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This small-scale, qualitative study uses educational design research to explore how focusing on
argumentation may contribute to students’ learning to engage in inquiry independently. Understanding
inquiry as the construction of a scientifically cogent argument in support of a claim may encourage students
to develop personal reasons for adhering to scientific criteria and to use these with understanding rather
than by rote. An understanding of the characteristics of scientific evidence may clarify why doing inquiry in
specific ways is important, in addition to the how. On the basis of five design principles—derived from
literature—that integrate argumentation in inquiry and enhance learning through practical activities, we
developed a teaching-learning sequence of five activities aimed at developing inquiry knowledge in lower
secondary school students. By means of observations of a grade 9 physics class (N ¼ 23, aged 14–15),
students’ answers to worksheets, and self-reflection questions, we explored whether the design principles
resulted in the intended students’ actions and attitudes. We studied whether the activities stimulated
students to engage in argumentation and to develop the targeted inquiry knowledge. The focus on
argumentation, specifically through critical evaluation of the quality of evidence, persuaded students to
evaluate whether what they thought, said, or claimed was “scientifically” justifiable and convincing. They
gradually uncovered key characteristics of scientific evidence, understandings of what counts as convincing
in science, and why. Rather than adopting and practicing the traditional inquiry skills, students in these
activities developed a cognitive need and readiness for learning such skills. Of their own accord, they used
their gained insights to make deliberate decisions about collecting reliable and valid data and substantiating
the reliability of their claims. This study contributes to our understanding of how to enable students to
successfully engage in inquiry by extending the theoretical framework for argumentation toward teaching
inquiry and by developing a tested educational approach derived from it.

DOI: 10.1103/PhysRevPhysEducRes.19.020170

I. INTRODUCTION

Enabling students to engage in independent scientific
inquiry is a highly valued but seemingly elusive goal of
science education [1–9]. Secondary school physics students
are typically meant to acquire the associated competences
through engaging in quantitative physics inquiry1: In small
teams of 2–4, they manipulate instruments and materials to
answer a given research question [10] which often is of the
form “What is the mathematical relationship between X
and Y?” (see, e.g., [11–14]). The extensive literature
reports that students generally fail to use the rules and

procedures for obtaining optimally reliable and valid data
in inquiry unless explicitly instructed on what to do
[10,15,16]. Even motivated, interested, and able students
rarely independently make methodological decisions
adequately [10,17–19]. They hardly attend to what they
do and why [9,20] or consider how to improve the quality
of the outcomes [9,21–23].
In this study, we propose that the root cause for these

problems is that students interpret their task as: find an
answer to the research question, any answer will do [15].
This interpretation often leads to students knowing what to
do and knowing how to do it, but still failing to do so (e.g.,
taking sufficient repeated readings). As Osborne [24] noted,
“it is not just amatter of knowing how to get reliable data, but
also why reliability and validity are important.”
If the above is correct, then—we think—a major step in

enabling students to engage in independent scientific
inquiry can be made by changing their perception of
the purpose of physics inquiry first. They ought to
interpret their task as real physicists: find the best
possible answer to the research question within the given
practical constraints [15,25,26]. Next, we ought to teach
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them what qualifies as “best possible” in physics. When
they later engage in inquiry, their aim becomes to convince
themselves that they have reached the best possible answer.
They then subject their inquiry to scrutiny by others (e.g.,
the teachers), trying to convince them that their claim is
valid [27].
Since “becoming convinced” involves the evaluation of

arguments, we see an integration of inquiry and argumen-
tation as a potential way forward in addressing the
problems in enabling students to engage in inquiry. To
devise and conduct a physics inquiry well, students need—
in addition to a thorough understanding of the purpose of
inquiry—the ability to use argumentation adequately to
guide their inquiry toward this best possible answer
[15,25,26,28] and sufficient reason to obtain it. While
advocated variously in the literature [27,29–32], the inte-
gration of inquiry and argumentation (to our knowledge)
has not been subjected to empirical study. This leads us to
the central research question of this paper:
What does integrating argumentation in teaching

inquiry contribute to student understanding, critical atti-
tude, and use of argumentation in doing quantitative
physics inquiry?

A. This study

In this study, we developed and tested a teaching-
learning sequence of five activities aimed at developing
inquiry knowledge in lower secondary school students.
Specific learning goals were derived from a previous
study on the integration of argumentation and scientific
inquiry [25]. These goals, encompassing basic but funda-
mental insights, are considered essential for enabling
young students to undertake independent inquiry. To align
with these identified learning goals, we carefully selected
activities from both existing literature [33–35] and our own
instructional practices [36]. Employing design principles—
derived from literature—that integrate argumentation in
inquiry and enhance learning through practical activities,
we then redesigned these activities. This yielded a teaching
sequence in which we first have students consider that
the quality of their data—forming the basis of scientific
evidence—is crucially relevant. Then we focus their
attention on several of the common understandings used
to gauge that quality—understandings that scientific argu-
ments in support of research claims are based upon. Finally,
we encourage them to apply these understandings in their
own inquiry, to guide their choices in constructing and
justifying optimally cogent answers to their research
questions. This study is meant to establish the effectiveness
of guidelines for the design of activities that integrate
argumentation with inquiry in this way.

II. THEORETICAL FRAMEWORK

We discuss the central role of argumentation in scientific
inquiry using the structure of an argument of the Toulmin

model [37] and the Procedural and Conceptual Knowledge
in Science (PACKS) model [28]. Understandings of
Evidence (UoE) [25], the insights a researcher uses to
produce a cogent argument in support of a claim, are
presented as the targeted learning goals.

A. Argumentation in inquiry

Argumentation is the process of reasoning systematically
in support of an idea or theory, or “the uses of evidence to
persuade an audience’” [38]. As in science itself, it deserves
a central and decisive role in science education [27,39–41],
especially regarding scientific inquiry [38]. Even though
the researcher may not yet know what peer criticism will
receive, much thought and effort are invested in making the
study’s claims as indisputable as possible and striving for
optimal cogency of the argument in support of that claim.
Convincing others of the validity of the claim includes
describing the research procedures and methodological
decisions as accurately and objectively as possible; justify-
ing that the approach yields valid and reliable data; and
demonstrating how these serve as evidence in support of the
claim [42–44]. The researcher assesses alternative methods;
analyses and interprets data; weighs evidence; considers
various explanations for the observed phenomenon; and
proactively defends the stated claims against potential
criticism. All these actions are elements in the construction
of a scientifically cogent argument [27,37,45]. Inquiry,
from this perspective, can be interpreted as the construction
of an optimally cogent argument that justifies the claim,
i.e., the answer to the research question based on the data
obtained [25,27].

