A Framework for K-12 Science Education: Practices, Crosscutting Concepts, and Core Ideas

Practice 6

Constructing Explanations and Designing Solutions

Because science seeks to enhance human understanding of the world, scientific
theories are developed to provide explanations aimed at illuminating the nature
of particular phenomena, predicting future events, or making inferences about
past events. Science has developed explanatory theories, such as the germ theory
of disease, the Big Bang theory of the origin of the universe, and Darwin’s the-
ory of the evolution of species. Although their role is often misunderstood—the
informal use of the word “theory,” after all, can mean a guess—scientific theo-
ries are constructs based on significant bodies of knowledge and evidence, are
revised in light of new evidence, and must withstand significant scrutiny by the
scientific community before they are widely accepted and applied. Theories are
not mere guesses, and they are especially valued because they provide explana-
tions for multiple instances.

In science, the term “hypothesis” is also used differently than it is in every-
day language. A scientific hypothesis is neither a scientific theory nor a guess; it is
a plausible explanation for an observed phenomenon that can predict what will
happen in a given situation. A hypothesis is made based on existing theoretical
understanding relevant to the situation and often also on a specific model for the
system In question.

Scientific explanations are accounts that link scientific theory with spe-
cific observations or phenomena—for example, they explain observed relation-
ships between variables and describe the mechanisms that support cause and
effect inferences about them. Very often the theory is first represented by a
specific model for the situation in question, and then a model-based explana-
tion is developed. For example, if one understands the theory of how oxygen is
obtained, transported, and utilized in the body, then a model of the circulatory
system can be developed and used to explain why heart rate and breathing rate
increase with exercise.

B scientific theories are developed to provide explanations aimed at
illuminating the nature of particular phenomena, predicting future events,
or making inferences about past events. ]
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Engaging students with standard scientific explanations of the world—
helping them to gain an understanding of the major ideas that science has devel-
oped—is a central aspect of science education. Asking students to demonstrate
their own understanding of the implications of a scientific idea by developing
their own explanations of phenomena, whether based on observations they
have made or models they have developed, engages them in an essential part
of the process by which conceptual change can occur. Explanations in science
are a natural for such pedagogical uses, given their inherent appeals to simplic-
ity, analogy, and empirical data (which may even be in the form of a thought
experiment) [26, 27]. And explanations are especially valuable for the classroom
because of, rather than in spite of, the fact that there often are competing expla-
nations offered for the same phenomenon—for example, the recent gradual rise
in the mean surface temperature on Earth. Deciding on the best explanation is
a matter of argument that is resolved by how well any given explanation fits
with all available data, how much it simplifies what would seem to be complex,
and whether it produces a
sense of understanding.

Because scientists
achieve their own under-
standing by building
theories and theory-based
explanations with the aid
of models and represen-
tations and by drawing
on data and evidence,
students should also

develop some facility in
constructing model- or
evidence-based explana-
tions. This is an essential
step in building their own
understanding of phenomena, in gaining greater appreciation of the explana-
tory power of the scientific theories that they are learning about in class, and in
acquiring greater insight into how scientists operate.

In engineering, the goal is a design rather than an explanation. The process
of developing a design is iterative and systematic, as is the process of developing
an explanation or a theory in science. Engineers’ activities, however, have elements
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that are distinct from those of scientists. These elements include specifying con-
straints and criteria for desired qualities of the solution, developing a design plan,
producing and testing models or prototypes, selecting among alternative design
features to optimize the achievement of design criteria, and refining design ideas
based on the performance of a prototype or simulation.

GOALS
By grade 12, students should be able to

. Construct their own explanations of phenomena using their knowledge of
accepted scientific theory and linking it to models and evidence.

o Use primary or secondary scientific evidence and models to support or refute
an explanatory account of a phenomenon.

. Offer causal explanations appropriate to their level of scientific knowledge.

o Identify gaps or weaknesses in explanatory accounts (their own or those of
others).

In their experience of engineering, students should have the opportunity to

o Solve design problems by appropriately applying their scientific knowledge.

o Undertake design projects, engaging in all steps of the design cycle and pro-
ducing a plan that meets specific design criteria.

o Construct a device or implement a design solution.

o Evaluate and critique competing design solutions based on jointly developed

and agreed-on design criteria.

PROGRESSION FOR EXPLANATION

Early in their science education, students need opportunities to engage in con-
structing and critiquing explanations. They should be encouraged to develop
explanations of what they observe when conducting their own investigations and
to evaluate their own and others’ explanations for consistency with the evidence.
For example, observations of the owl pellets they dissect should lead them to
produce an explanation of owls’ eating habits based on inferences made from
what they find.

As students’ knowledge develops, they can begin to identify and isolate
variables and incorporate the resulting observations into their explanations of
phenomena. Using their measurements of how one factor does or does not affect
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another, they can develop causal accounts to explain what they observe. For
example, in investigating the conditions under which plants grow fastest, they may
notice that the plants die when kept in the dark and seek to develop an explana-
tion for this finding. Although the explanation at this level may be as simple as
“plants die in the dark because they need light in order to live and grow,” it pro-
vides a basis for further questions and deeper understanding of how plants utilize
light that can be developed in later grades. On the basis of comparison of their
explanation with their observations, students can appreciate that an explanation
such as “plants need light to grow” fails to explain why they die when no water
is provided. They should be encouraged to revisit their initial ideas and produce
more complete explanations that account for more of their observations.

By the middle grades, students recognize that many of the explanations
of science rely on models or representations of entities that are too small to
see or too large to visualize. For example, explaining why the temperature of
water does not increase beyond 100°C when heated requires students to envis-
age water as consisting of microscopic particles and that the energy provided by
heating can allow fast-moving particles to escape despite the force of attraction
holding the particles together. In the later stages of their education, students
should also progress to using mathematics or simulations to construct an expla-

nation for a phenomenon.

PROGRESSION FOR DESIGN

In some ways, children are natural engineers. They spontaneously build sand cas-
tles, dollhouses, and hamster enclosures, and they use a variety of tools and mate-
rials for their own playful purposes. Thus a common elementary school activity is
to challenge children to use tools and materials provided in class to solve a specific
challenge, such as constructing a bridge from paper and tape and testing it until
failure occurs. Children’s capabilities to design structures can then be enhanced by
having them pay attention to points of failure and asking them to create and test
redesigns of the bridge so that it is stronger. Furthermore, design activities should
not be limited just to structural engineering but should also include projects that
reflect other areas of engineering, such as the need to design a traffic pattern for
the school parking lot or a layout for planting a school garden box.

In middle school, it is especially beneficial to engage students in engineer-
ing design projects in which they are expected to apply what they have recently
learned in science—for example, using their now-familiar concepts of ecology to
solve problems related to a school garden. Middle school students should also
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have opportunities to plan and carry out full engineering design projects in which
they define problems in terms of criteria and constraints, research the problem to
deepen their relevant knowledge, generate and test possible solutions, and refine
their solutions through redesign.

At the high school level, students can undertake more complex engineering
design projects related to major local, national or global issues. Increased empha-
sis should be placed on researching the nature of the given problems, on reviewing
others’ proposed solutions, on weighing the strengths and weaknesses of various
alternatives, and on discerning possibly unanticipated effects.
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