit and an undefined circuit. In acceptable design solutions, 7.32% of
students were able to explain how an electric system worked in terms of circuits and electrical
quantities such as current and electric potential difference correctly. 2.44% of them responded
with partial correct explanation and responded through depiction about idea according to the
drawing. In partially acceptable design solutions, 9.76% of students were able to explain
reasons related to the principle of circuits and electrical quantities correctly. 12.20% of them
explained reasons with partial correct description and 4.88% of them depicted their ideas
without these concepts. 12.20% of students’ reasoning related to circuit and electrical quantities
were specific misunderstanding. In unacceptable design solutions, 9.76% of students were able
to explain reasons with correct description. 12.20% of them responded with partial correct
description and depiction relevant to their drawing. 9.76% of students gave reasons supporting
the design solutions as specific misunderstanding in term of electrical quantities of a series
circuit. Moreover, the result showed that 4.88% of students’ reasons could not be interpreted
as what they were thinking about circuits. For samples of student reasons supporting the design
solution see Table 5.

Table 5: Samples of students’ responses for item 1 (The notation “S38” refers to student #38)

Students’ design solution Students’ reasoning supporting the design solution

Solved problem (SP) Sound understanding (SU)
“[S38]: The dry cells and light bulbs of a system

ETT T o are connected by parallel connection to make all
A '| .TJ o ,;L;r. J«—#,z L% > light bulbs have a high electric potential and the
r'! IJ:LL l [ L1 voltage drop across each one of the nine light bulbs
is equal.”
The attainable score for two abilities was 6 points.
Partial solved problem (PSP) Specific misunderstanding (SM)
“[S11]: T design an electric system as parallel
Mt s Sk e b circuit because the power source have the highest
H$/ The attainable score for two abilities was 2 points.
N
(Dry cell8
Un-solved problem (USP) Specific depiction (SD)
“[SO1]: T will connect a dry cell with three light
@ () ’."- s bulbs and redo as shown in picture above.”
 SENR .
R i ‘\ The attainable score for two abilities was 2 points.
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Assessing students’ problem solving ability for item 2

The second question could be solved using a chemical reaction, simple electrochemical cell,
and series-parallel connected cells to justify design solution 1 or/and 2 and explain which had
highest efficiency and why. 63.41% of students selected an optimal design solution and also
explained how the selected design solution had the highest efficiency as specific
misunderstanding. 26.83% of them selected the optimal design solution and gave reasons with
partial correct description. However, the result showed that 2.44% of students were able to
apply a chemical reaction, simple electrochemical cell, and series-parallel connected cells to
justify the selected design solution with correct and acceptable ideas. She/he could describe
factors affecting rates of electrochemical reaction (nature of the reactants, concentration, and
surface area) and series-parallel connected cells that had affected the efficiency of design
solution as sound understanding.

SO —_— —_—
Metal A [ ‘

Metal B T - -
A 4 +~
’ \ I/ [ ™\
- @ ==Y
A A X
3 W 4 — )
| \'] /I:'//'

Height of table | | A B Height of table A B B A
salt solution (h) | salt solution (h)
|| _b--F
L= = B 1% e % || ==
’ ‘2cml \ !:’ H | "y {,” H H
N zem / = .\1 cm lem } \ lem lem )
RR N ~ N
Design 1 Design 2

Figure 2. Design solutions for item 2

In accomplishing solving the problem, for example, students explained reasons with a
completely correct explanation and a partially correct explanation. The attainable score for two
abilities was 6 and 5 points as shown in sequence. Sample student explanations were:

| choose both design 1 and 2 (design 1 is the same efficiency as design 2) because both

use the table salt solution as electrolyte and the metal A, B as electrodes (the nature of
reactants has affected voltage). The cells of design 2 are connected by parallel
connection. This power supply will contribute its maximum allowable current to the line.
If design 1 is the same concentration of solution as design 2, both have not different
efficiency (the concentration of solution has affected current). If design 1 has higher
concentration of solution than design 2, design 1 will contribute more allowable current
to the line than design 2. [S10]

13



International Journal of Innovation in Science and Mathematics Education, 26(3), 1-20, 2018.