B. The structure and content of a scientific argument

Gott and Duggan [27] adapted Toulmin’s model of
argumentation [37] in which an argument consists of
field-invariant as well as field-dependent elements, to the
“field” of secondary science inquiry as shown in Fig. 1. The
field-invariant elements include a claim based on data
(facts or evidence) connected to each other through
warrants: the reasoning defending the claim based on
the data.Gott andDuggan elaborate this further in the context
of school science: “the range of tried and tested methods of
valid experimentation, as well as the substantive laws and
principles, the complex network of interlocking theories that
constitute the accepted body of scientific knowledge.” These
warrants are further substantiated by backings which are
considered, in the adapted model, the “detailed statements
which underpin the data collection.”Qualifiers and rebuttals
further strengthen the claim by setting limitations to its
validity. As Toulmin points out, however: “If we ask about
the validity, necessity, rigor or impossibility of arguments or
conclusions, wemust ask these questions within the limits of
a given field…” [37] (p. 236).
In physics inquiry, the field-dependent content of an

argument is provided by the PACKS model shown in
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Fig. 2. In this model, Millar et al. [28] link decisions
made in various phases of an inquiry to four types of
knowledge involving: (A) the (scientific) purpose of the
inquiry; (B) the relevant content; (C) the required manipu-
lative skills; and (D) the quality of scientific evidence.
With regard to argumentation, e.g., PACKS knowledge
type A influences students’ interpretation of the task and
thus influences the type of claim made by students [46].
While each of these knowledge types influences the
decisions being made, knowledge type D is especially
important in the construction of an argument in support of
a claim [27,47–49].
Prominent elements in knowledge type D are the

so-called Concepts of Evidence [46,49], which include
concepts such as accuracy, range, and interval, which
underpin the umbrella concepts of validity and reliability
of data [48]. These Concepts of Evidence are the building
blocks that enable us to construct, analyze, and judge a
cogent account of the evidence [25,27,47]. In conceiving
and conducting an inquiry, a researcher relies on insights in
which these individual concepts acquire meaning through
their relation to each other [25,50]. Pols et al. [25]
explicated these insights as so-called Understandings of
Evidence (UoE) of which the Concepts of Evidence are
constitutive elements (see Table I for examples). These

UoE express not only what the quality criteria of scientific
evidence are, and how they can be satisfied, but also why
scientists adhere to them. For example, researchers are
expected to repeat measurements, report means and spreads
in the data, and if necessary apply a wide range of statistical
techniques because it is understood that repeating a
measurement naturally produces a range of values rather
than a single one. In terms of Toulmin’s model, the UoE
provide field-dependent backings that contribute to the
normative foundation on which the support for a claim is
built. In an augmented Delphi study, Pols et al. validated a
set of 19 UoE distributed over six inquiry phases as
necessary and sufficient for evaluating evidence in physics
inquiry at secondary school and first-year university level.
Pols et al. [25] constructed the “Assessment Rubric for

Physics Inquiry” (ARPI) by specifying indicators for
various attainment levels for all of these 19 insights on
what allows to rate attainment of each UoE. They presented
the UoE as the learning goals in introductory activities
directed at inquiry learning. An appropriate selection of
these UoE forms the set of learning goals for the teaching-
learning sequence studied here. We explore an approach to
developing selected UoE, and their contribution to stu-
dents’ regard for the quality of their inquiry and their ability
to optimize it. The corresponding section of ARPI is used to

FIG. 1. Toulmin’s argumentation model [37] adapted in Ref. [27] to secondary science inquiry.

FIG. 2. The PACKS model [28] identifies various types of knowledge and their influence during inquiry tasks.
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monitor student progress in their ability to successfully
engage in inquiry.

III. METHOD

A. Research design

Since we know of no previous empirical research into
the integration of argumentation in inquiry, we had little to
go on in terms of tested design principles or exemplary
practices. We therefore elected to use educational design
research [51,52] in this study. This research methodology
is committed to simultaneously developing theoretical
insights and practical solutions [53,54] through a com-
bined study of the process of learning and the means that
support it [51,55].
In the process of developing the teaching sequence, we

derived learning goals from the list of UoE which we
consider basic but essential for enabling students to under-
take independent inquiry. These goals encompass funda-
mental insights into the underlying principles that guide
actions we commonly anticipate young students to under-
take, including practices like repeating measurements and
using the broadest possible range for the independent
variable. Subsequently, we curated a selection of activities
from both existing literature [33–35] and our own instruc-
tional practices [26,36] that aligned with these identified
goals. Informed by existing literature and our own expertise
[15], we tentatively established design principles that in our
viewwere necessary to integrate argumentation and inquiry,
and sufficient to enhance learning from practical activities.
Using these design principles, we then redesigned these

activities and tested them in the classroom. While each
activity has been implemented and iterated individually, this
test marked the initial iteration of a sequence involving all
five activities as a cohesive whole.
As recommended [17,56–58], the feasibility of the

design principles and the development of UoE in the
teaching sequence were established in a small-scale,
qualitative, in-depth, exploratory, single-classroom case
study. It is directed at systematically exploring—through
the qualitative instruments described in Sec. III E—and the
realization of expected yields of applying the design
principles derived in Sec. III C. This methodology is aimed
at iteratively formulating and evaluating tentative design
principles and concurrently constructing effective educa-
tional materials and activities on the basis of those
principles, through closely monitoring, evaluating, and
interpreting students’ responses and actions throughout the
evolving design [51,54,59,60].

B. Participants and educational setting

The lessons were carried out by the first author at a
regular Dutch school. It took place in his class of 23
students, aged 14–15 and in their final year of lower
secondary education (grade 9), during their regular
50-minute physics lessons. With 10 years of teaching
experience and a particular awareness of the challenges
in teaching inquiry [61], he designed the sequence of
activities.
Students’ work was graded, but merely handing in the

work sufficed to obtain a passing grade (7 out of 10), in

TABLE I. An overview of the UoE [25] that are selected as the learning goals for the teaching sequence with Concepts of Evidence
[49] in bold.

Phase UoE The researcher understands that This understanding is demonstrated by

2 Design 6 It is important to choose suitable instruments
and procedures to get
valid data with the required
accuracy and precision.

Choosing and substantiating appropriate
measuring instruments and
procedures that provide the required
reliability and accuracy of the dataset.

3 Method and
Procedure

8 Measured values will show inherent
variation and the
reliability of data must be optimized,
requiring repeated measurements.

Considering the number of repeated readings
in terms of the required accuracy and/or
available instruments and their sensitivity,
adjusting the choice when needed and
substantiating it.

9 The range of values of the independent
variable must be wide enough and the
interval small enough to ensure that a
potential pattern is detectable.

Choosing and substantiating an appropriate and
sensible measurement range and interval.

5 Conclusion and
evaluation

14 A complete, clear, substantiated, and useful
answer to the research question must be
formulated.

Formulating a clear, substantiated, and
unambiguous answer.

16 The validity of conclusions does not go beyond
the data available. Therefore, limitations to
the validity of the claim should be expressed.

Specifying under what conditions the
relationship/conclusion was established,
discussing limitations.
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order to reduce external pressure and emphasize the
formative aspects of learning inquiry [62]. The students
worked in largely fixed, self-selected teams of two students,
or three to ensure no one worked alone. Due to illness, team
G2 was canceled after activity 2 and does not appear in the
data after that activity.
In Dutch lower secondary education, physics is man-

datory and focuses on the development of scientific literacy
and on preparing students for the optional science-based
program in upper secondary education (Dutch: VWO)
chosen by approximately 20% of the participating students.
While there are national guidelines on the science content,
there is no national exam at the end of lower secondary
education [63,64]. Thus, teachers are to a large extent free
to devise lessons and teach in the way they deem fit. For
more details, see Ref. [15], where we argue that the sample
is not exceptional, and findings are representative of many
similar educational settings.
All names are fictitious, and all data were collected and

treated in accordance with relevant ethical guidelines. All
interventions, instruments, and collected data were in
Dutch and have been translated by the authors. Practical
aspects of the activities are described in more detail in
Ref. [65]. Materials for all associated activities are open

source and available in English, Dutch, French, Spanish,
and Basque [66].

C. Educational design

1. Educational aims

Table II summarizes for each of the five activities what
the intended learning outcomes were in view of developing
a deeper understanding of the scientific purpose of inquiry
and PACKS type D (quality of evidence). Activities 1 and 2
focus on the development of the awareness that only the
best possible answer suffices (UoE 14) and explore what
“the best answer” precisely entails in science and a way to
construct and defend such an answer. Activities 3 and 4
focus on the development of several common understand-
ings used to gauge the quality of scientific evidence. We
considered choosing suitable instruments and procedures
(UoE 6); repeating measurements (UoE 8); and choosing a
suitable range and interval for the independent variable
(UoE 9) among the decisions to be undertaken by young
students when engaging in basic inquiry. Understanding
that the validity of conclusions does not go beyond the data
available (UoE 16), in combination with the idea that the
most informative conclusion should be drawn (UoE 14), is

TABLE II. An overview of the activities with the targeted UoE (Table I), number of teams participating, design principles
(Sec. III C 2), and the data sources (Sec. III E).

