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The paper reports on how educational research informed and supported both the process of refinement of
introductory physics laboratory instruction and student development of scientific abilities. In particular we
focus on how the action research approach paradigm combined with instructional approaches such as scaffold-
ing and formative assessment can be used to design the learning environment, investigate student learning,
revise curriculum materials, and conduct subsequent assessment. As the result of the above efforts we found
improvement in students’ scientific abilities over the course of three years. We suggest that the process used to
improve the curriculum under study can be extended to many instructional innovations.
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I. INTRODUCTION

This paper describes how the physics education research
(PER) group at Rutgers University has developed and refined
curricular materials for the laboratory component of “Physics
for the Sciences,” which is an introductory algebra-based
course for science majors. Of equal importance, we report on
how educational research informed, supported and was used
to evaluate our progress. Over a period of several years we
developed a student-centered curriculum, ISLE (Investiga-
tive Science Learning Environment) and the corresponding
active learning environment to engage students in guided
inquiry.! In parallel with the design and improvement of this
course, we investigated student learning, and the practices
and interventions that facilitate it.

The work on designing and implementing the ISLE cur-
riculum is deeply intertwined with our research on knowl-
edge construction and facilitation, as both the course and the
group’s insights related to science learning have developed
concurrently and their influences have been mutual. The
course has provided the opportunities to investigate student
science learning in a real context, thus giving ecological va-
lidity to our findings. Besides, this course with its particular
demands and goals, its academic context, and student popu-
lation has shaped the group’s research. Reciprocally, we have
built “Physics for the Sciences” based on the results of our
research and, furthermore, these results have guided us in the
improvement of ISLE—a physics learning system where stu-
dents construct their knowledge and, at the same time, as-
similate the practices of the scientific community by emulat-
ing the work of scientists.!?

In this light, this substantial part of the work of the PER
group at Rutgers can be framed in the “action-research” tra-
dition where educators create and improve teaching practices
and curricula in repeated cycles of inquiry and interventions.
In the PER community an example of adhering to the action-
research paradigm in curriculum development is the process
followed by the University of Washington’s PER group
which had an established and well-documents practice of de-
veloping physics curriculum based on research findings.>*

This paper focuses on the relationship between modifica-
tions of curriculum materials and student learning. Specifi-
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cally we investigated the relationship between student acqui-
sition of scientific abilities in ISLE design labs and the
structure of the lab and the scaffolding questions and
prompts in the laboratory handouts.>”’ Thus the work we
present here is different from “traditional” studies of the re-
lationship between research and learning which mostly focus
on student learning of physics content.

With this study we seek to answer two types of questions.
Questions 1-3 are generic questions that relate to any in-
structional innovation and questions 4—6 relate to the inves-
tigation of improvements of lab instruction.

Research questions:

(1) How does the “action-research” approach to the revi-
sion of the curriculum material work in practice?

(2) How might instructors manage the introduction of new
curricular materials? Should the changes be made and imple-
mented simultaneously or progressively?

(3) What happens to the quality of student work when the
students are required to put more effort towards a particular
aspect of learning?

(4) What can be done to improve the quality of students’
experimental investigations?

(5) What are some of the steps that instructors may take to
better support students’ lab work?

(6) When does instructor help become inefficient or coun-
terproductive?

II. THEORETICAL FRAMEWORK

How does one develop a successful instructional innova-
tion? Following the design sequence proposed by Dick and
Carey, we consider that deciding the goals of instruction
should be the first step.® The next step is to determine the
abilities and behaviors needed to achieve the chosen goals.
We then establish the performance objectives and choose the
assessment tools. Only at this point do we proceed with the
development of instructional strategies and materials that
will help us attain the goals. To ascertain how well the inter-
vention works, we need to conduct formative assessments
and revise the instructional materials accordingly. The pro-
cess of trying and modifying strategies and materials usually
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needs to be repeated several times in order to attain the de-
sired results.

We find an analogous sequence of steps both in the action
research-approach and in the formative assessment approach.
Below we will show that the two can be combined together
when we develop curriculum materials.

A. Action research

Action research is an inquiry tradition that researchers of
different social sciences follow in order to understand com-
plex situations and interactions, and to improve practice. In
the action-research paradigm, the practitioners are at the
same time the researchers. The knowledge product emerges
as they collect data, and formulate and refine hypotheses.
Therefore, they improve their practices and advance knowl-
edge, bridging theory and practice at the same time. Kolb
(1984) described action research as a learning cycle through
which people construct knowledge by analyzing social con-
texts and learners performance, create theoretical models that
reflect their experiences, and test these models in new
situations.’

B. Formative assessment

In their seminal paper, Black and Wiliam showed that
formative assessment is one of the most effective educational
interventions.!” Formative assessment is assessment of stu-
dent learning in which the goal is to provide feedback for the
immediate improvement of the teaching and learning process
(pp- 7 and 8, Ref. 10). In their later book, Black and
colleagues'' expanded ideas of formative assessment in a
theoretical framework called AFL—assessment for learning,
in which the primary goal of assessment is to promote stu-
dent learning. Within this framework, instructors modify
their teaching, and students modify their learning based on
the feedback provided in the assessment activity. Without
changes in the instructional process based on the student
feedback, the process of formative assessment is not com-
plete. If teachers do not revise their instruction based on
student feedback, the improvement does not occur.

As we see from the above descriptions, the AFL frame-
work and the action-research framework have the same pat-
tern. Therefore we can integrate them together to simulta-
neously refine our understanding of student learning and
improve that learning. In this paper, we will show how this
theoretical framework can be applied to a specific example
of scaffolding of the development of scientific abilities in
introductory physics labs.

C. Scaffolding

If one of the goals of instruction is to help students think
like scientists, then we need to recognize that the thinking
processes and the procedures used by scientists are very de-
manding for students because they require the exercise of a
large and complex set of methods and practices that we call
scientific abilities. Facing these considerable difficulties,
laboratory instructors can opt to make things easier by telling
students what and how to do (this is done in traditional in-
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structional laboratories). However this approach of present-
ing learners with an oversimplified version of scientific ex-
perimentation deters them from understanding and seeing the
value of scientific reasoning and strategies.!?

We believe that students can successfully engage in mean-
ingful experimental investigations if we provide them with
the necessary support and learning opportunities. This sup-
port comes in the form of scaffolding. Scaffolding is a tem-
porary support provided by the instructor to assist learners in
two different ways: first by allowing them to complete tasks
that they otherwise would not be able to accomplish, and
second by preparing them to learn successfully by them-
selves without external aids.'>~!> The support is then gradu-
ally withdrawn, so that the learners assume more responsi-
bility and eventually become independent.

