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Despite an emphasis on experimentation in science curricula Received 22 March 2024

worldwide as part of efforts to improve scientific literacy, Accepted 20 December 2024

students encounter challenges, especially with designing

unconfounded experiments as part of the control-of-variables Experi . -
. . . X xperimentation skills;

strategy (CVS).. Becomlng aware of experimental dg5|gn errors is a control-of-variables strategy;

potential starting point for learners to enhance their experimental eITor awareness

skills. Few studies investigated whether learners can accurately

assess experiments and are aware of errors. This experimental

study, conducted during the COVID-19 pandemic, investigates

the accuracy of students’ assessment of experiments and their

awareness of self-generated and others’ (vicarious) design errors.

127 students (grade 7-8) were randomly split into two groups.

One group conducted an experiment themselves. The other

examined an erroneous example of a fictitious peer. Afterwards,

both received the same instructions on the CVS and prompts to

assess the experiments. Data were collected via worksheets and

photos of their experiments. Analysis reveals difficulties

controlling all variables in an experiment, especially if they were

continuous. Interestingly, while self- and peer assessment

accuracy was generally high, students were significantly more

aware of vicarious errors than of self-generated ones. This

highlights the potential of using assessment of experimental

design errors as learning opportunity for experimentation skills,

especially when using vicarious errors.

KEYWORDS

Introduction

An understanding of how a scientific consensus is formed can enhance trust in science
(Chinn & Colan Duncan, 2018). It is thus unsurprising that an understanding of scientific
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practices — such as experiments, which are part of what constitutes consensus building in
science - is integral to scientific literacy (OECD, 2007, 2018), and is consequently reflected
in both science standards and curricula worldwide (e.g. BMBWF, 2019; KMK, 2005;
National Research Council, 2012, 2013). According to the Austria curriculum, experimen-
tation, as a key scientific method and component of scientific literacy, plays a significant
role in biology education and should be incorporated into every grade level of Austrian
middle schools (BMBWEF, 2019, 2024). Controlled, unconfounded experiments in which
there is only a single difference made between individual treatments are the basis for argu-
mentations about causality (Chen & Klahr, 1999). The skills needed to design and interpret
such experiments are crucial to the understanding of core scientific concepts (Schwichow
et al., 2022; Siler & Klahr, 2012). These skills, including planning, interpreting and dis-
tinguishing unconfounded experiments from confounded ones, are subsumed under the
‘control-of-variables strategy’ (CVS) (Chen & Klahr, 1999).

However, students face numerous challenges during experimentation such as not
stating causal research questions or altering conditions during the experiment (Kranz
et al., 2022). Students struggle especially with the CVS, such as controlling for variables
(Kranz et al., 2022). This leads to ‘design errors’ in experiments (Schwichow et al., 2022).
While defining errors is challenging, Oser et al. (1999) and Gartmeier et al. (2008)
describe them as deviations from the norm that may hinder the achievement of
desired goals. In this context, design errors in experiments are deviations from the
CVS as a norm, which guides users towards controlled experiments to answer research
questions. However, these errors should not be inherently avoided; instead, they can
help to gain ‘negative knowledge’, which provides an understanding of how something
does not work. In turn, this allows for an understanding of the correct concepts or pro-
cesses (Gartmeier et al., 2008; Oser et al., 1999). Allchin (2012) underscores the potential
of errors as learning opportunities in science education, stating, ‘If the goal is to teach
‘how science works’ [...], then it seems equally important to teach, on some occasions,
how science does not work [...]. Every error helps profile (by contrast) an element of
how science works [...]" (Allchin, 2012, pp. 904-905). However, learning from errors
does not happen spontaneously. Research has shown that students need to become
aware (after making an error and receiving additional information) that a solution is
not correct to engage cognitive processes involved in learning (Loibl & Leuders, 2019);
this necessitates an accurate self-assessment of their errors. Typically, working with
self-generated errors can be demanding, requiring a strong sense of self-regulation to
persist after making errors and reflect on their causes (Tulis et al., 2016). One potential
means of avoiding this issue is to use the errors of others, also known as ‘vicarious errors’,
as valuable learning opportunities (Kapur, 2014). Switching from self- to peer assessment
allows individuals to avoid engaging with their own errors, removing the inherent chal-
lenges, which could affect their error awareness. Additionally, it allows for plannable and
scalable learning activities, as are needed in science classrooms (Morris et al., 2024). So
far, few studies have looked at students’ self- and peer assessment in the context of exper-
imentation (Schreiber, 2016; Schreiber & Theyssen, 2019), much less their error aware-
ness in the design of their own experiments or experiments conducted by someone else.

While there is a lack of research on students’ error awareness in experiments, several
studies have investigated the challenges that students encounter when conducting exper-
iments (e.g. Dasgupta et al., 2016; Garcia-Carmona et al., 2016). However, a recent review
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by Kranz et al. (2022) revealed that most of these studies do not use practical perform-
ance assessments, but rather assess the students’ experimentation skills following the
experimentation process, using methods such as multiple-choice tests or interviews.
This approach may be problematic, as Hammann et al. (2008) have shown that students’
performance in multiple-choice tests does not appear to predict their performance in
actual experiments. Consequently, the measurement of practical performance requires
authentic hands-on activities (Schreiber & Gut, 2022).