Activity Week
Data

sources
Design

principles
Targeted
UoE Main learning objective Main activities

1. Pirate
pendulum

1 i, iv, v 1–3 14 Developing the notion that in
inquiry the best available
answer is to be produced.

Students investigate the features of
a pendulum in the context of a
pirate movie stunt.2 ii, iii, iv 4–5

2. Tricky
tracks

3 ii, iii, iv 1–5 Distinguishing observation
from interpretations and
raising awareness of the need
for argumentation in inquiry.

As in Ref. [35], students name
what they observe in a given
picture. Subsequently, they
evaluate the reliability of
evidence provided in a news
article.

3. ISL 4 iii, iv 1–5 6, 9, 14, 16 Raising awareness of how the
features of the dataset
contribute to the quality of
the data and the validity of
the claims.

As in Ref. [36], students
investigate the relation between
body height and arm span in the
context of a fair swimming
competition.

4. Car crash
barriers

5 iii, iv 1–5 8, 14 Developing the notion that
variability in measurements
is inevitable, finding an
estimate of the true value,
thus requires repeated
measurements

As in Ref. [33], students
investigate the relation between
stopping distance and mass in
the context of car safety.

5. NASA’s
CRV

6 i, iv, v 1–3 Application
of all of
the above

Applying the acquired
knowledge in an
integrated way.

As in Ref. [67], students
investigate the relation between
a feature of a paper cone and its
terminal velocity.

7 i, iv, v
8 ii, iii 5
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essential in helping students understand how their meth-
odological decisions influence the usefulness and trust-
worthiness of their conclusions and is therefore crucial in
guiding students to make deliberate methodological deci-
sions. Note that it would be naïve to think that each of
these UoE is fully developed in a single activity. Although
each activity focuses on the development of specific
UoE, references to earlier targeted UoE are made through-
out the lessons, thereby further developing and enhancing
these UoE.
Based on these intended learning outcomes, suitable

activities were chosen. Space limits us to elaborate on these
here. For details on the activities see Ref. [65], the
Supplemental Material [68] and the teacher manual [66].

2. Design principles

The activities were redesigned using a set of design
principles that ought to enhance the integration of argu-
mentation and inquiry and foster learning through practical
activities. These design principles, described below, are
linked to their intended student responses in Table III. In
the Supplemental Material [68], more information on the
activities and their links to the design principles can
be found.

DP1 guided inquiry. In guided inquiry, students are given a
research question while they follow their own path to
construct an answer [69]. In this way, for the population at
hand, a balance between autonomy and guidance is
expected to be provided. Autonomy is required to enable
students to inquire into their problems in their own ways
and learn from their successes and failures through
reflection in sufficiently open activities [1,3,9,20,70–
73]. Enough guidance, however, is required to overcome

problems that inexperienced students will otherwise
experience as insuperable in inquiry [17,74].
This design principle is satisfied if students are observed

to understand the research question or are able to formulate
their own, and are able to devise a sensible way to answer it.

DP2 reduction of knowledge demand. Practical activities
often present many (unnecessary) barriers that impede
learning [22,74,75]. Summarized by Hodson [75], “[…]
they have to understand the problem and the experimental
procedure, assemble the relevant theoretical perspective,
read, comprehend and follow the experimental directions,
handle the apparatus, collect the data, recognize the differ-
ence between results obtained and results that should have
been obtained, interpret the results, write an account of the
experiment, and all the time ensure that they got along well
with their partners.” Here, we evade the risk of cognitive
overload by avoiding distracting details pertaining to
PACKS type A–C [22,74,75]. We ensure that the activities
are easily understood (A—scientific purpose), as simple as
possible in terms of equipment (C—manipulative skills)
and demand only previously acquired conceptual knowl-
edge (B). If students still have questions related to these
PACKS types, the teacher provides direct support and
clarification so that the focus is on developing their
understanding of the quality of evidence (D).
This design principle is satisfied if students are observed

to have sufficient knowledge of pertinent theoretical con-
cepts, measuring instruments, and methods to answer their
research question. When it is satisfied, we expect students
to focus on the quality of the answer and the evidence
supporting it.

DP3 a real-life context. Practical activities rarely relate to
students’ interests as these often lack a connection with the

TABLE III. The design principles and features derived from literature and the rationales, and expected returns.

No. Label Rationale Expected returns

1 Guided inquiry Offers a balance between autonomy
and guidance

Students make their own methodological
decisions, help is offered if requested

2 Reduction of knowledge
demand

Ensures a focus on PACKS knowledge
type D: the methodological decisions

Students know what to do and why (A), are not
hindered by a lack of content knowledge (B),
are able to work with the equipment (C)

3 A real life context Shows the relevance of producing
high quality answers

Students take answering their RQ seriously and
mind the context in the discussions and in
their answers

4 Productive failure Offers time and opportunity for reflection,
enables students to grapple with the
ideas of evidence

The teacher presents ‘bad’ examples to initiate
discussions on the quality of students’
decisions in their inquiry

5 Metacognitive tasks Consolidates learning and strengthens the
understandings of scientific criteria

Students formulate and apply personal but
collectively agreed-upon ‘rules for doing
proper investigations’ that are in line with the
targeted UoE
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“real world” [15]. For instance, it might be difficult for
students to see how investigating the characteristics of a
pendulum is relevant to them at all. However, framing the
activity in real-world contexts [76–79] may make this
connection. The real-world implementation of research
findings can easily be understood to affect, for instance,
people’s safety and thus make it easier to see why trust-
worthy data and conclusions are needed.
Understanding how the implementation of research

findings is relevant in a given context is referred to as
the practicality of consequences, number 87 in the list of
Concepts of Evidence [80]. If truly adopted, the practicality
of consequences provides students with the motivation to
invest the required effort [15,26] and a need to extend their
scientific knowledge [76]. However, it is known that
students may see the context as window dressing or simply
forget it [15,26,81]. An effort will have to be made for the
context to be functional and taken seriously.
This principle is satisfied if students are observed to

derive a motivation for obtaining convincing evidence and
try to produce a useful answer to their research question in
the given context.

DP4 productive failure. Unavoidably students make
less-than-optimal decisions when given ownership and
initiative in inquiry. To learn from these decisions, time
and opportunity for feedback and reflection should be
provided [82,83] where intervention by and negotiation
with the teacher are essential [84]. As in other educational
activities [85–87], we make productive use of decisions that
students upon reflection regard to be suboptimal. We
present these as “bad” examples that serve to address ideas
pertaining to scientific evidence. Such discussions will
“enable learners to grapple with the ideas of evidence
affecting the quality of the work” [88]. When addressing
these ideas systematically, students can become aware of
the basis of decision making and apply their understanding
to improve the quality of their data.
This principle is satisfied when students’methodological

decisions are observed to become the center of their
attention in the activity, where students actively engage
in becoming aware of their decisions, evaluating these,
identifying their strong and weak aspects, and using these
insights to direct their (future) decisions.

DP5 metacognitive tasks. While the activities are meant to
be “open” in the sense that students devise their own
procedures, they are “closed” in that all are meant to
develop the same targeted UoE. Ultimately, students are
enabled to use these UoE in forthcoming inquiries.
Metacognition, often defined as “thinking about thinking”
[89], is what enables a student to apply a particular
strategy in a similar but new context [90]. Students’
metacognitive awareness of their understanding [91] is
to be consolidated in metacognitive tasks that invite

them to reflect on, value, and organize the targeted knowl-
edge [90,92]. Each activity ends with the metacognitive
task to complete the following two sentences:

1) I learned in this activity that ….
2) I learned the following rules about doing inquiry:…
Further metacognitive tasks are specified in the

description of the activities given in the Supplemental
Material [68].
This design principle is satisfied when students actively

engage in reflecting on their newly obtained insights about
establishing, critically evaluating, and defending evidence.