Design 1 and 2 can cause chemical reaction which electrons can transfer from one metal
to another and generate current. Design 2 may be higher efficient than design 1 because
design 2 is two electrochemical cells which connect their metallic electrodes and design
1 is an electrochemical cell. Design 1 may have lower concentration than design 2. So
that design 2 has the highest efficiency. [S25]

In un-solving the problem, for example, students explained with incorrect explanations that
represented a misunderstanding of electrochemical cell. The attainable score for two abilities
was 1 point. A sample student response was:

Design 1 has the highest efficiency because the metal A and B do chemical reaction with
the table salt solution. Design 1 can generate current. In contrast to design 1, design 2
cannot generate current because it connects the metal A to A and B to B which electrons
cannot transfer from the metal A to B. So, design 1 is higher efficient than design 2. [S31]

Assessing students’ problem solving ability for item 3

The third question could be solved using electromagnetic induction and simple machines. On
a design solution to a problem, 29.27% of students were able to apply electromagnetic
induction to create equipment that generated electrical energy with acceptable ideas. 48.78%
of them drew the equipment with partially acceptable ideas. 21.95% of them drew it with
unacceptable ideas, for instance, drawing internal equipment as the neutral point of a magnetic
field (see in Table 6).

In acceptable design solutions, the results showed that 4.88% of students could describe
correctly how equipment worked in terms of induced current depending on the area of a coil
and change in magnetic field and explained reasons with partially correct descriptions. 9.76%
of students responded with depiction about ideas according to their drawing and without
connection to this concept. Furthermore, 4.88% of students did not respond and explained
reasons related to the movement of a copper wire and change in magnetic field that could
induce voltage and current within the coil as specific misunderstanding. For instance, the
movement of a copper wire or change in magnetic field made friction forces and induced
voltage and current within the coil. Some responses also indicated that they misunderstood in
terms of magnetic field. In partially acceptable design solutions, 29.27% of students were able
to explain the reasons supporting their ideas related to electromagnetic induction correctly.
4.88% of them explained reasons with partially correct descriptions and explained how their
design equipment worked as specific misunderstanding. In unacceptable design solutions, the
results indicated that 7.32% of students could describe reasons supporting ideas related to
electromagnetic induction correctly. 2.44% of them responded with partially correct
descriptions and responded with specific misunderstanding in terms of magnetic field.
Moreover, 4.88% of students explained their ideas relevant to their drawing but the depiction
could not be interpreted in terms of what they were thinking about electromagnetic induction.
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Table 6: Samples of students’ responses for item 3

Students’ design solution Students’ reasoning supporting the design solution

Solved problem (SP)

Sound understanding (SU)
“[S39]: I design an equipment using the principle of dynamo

- W“ _ (Maanet) operation. In designing, | place four magnetic bars around a
s S R gg"f)e“a”g”'ar rectangular coil and move the coil through the magnetic field.
o W We can measure a voltage difference two-ended points of the
g RO = copper wire at the fulcrums. A current flows when the circuit
e ,“J closes.”
The attainable score for two abilities was 6 points.
Partial solved problem (PSP) Sound understanding (SU)
“[S41]: The equipment will use a number of turns of a copper
A (Magnet) wire in a coil and places magnetic bars beneath the coil to
o 4", w (Turmed wire jncrease the strength of magnetic field. If the coil is moved
o rj;{h iisigoil) through stronger magnetic field, the induced current will be
B oD b duced.”
W*& e, ) more produce
o ] (Magnet
== <0 _above a coil) The attainable score for two abilities was 5 points.
Q
Un-solved problem (USP) Sound understanding (SU)
“[S21]: I design an equipment using a number of turns of a
) copper wire around the six magnetic bars because a number of
(Magnetic bars) magnetic bars will increase stronger magnetic field that has an
Wi = effect on the voltage and current.”

The attainable score for two abilities was 4 points.