In our ISLE design labs students often encounter unfamil-
iar and complex tasks that require them to work in the zone
of proximal development.'® Vygotsky’s zone of proximal de-
velopment is “the distance between the level of an individu-
al’s independent problem solving and her or his problem-
solving capabilities, under guidance or in collaboration with
peers” (p. 86). In such situations, scaffolding becomes a nec-
essary and crucial part of instruction. The second function of
scaffolding applies to ISLE labs as well. The labs include
rubrics, prompts, questions, and exercises that are meant to
help students construct an understanding of the principles
underlining scientific investigations, and therefore to prepare
them for generating new knowledge and solving new prob-
lems. One of our major goals is that when students leave the
physics lab, they retain this understanding and are able to
activate their scientific abilities in different contexts. Hmelo-
Silver distinguished between two types of scaffolding: black-
box and glass-box scaffolding. Black box scaffolding facili-
tates learning by performing the task for the learner, without
needing the learner to understand the process. In contrast,
glass box scaffolding makes implicit processes explicit (al-
lowing the learners to understand what support they receive
and why they need it), so that ultimately they internalize the
scaffolding and become independent learners.!” The scien-
tific abilities rubrics that we provide in ISLE labs are a clear
example of glass-box scaffolding.

Holton and Clarke classified scaffolding by agent (expert,
peer, or self-scaffolding) and by domain (conceptual or heu-
ristic scaffolding).!® To promote the ultimate goal of learn-
ers’ independence, instruction must gradually shift the source
of scaffolding from the teacher (or expert) to the learners.
Learners’ self-scaffolding is virtually equivalent to their own
construction of knowledge, sustained by metacognitive
thinking. Reassigning the charge of providing scaffolding
from experts to learners opens the possibility of learners pro-
gressively taking responsibility and directing their own
learning. This shift in the agent who delivers scaffolding is
possible through peer scaffolding during collaborative work
(also referred to as reciprocal scaffolding) as well as instruc-
tors” heuristic scaffolding. Heuristic scaffolding refers to the
support that enhances learners’ development of their own
approaches and procedures for learning or problem solving,
while the purpose of conceptual scaffolding is to provide
assistance in the acquisition of new concepts. For example,
when students are solving a problem involving Newton’s
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second law, we can ask them to draw a force diagram. This is
heuristic scaffolding. When we ask them whether the mag-
nitude of the normal force in this particular situation is
greater or less than the magnitude of the gravitational force
exerted on the system, this is an example of conceptual scaf-
folding. There are many different ways of providing heuristic
scaffolding for learners, such as asking them generic ques-
tions to help focus on important aspects of the procedure, or
questions that encourage students to reflect on their actions
and choices. For example, Schoenfeld proposed that instruc-
tors should ask the following three questions at any time:
What (exactly) are you doing? Why are you doing it? How
does it help you?'® Other researchers have recommended the
use of sets of cards to help students recall appropriate meta-
cognitive actions: I thought about what I already knew; I
made a plan to work it through; I thought about a different
way to solve the problem.” According to Holton and Clarke,
heuristic scaffolding facilitates the learning of the ap-
proaches and procedures that promote independent knowl-
edge construction and problem solving (p. 131, Ref. 18).

In our labs, we set the goal to help students develop the
heuristics of scientific practices. For this, we use heuristic
scaffolding aimed at the development of scientific abilities.
This scaffolding is generic and reflective by nature and con-
tains three different modes:

(i) guiding prompts and questions on the handouts;

(i1) scientific abilities rubrics;

(iii) TAs’ comments on written work, oral feedback and
summary advice.

This study focuses on the revisions and gradual refine-
ment of prompts and questions that we made during three
years (2004-2006) based on formative assessment of student
work done through scientific abilities rubrics. Such an ap-
proach allowed us to conduct an action-research study on
student learning of scientific abilities, develop a set of in-
structional interventions to improve student acquisition of
scientific abilities, and simultaneously reflect on the generic
features of scaffolding that improve or deter student learning.

III. LABS: GOALS SELECTION, DEVELOPMENT, AND
REFINEMENT

The labs described in this study are an integrated compo-
nent of a lecture-lab-recitation course based on the ISLE cur-
riculum. According to the course structure, students spend
3 h every week in the instructional lab. The goals of the
course are to help students construct physics concepts and to
develop scientific abilities. To be consistent with these global
objectives, the goals of the lab component parallel the course
goals, with an even greater emphasis on students’ develop-
ment of scientific abilities.>%’

To devise individual laboratory sessions we took into ac-
count the material that students learned during a particular
week in whole-class meetings (the “lecture” component was
referred to as whole-class meetings, as there was no tradi-
tional “lecture” in the course) and collaborative problem-
solving recitations. We identified specific scientific abilities
that fit best with the content. Then we determined explicitly
and in detail, the learning goals (local goals) for each labo-
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ratory session (these are both content and scientific abilities
goals). After that, we selected the experimental tasks that
were best suited to help students achieve the goals and wrote
lab handouts. The handouts have clear heuristic glass-box
scaffolding: prompts and questions that focus students’ atten-
tion on different aspects of scientific inquiry. We also chose
the relevant rubrics that helped students plan, monitor, and
evaluate their work. As the semester progressed this last
component faded and finally disappeared. When students
performed the lab, they wrote lab reports in which they de-
scribed their experiments, answered the handout questions,
and self-assessed their work based on selected rubrics. They
handed in their reports at the end of the 3 h lab session.

After students handed in their lab reports, we photocopied
students’ lab reports. At the end of the semester, we scored
them according to the same rubrics that students used when
working in the labs. We analyzed the scores and determined
which were the abilities that students were not developing
optimally. We then revised the handouts to provide better
scaffolding where needed. We repeated the process every
year, giving new students the revised handouts, scoring their
reports to assess our work, and modifying the handouts con-
sequently.

IV. DESCRIPTION OF THE STUDY

The study was conducted during three consecutive years
(2004-2006) of the implementation of an introductory
algebra-based physics course that followed the ISLE curricu-
lum. The course spanned two semesters, and comprised 185
students who were science majors (examples of the majors
are: biology, chemistry, environmental science, and exercise
science). There were two 55 min lectures, one 80 min reci-
tation, and a 3 h lab per week. Although we did not pretest
students we can assume that the student population in the
course was relatively stable over those years—the course
prerequisites as well as advising strategies did not change.
Rutgers’ incoming student population did not change over
those years either, based on the data collected by the Office
of Institutional Research and Academic Planning (incoming
freshman SAT scores changed by less than 1% over the last
10 years).

The researchers (the authors of this paper) were associ-
ated with the development and the teaching of the course at
different stages of the study (for example: MR-V and AK
were lab instructors in 2005 and 2006, EE trained lab in-
structors during 2005 and 2006, SM was course instructor
during 2004). All authors were involved with developing and
revising labs at various stages of the study.

A. Data sources

For this study we collected the following data: observa-
tions of student behavior in the labs, analysis of lab reports,
and scores of lab reports based on selected rubrics. Instruc-
tors recorded observations of student behavior in the labs
during the school year by making notes after each lab. As
described in the previous section, the results of students’ lab
report scores were important for the redesign of the lab ma-
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terials. We present the rubric scores of students’ lab reports
for each of the three years, as the part of this study.

The reliability of the rubric scores of the lab reports was
established in the following way: two trained scorers chose
four to seven lab reports for each lab for initial scoring.
These reports were rescored until the scorers achieved 100%
agreement. Then, they proceeded to score about 20% of lab
reports in the sample. After the achieved agreement was
above 90%, the scorers split the rest of the lab reports and
scored them separately.