D. Aims and research questions

In Sec. III C 2, we specified design principles for
practical activities that lower barriers to learning, enhance
students’ critical evaluation of the quality of evidence,
foster reflection on their own approach, and foster explicit
understanding of scientific evidence. Investigating the
activities’ outcomes guides an exploration of the role of
argumentation in inquiry learning and of our theoretical
understanding of that educational process. The correspond-
ing first research question is

RQ1: Does our implementation of the selected
design principles yield the expected returns in
terms of students’ actions and attitudes?

If students do what we would like them to do, do they
also learn what we intend them to learn? Or:

RQ2: To what extent do students attain the
targeted UoE during the activities?

Finally, given what students learn in the activities, how
does this affect their argumentation and their ability to plan
and conduct a rigorous quantitative physics inquiry?
Specifically:

RQ3: What progress is observed in students’
ability to engage independently in quantitative
physics inquiry?

The combined answer to these questions provides the
answer to the overarching research question:

What does integrating argumentation in teaching
inquiry contribute to student understanding, criti-
cal attitude, and use of argumentation in doing
quantitative physics inquiry?

E. Data sources

Among the main data sources are students’ written
accounts of their work. Their work was stored in a
portfolio, allowing them to evaluate what was done and
learned. Their portfolios provided valuable information for
this study as these contained:
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(i) Scientific graphic organizers—providing data for
RQ1 and RQ3—are used in activities 1 and 5. A
scientific graphic organizer is a prestructured lab
journal where students report the essentials of an
inquiry—research question, methods, instruments,
essential theory, data represented in table and graph,
and conclusions—without the necessity to write an
extensive lab report [93,94]. Additional space for
argumentation is provided.

(ii) Student teams’ written summary reports for activ-
ities 1 and 5 provide data that are triangulated with
those of the scientific graphic organizer. No specific
format was provided or required. Students were
simply asked to report to the fictitious commis-
sioners of their research and to detail whether they
considered their findings to be reliable and why.

(iii) Reflection forms pertaining to the metacognitive
tasks in which students express their perceived
learning gains which contribute to answering RQ2
about the students’ developing UoE. Students’ UoE
are also elicited by asking them how they could have
improved their earlier ‘Pirates’ inquiry in activity 1
as well as in their letter of advice to next year’s
students in activity 5.

These data were augmented in answering all research
questions by:
(iv) Audio recordings of all activities recorded using a

microphone clipped to the teacher’s shirt.
(v) The teacher’s field notes, providing a summary of

each activity.

F. Data analysis

We specified the students’ actions and attitudes (RQ1)
that ought to be observed if the design principles were
effectively implemented. We then compared these expect-
ations with what actually happened in the five activities.
Students’ developing understanding of evidence (RQ2)
was investigated by comparing students’ statements
expressed in metacognitive tasks involving the targeted
UoE. Moreover, we established students’ ability to opera-
tionalize the targeted knowledge. Using internal evaluation
[60], students’ enhanced ability to engage in independent
quantitative physics inquiry was determined by comparing
their initial and final understanding of scientific inquiry
criteria and their attempts to adhere to these [25] (RQ3).
Triangulation of the pre-post comparison with the data
obtained during the various activities was used to
identify particularly important aspects of the teaching
sequence [60,95].

1. RQ1: Successful implementation of the
design principles

Whether DP1-2 (guided inquiry and reduction of knowl-
edge demand) were successfully implemented was estab-
lished by verifying whether students produced the intended

output (data, graphs, and answer to the question). For DP3
(context), on the basis of audio recordings and their written
answers to the research questions, we verified whether
students made references to the context. We studied
whether the implementation of DP1-3 elicited students’
responses or instigated educational activities that can be
expected to promote learning, e.g., a discourse in which a
specific UoE is addressed. We analyzed whether addressing
the weaknesses in students’ approaches (DP4—productive
failure) triggered discussions in which the issue at hand
became the center of attention. For DP5 (metacognition),
we established whether students produced solid answers—
whether they indeed express, value, and organize their
gained knowledge—in the reflective task and used these
self-perceived insights to forward points of improvement
pertaining to activity 1, the Pirates pendulum.

2. RQ2: Attainment of UoE

For each activity, we verified whether the students’
perceived learning gains accorded with the intended learn-
ing outcomes and whether they applied the targeted knowl-
edge. The overall development of UoE was determined by
applying ARPI to students’ work in activities 1 and 5,
providing a broad, quantitative development pattern.
It is important to note that ARPI applies to PACKS

knowledge type D (quality of evidence) and that the
minimum level of attainment of a UoE is derived from
the student’s actions and justifications [25]. If a student
makes a scientifically acceptable decision (e.g., repeats a
measurement and reports the mean), the intermediate level
(level 2, see Table IV) is ascribed as it may be the result of
no more than rote learning. Level 4 is allocated only if a
justification of this choice is provided as well. Since
students tend to be brief in their explanations [96], we
run the risk of underestimating a student’s understanding. If
a justification is lacking, this does not necessarily mean a
student is unable to give it. While it has limitations, ARPI
does provide a means to tentatively infer students’ under-
standing from their actions.

3. RQ3: Students’ ability to engage in quantitative
physics inquiry

The development of students’ ability to engage in inquiry
independently was analyzed in terms of a selection of
indicators specified for each activity. We compared activ-
ities 1 and 5 in terms of whether students spontaneously:
(a) Construct the inquiry as an argument in support of

a claim.
(b) Take variability deliberately into account by repeating

measurements, reporting means and spreads, address-
ing outliers.

(c) Make deliberate choices in measuring instruments and
procedures.

(d) Make deliberate choices in data range and interval.
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(e) Make their conclusions as informative and useful as
possible by quantifying results and using data repre-
sentations where appropriate.

(f) Apply a critical attitude toward their own approach
and findings.

Criteria a, e, and f relate to understandings of the
scientific purpose of inquiry that motivate finding the best
available answer to the research question. Criteria b–d
pertain to the basic choices that in every inquiry ought to be
made but are rarely adequately made by students at this age.
This set of criteria is therefore indispensable, yet tentative,
in conducting an inquiry independently. We believe that it
provides the foundational knowledge and skills necessary

for students to further develop their argumentation in
inquiry. Students who spontaneously meet criteria a–f
are applying the understandings and attitudes they are
meant to develop.
The analysis is based on the students’ actions, decisions,

and justifications reported in their scientific graphic organ-
izer and written report. A qualitative comparison of
activities 1 and 5 reveals salient patterns of development
in students’ ability to engage in inquiry. Relating these
qualitative findings to the quantitative data enables us to
describe in more depth the relationship between this ability
and students’ attainment of the targeted UoE. The analysis
of statements and choices in students’ reports is limited in

TABLE IV. The targeted UoE with five attainment levels. Indicators for three levels are provided. Intermediate levels are assigned
when the lower level is outperformed but the higher level is not fully reached.

Attainment level

UoE
The researcher
understands that 0 2 4

6 It is important to choose
suitable instruments and
procedures to get valid data
with the required accuracy
and precision.

Ignores options for selecting
measuring instruments or
procedures that would
enhance data quality.

Considers options regarding
instruments and procedures
but fails to reach
(independently) an optimal
choice.

Makes an informed,
substantiated, and acceptable
choice between instruments
and procedures so as to
ensure optimally reliable and
accurate data.

8 Measured values will show
inherent variation and the
reliability of data must be
optimized, requiring repeated
measurements.

Collects too few repeated
measurements without
substantiation or
consideration of the quality
of the dataset. Do not
consider collecting further
data at any stage.