Assessing students’ problem solving ability for item 4

The last question could be solved using a wide range of science concepts including
electrochemical cell, energy transform, heat transfer, visible light absorption, the basic working
of a DC generator, and simple machines. On a design solution to a problem, 39.02% of students
were able to apply energy transform, heat transfer, simple dynamo, and simple machine (gears
and pulley) to create equipment and a system to keep an agriculture warehouse warm all the
time and products dry without using electricity on grid with acceptable ideas. 14.63% of them
drew the equipment and system with partially acceptable ideas. 43.9% of students drew their
equipment and system with unacceptable ideas, for example, drawing the equipment and a
system that did not have an important element that could help the system work completely and
solve the problem (see in Table 7).

In acceptable design solutions, 9.76% of students could explain how equipment and a system
worked in term of energy transform using dynamo and electrochemical cells including solar
cells and wind turbines correctly. 14.63% of them explained reasons with partially correct
descriptions and 9.76% of them described reasons through depiction relevant to their drawing.
Furthermore, 4.88% of students gave reasons supporting ideas as specific misunderstanding in
terms of energy transform. In partially acceptable design solutions, 12.2% of students explained
reasons related to visible light absorption of materials, energy transform, and heat transfer and
materials, especially thermal insulators, with a partially correct description. 2.44% of students
could give reasons supporting his/her ideas related to transforming solar energy to electric
energy correctly. In unacceptable design solutions, the results showed that 21.95% of students
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were able to describe reasons with completely correct explanations. 9.76% of them explained

with partially correct descriptions.

12.2% of students gave responses as specific

misunderstanding in terms of energy transform using solar cells.

Table 7: Samples of students’ responses for item 4

Students’ design solution

Students’ reasoning supporting the design solution

Solved problem (SP)

g

S 1
LU N(Ba»ttery);: 1| )_g—x,
—————

Sound understanding (SU)

“[S07]: I install solar cells on the roof of an agriculture
warehouse and a solar system inside the warehouse to transform
solar energy to electric energy because solar cells can convert
sunlight into electric current. | use a dynamo belong to a wind
turbine and ride a bicycle that has a dynamo to generate
electricity and charge it into a battery. | will distribute
electricity from the battery into a dehumidifier and thermostat
(make a circuit) to (make a whole system) work”

The attainable score for two abilities was 6 points.

Partial solved problem (PSP)

“Cear e
el SR e p)aNES)
- - Jimmmds 'Q (D}’“"““O)
e % :
g EvaE
o wald) E3 3 i
2l “hEL (Solar ce

Is)

Partial understanding (PU)

“[S23]: T will install clear glass plates on the roof of an
agriculture warehouse because light will pass through the plates
better and dry products. I will paint black color on the wall to
help light absorption and convert into heat. | will make a solar
plant as energy source and use the solar cells for converting
electricity from a dynamo and turning on energy to heater.”

The attainable score for two abilities was 4 points.

Un-solved problem (USP)

Specific misunderstanding (SM)

“[S22]: T will build an invention to dry rice and chili. The
rectangular structure of invention is made of black iron. I will
place gridiron inside the invention for drying products. | will
install solar cells in the top of the invention because the solar
cells can store heat from sunlight during daytime and | can use
the heat storage during night time.”

The attainable score for two abilities was 1 point.

From an assessment of students’ problem solving ability, the result showed that 6.1% of
students were able to create design solutions in light of invention designs and could justify the
given design solutions using science knowledge that seemed more likely to solve the four open-
ended problems. They could also explain reasons supporting their own design solutions clearly
with strong linkages to scientific conceptions. Most of all, however, the design solutions of
students seemed less likely to solve the problems and were accompanied with unclear reasons
that did not strongly relate to science concepts. In addition, some reasons revealed that these
students still misunderstood science concepts they had learned in the classroom.
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Discussion and conclusion

In this article, we report on the successful development of the PSA test and PSA rubric score
based on design. The PSA test was implemented with tenth-grade students at a secondary
school, in Western Thailand in the first semester of the 2016 academic year. Three core abilities
(identifying and defining problems, creating solutions by applying science to real-world
problems, and giving reasoning supporting the design solutions) were classified and evaluated
from students’ responses to the PSA test using the PSA rubric score. The validity of open-
encoding then was verified using peer checking among three experts.