In this study the rubrics for the following scientific abili-
ties were chosen: ability to evaluate uncertainties, ability to
identify assumptions, ability to evaluate effect of assump-
tions, ability to evaluate result by a second method. See Ap-
pendix A for a description of the above rubrics and” for a
description of all scientific abilities rubrics.

B. Lab development, data collection, and lab revisions

In the labs, students working in groups of three or four
designed their own experiments guided by heuristic scaffold-
ing questions. In the first version of the lab handouts this
scaffolding contained:

(i) goals of the lab,

(ii) guiding questions that focused students’ attention on
what to think about when designing the experiment, and

(iii) reflection questions that asked students to connect
their lab experiences to everyday experiences.

In addition, students were advised to use the rubrics for
self-assessment. The rubrics were a form of expert heuristic
scaffolding. At the same time, they encouraged reciprocal
scaffolding between students working collaboratively on an
experiment. The nature of experiments was such that it re-
quired a significant cooperation of group members, as none
of the students individually could solve the problems. This
naturally yielded to reciprocal scaffolding. However, this re-
ciprocal scaffolding was usually conceptual as students were

mostly focused on how to solve the experimental problem
from the content point of view.

The first full implementation of the design labs was in the
fall of 2004. We observed students in the labs and made
copies of their lab reports. After the semester was over, we
compiled the observations and scored the reports for the labs
at the beginning and at the end of the semester. We found
that from lab 4 to lab 10 students improved significantly on
their ability to design an experiment, to devise a mathemati-
cal procedure and to communicate the details of the
plrocedulre,2 however, they did not demonstrate similar im-
provements in their ability to evaluate experimental uncer-
tainties and assumptions (Fig. 1, results for 2004). In addi-
tion, a careful examination of each lab showed specific
difficulties that students could not overcome. At the end of
the spring semester we conducted a survey regarding stu-
dents’ expectations and goals of the labs. The analysis of
students’ responses showed that they understood that the labs
were helping them develop experimentation abilities but did
not see the connection between the labs and their future
work.?!

Based on scoring of the reports, observations, and the
survey, we revised the labs. The revisions went along several
directions: we provided more heuristic scaffolding in addi-
tion to the questions in the lab handouts, focusing student
attention on experimental uncertainties and validation of as-
sumptions in every lab; we enhanced the reflection questions
connecting them to students future jobs; we revised the ex-
periments, and made the handouts more student friendly.
Specifically, we added special documents describing in detail
how to evaluate experimental uncertainties. We also speci-
fied a set of rubrics for self-assessment for each lab, we
added a question “why did we do this lab” asking students to
connect the abilities that they used in the lab to their future
work and we added interesting short stories in each lab hand-
out that showed students the importance of scientific abilities
in the everyday world. These stories were very short, related
to current physics and biology applications and had the ma-
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TABLE 1. Steps aimed at improving different abilities in the course.

2005

2006

Ability to evaluate uncertainties

Text on uncertainty analysis

Homework exercises to labs 2, 4, 5, and 9

Added scaffolding in each lab

Ability to identify assumptions
Ability to evaluate effect of assumptions
Ability to evaluate result with second method

General

Text on uncertainty analysis

Specified rubrics for each lab task.
Added “why did we do this lab?”

Added scaffolding in each lab

Text on evaluation of assumptions

Homework exercise to lab 4
Homework exercise to lab 4

Removed short stories.
Added homework with historical passages.

Added short stories to make the labs lessdry. Explicitly stated learning goals of each lab.
Decreased the number of experiments.
Revised reflective questions.

jor goals of increasing student motivation. In addition we
made changes in each lab that were specific to the content of
that particular lab. For example, in several labs we decreased
the number of experiments that students had to design to
give them more time to reflect and revise their experimental
work and writing.

The following year (2005) we repeated the procedure. We
found an increase in students’ ability to evaluate the uncer-
tainties (Fig. 1, data for 2005) but did not find much im-
provement in the ability to evaluate the effects of assump-
tions. Thus for 2006 we added more exercises to help
students learn how to evaluate the uncertainty and how to
evaluate the assumptions. We also made another change in
the lab handouts—we removed the interesting stories as we
found them distracting. The last change that was imple-
mented was the lab homework. We realized that students
faced a multitude of decisions in the lab when they had to
design their own experiments. They could not allocate the
time and resources needed to ponder about important aspects
of scientific investigations such as the differences in types of
scientific experiments.’ In addition, homework would give
students practice in their incipient scientific abilities such us
evaluating uncertainty or determining the effects that their
assumptions might have on the final results. The lab home-
work was divided in two categories: (i) practice problems
that gave students an opportunity to practice the scientific
abilities that we found to be the most difficult to develop,
such as estimating the uncertainty in experimental results,
and (ii) analysis of historical research (for instance the dis-
covery of prophylactics) or scientific investigations of poi-
gnant interest (for research on how the simian immunodefi-
ciency virus could have crossed the species barrier and
infected humans). For the second type of exercises students
had to read passages describing the investigations. These
passages averaged two pages and were adapted from various
sources. After reading the passage, students had to answer
several questions about the type of experiments described,
the sequence of experiments that constituted the entire inves-
tigation, and the reasoning that guided the inquiry. These
exercises focused students’ attention on the dynamics of sci-
entific investigations (how research is motivated and how it
progresses and evolves). By reflecting on the passages stu-
dents were supposed to develop read-out strategies® for the
elements of scientific research. If students were able to iden-

tify these elements and to recognize the different aspects of
the scientific modus operandi, the students would acquire a
more advanced and nuanced understanding of what a scien-
tific investigation entails. These deeper insights could affect
their own scientific inquiry positively, because it became
more deliberate and better rooted in the practices of the sci-
entific community. It is important to note how these home-
work assignments were different from the interesting stories
that we removed from the lab handouts. While the primary
goal of “interesting stories” was to increase student motiva-
tion, the historical passages had the purpose of showing stu-
dents how a specific piece of scientific knowledge was con-
structed over the years. They were much longer than the
interesting stories, and ended with questions aimed at the
understanding of the process involved in the discovery.

At the end of the 2006 we had the following elements in
the lab handouts:

(i) learning goals of the lab that specified what abilities
will be the focus of that particular lab;

(ii) rubrics that students need to focus on for self-
assessment;

(iii) actual lab tasks—questions that students had to an-
swer during the lab that helped them build a particular abil-
ity;

(iv) special lab task-related exercises that focused on the
elements of the scientific abilities;

(v) lab reflection questions that were included right in the
experimental design part of the lab and at the end of the lab;

(vi) special exercises usually done as homework that al-
lowed students to read and analyze a summary of a historical
scientific development (unrelated to the lab task) that illus-
trated the actual application of a particular ability. Students
had to answer questions that helped then reflect about the
role of the abilities under analysis.

In addition, the lab instructors provided extensive written
and oral feedback to the students. The students also had an
opportunity to revise their lab reports after they were graded.
After these additions, we repeated the research procedure.
Table I shows the steps we took in different years, aimed at
the improvement of various abilities.

C. Specific heat lab

Here we describe in detail the process of improvement of
the materials for one lab where students had to conduct a
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TABLE II. Analysis of students’ difficulties in 2004 and the steps we took in 2005 in response. The right column describes the change
as related to a specific ability (labeled SA) with a corresponding rubric or a general issue that is not assessed by rubrics.