Repeat measurements a fixed
but sufficient number of
times without substantiation
in terms of the quality of the
dataset. Considers collecting
additional data only in
retrospect, as a
recommendation.

Substantiates the required
number of repeated
measurements based on the
spread in the data and the
required reliability.
Considers collecting
alternative, additional data
and collects these if
appropriate.

9 The range of values of the
independent variable must be
wide enough and the interval
small enough to ensure that a
potential pattern is
detectable.

Measures inappropriate
minimum, maximum, and/or
in-between values.

Measured minimum,
maximum, and/or interval are
appropriate but lack
substantiation.

Chooses and substantiates
appropriate measured
minimum, maximum,
and interval.

14 A complete, clear,
substantiated, and useful
answer to the research
question must be formulated.

Formulates an unclear and
unsubstantiated answer
which is insufficiently
informative or insufficiently
supported by the data.

Formulates a somewhat
substantiated answer to the
research question that is
insufficiently informative or
one where an explicit link
between evidence and claim
is missing.

Formulates a substantiated,
optimally informative answer
to the research question that
is supported by the data
available and presents the
claim and evidence in a
concise way.

16 The validity of conclusions
does not go beyond the data
available. Therefore,
limitations to the validity of
the claim should be
expressed.

Does not discuss features and
limitations that address the
validity of the inquiry.

Discusses features and
limitations to substantiate the
validity of the inquiry and its
outcomes, but inadequately
or only partially.

Adequately substantiates
limitations to the validity of
the conclusion.
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scope. However, a further, in-depth qualitative analysis of
classroom decision-making discussions among students
and of consultations between students and teachers reveals
some of the thinking behind the doing. It enables us to
evaluate how the students’ approach toward inquiry
changed over time.

G. Reliability and validity

Studying one’s own educational practice has the potential
to bridge the research-practice gap [97], has high ecological
validity [98], is accepted in both action research [99] and
educational design research [51,53], and is advocated
especially in the area of scientific inquiry [17,29,58].
Potential threats to data analysis bias [100,101] were
minimized. The main data analysis (application of
ARPI) and a significant part (30%) of secondary data
analysis (student work) were carried out independently by
the first author and a second teacher-researcher conversant
with the teaching sequence. Rare cases of disagreement
were discussed until a consensus was reached. Since only
minor differences were found, the analysis is regarded to be
sufficiently valid and reliable.
A main part of the data involved assigning attainment

levels for students’ UoE. However, students worked in
small teams in all activities and eager and smart kids tend to
take the lead in teamwork and whole-class activities.
Strictly speaking, we therefore cannot regard these data
as reflecting individual attainment levels. We consider this
to be an acceptable tradeoff since individual work would
have overly affected the authenticity of the lessons, where
teamwork is common. To justify that the data do represent
the whole class rather than the best performers, we include
illustrative qualitative data pertaining to teams of varying
assigned attainment levels.

IV. RESULTS

In presenting the data, we first explore whether each of
the classroom activities has the outcomes that DP 1-5 are
meant to effect (RQ1) using vignettes as illustrations (a
detailed description of the implementation of the activities
is provided in the Supplemental Material [68]). We then
present students’ reflections on their new insights (DP5),

describing and interpreting their words in terms of their
alignment with selected UoE (RQ2). A comparison of data
from the first and last activity establishes the overall,
integrated progress in argumentation and its influence on
the quality of students’ inquiry (RQ3).

A. Design principles—realization and returns (RQ1)

Table V summarizes whether the use of the design
principles rendered the intended yields in each activity.
DP1, DP4, and DP5 were successfully implemented in all
activities, while DP2 and DP3 were only partially success-
ful in activity 5 and activities 3 and 4, respectively. These
inferences are substantiated below. We provide quotes and
vignettes that were selected for student responses and
actions that are illustrative of what happened in class.
When relevant to answering the research questions, we
describe salient deviations from this general pattern. More
qualitative details can be found in the Supplemental
Material [66]. Without claiming objective proof for our
interpretations of the data, we hope to provide them with
credibility, comprehensibility, and traceability [102].

1. DP1 guided inquiry & DP2 reduction
of knowledge demand

Throughout all activities, students understood what was
required and prior knowledge sufficed to produce the
intended products and outcomes. For instance, in activity
2, students understood the question “What do you
observe?,” interpreting it informally rather than scientifi-
cally. This, however, matched our intentions, no other prior
knowledge was expected to be needed, and the informal
interpretation sufficed. In activities 1, 3, 4, and 5 students’
prior knowledge of physics content and measurement
instruments sufficed to produce appropriate data with
suitable procedures. In activity 5, assistance was asked
and provided with regard to the use of accurate instruments,
and adequate data were collected. At this point, only
support in data analysis was not fully adequate as will
be discussed further below. We conclude that DP 1 and 2
rendered the intended returns since students’ actions were
aimed at answering the intended research question which
they understood and valued.

TABLE V. An overview of the design principles and the successful realization of these in each activity. Note that productive failure is
not used in activity 5.

DP 1: Guided
inquiry

DP 2: Reduction
of knowledge demand

DP 3: A real-life
context

DP 4: Productive
failure

DP 5: Metacognitive
tasks

1. Pirate pendulum þ þ þ þ þ
2. Tricky tracks þ þ þ þ þ
3. ISL þ þ � þ þ
4. Car crash barriers þ þ � þ þ
5. NASA’s CRV þ � þ × þ
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2. DP3 real-life context

Inquiry contexts were found to be engaging and plau-
sible to students and fostered a critical stance. For instance,
when assessing the evidence for the existence of the Yeti in
activity 2, they considered the quality of the evidence rather
than (merely) preconceived opinion:

Teacher: Are you convinced that the Yeti exists?
Julia (G11): No. I think it is a rather strange story. They

found hairs, but it could also be of a wolf.

Throughout, the teacher was important in exploiting the
context. For example in activity 4 (car crash barriers):

Teacher: Are you measuring correctly? There is
some deviation in your measurements.

Thim (G10): We measure correctly, but we will measure
this one again, it probably is an exception.

Teacher: But you measured it. Think about the car…
If you just discard that measurement it
might have severe consequences.

Thim: Oh, yes, then it will end up in the canyon.

Thim decided to not discard the measurement but
collect some more. Without prompting, another team
challenged by the teacher decided to repeat all measure-
ments. As it yielded the same spread in measurements, they
complained:

Amy (G1): We measured again, but again our mea-
surements deviate from each other.

Teacher: What value will you report then?
Amy: I would report this measurement as it is the

only measurement showing up twice, and it
is in the middle.

Amy’s action—spontaneously taking responsibility
for the lack of quality of the data by repeating all
measurements—was exceptional but illustrative. (The inad-
equacy of her choice, of course, needs to be addressed
[103,104] but is not our main concern here. The point is that
she is aware of an issue that is relevant to her.) Even though
the contexts were fictional and students sometimes
needed help with interpreting their observations, they
appeared motivated to obtain convincing evidence and
prepared to be held accountable for the quality of
their work.

3. DP4 productive failure

Activity 3 was performed fast, students collected body
height and arm span in a mere 7 minutes, but often without
considering proper procedures. They then did deem their
methodological choices, such as not taking off shoes or not
standing straight, inadequate but only in retrospect.
Utilizing these unfortunate choices as “bad examples,”

the teacher highlighted the importance of choosing suitable
procedures to get valid data. We show below how this
contributed to students’ attainment of UoE 6 (choice of
suitable instruments and procedures).
The two vignettes from activity 4 presented above

illustrate that the variability in students’ measurements
was at the center of their attention during the teacher-
initiated talks. An important issue that emerged was
students’ expectation that a repeated measurement should
render an identical result:

Eva (G5): We released the marble at the same spot,
the cup was at the same position and the
paper is fixed.