The PSA test proved to be productive for assessing students’ problem solving in three core
abilities and demonstrates strong connection to scientific conceptions. We believe that there is
a significant reason for this. The PSA test supports students in proposing their own solutions
to solve real-world problems and lets them explain their ideas, problem solving processes, and
science ideas behind the solutions in their own words, using integration between drawing and
writing reasons supporting a design sketch. The integration between drawing and explaining
their reasons with the support of a design sketch is the combination of illustration and
corresponding written explanation that represents the application and understanding of
scientific knowledge. According to previous studies, it is a highly effective scaffold in the
expression of meaning and understanding of science (see, for instance, studies done by Ring,
2006; Libarkin & Ording, 2012; Reynolds, Thaiss, Katkin, & Thompson, 2012; Mynlieff,
Manogaran, St. Maurice, & Eddinger, 2014). It is a powerful tool for thinking, communicating
(Quillin & Thomas, 2015), and reasoning (NRC, 2012). It is also an effective strategy for
accessing and assessing students’ learning in order to give feedback to students (Kdse, 2008;
Glynn & Muth, 2008). According to Johnson and Reynolds (2005), when students are actively
engaged in drawing and writing explanations of their ideas, they are forced in a meaningful
way to create a solution. These clearly take a deeper level of mental processing to break down
a larger concept into their constituent pieces, judge what is important or not, think about
relationships between a problem and a need, concepts, and the function/features of invention
design, and convey these relationships on a paper. In addition, the rubric score is a more
comprehensive framework of validity. This study attempts to develop a PSA rubric score for
classifying students’ design solutions and their reasoning in support of the design solutions.
The PSA rubric score does not only correspond to a revised form of the concept evaluation
scheme (CESCH) of Westbrook and Marek (1991, 1992) in term of the ‘sound understanding’
category but also contrasts to it. We strongly add the ‘problem solving’ category to the CESCH
to make it more comprehensive. So, using the PSA rubric score helps interpret student’s
responses, increases consistency of scoring, and facilitates valid judgment of complex abilities
according to the use of a scoring rubric as discussed by Jonsson and Svingby (2007). Therefore,
we believe that having the PSA rubric score supports the judgment of the PSA to be more
reliable in the scoring of the PSA assessment.

From the classification of students’ reasoning, we found that some reasons were specific
depictions relevant to their drawing (invention designs) but without connection to science
concepts. We believe that one possible reason for this is that the problem solving of the student
might rely on past experiences along with available information based on intuitive experiences
from having seen and/or used the devices. They relate their experiences and information
provided in design contexts together and use both to create their own ways for solving the
problems according to human problem solving ability as discussed by Chi and Glaser (1985).
For example, item 3 aims to design an equipment for generating electric energy or doing work
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efficiently in the school Scout camp using a copper wire and six bar/rod magnets. S22’s
equipment design and reasons for supporting the idea are shown in Figure 3.

Pemy
= ELS\

Figure 3. S22’s design solution and reasons for item 3

First, 1 will turn a copper wire around 200 times and shape it as rectangular form.
Second, I will hang the coil on two axles. Then, I will connect two axles with foam rod.
Next, | will create a wood box and place the magnetic bars inside of the box and around
it (the rectangular coil). The box has a rectangular coil in the middle. [S22]

To make better use of these instruments and support students to become better at real-world
problem solving, teachers should focus on scaffolding students to connect science knowledge
to real-life situations and explain their ideas, problem solving processes, and reasoning in their
own words. The school science curriculum should build around real-life contexts relevant to
the students’ live. Teaching practices should provide students’ experiences in practical real-
world problem solving and use a variety of communication tools/ teaching strategies such as
drawing/sketching, writing, and talking which are strong potential for helping students
communicate their ideas and learn science content.

In conclusion, the PSA test based on design is an instrument to assess students’ problem solving
ability related to the application and understanding of scientific knowledge in a wide range of
conceptions and expose students’ mental models so that teachers can understand students’
learning. The PSA rubric score based on design also facilitates reliable scoring of PSA
assessment. These instruments provide teachers with a valuable resource for assessing students
both at the beginning of science instruction and at the end. The four open-ended questions in
the PSA test can be used to generate in-class discussion on teaching and learning, for example,
energy. Teachers can apply or improve the four daily-energy-problem situations appropriately
in accordance with the actual context in the classroom.
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