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Abstract. Recent studies have given incentive to physics departments around the
world to revise the learning goals of their lab courses to emphasize experimentation
skills over reinforcing lecture content. Evaluation instruments have been developed
to measure the achievement of learningygoals, and one such instrument is the PLIC
(Physics Lab Inventory of Critical thinking). The PLIC measures respondents’ ability
to evaluate models, evaluate methods, and to suggest next steps for an investigation.
In the present work we give eonsideration to the validity of our Finnish translation of
the PLIC and weshow results from our baseline study of first-year introductory lab
courses with labs mixing content- and skills-related learning goals. We observed no
statistically significant change in students’ critical thinking skills over the period of
our study.

A S

1. Introduction

Courses in experimental physics, often referred to as lab courses, are an important
part of a university physics curriculum. A multitude of learning goals have been
traditionally assigneditelab courses, such as reinforcing lecture course content, linking
theory and practice, developing experimental skills, learning about the nature of science
and practieing communication and collaboration skills [1-3]. In recent years there has
been increasingiconcern that some of these learning goals of laboratory courses are
very _often, not fulfilled. In particular, there has been difficulty in finding any impact
of laboratory instruction to learning and understanding physics concepts or reinforcing
theory content [4-10]. It has therefore been suggested to instead focus explicitly on
teaching experimentation skills, for example setting a research question, experimental
design; collecting and analyzing data, evaluating data and methods, and communication
skills. This approach has measurable benefits in students’ critical thinking skills [9}/10]
as well as developing more expertlike attitudes and beliefs about experimental physics
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[9-13], while maintaining a similar level of content-related learning outcomes as students’
participating in lab courses aiming specifically to reinforce lecture content [546,9].

Even though the need for authentic inquiry and actual scientific discovery in physics
education has been recognized essentially from the get-go [14,15], it is fairly, common that
contemporary experimental tasks follow a cookbook-style instructiongmwhere students
have very limited decision-making opportunities [14]. It is suggestedhat this approach
would require the perspective of a seasoned expert to recognize the choices made behind
the complexity of the experimental setup, and students lacking this.perspective will
resort to just following instructions, without the satisfaction of discov&y [16].

In combination with highly detailed step-by-step instruction, daboratory tasks
typically involve replicating some known result or confirmationef a well-established
theory. Such confirmational activities have been showmnto in some cases lead to
questionable research practices such as manipulating data and other attempts at moving
the goalposts so that the desired results could be. apparently concluded from the
performed experiment [17]. It is therefore highlydmpertant to revise also the structure
of experimental tasks included in physics lab courses.

The Deparment of Physics at the University of Jyvaskyla is preparing for a full
reform of the laboratory studies in the bachelor level. The lab courses studied in
the present baseline work contained a mix, of learning goals related to reinforcing
and demonstrating lecture content, experimentation skills, and communication skills.
Lab assignments within the courses were mostly traditional highly structured tasks
related directly to lecture content on simultaneously running theory courses. Guided
by the evidence presented above, a need for changes is recognized, and new courses
in experimental physics are currently being planned starting from a set of skills-based
learning outcomes to be deweloped during the full studies. The new introductory lab
courses will be piloted graduallyfduring the next two years, and the pilots will be
researched and coussesydeveloped further. The new curriculum will be implemented in
full in fall 2024.

Our aim is tofstudy thertransformation of a bachelor-level curriculum with mostly
structured traditional labs mixing concepts-based and skills-based learning goals to a
new set of courses in expérimental physics which explicitly aim to teach experimentation
skills while providing pessibilities and support for student agency. In this article we
report results of our baseline study over one academic year before any of the planned
changes take place. To quantify the effect of our lab courses, we use the evaluation
instrument Physics Lab Inventory of Critical thinking (PLIC) [18]. Our research
questions for this study are

RQ1:.Is the Finnish translation of the PLIC instrument valid for use in the Finnish
context?

RQ2:"How do students’ critical thinking abilities develop within their first year of
studying physics in a lab curriculum with both skills-based and concepts-based
learning goals, and how do students’ attitudes toward experimental physics evolve
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in the same period?

In Section [2] we describe the methods used in our study. In Section |3] we discuss
our findings. In Section 4| we make concluding remarks of the baseline study for the
upcoming curriculum change, and consider limitations in the present analysis.