Students’ difficulties

Our steps Issue

Students did not have time to complete a detailed investigation
for the second lab task (specific heat).

More then 30% of students did not design two independent
experiments to determine the specific heat.

Students only said that the assumptions will affect the result,
but they did not specify how: “If any assumption is false it will
change the final outcome of the experiment and our value will
be wrong.”

Almost 70% of students did not evaluate uncertainties or did it
inadequately.

Students often described how uncertainties could be minimized
at a superficial level: “Uncertainty lies in the temperature
reading and the mass reading. Minimize by using more exact
equipment.”

Only 25% of students were able to evaluate uncertainties
adequately and propagate them to the final value.

After obtaining the result for specific heat through the second
independent method, most students understood that their main
assumption that the system’s energy was not lost during the
experiment was wrong. In most cases students arrived at the
correct conclusions on what should be done to improve the
results: “We conclude that this relationship is applicable if you
do quick transfer of one substance to another.” “Based on the
results of two experiments they are out of range because our
assumptions were wrong. There is a lot heat lost in the transfer
of the object...” However they usually did not repeat their
experiment using an improved design.

We deleted the first lab task.
We suggested how to reduce time
students spent on writing.

General (time management)

We emphasized the importance of
the designing two experiments..

SA: Evaluating result by
second method.

We encouraged students to
describe the effects of
assumptions in detail and
provided them with an example.
We helped students with the
routine steps of evaluating
uncertainties.

SA: Identify, evaluate and
validate assumptions
(increased scaffolding).

SA: Evaluate uncertainty

We encouraged students to SA: Minimize uncertainties
minimize uncertainties in the

experiment.

We emphasized the importance of SA: Evaluate uncertainties
including uncertainty in the final

value.

We encouraged students to make
a real improvement in the
experimental design and repeat
the experiment to get a
satisfactory result.

SA: Evaluating result by
second method

calorimetry experiment (Lab 10 of the semester). We present
the original text of the task, the results of scoring of the lab
using the scientific abilities rubrics, and the subsequent revi-
sions of the materials. Appendix B contains the three ver-
sions of this lab. We have chosen this particular laboratory to
show the revision process in detail because of the following
reasons:

(i) To complete this lab, students need to apply many
different scientific abilities.

(ii) The outcomes of this lab are extremely sensitive to the
procedure of the experiment. In all calorimetry experiments
where thermal energy escapes the system resulting in a con-
siderable temperature drift which leads to significant system-
atic error. Therefore, the ways in which the assumptions,
implicit in the procedure, may affect the results are espe-
cially important to consider. To complete the task success-
fully students have to be aware of assumptions they make,
whether the assumptions are valid, and how the assumptions
may affect the result.

(iii) The lab is at the end of the semester; thus we can
observe and analyze a cumulative effect of the lab curricu-
lum.

Using information from lab reports written during Fall
2004, and observations made by the lab instructors, we were

able to identify the aspects of the lab that needed improve-
ment. In Table II we show the intended goals that students
failed to achieve and the changes that we introduced in the
lab handout to help students better reach those goals. Stu-
dents’ main problems were with the ability to calculate the
uncertainty in their results, and with the ability to determine
the way in which the assumptions, implicit in the mathemati-
cal procedure, could have affected the results.”

In 2005, observations of student behavior in the labs
showed that this time students had time to work on the two
proposed experiments for specific heat. However, trouble ap-
peared when they compared the results for the specific heat
of an unspecified metal obtained from these two experiments
and found that the two values were different. As they did not
expect to make improvements and repeat the procedure, stu-
dents were frustrated and disappointed. Another problem was
that students were not able to measure the equilibrium tem-
perature with the alcohol thermometers that we made avail-
able to them. For example, one group of students wrote:
“Description of the experiment. We will then quickly put
object in the water. We will observe the equilibrium tempera-
ture and record it. What went wrong was that equilibrium
temperature was read incorrectly.”
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TABLE III. Analysis of students’ difficulties in 2005 and the steps we took in 2006 in response. The right column describes the change
as related to a specific ability (labeled SA) with a corresponding rubric or a general issue that is not assessed by rubrics.

Students’ difficulties

Our steps Issue

38% of students did not evaluate uncertainties or they did it but
incorrectly.

Students did not expect to repeat experiments and felt frustrated
and disappointed.

Students were not able to measure the equilibrium temperature
with alcohol thermometers.

Many students readily took the example assumption as
something that they had to write.

Many students did not know how to validate assumptions: “Our
assumptions are valid because otherwise our value for ¢ would
be inaccurate.”

From the beginning of the semes-
ter we added homework exercises
to improve students’ ability to
take into account uncertainties
and assumptions.

SA: Evaluate uncertainty.
Evaluate and validate as-
sumptions.

General (students’ expecta-
tions)

‘We warned students beforehand
about the possibility of repeating
the experiment.

We substituted digital
thermometers for alcohol
thermometers thus allowing
students to observe temperature
change in time.

General (equipment issue)

We deleted the example. SA: Identify and evaluate

assumptions.
We gave more detailed SA: Evaluate and validate
instructions on how to determine assumptions

whether an assumption is valid.

The scoring at the end of the 2005 Fall semester showed
an improvement on all of the abilities, still many students
had difficulties evaluating uncertainties and considering as-
sumptions. Many students readily repeated the assumptions
given as the example in the handout without developing any
further ideas. This made us speculate that giving learners this
type of support prevents them from advancing toward the
goals or, at least, it slows down their progress. It was also
apparent that many students did not know how to validate
assumptions. Remarks as the following were common: “Our
assumptions are valid because otherwise our value for ¢
would be inaccurate.” On the other hand, the reports demon-
strated a substantial improvement with respect the previous
year as some students were able to determine how assump-
tions might affect the results “If the assumptions were incor-
rect heat would escape in experiment 1 and heat would enter
in experiment 2. This would make our specific heat appear
smaller in experiment 1 and would appear larger in experi-
ment 2...”

Some students revised their experiments, and thereby im-
proved them: “The two results do not match. This is most

likely due to a failure to have the object in one of its baths
for the appropriate time... New results ¢=589.6 J/°C kg...
We did not have time to repeat the second experiment. How-
ever, the first experiment was improved, and moving the ob-
ject faster and measuring faster allowed for better results.”

To respond to students’ difficulties and frustration we ad-
justed the handout again seeking to address students’ persis-
tent difficulties. In Table III we show the students’ difficul-
ties that we encountered during the 2005 lab implementation
as well as after analyzing students’ reports and the corre-
sponding changes that we made to tackle them in 2006.

In summary, by analyzing lab reports (scoring them with
the rubrics) and observing students’ behavior in the labs we
assessed students’ learning, in particular, their acquisition of
scientific abilities. We identified the areas in need of im-
provement and we modified the lab handout to address those
weaknesses by providing better scaffolding. We repeated the
same process twice and we evaluated the adequacy of the
changes by comparing students’ performance (as shown in
their reports) in different years. Table IV presents the number
and kind of changes that we introduced during the years
2005 and 2006 on the handout for the calorimetry lab.