Teacher: So you tried your utmost and still it does
not yield the same result. Is that annoying?

Masha (G5): Yes, you don’t know what measurements
you should use.

Teacher: So, what would you do?
Eva: Well, repeat it once again.

The large spread in measured values, a deliberate aspect
of the set-up, seen as “bad” by the students, especially after
the teacher’s prompting, encouraged reflection on the
measurement procedures, as our design intends.
In all activities’ discussions, DP4 rendered intended

returns in that exemplary decisions regarded as bad by
the students themselves became the center of attention and
instigated reflection on their approach and findings.

4. DP5 metacognitive tasks

After their final inquiry groups wrote a “letter of advice”
for next year’s students. Though ungraded, students’ work
showed metacognitive engagement and the realization
of DP5:

G1: It is important to start with proper observations so
that you already gain some knowledge about the
experiment. Then it is important to measure as
accurately as possible so that the results are
reliable.

G10: Think thoroughly before you start taking mea-
surements, consider what you are going to do, and
make sure that you understand the research. This
will result in a proper research that has actual value
for you as well. [..] It is not about finishing as
quickly as possible, it is about whether you devise
a proper research.

DP5 was implemented successfully: data show that
students engaged thoroughly in reflecting on what they
had learned. In each activity perceived, learning gains
aligned well with the intended outcomes. The students,
however, remained presently often unable to specify their
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insights at a level of abstraction that would be required to
transfer these insights to future inquiries.

Development of UoE (RQ2). Table VI shows the result of
applying ARPI to the scientific graphic organizer and
reports in activities 1 and 5. Though only semiquantita-
tive, it provides a global view of development (RQ2),
further substantiated in the next section. Average attain-
ment improved in UoE 6 and 8 suggesting potential
progress in students’ understanding. Low scores here
were mostly caused by the absence or brevity of explan-
ations and justifications. While in UoE 9 the average level
did not change, all students spontaneously used the
appropriate range and interval in activity 5—but failed
to fully explain why they did and what they did. There is
no observable change in the average attainment of UoE
14 and 16. While the qualitative data do suggest that
attainment in UoE 14 was present, students’ difficulty
with numerically analyzing the data caused them to draw
partly unsubstantiated conclusions reducing their attain-
ment level.

B. Students’ ability to engage in inquiry
independently (RQ3)

We compare activities 1 and 5 in terms of the six criteria
a–f specified in Sec. III “data analysis to describe
students” progress in engaging in independent inquiry
(RQ3). Salient data from other activities augment the

findings. In this section as before, illustrative vignettes
and quotes are used to provide our interpretations with
credibility, comprehensibility, and traceability, with more
details in the Supplemental Material [68].

1. Criterion a. Construct the inquiry as an
argument in support of a claim

Activity 1: All teams reported in their letter to the stunt
coordinator what was done. For instance, team G6
reported that it had investigated the influence of the type
of rope on the swing time (Fig. 3). Only 4 teams reported
how they investigated, while 9 out of the 11 letters omitted
information needed to verify their claim. As illustrated in
Fig. 3 data and claims were seemingly presented as
uncontestable and producing a convincing argument as
therefore unnecessary.
Activity 3: At this stage, a majority (8 out of 10 teams) of

students’ reflections referred to concerns about the reli-
ability of conclusions, for example:

G8: In this activity, we learned that in constructing
a conclusion you have to ensure that your
information is reliable. The conclusion should
answer the research question. That the thing
you investigate is adequately tested. You have
to explain how you arrived at your answer.
You have to ensure that the conclusion is useful
to others.

TABLE VI. Students’ attainment levels for activities 1 (Pre) and 5 (Post). Shown is the number of teams per competence level for each
UoE [25] on a five-point scale from lowest (0) to highest (4), on average in scientific graphic organizer and letter. Class average level in
gray, and deviations larger than 0.5 in the mean score are darker gray. Number of teams whose UoE could not be determined in “no
score” column.
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Activity 4: Students began to incorporate their con-
clusions and also attempt to quantify, justify, and
explain these.

G3: The stronger a crash barrier, the shorter the
stopping distance: If the crash barrier is four
[cups] stronger, the stopping distance is roughly
halved. You have to do additional measurements
[on] heavier cars to find the precise relation.
The conclusion should not be based on the
average value, but the maximum distance.

G10: We have conducted an experiment with cups
and marbles. We have measured 4 times, first
with a single cup, repeated it with an additional
cup stacked, and so on up to 4 stacked cups.
Each measurement is repeated 5 times for the
most reliable result. We did this for a specific
marble and cup. In reality, a car might be heavier
when filled with luggage. One has to pay
attention to that as well. Each time another
cup was added, the stopping distance halved.
So, the stronger the crash barrier, the shorter the
stopping distance. [..] Our advice is to repeat the
test with real cars for a more reliable result, the
results might be different as we just used
marbles.

Since students were not prompted to include these
arguments, we infer that they had come to understand
that the answer to the research question in inquiry
requires a supporting argument based on the data.
Without that understanding, it is highly unlikely that
they would spontaneously have tried to provide these
arguments.
Activity 5: The letter of G6 in Fig. 4 illustrates how all

teams provided information about what was investigated
and how at the end of the teaching-learning sequence.
Nine of the ten teams provided details, including warrants

and backings that allow for an external assessment
of the inquiry’s quality. These students presented their
measurements as an explicit—albeit limited—substantia-
tion of their answers to their research questions. They
thus constructed their inquiry as an argument in support
of a claim.

2. Criterion b. Take variability into account by
repeating measurements, reporting means

and spreads, addressing outliers

Activity 1: Most teams repeated measurements routinely
3 times here. As this is the standard but unsubstantiated
practice in secondary school physics, we allocated the
intermediate attainment level (see Table VI). Three teams
(G7, 10, and 11) reported repeating measurements, and no
team considered data variability or outliers.
Activity 4: The above data on the returns of DP3

(context) and DP4 (productive failure) illustrate students’
struggle in coming to terms with the inevitability of
variability in measurements and the need for repeated
measurements. Their learning is reflected in the rules they
formulated eventually:

G3: You have to take the purpose of the activity into
account when considering whether you use only
the average or all measurements, even those that
deviate. By repeating measurements, the result
becomes more precise.

G4: Take as many measurements as possible to obtain a
better idea of the outcomes of the experiment.

Activity 5: Now, all teams chose to repeat each meas-
urement, usually 5 times. Two teams (G1 and G8) reported
taking outliers into account by taking more measurements
when they saw a clear deviation. Seven teams provided all
repeated measurements in their letter to NASA, three used a

Dear stunt coordinator, 

(What) For the stunt, we inves�gated different types of rope. (Claim) We reached the conclusion 

that the difference is not big, but even this small difference can be very important in the �ming 

of the jump. The thinner and lighter the rope is, the longer the [swing] takes. (Recommenda�on) 

It is therefore necessary to carefully consider which rope type best suits the jump. We hope to 

have helped you with this and for further details please see the research sheet [scien�fic graphic 

organizer].  

FIG. 3. Team G6’s letter to the stunt coordinator, in bold our analysis pertaining to the elements of the letter.
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graph to display only the average value. Five teams linked
the number of repeated measurements to the reliability of
results, but often obscurely:

G6: We have dropped the cone several times (5×) to
increase the reliability of the measurements.

G8: At some heights more than 5 repeated readings
were taken due to aberrant readings …the results
are still not 100% correct, because we manually
used a stopwatch.

In peer feedback teams that repeated 3 times were
advised to take more readings next time:

G10: Three is the bare minimum, you should take at
least five repeated readings as you also have
reaction time.

The upward trend in ARPI score on UoE 8 (variation in
measurements) seen in Table VI between activities 1 and
5 suggests an enhanced awareness of the importance
of repeated measurements and how to report them.