2. Methods

2.1. The evaluation instrument PLIC

~

To measure the effect of the lab courses in student’s critigal thinking skills, we used
the instrument Physics Lab Inventory of Critical thinking (PLIC)*[18] developed by
researchers of the Cornell Physics Education Research Lab.an the PLIC the respondents
are given two scenarios of physicists conducting an experiment:to test a mathematical
model for the period of a spring-and-mass system. The two groups have designed
different experiments to test the model, and thesrespondents answer questions which
test their critical thinking skills related to evaluating moedels, evaluating methods, and
suggesting next steps for the investigation [1§].

In the current version of the PLIC there are 8 multiple-response items which are
scored between 0 and 1 points via weights based on answers obtained from expert
physicists. The original scoring schémeyis deseribed in Ref. [18]. The scoring scheme of
the PLIC was updated during our data eellection; and one of the survey items (Q4B) was
changed between our first presurvey and pestsurvey. We decided to leave that question
out of our total-score analyses, sonthat we have 7 scored questions in the survey, and
the maximum total score obtainable was therefore 7.

There are three distinct tg@es of scored questions in the PLIC. The first type is
an ”Evaluate data” question (Q1B, Q2B, Q3B), which asks the respondent to provide
support for their reasoning/for whether presented data agree with the given model.
"Next steps” questions, (QIE,"Q2E, Q3E) ask the respondents what they think the
physicists should domiext baséd on their data. The” Evaluate methods” question (Q3D)
is about comparing different analysis methods: why group 2 should use one fit to their
data over another.

Via additional questions incorporated in the PLIC survey, we collected data on
what students/think about experimental physics. This involved rating experimental
work between opposite adjectives (e.g. fun—scary, interesting-boring), and a Likert-
scale evaluation of statements about experimental work (e.g. I am confident in my
ability to analyze data).

2.2. Finmish translation of the PLIC and validation

The PLIC was translated into Finnish by the first two authors. The first version was
translated by P. Pirinen, subsequently revised by A. Lehtinen, and then discussed
until we reached consensus on each survey item. To mitigate the effects of the
translation we performed a further communicative validation with three people (students
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pursuing a master’s degree or a PhD). The interviewees went through each dtem in
the translated survey and described how they understood it. Any possible double
meanings and discrepancies from the original version were recorded, and in unclear
cases a direct comparison with the original English version of the PLIC was made with
the interviewees. Our translated Finnish version of the PLIC is available online {19].

2.3. Data collection

We collected data from students enrolled in the first introductory-lab“course at the
University of Jyvaskyla. We did a PLIC presurvey in August’2021/at the start of
the academic year. We got responses from 58 students. The PLlC postsurvey was
conducted in April 2022, with 26 respondents. Of these,24 students responded to both
the presurvey and the postsurvey. Unless explicitly specifiedy.any following pre-post-
survey comparisons will be based on this group that respondedito both, with N7 YV = 24.
In the beginning of the fall semester in August 2022, befere any lab instruction, we again
collected pre-survey data from the first introduetory lab gourse, yielding 69 responses
boosting the number of total pre-survey responses fto NI‘EQU = 127. This number can be
reflected against the total number of roughly 230260 students yearly (in 2018-2022)
starting in an undergraduate degree program in'physics in Finland [20].

During the period between thespre-survey.and post-survey students participated in
at least one lab course. Most lab activities within the courses were highly structured
so that students were given direct instructions on what to measure, how to measure it,
and how to present and analyze their data. The labs were related to simultaneously
running theory courses, and ghe tasks demonstrate a phenomenon related to lecture
content, such as projectile motion or the effect of humidity on air density. Several lab
assignments also have confirmatory goals (e.g., determine the charge-to-mass ratio of
the electron), either explicitly or implicitly, so that it is expected that students observe
the phenomenon as predicted by the presented theory and models.

The lab work ensthe eourse(s) was not bound to a specific schedule, and students
were able to reserve time slots for each lab task freely. The courses thus do not have a
strict end date, and.even though it was recommended to complete all lab assignments by
the end of the spring semester, this did not happen in most cases. Moreover, while every
participant in,our survey was enrolled in the first introductory lab course, not everyone
enrolleddn the other available courses later. Therefore, there is significant variance in the
number of lab agctivities completed by students during the two semesters. A lab activity
wasdypically-a4-hour experimentation in the student lab, with either a shorter informal
reporting included or a full written report done at home afterwards. Out of the 17
lab activities available to the students, the minimum number of activities completed by
respondents was 4, the maximum was 16, and the median was 9. However, no correlation
was observed between the number of lab activities done and the difference in pre- and
post-survey scores (Pearson’s r = —0.059). In addition to the lab activities, students
participated in lectures and did exercises. Thus we consider that all students in the
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matched pre-post dataset have received enough instruction in experimental physics to
be included in the study, despite the variance in the number of completed labdactivities.