TABLE IV. Number of steps aimed on improving different abilities in lab 10.

2005 2006

Ability to evaluate uncertainties

3 (2 for evaluating and 1 for 0

minimizing)

Ability to identify assumptions

Ability to evaluate effect of assumptions 1
Ability to evaluate result with second method 2
General 3

1 (increased scaffolding)

2 (reduced scaffolding)
2
0
3
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TABLE V. Chi-square for the differences in scores in lab 4 between consecutive years (df=3). Note: a
single asterisk represents significant difference and triple asterisks represent highly significant differences.

From 2004 to 2005 From 2005 to 2006 When did change occur?

Ability to evaluate uncertainties X>=19.3%%%
p<0.001
Ability to identify assumptions X*=5.8
p=0.12
Ability to evaluate the effects of  y*>=4
assumptions p=0.26

Ability to evaluate the result with  N/A
second method

X>=7.9% First year mostly
=0.049

1)7(2= 10.4* Second year slightly
=0.02

l;(zz 10.1* Second year slightly
=0.02

1;(2= 10.4% N/A

p=0.02

V. RESULTS

Prior to this project, our group had identified 48 different
scientific abilities that apply to various aspects of scientific
investigations, and had developed corresponding rubrics that
describe four distinctive levels of competence for each of the
abilities.” However for the sake of clarity in our exposition
and due to space considerations, we have chosen to report on
only the four scientific abilities that have been found most
difficult to acquire: specifically, the ability to estimate the
uncertainty in the result, the ability to identify the assump-
tions implicit in the mathematical procedure, the ability to
evaluate how the assumptions may affect the result, and the
ability to evaluate the result by means of an independent
method.

Figure 1 presents the percentage of students who received
high scores on different scientific abilities in labs 4 and 10 as
assessed by the rubrics over the course of three years. We
can find three patterns on the graphs: (1) students’ perfor-
mance on scientific abilities improved during the course of a
single semester, every year; (2) students competence at the
end of a semester improved steadily during these three years,
and (3) for some of the abilities the changes made in the first
three labs resulted in the improved performance on lab 4.

We used the chi-square test to evaluate the difference in
students’ performance between consecutive years both at the
beginning (lab 4) and at the end (lab 10) of the fall semester.
For lab 4 the difference in student achievement was nonex-
istent or very small between successive years for most of
abilities except the ability to evaluate uncertainty (see Table
V). For this last ability there is a high significant difference
between years 2004 and 2005. For the ability to evaluate the
result by means of an independent method we do not have
data available for 2004.

Specific heat lab

In this section we report with more detail on the level of
competence—in terms of scientific abilities—demonstrated
in students’ reports for the calorimetry lab. The task for this
lab was to find the specific heat of an unknown material. The
rubrics scores of students’ lab reports for the four abilities
that are most difficult to attain improved significantly year
after year. Figure 2 clearly reflects this considerable im-
provement. The darker top portion of the bars represents the

percentage of students who received perfect scores. This per-
centage increased through time for all four scientific abilities.
For a detailed statistical analysis of the results see Table VI
which shows that this increase is statistically significant. This
table displays the x> values for the change in scientific abili-
ties scores between consecutive years.

Students demonstrated in their reports a higher compe-
tence level on each of the abilities year after year. This com-
petence was not built up simultaneously for all the abilities
and the changes followed a different pattern for each of the
abilities. We presume from the data that the improvement
demonstrated in each of the abilities at certain points in time
reflects the focus of our efforts (Table VI).

In the following paragraphs we present an account of how
the modifications that we made each year on the lab hand-

Evaluate uncertainties Identify assumptions

100% 100%
90% 90%
80% 80%
70% 70%
60% 60%
50% 50%
40% 40%
30% 30%
20% 20%
10% 10% -
0% 0% T T
2004 2005 2006 2004 2005 2006

Evaluate effects of assumptions  Evaluate result by second method

100% 1 100%
90% 1 90%
80% 1 80% -
70% 4 70%
60% 1 60%
50% 1— 50%
0% 1 [ | 40% 7
30% 1 | 30%
20% 4 20%
10% 4 10%
0% . . 0% . !
2004 2005 2006 2004 2005 2006

= needs some

Il adequate .
improvements

[ inadequate [ missing

FIG. 2. Student scientific abilities scores for the calorimetry lab
during 2004-2006. Bars represent the percentage of the students
whose lab reports received scores shown at the bottom of the figure.
Notice the decrease in the height of the white bars and the increase

in the black ones.
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TABLE VI. Chi-square for the differences in scores in the lab on calorimetry (df=3).

When did changes

From 2004 to 2005 From 2005 to 2006 occur?
Ability to evaluate uncertainties X>=16.9%%* XP=18.3%% Both years
p<0.001 p<<0.001
Ability to identify assumptions X’ =13.5%* X>=3.6 First year
p=0.004 p=0.16
Ability to evaluate effect of x’=34 XP=31.7%%% Second year
assumptions p=0.34 p<<0.001
Ability to evaluate result with X2=16.3%%* X>=8.95% First year mostly
second method p<<0.001 p=0.03

outs to address the inadequate acquisition of each of the cho-
sen four abilities may have impacted students’ performance.

Ability to evaluate uncertainties. Table III shows the sig-
nificant changes that we made for 2005 to emphasize the
necessity to evaluate experimental uncertainties. As a result,
in the year 2005 the number of students who did not attempt
to evaluate uncertainties was virtually zero. In 2005 students
showed a significant improvement in mastering the ability to
evaluate uncertainties comparing to year 2004. Over four
times as many students received perfect rubric scores (black
bar in Fig. 2) in this ability in 2005 (35%) compared to 2004
(8%). During 2006, we implemented in labs 1, 3, 4, and 8 the
set of homework exercises specially designed to facilitate the
development of this ability. The homework showed students
how to evaluate uncertainties and gave them the opportunity
to practice before the lab where many other things need to be
attended to. As a result, in 2006 students’ performance on
this ability was even better than in 2005. If we combine the
students who received scores of “needs improvement” (i.e.
most uncertainties are evaluated, see Appendix A) and “ad-
equate” (all uncertainties are evaluated correctly), then over
90% of students were able to master this ability in 2006
(black and dark grey bar in Fig. 2).

Ability to identify assumptions. In 2005 we attempted to
address students’ difficulty in identifying assumptions. The
modified handouts used in 2005 had explicit scaffolding that
resulted in much higher scores for the ability to identify as-
sumptions than the scores in 2004. However, our observa-
tions suggested that these scores might not represent real
improvement because instead of scaffolding students’ own
work we were giving the answers in the handouts. In 2006,
we paid special attention to this ability during the course,
made new changes in the lab handouts, and removed explicit
answers. As a result, in 2006, when having to figure out by
themselves all the implicit assumptions, students received
scores as high as in 2005. Over 90% of students in 2005 and
all students in 2006 were able to identify most of the as-
sumptions (score: “needs improvement” and “adequate” in
Fig. 2).