Dear NASA, 

(What) We have inves�gated the influence of aerodynamics on the fall speed of the CRV. 
(How) We have made a miniaturiza�on of the CRV by making cones from circles with a 
diameter of 15.7 cm. To get an accurate measurement, we made 6 cones, each with a different 
cut-out angle (0o, 30o, 60o, 90o 120o, 150o). The greater the angle cut, the more streamlined the 
cone is. We dropped the cones 5 �mes from the same height so that the measurement is as 
precise as possible (substan�a�on of choice). We recorded the fall �me with a stopwatch. We 
took an average of the 5 measurements and made a graph. (Claim) From this you can conclude 
that the more streamlined the cone (CRV) is, the faster it will fall down. If you take 120° more 
from the circle, the cone falls twice as fast. 

(Backing) Our results are very reliable because we made many different cones to get a clear 
rela�on. Also, we have dropped the cone several �mes to increase reliability of the 
measurements. There was another team inves�ga�ng the influence of aerodynamics on the fall 
speed of the CRV. We compared our results with the results of the other group and found that 
the results match. This makes the measurements even more reliable. 

(Limita�on) We recommend to further inves�gate the factors that influence the fall speed. 
These factors all together ul�mately determine the fall speed. 
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FIG. 4. Team G6’s letter to NASA, in bold our analysis pertaining to the elements of the letter.
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These qualitative data not only confirm that trend
but also show that students are not yet equipped to
choose and justify the number of repeated measurements
adequately.

3. Criterion c. Make deliberate choices in measuring
instruments and procedure

Activity 1: All students used the readily available
instruments: a ruler and stopwatch. Most teams timed
half a period and made no attempt to optimize this
procedure. They did not search for (more) suitable
instruments or procedures nor consulted the teacher
about this.
Activity 5: Most teams now showed awareness of the

need to produce accurate and precise data by optimizing the
choice of instruments and procedures. Most actively
ensured control and measurement of the falling distance.
Half the teams actively optimized time measurements by,
e.g., filming the falling cone together with a stopwatch, and
analyzing the images in slowmotion. Two teams provided a
reasoned substantiation, G1 most elaborately:

G1: When you measure with a stopwatch, you have to
deal with your own reaction time, so your mea-
surements will always deviate a little from the
truth. Because the light gates accurately measure
the fall time of the cone in milliseconds, you can
be sure that the measurements are reliable.

Still, five teams did not change their approach to
measuring the time between activities 1 and 5. Four of
these did provide recommendations to improve this but
only in hindsight, so ARPI score 1 was assigned. We infer
an enhanced awareness of the necessity to choose appro-
priate instruments and devise proper procedures. However,
it is not always done in a timely manner and at the
appropriate time (e.g., during the research design stage).

4. Criterion d. Deliberate choices in
data range and interval

Activity 1: About half the teams displayed data range
and interval issues (e.g., choosing too few independent
values or values from an insufficient range for a relation-
ship to emerge). Only team G11 specified its choices:

G11: We used a rope length of 50, 100, and 150 cm to
verify whether the swing time doubled when the
length of the rope doubles. Unfortunately, this is
not the case.

Activity 5: Now all teams chose a range and interval
that allowed a pattern to be revealed. Most frequently the
range included six different values. Since a justification of
the choice was absent, however, nearly all teams were
assigned intermediate level. While the changes in their

unprompted choices suggest that these are made more
deliberately, that deliberation is not translated into an
explicit justification.

5. Criterion e. Make their conclusions as informative
and useful as possible by, where possible, quantification

of results and using data representations
such as tables and graphs

Activity 1: Only team G11 attempted to establish a
quantitative relation. However, this was mostly acceptable
since several correctly concluded that the relation they
investigated did not exist. Only two teams warranted their
conclusion by providing a summary of the data:

G1: We did not find larger differences in swing time as
with an angle of 10 degrees the average swing time
was 0.60 s and at an angle of 40 degrees 0.58 s.

Team G3 provided their measurements in a table; no
other group used a table or graph.
Activity 5: Seven teams provided a quantitative state-

ment as their conclusion (though not always in accord with
theory). All teams presented their data using a graph or
table, and half the groups using both a graph and a table.
Their attempts at quantification are generally not very
successful from a scientific perspective, as they lack data
analysis skills. The low ARPI scores in Table VI therefore
suggest little progress during the teaching-learning
sequence. The information on progress, however, is less
about what they accomplish and more about their effort:

G4: If the height becomes twice as high, the fall time
will be about 1.8 [times] as long. This only applies
from 80 cm.

G6: We conclude that the more streamlined the cone
(CRV) is, the faster it will fall. If you cut out a
section of 120 degrees from the circle, the cone
falls twice as fast.

These examples illustrate their attempts to quantify and
do show an increased awareness that the inquiry ideally
ought to result in a conclusion that expresses a quantitative
relationship between the investigated variables.

6. Criterion f. Critical attitude towards
own approach and findings

Activity 1: By their own reflective admission the
students showed no critical stance toward their approach
during data collection. They were more self-critical in
hindsight, when they were asked to consider being the
stuntperson, facing the consequences of the decisions taken
in making the stunt which are based on their own data.
They deflected responsibility in statements such as “we
were not given appropriate equipment.”
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Activity 5: In the last activity, the students showed an
enhanced critical stance toward their own approach by, e.g.,
increasing the number of repeated measurements (all
except G9 and 11), and deliberately choosing more
accurate instruments (G1, G5, G9, and G10). Rather than
deflecting responsibility, the various teams presented short-
comings of their approach in their recommendations. Their
reflection on the quality of their approach aligned with a
scientific perspective.

V. DISCUSSION

Below, we analyze to what extent integration of argu-
mentation in inquiry resulted in the development of
selected UoE and how that contributed to students’ ability
to engage in inquiry.

A. Evaluation of the implementation of design
principles (RQ1)

DP1 (guided inquiry) was meant to balance guidance for
students to maintain progress in their inquiries with
autonomy to use and evaluate their own ideas. In all
activities, students progressed smoothly and yet used their
own approaches. They explored, guided by the teacher, the
quality of their answers and justifications. We conclude that
DP1 was implemented successfully.
DP2 (reduction of knowledge demand) aimed to

eliminate distracting theoretical and procedural issues
in order to provide enough time and energy to think
and talk in class about how to obtain the best possible
answer. Activities 1–4 were clearly simple enough for the
students content-wise. This allowed them to develop
nontrivial concepts of evidence such as fair test, vari-
ability, repeatability, and outliers. They did experience
problems in interpreting the data in activity 5, but we
attributed this to their own increased demand for the
quality of scientific evidence rather than ignorance. We
see this cognitive need for PACKS type B (content
knowledge) and C (manipulative skills) therefore as a
further success of the activities. DP2 was successfully
implemented.
DP3 (context) aimed to motivate students to invest

enough time and effort in their inquiry through consid-
eration of the practicality of consequences that would result
from actually applying their research findings. The teach-
er’s references to the contexts helped students to attach
meaning to the concepts and understandings of evidence.
While students attached relevance to the fictitious contexts
and took them seriously, the contexts did not cause
them to spontaneously strive for optimal scientific quality.
However, even the briefest reminder of the “Pirates”
activity made students reconsider the adequacy of their
approach later on. While only partially realizing intended
yields, DP3 contributed in important ways to the integra-
tion of argumentation in inquiry.