3. Results and discussion

3.1. Validation of the Finnish translation of the PLIC

We performed a communicative validation of the Finnish translation of the PLIC
as described in Section 2] We received a few possible disérepaneiestbetween the
Finnish translation and the original English version of the PLIC ffom each of the three
interviews. We considered changes to our translation based onthe follewing two criteria:
1) an item pointed out by a single interviewee was clearlydifferent between the Finnish
and English versions of the PLIC or 2) the same potential discrepancy was pointed out
by at least 2 of the 3 interviewees. As a result of the communicative validation, no
clear discrepancies between the Finnish and English wersions were found, and only the
translation of an answer option ”The data neither supporp nor refute the model”, was
made clearer for each question it appears in.

To further examine the validity of the Finnish translation of the PLIC, we compare
our pre-survey data collected over two years, referred to later as JYU data, to data
collected from a similar demographic of introductery lab course participants in North
America, referred to as NA data. The NAundata consists of Ner‘é = 445 pre-survey
responses. The average total score (notiimcluding question Q4B as discussed earlier)
in the JYU data is 2.63 £ 0.08 and in the NA data it is 2.62 £ 0.05. On the overall
level the survey scores seem consistent, for students at the beginning of their university
physics studies whether they study in Finland or in North America. This gives us
confidence that the translated Vetsion of the PLIC can be used to measure students’
critical thinking abilities in a‘similar way as the original does.

In Figure [1| we'show theraverage points per evaluated question in the PLIC in the
pre-survey JYU and NA'datasets. The questionwise scores for the two datasets seem
reasonably similar for students at a similar academic level in that the difference in any
single question dees not appear striking. We show the average score per question within
the distinct guiestion types of ” Evaluate data” questions (Q1B, Q2B, Q3B), ”Next steps”
questions (QLE/Q2E; Q3E), and ”Evaluate methods” question (Q3D) between the JYU
and NA datasetsinFigure[2] There is a statistically significant difference in the average
scores of the JYU data and NA data for each question type (independent samples ¢ test,
Holm=Bonferroni corrected, o < 0.05) with small effect size (Cohen’s d = 0.40, 0.35, 0.22
for the B,dD, and E type questions, respectively). On average, students in the JYU
scored. slightly higher in the ”Evaluate data (B)” type questions than students in NA,
while in the ”Evaluate methods (D)” and ”Next steps (E)” questions the NA students
scored higher. The scores can be different due to a multitude of reasons which cannot be
pinned down from this data alone. The differences observed here are small, but whether
the critical thinking skills measured by each type of question in the PLIC are universal
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is an interesting question which could be explored from a wider international dataset.

See more discussion about this in Section [l
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Figure 1: Mean scores and standard errors for each evaluated question in the PLIC for

the University of Jyvéaskyla (JYU) pre-test data (red), and the reference pre-test dataset

from North America (blue).
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Figure 2: Mean scores and standard errors for questions within each question type of
the PLIC for the University of Jyvéskyla (JYU) pre-test data (red), and the reference
pre-test dataset from North America (blue).
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3.2. Development of students’ critical thinking skills

In our matched PLIC dataset (N = 24), the average total scores (out ofanaximum of 7)
were 2.44 + 0.17 in the pre-test and 2.68 + 0.16 in the post-test. The difference is net
statistically significant (paired t-test, p = 0.279). The average pre- and post-testiscores
per question are shown in Figure [3] Comparing means for each question, we found
no statistically significant pre-post-test differences in any of the 7 guestions (Wilcoxon
signed-rank test, Holm-Bonferroni corrected, a < 0.05).

Lo ¢ Pre
N ® Post

0.8 JYU
3

0:41 P
AW

Average score

QZ‘LB QIE Q2B Q2E Q3B Q3D Q3E

Question

Figure 3: Mean scores and standard errors for each evaluated question in the PLIC for
the University of Jyvéskylasprestest in August 2021 (blue), and post-test in April 2022
(red). The number of students participating in both surveys was N = 24, and means
are shown only for thig group.