Ability to evaluate the effects of assumptions and validate
them. We found that the ability to determine how assump-
tions, implicit in the procedure, might affect the results was
an ability difficult to master. In Fig. 2, note the combined
percentage of students who received rubric scores corre-
sponding to ‘“needs improvement” (dark grey) and ‘“‘ad-

equate” (black). This percentage refers to proportion of stu-
dents who were at least able to evaluate the effects of
assumptions (score: needs improvement, see Appendix A)
and some who were also able to validate their assumptions
(score: adequate). We shall refer to these combined scores as
high scores. Only 15% of students received high scores in
2004. Our attempt to scaffold students in this ability was
unsuccessful in the year 2004 or in 2005. Students’ compe-
tence on this ability was slightly better in 2005 (25% re-
ceived high scores) than in 2004, but the difference was in-
significant. In 2006, we made several important changes in
several of the handouts and developed targeted homework
exercises to be completed in the fourth week of the lab. A
large improvement was seen in 2006: 75% of students re-
ceived high scores on this ability.

These results appear to indicate that by providing students
with the “wrong” type of support, we may hinder their learn-
ing. In the year 2005 when we tried to help students by
telling them specifically what some of the assumptions im-
plicit in the mathematical procedure were; their scores im-
proved slightly, however they were just repeating the an-
swers given in the handout without any further elaboration.
Interestingly, at the same time that year they had a great
difficulty explaining the implications of these assumptions.
We believe that by helping students foo much we removed
the agency from them. In this sense too much scaffolding or
the wrong type has detrimental effects.

The ability to evaluate the result by second method. The
revisions in 2005 were mostly focused on this ability (see
Table III). This led to a significant decrease in the number of
students who evaluated the result inadequately by second
method. There is a significant difference in the general per-
formance on this ability between 2004 and 2005. In 2006 we
did not make any additional changes with relation to this
ability. However, as this ability is closely connected to the
ability to evaluate uncertainties and the effects of assump-
tions, other improvements may have affected this ability as
well. As a result, students scored higher on this ability, al-
though we did not take any specific actions to improve it.

VI. DISCUSSION AND IMPLICATIONS

In this paper we have shown that during the term of one
semester, undergraduate students can develop competence in
their exercise of scientific abilities (these are processes, pro-
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cedures, and strategies that scientists apply when developing
new understandings or solving problems). We believe that
learning of these complex abilities was so fast and efficient
because of a thoughtfully designed learning environment. If
we assume that the populations of students that took the
course were alike,2* with similar aptitudes and comparable
previous knowledge, the result implies that the modifications
we made to the lab handouts, together with the homework
targeted to the development of scientific abilities increased
the course effectiveness significantly.

The research we have reported in this paper focused not
only on the instructional practice but also on product design,
as we sought both to establish a model for developing inno-
vations and to produce an apt set of instructional strategies
and materials. Therefore we intended to achieve two types of
goals: first we wanted to devise a viable and effectual meth-
odology to improve laboratory instruction and second, but
not less important, we wanted to generate high quality ma-
terials and determine their relevant features. We posed six
research questions at the beginning of the paper. Below we
will discuss how we answered each of them.

Question 1: How does the “action-research” approach to
the revision of the curriculum material work in practice?

According to our goals, this study can be classified as
Design Research because it attempts to give responses to
fundamental questions but it is inspired by and rooted in
practice. Three characteristics of Design Research are appli-
cable to our research: (i) it addresses complex problems in
real contexts, (ii) it connects design principles with the affor-
dances of the environment to generate solutions, and (iii) it
engages in reflective inquiry to refine instruction and to de-
fine new design principles.”>2¢

According to the revision procedure that we followed, our
work can be framed in the action-research tradition because
it can be described as a fine tuning of instruction to the
learners’ needs though repeated cycles of planning, imple-
mentation, and assessment.2’” How does the “action-research”
approach to the revision of the curriculum material work in
practice? For the design and refinement of ISLE lab curricu-
lum and instructional materials, we followed a sequence of
steps very alike to Dick and Carey’s model of systematic
design of instruction.® First of all, we thoughtfully deter-
mined the instructional goals. The goals directed all the sub-
sequent design decisions: the selection of the most appropri-
ate experiment tasks and their progression, the choice of the
laboratory equipment, the writing of handouts, and the selec-
tion of additional exercises. Our set of nuanced and detailed
performance goals can be summarized in a single statement:
students should demonstrate approaches and behaviors simi-
lar to those of scientists in the laboratory.

The design and refinement of ISLE laboratories is a com-
plex undertaking and therefore it required multiple cycles of
revisions and implementations. We integrated the assessment
for learning paradigm into the action-research framework. In
AFL, assessment should inform instruction.!! Assessment
functions as a diagnostic tool to find out what students know
and are able to do, determining the gaps in their knowledge
so that instructors can adjust their teaching to learners needs.
In summary the two key features of AFL are: (i) students’
progress is continuously evaluated, and (ii) instruction is
modified and remodeled to fit students.

PHYS. REV. ST PHYS. EDUC. RES. 5, 010109 (2009)

Our approach to curriculum design is not foreign to the
PER community but is firmly rooted in the research tradition
started by McDermott. She has argued that research must
guide the development of the physics curriculum.* Research-
ers should first investigate students understanding and de-
velop educational interventions tailored to learners’ previous
knowledge and then the instructional materials and strategies
must be tested to find if they have a positive impact on
students’ learning and to determine under what circum-
stances a specific innovation is effective.”® An example of
the work by McDermott and the PER group at the University
of Washington on the development of a curriculum for intro-
ductory electricity illustrates how to improve instruction by
engaging in a three-phase cycle of design, test, and
modification.”” They concluded that by revising the curricu-
lum, they gained valuable knowledge on how students un-
derstand physics (p. 1012). The difference between our work
and that of McDermott and colleagues is that we applied this
approach to the scientific abilities as opposed to the learning
of physics content.

Question 2: How might instructors manage the introduc-
tion of new curricular materials? Should the changes be
made and implemented simultaneously or progressively?

We have found that there is no need to implement all the
changes at once, but instructors can revise different aspects
of the curriculum separately and introduce changes as they
are made. This way makes it easier to determine what effects
correspond to which modification. In addition, revising ma-
terials and strategies gradually is a better fit to the fine tuning
necessary to respond to learners’ needs and characteristics.
For instance in the fall semester of 2005 our revision efforts
concentrated on students’ improvement in their treatment of
uncertainties and the following year we focused on their un-
derstanding of assumptions.

Question 3: What happens to the quality of student work
when the students are required to put more effort toward a
particular aspect of learning?