DP4 (productive failure) may easily be misunderstood. It
is not about telling students what they did wrong, but about
utilizing what they regard as a mistake, by having them
reflect on it, so as to promote learning. Note, for example,
that in activity 4, the students’ feeling that they ought to
produce data with less variation was in fact not a scientific
failure at all and used to discuss the concepts of evidence of
natural variability in measurements. As our data show, DP4
was successfully exploited in activities 1–4.
DP5 (metacognition) is indispensable in any teaching-

learning activity that integrates argumentation. Arguments
come into play only if claims are questioned, which
requires reflection, consideration of past statements and
actions, contemplating their implications, and considering
alternatives. The crux of the matter is not the use of these
activities per se, but designing them in such a way that
students (and teachers) see their relevance and experience
their value. We believe that in all activities the exchanges
among students and between students and the teacher
demonstrate that this was the case. Students’ ability to
specify rules for doing proper research and to use these in
recommending improvements to earlier inquiries show that
these activities satisfied design intentions.
This discussion on the implementation of DP1-5 con-

secutively, as if the contribution of each can be isolated
from the others, is a simplification meant to highlight
specific attributes of the teaching-learning sequence. In the
classroom, the design principles actually interact and their
combined implications are experienced.

B. Evaluation of the development
of targeted UoE (RQ2)

Where students chose the first method at hand to
measure time and distance without consulting the teacher
in the first activity, half of the teams consulted the teacher in
devising a reliable method in the last. Their spontaneous
request for help we believe indicates a readiness for the
development of knowledge of type B (content) and C
(manipulative skills) and is based on attaining understand-
ing UoE 6 (choice of instruments and procedures).
UoE 8 (variation in measurements) highlights the

importance of not relying on a single reading or blindly
following a previously prescribed “rule.” Students initially
repeated measurements without reason, as seen in activity 1
[26]. In activities 1 and 4, they were found to hold the naïve
belief, often reported in the literature, that repeated mea-
surements should yield identical results [103,105–107].
However, the metacognitive reflections in activity 5 show
that all developed a deeper understanding of UoE 8 and
more deliberately chose a larger but fixed number of
repeated measurements. They did not produce explicit
reasons to substantiate the sufficiency of this number nor
did they relate it to the variation in the measurements.
Indeed, developing more than an intuitive understanding of
”enough” repeated readings at this age is challenging [104],
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as it requires the ability to quantify variation and calculate
and interpret measurement uncertainty [107].
Students initially often obtained results of little value

because they experimented only with small variations in the
independent variable, i.e., the pendulum length in activity
1. Indicative of UoE 9 students’ choices of range and
interval improved as all chose a range and interval that
revealed a pattern at the end. However, a justification for
the choice remained absent.
ARPI scores in activity 1 were relatively high. We

attribute this to students drawing correct conclusions about
the nonrelationships they established. They were correct
but simple, expressed in statements like ”the results did not
differ much.” Our data show that, over the course of the
sequence of activities, students’ growing awareness that a
conclusion must be as informative as possible (UoE14).
UoE 14 provides them with reasons for investing the time
and energy needed to design and conduct a rigorous
inquiry. Drawing conclusions that were quantitative in
nature, however, remained difficult due to a lack of
knowledge in data analysis.
UoE 16 (validity of conclusions) explains why a maxi-

mum range of the independent variable and size of the
sample should be chosen and clarifies the relevance of
specifying the conditions under which the results have been
obtained and that explicating them contributes to the
credibility of the study and its findings. It problematizes
extrapolation and interpolation. The data show students’
increasing awareness of providing specific information on
data collection. They did not improve in specifying the
limitations of their inquiry, and thus there is room for
further growth in this area.

C. Evaluation of progress in students’ ability to engage
in inquiry (RQ3)

Activity 5 data indicate that students attempted to
perform and report their inquiry with the purpose of
producing a scientifically convincing argument in support
of a claim (criterion a). Though limited in extent and
quality, students included warrants and backings in their
letters while none were present in their work in activity 1.
Students’ enhanced UoE ensured that during the plan-

ning of the inquiry they recognized the methodological
choices they had to make. The data show that they
considered more deliberately what scientifically acceptable
decisions are (criteria b–d). Even students who did not
make scientifically more desirable decisions during the
design did specify such improvements in retrospect.
Students showed an increased awareness of what is

expected in drawing and specifying scientific conclusions
in inquiry. The majority tried to make their conclusion
informative by quantifying their results and substantiating
it by presenting the data (criterion e).
Students’ initial approach can be described as “con-

trolled chaos,” in which they seemingly unthinkingly

gathered data to quickly “get the job done.” Many teams
progressed toward a more “systematic” approach in which
they considered different methods and procedures using
their acquired understanding. Without being instructed to
do so, they started to use “rules” and procedures based on
what they themselves formulated during the teaching-
learning sequence to obtain reliable and valid data.
While limited and largely remaining implicit, these findings
indicate an increased critical attitude and students’ con-
sideration of the question “what is the best next step in the
inquiry within the existing constraints?” (criterion f).
Our criteria for the use of argumentation in inquiry have

been met to the extent that students started taking respon-
sibility for the quality of their investigation and applied
their acquired understanding, but not to the extent that they
justified each decision. The step from fostering students’
searching for justifiable actions to enabling them to actually
scientifically justify these actions is one of the many next
steps in teaching inquiry. We have merely described a
potential first step in enticing students to make their ideas
about constructing evidence explicit to others in the ways
accepted in science.

VI. CONCLUSIONS AND FUTURE RESEARCH

We investigated how focusing on argumentation con-
tributes to enabling young (grade 9), inexperienced stu-
dents to engage in independent scientific inquiry. The
design principles used in the sequence of activities enabled
students to engage in inquiry purposefully and use argu-
mentation to strive for the best possible answer to their
research question. They began to consider several core
characteristics of scientific evidence and aimed to construct
scientifically convincing arguments—guided by the UoE
addressed in the teaching-learning sequence—without
being instructed to do so in the final inquiry. Although
operationalizing the UoE in an integrated way remained
difficult and their research did not improve much if judged
by the traditional technical standards, students showed
increased awareness of research quality. They developed a
better understanding of why they are expected to try and
meet these standards and showed a readiness for learning
how to do so.
We previously established a set of learning goals (the

UoE) for integrating argumentation with inquiry [25] and
created ARPI for assessing the attainment of these. Here we
extended and further clarified the framework for integrating
argumentation in inquiry by linking the UoE and the
Procedural and Conceptual Knowledge in Science model
to Toulmin’s argumentation model. The UoE are identified
as central among the field-dependent elements that deter-
mine the cogency of a scientific claim. We have now
developed and tested design principles, viable and feasible
in this setting, for the first steps students take in attaining
these learning goals. Engaging in argumentation is prom-
ising to contribute in important ways to students’ ability to
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engage in inquiry independently. We intend to further
develop theatrical implications and evaluate their practical
implications and value.
In that respect, testing the teaching-learning sequence in

other settings is in order. The influence of and support for
the teacher require further research as teachers are often ill-
equipped to teach scientific inquiry [4,21,108,109] and
integrating argumentation implies further demands. While
collaboration between school subjects in developing
inquiry is indispensable, more research is needed also on
effective knowledge transfer [110–112].
We believe that our findings also have implications

for recent efforts that have been made in teaching meas-
urement uncertainty and gauging students’ understanding
thereof [104,113,114]. In those studies, the emphasis seems
to be on students’ ability to make sense of data and apply
different (mathematical) concepts. The findings in this
study seem to indicate that these concepts are better learned
when students have a better understanding of the scientific
purpose of experimental physics. Concepts regarding
measurement uncertainty can then be used by students
to quantify to what extent the best answer to the research

question has been produced, and how good that answer
actually is. Measurement uncertainty then becomes a tool
in their extensive argumentation toolbox to guide their
inquiry.
In authentic, more complex inquiries than those of the

teaching-learning sequence, the PACKS knowledge types
inevitably interfere while multiple UoE are to be applied
simultaneously. Further research is needed to effectively
address the challenge of developing other UoE—in what
order, at what level, and to what extent—and the integration
of PACKS knowledge types. We think integrating argu-
mentation in inquiry is long overdue and a promising
avenue for research into learning to do inquiry.
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