Based on thefcurrent data, we are unable to claim that introductory physics lab
courses at the Umniversity of Jyvaskyla at the time of this study lead to any improvements
in students’ eritical thinking skills as measured by the PLIC. This is consistent with
results obtaineddn Ref. [10] for courses that focus on reinforcing physics concepts rather
than teaching experimental skills.

In table [1| we show our pre- and post-test results for questions concerning attitudes
and beliefs about experimental physics. For these questions outside the main PLIC
survey thesnumber of respondents was N = 23. There is a statistically significant
difference (paired t-test, Holm-Bonferroni corrected, v < 0.05) between the pre-survey
and post-survey in only one item, in which students rated doing lab experiments between
opposite adjectives Useful and Useless, with medium effect size (Cohen’s d = 0.66).
Students felt like doing lab experiments is not as useful after two semesters containing lab
instruction as in the beginning of the first semester. It has been established before that
lab courses which focus on reinforcing physics concepts and do not offer enough decision-
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making opportunities cause students’ attitudes and beliefs about experimentaldphysies
to shift to a less expertlike direction [9H11}[13]. The decrease in the perceived aisefulness
of doing lab experiments observed in the present work could be a manifestation of the
same phenomenon.

Table 1: Pre- and postsurvey results (N = 23) for questions regarding students’ thoughts
about experimental physics. In columns 2 and 3 we list the mean and standard error of
the students’ responses to each item of the pre- and postsurvey, respectively.

~
Where would you put doing lab experiments
on the following scales between two opposite
adjectives? (5 point scale)
[tem Avg (pre)  Avg (post)
Interesting 1 — 5 Boring 1.83+£0.13 2.26 +£0.22
Useful 1 — 5 Useless 4 1.354+0.11 2.0040.19
Easy 1 — 5 Hard 3.484+0.19 3.65+0.14
Fun 1 — 5 Scary 2.710+0.16 2.48+0.17
Please indicate how well you agree with the
following statements:
(1 = Strongly agree, 2 = Agree, 3 = Neithersagree nor disagree,
4 = Disagree, 5 = Strongly disagree)
Item Avg (pre)  Avg (post)
I feel confident analyzing datamn sy 3.30£0.19 3.30+0.23
I feel confident doing experiment$ in lab 3.00£0.22 3.044+0.27
Conducting experiments, is important to the understanding of 4.43 40.20 4.43 40.20

science

3.91+£0.23 3.874+0.20

The main purpose60f experiment is to verify theory

4. Limitations and Conclusions

In this work wedhave examined the validity of our Finnish translation of the PLIC survey,
and_presented findings of our baseline study of first-year introductory lab courses at the
Universityof Jyvaskyld (JYU). Based on a communicative validation and comparisons of
pre-survey/data collected at JYU to data collected from North America, it appears that
our translation of the PLIC can be used to measure critical thinking skills in a similar
way asrthe original English version. From data collected from introductory lab course
participants at JYU between August 2021 and April 2022, we found no statistically
significant changes in the students’ critical thinking skills as measured by the PLIC.
As a secondary conclusion, we found a small statistically significant reduction in the

Page 8 of 10



Page 9 of 10

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - EJP-107750.R1

9

perceived usefulness of doing lab experiments. Both of these findings are typical to
courses that focus explicitly in reinforcing lecture content and offer limitedidecision-
making opportunities to students [9,/10].

The baseline data presented here will provide a benchmark to which we camcompare
the effects of renewed lab instruction at JYU in subsequent years. Fugther research in
the Finnish context is needed to uncover the possible development ef'students’ critical
thinking skills while participating in an explicitly skills-based lab c¢ourse.

Our sample size of N = 24 for students responding to beth the pre-survey and
post-survey is quite small, which limits the conclusions of the presea work. This is
true especially for the questions regarding attitudes and thoughts about experimental
physics (N = 23), where fluctuation in a single student’s answersiis expected not only
due to a long-term shift in attitudes due to lab instructionpbut also due to short-term
effects like current mood when answering the survey.

As an additional note, the PLIC has been developed using responses from students
of North American institutions and the scoringfschemeiis based on views of experts
working in North American institutions. There exists a Igossibility that the survey is
not directly and exactly transferrable tofa, different. part of the world while measuring
critical thinking abilities in the exact same way. However, we expect the overall effect
of this to be small for the purposes of the present study. Still, a question could be
raised of how universal the critical thinkingskills as measured by the PLIC are. Further
international comparison of data from intxoductory lab courses in several countries from
different parts of the world is'meeded to find out whether there are universal trends in
PLIC responses or if there existssome regional differences.
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