Some may argue that when instructors direct students’
attention to the development of a particular scientific ability
and expect students to answer more questions and complete
more exercises, learners will neglect other aspects of the sci-
entific investigation that they may have previously mastered.
We have noticed that, although the cognitive load of ISLE
labs is higher than in traditional labs and students tend to
resent it during the first weeks, they are able to succeed and
indeed they thrive as the semester progresses. A period of
adjustment is necessary and the accomplishments can be ex-
plained in the different forms of scaffolding embedded in the
labs: rubrics, prompts, questions, instructors’ feedback, tar-
geted exercises, and peer support (as students always work in
groups). Our data clearly show that an increase in scores on
a particular scientific ability is not accompanied by any re-
duction in the other abilities (see Figs. 1 and 2). Our com-
plete list of scientific abilities contains almost 50 different
scientific abilities that we use to assess students work and we
have never observed that gains in a certain ability was asso-
ciated with loss in another. In fact, disregarding some normal
fluctuations, student improvement is steady and firm as the
scores for all the abilities increase (although at different
rates) with time.3?
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Our results of students’ improvement in scientific abilities
might be affected by some other factors. Over three years,
different course professors and different lab instructors have
taught this course. One might ask the question whether the
variability of instructors affected student outcomes. Variables
are notoriously hard to isolate in educational research. Pos-
sible issues arising from the variability of instructors in our
three-year study are in part mitigated by the facts that all
course professors and almost all lab instructors have either
been part of the PER group, or graduate students in the sci-
ence education program, where they study many seminal
ideas of PER. Lab instructor training was conducted by one
of the researchers so that lab instructors were aware of the
goals, techniques, and pedagogical content associated with
every lab. In addition, great care was taken to integrate the
different components of the course to make all the curricu-
lum materials and activities consistent with the ISLE ap-
proach, which is inherently a student-centered activity. An-
other limitation is that we do not have firm evidence that
student populations were alike to begin with in terms of their
scientific abilities. However, the steadily increasing trend of
improvement of scientific abilities over multiple years is a
strong indication that it is the targeted instruction, materials,
and student experience in labs that has affected the positive
outcome. A third limitation is that some instructors initially
find the scientific abilities rubrics daunting to work with. Our
response is that one can choose which abilities the instructors
want to focus on at different points in their course. Mastery
of scientific abilities can be gradually built.

Question 4: What can be done to improve the quality of
students’ experimental investigations?

We have developed a curriculum to improve student
learning in introductory physics labs in a large enrolment
course. The ISLE labs are our answer to the question on what
can be done to improve the quality of introductory instruc-
tional labs. In these reformed laboratories, students learn and
are able to exhibit the same processes employed by scientists
in their research, over the length of a single semester. We
have found that there is no need to oversimplify laboratory
assignments to ensure that students are able to complete the
tasks. Although it is true that engaging in scientific inquiry
requires a very complex set of abilities and it presents con-
siderable demands for students, they can succeed in the chal-
lenge and demonstrate these abilities when provided with the
necessary support and learning opportunities. On a separate
note we want to clarify that students’ learning of physics
concepts does not suffer in ISLE where they do not receive
the right answers or procedures. We are able to make this
affirmation because in 2006 we conducted an experiment
splitting the students in two groups, one attended ISLE de-
sign labs and the other one attended nondesign labs. The rest
of the treatment was identical for the two groups. The stu-
dents obtained similar grades in the common exams but the
nondesign students did not acquire scientific abilities as well
as the design students.?!

Question 5: What are some of the steps that instructors
may take to better support students’ lab work?

From the results of the study we draw the following
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implications for the features of the instructional materials.
Lab handouts have to include prompts and questions to direct
students’ attention to important aspects of the experiments
investigation that otherwise students will ignore. Scaffolding
should be mainly heuristic, that is, scaffolding directed to the
development of approaches and procedures instead of
concepts.'® For those scientific abilities that present the big-
gest challenges, additional exercises tailored to address the
difficulties may be given. Instructors might present the stu-
dents with accounts of actual research done by scientists
stressing the reasoning processes that underline the investi-
gations. Finally, rubrics are an indispensable tool to facilitate
the development of scientific abilities as they break down
complex procedures into elemental steps and provide con-
crete descriptors of different levels of competence for each
of them. In this paper we have shown that the approach is
remarkably successful.

Question 6: When does instructor help become inefficient
or counterproductive?

After establishing that scaffolding is indispensable for
completing demanding tasks such as in ISLE design labs, we
may ask if there is any type of scaffolding that is inefficient
or counterproductive for supporting students in their experi-
mental work and in their learning. We have found that over-
scaffolding or overfacilitating student work had negative
consequences. It is crucial that instructors do not remove the
agency from students.>>33 Students need to create their own
solutions to be able to amend them later because, as we
know, knowledge can not be transmitted but must be recre-
ated in the minds of learners.>* Instructors are often tempted
to “help students too much.” As a result they deactivate in-
struction assigning simple one-step exercises in place of
meaningful challenges. We think that scaffolding should be
heuristic and as general as possible designed to support stu-
dent work but not to do the work for them. Results that point
in this same direction were obtained by Davis when she stud-
ied the effects prompts for reflection with middle school stu-
dent population.® The researcher compared generic prompts
(unspecific calls to think as they worked on their science
project) and directed prompts (that offer students hints about
in which direction to think). A priori directed prompts may
seem to be a better option because generic prompts appear
insufficient. However, Davis found that, when working on
complex science projects, the students who were given ge-
neric prompts were able to develop more articulate insights
than the students who received directed prompts.

In the future most of the students will not use most of the
concepts that they learned in introductory physics courses;
many of them will not conduct scientific research (this does
not mean we think that scientific abilities are irrelevant for
our every day lives). Therefore the most important aim of
our introductory courses should be the creation of an essen-
tial cognitive and behavioral residual: the ability to learn by
their own means. In our program we seek that students be-
come progressively acculturated in the scientific way of pro-
ducing knowledge. For this reason, scaffolding is such a fo-
cal point of our work.
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APPENDIX A. RUBRICS FOR THE ABILITIES USED IN THE STUDY

The following shows the Rubrics for the abilities used in the study:

Scientific
ability

Missing (0)

Inadequate (1)

Needs some
improvement (2)

Adequate (3)

Is able to evaluate
specifically how ex-
perimental uncertain-
ties may affect the
data.

Is able to identify the
assumptions made in
using the mathemati-
cal procedure.

Is able to determine
specifically the way in
which assumptions
might affect the re-
sults.

Is able to evaluate the
results by means of an
independent method

No attempt is made
to evaluate experi-
mental uncertainties.

No attempt is made
to identify any as-
sumptions.

No attempt is made
to determine the ef-
fects of assumptions.

No attempt is made
to evaluate the con-
sistency of the result
using an independent
method.

An attempt is made
to evaluate experi-
mental uncertainties,
but most are missing,
described vaguely, or
incorrect.

An attempt is made
to identify assump-
tions, but most irrel-
evant, described
vaguely, or incorrect.
An attempt is made
to determine the ef-
fects of some as-
sumptions, but most
are missing, de-
scribed vaguely, or
incorrect.

A second independent
method is used to
evaluate the results.
However there is
little or no discus-
sionabout the differ-
ences in the results
due to the two meth-
ods.

Most experimental
uncertainties are
evaluated correctly,
though a few contain
minor errors, incon-
sistencies, or omis-
sions.

Most relevant as-
sumptions are identi-
fied.

The effects of rel-
evant assumptions are
determined correctly.

A second independent
method is used to
evaluate the results.
The results of the
two methods are
compared using ex-
perimental uncertain-
ties. But there is little
or no discussion of
the possible reasons
for the differences
when the results are
different.

All experimental un-
certainties are cor-
rectly evaluated and
the final result is writ-
ten with the percent
uncertainty.

All relevant assump-
tions are identified.

The effects of relevant
assumptions are cor-
rectly determined and
the assumptions are
validated.

A second independent
method is used to
evaluate the results
and the evaluation is
done with the experi-
mental uncertainties.
The discrepancy be-
tween the results of
the two methods, and
possible reasons are
discussed.
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APPENDIX B. LAB HANDOUT VERSIONS FOR THE CALORIMETRY LAB FOR THREE YEARS. CHANGES ARE

SHOWN IN BOLD.

The following shows the lab handout versions for the calorimetry lab for three years:

2004

2005

2006

Task 1.

You have a Styrofoam cup, half-
filled with hot water, some ice at

0 °C, a weighing scale, a thermom-
eter, and paper towels.

Your task is to predict the amount of
ice (in grams) that you should add to
the cup of hot water in order that the
ice and water reach a final tempera-
ture that is half the initial tempera-
ture of the hot water. Write the fol-
lowing in your notebook:

(a) What idea or relationship will
you use to make a prediction?

(b) Write a brief outline of your pro-
cedure, with a labeled sketch.

(c) Construct the mathematical pro-
cedure needed to make your predic-
tion.

(d) List the assumptions you are
making in your procedure. How
could these assumptions affect the
experimental results?

(e) What are the possible sources of
experimental uncertainty? Use the
weakest link rule to estimate the
uncertainty in your prediction.

(f) Then try the experiment. Did
your experimental outcome match
your prediction within experimental
uncertainty? If not, can you explain
the difference using the assumptions
you made?

(g) What can you conclude about the
applicability of the idea/relationship
in a) to this particular situation?
Note: The ice might not be at 0 °C,
so pour some water on it and let it
sit for a few minutes. The water-ice
solution will reach temperature

0 °C. Then pour off the water, and
quickly pat the ice dry with a paper
towel and weigh the desired amount.
Task 2.

Design two independent experiments
to determine the specific heat of the
given object. It is not known what
material the object is made of.

Specific heat of unknown object
(Application experiment)

Design two independent experi-
ments to determine the specific heat
of the given object.

First, recall (you don’t have to
write anything!) why it is impor-
tant to design two experiments to
determine a quantity

Play with the equipment to find
how you can use it to achieve the
goal of the experiment. Come up
with as many designs as possible...
choose the best two designs

For each method, write the follow-
ing in your lab-report: (Note: Try
to reduce the amount of writing
you have to do by referring to
earlier points. For example: If
some of your assumptions are the
same for both methods, just write
“see method 1 assumptions.”)

(a) Write a verbal description and a
draw labeled sketch of the design
you chose...

(b) List all assumptions you have
made in your design. For example,
one of the assumptions in your
procedure may be that no energy
is lost from the calorimeter to the
air. Then you have to determine if
this assumption is valid in your
experiment, and if not, evaluate
whether the specific heat you de-
termined from your experiment is
greater than or smaller than the
actual value.

(c) List sources of experimental
uncertainty. Decide what is the
largest source of uncertainty. Use
the weakest link rule to estimate
the uncertainty in your result.

(d) Perform the experiment. Make
sure you take steps to minimize
experimental uncertainties. Record
your measurements in an appropri-
ate format

Homework to lab 4: Uncertainty
To decide whether two experi-
ments give you the same result,
you need to pay careful attention
to theoretical assumptions and ex-
perimental uncertainties.

(1). You were measuring how
heavy an object is using an elec-
tronic platform scale with the
smallest increment of 0.1 g and got
the value of 250 g. Estimate the
relative uncertainty of your mea-
surement.

Assumptions After you recorded
the reading of the scale, you no-
ticed that the table on which the
scale was sitting was tilted a little
bit. You measure the angle of the
tilt and find it to be about 100.
Can you assume that the table is
not tilted?

I. Application experiment: Specific
heat of unknown object...
Self-assessment (the letters below
indicate the rubrics that students are
supposed to use for self-assessment)
D2, D7, D8, D9, D4

Warning: Be prepared to repeat
the experiment if necessary!
Equipment: Water, ice, container for
water, hot plate, calorimeter, weigh-
ing balance, and a digital (!) ther-
mometer.

First, recall... why it is important to
design two experiments to determine
a quantity.

Devise as many designs as pos-
sible... Working with your lab part-
ners, choose the best two designs.
Indicate the criteria that you used to
decide which designs were the
“best.” Show it to your lab instruc-
tor.

For each method: ...

(a) Write a verbal description and
draw a labeled sketch...

(b) Construct the mathematical pro-
cedure you will use.

(c) List all assumptions you make in
your design.

010109-13



ETKINA et al.

PHYS. REV

. ST PHYS. EDUC. RES. 5, 010109 (2009)

2004

2005

2006

You have access to the following
equipment: water, Styrofoam con-
tainer, weighing balance, thermom-
eter and timer. For each method,
write the following in your lab re-
port:

(a) First, come up with as many de-
signs as possible to determine the
specific heat. Write a brief outline of
each procedure you come up with.
Then choose the best design. Indi-
cate the criteria that you used to de-
cide which design was “best.”

(b) Include a verbal description and
a labeled sketch of the design you
chose.

(c) Construct the mathematical pro-
cedure you will use.

(d) What physical quantities will you
measure?

(e) List the assumptions you make in
your procedure. How could they
affect the result?

(f) What are the sources of experi-
mental uncertainty? How would you
minimize them?

(g) Perform the experiment and
record your measurements. Make a
table for your measurements, if nec-
essary.

(h) Calculate the specific heat, based
on your procedure and measure-
ments.

(i) After you have done both experi-
ments, compare the two outcomes.
Discuss if they are close to each
other within your experimental un-
certainty. That is, if they results are
different, can they be explained by
the assumptions you made in your
procedure?

(j) List any shortcomings in the ex-
periment design and how you would
address them. Decide why this activ-
ity was included in the lab. Think of
real life situations [and briefly de-
scribe them] in which you need to
figure out things similar to this ex-
periment

(e) Calculate the specific heat...
Include experimental uncertainty
in each value of specific heat that
you determine.

(f) After you have done both experi-
ments, compare the two outcomes.
Discuss if they are close to each
other within your experimental un-
certainty. If not, specifically ex-
plain what might have gone
wrong—perhaps one of your as-
sumptions was not valid. If your
experimental results are not close
to each other within experimental
uncertainty, perform the experi-
ment again taking steps to im-
prove your design. For example,
you could take all measurements
quickly so that hot objects do not
cool off, or you could improve the
thermal insulation of your calo-
rimeter.

Decide which of the assumptions
affects your

results most. Explain how the out-
come of the experiment depends on
this assumption, i.e. if the assump-
tion increases or decreases your re-
sult

(d) Design an additional experi-
ment to determine whether the
main assumption is valid in your
experiment. Quantitatively esti-
mate the effect of this assumption
on the value of your measurement
and compare it with the instru-
mental uncertainty...

(e) List sources of experimental un-
certainty...

estimate the uncertainty in your re-
sult... Perform the experiment. Make
sure you take steps to minimize ex-
perimental uncertainties and the ef-
fect of the assumptions...

(f) After you have done both experi-
ments, compare the two outcomes...
If your experiments are not close to
each other within experimental un-
certainty explain what might have
gone wrong and perform the experi-
ment again taking steps to improve
your design...
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