Against this background, this study aims to deepen our understanding of how middle
school students deal with experimental design errors. We explore common design errors
in a practical (hands-on) setting and assess the accuracy of students’ self- and peer assess-
ment. Additionally, we examine students’ awareness of errors in their own experiment
and in an experiment conducted by a fictitious peer. Our results can provide insight
for targeted instructional materials focusing on experimentation and the CVS.

The control-of-variables strategy as a prerequisite for successful
experimentation

Experiments can be defined as a method of investigating the causal relationship between
dependent and independent variables (Arnold et al., 2014; Duit & Tesch, 2010). To draw
valid conclusions from experiment’s results, the experiment must be unconfounded
(Chen & Klahr, 1999). Siler and Klahr (2012) propose three rules for designing uncon-
founded experiments: (1) identify the independent variable, (2) create two conditions/treat-
ments and vary the value of the independent variable, and (3) keep all other variables
constant in both conditions/treatments. These rules are integral to the CVS (Chen &
Klahr, 1999) and Schwichow et al. (2022) define an experimental design error as a deviation
from these rules. A full understanding of the CVS includes procedural aspects (identifying
and planning unconfounded experiments) and logical aspects (interpreting controlled
experiments and understanding the inherent indeterminacy of confounded experiments)
(Chen & Klahr, 1999; Schwichow et al., 2022). Kranz et al. (2022) provide an overview of
the challenges students face during experimentation, including those related to the appli-
cation of the CVS. Common CVS errors include the indiscriminate handling of experimen-
tal materials and substances (e.g. Baur, 2018), the lack of determination of test times (e.g.
Arnold et al.,, 2014) and the failure to control variables (e.g. Chen & Klahr, 1999; Siegler
& Liebert, 1975). As previously mentioned, many studies assess students’ experimentation
skills with interviews (Dasgupta et al., 2016) or paper-pencil tests (Garcia-Carmona et al.,
2016) rather than hands-on activities. Consequently, these tests may not provide an accurate
assessment of practical performance (Hammann et al., 2008; Kranz et al., 2022; Schreiber &
Gut, 2022). Nevertheless, these studies show how difficult it is for students to understand
and apply the CVS, highlighting the need for innovative teaching and learning strategies.
One promising approach might be the use of students’ errors as an opportunity for learning
(Tulis et al., 2016). Research reveals that this is true for both self-generated and vicarious
errors (Loibl & Leuders, 2019; Oser et al., 1999). To facilitate such learning through
errors, three key mechanisms must be engaged: (1) prior knowledge is activated, (2) stu-
dents’ attention is directed to the strategy/content to be learned, and (3) students become
aware of errors (Loibl et al., 2017; Sinha & Kapur, 2019, 2021; Zhang & Fiorella, 2023).
Thus, to present a learning opportunity, students need to assess errors accurately.
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Self-assessment, peer assessment and error awareness

Self-assessment involves descriptive and evaluative processes regarding one’s own work
and/or abilities (Brown & Harris, 2013; Panadero, Jonsson, et al., 2016), while peer
assessment entails judging real or fictitious work of others (Reinholz, 2016; Safadi,
2022). The accuracy of self- and peer assessment is typically determined by juxtaposing
students’ results with external expert assessment. The higher the percentual match, the
more accurate the assessment (Andrade, 2019). In sum, self- and peer assessment
involve the recognition of areas for improvement and the acknowledgement of strengths.
Error awareness on the other hand can be considered to be part of this self- and peer
assessment as conceptualised by Panadero, Jonsson, et al. (2016). It is a student’s
ability to detect errors (Zhang & Fiorella, 2023), which is important, as recognising
that something is erroneous is an important starting point for learning from errors.

Self-assessment involves a high degree of self-regulation, but it prompts learners to
generate internal feedback to update prior knowledge (Andrade, 2019). This deep reflec-
tion can successfully promote learning (Andrade, 2019; Bond & Ellis, 2013). In a review
of research on student self-assessment, Andrade (2019) notes that the accuracy of self-
assessment varies. For example, there is a difference between task-specific self-assessment
(the assessment of one’s results from a specific task) and general self-assessment (the
assessment of one’s general knowledge in a specific area), with task-specific self-assess-
ment generally being more accurate (Andrade, 2019). Age also plays a role, as younger
students tend to overestimate their abilities (Andrade, 2019; Brown & Harris, 2013).
In addition, proficiency in a self-assessed skill improves this accuracy (Panadero,
Brown, et al., 2016). Students also benefit from clear criteria, such as scaffolds, exemplifi-
cation, or checklists (Andrade, 2019; Panadero, Brown, et al., 2016).

Peer assessment harbours high potential for learning (Li et al., 2020; Panadero,
Jonsson, et al., 2016; Reinholz, 2016; Stanci¢, 2021). Not only does it benefit the assessee
but it also benefits the assessor by exposing them to shortcomings they may not have
been aware of, while at the same time encouraging them to take responsibility
(Topping, 2017). Like self-assessment, accuracy of peer assessment is higher for more
advanced students and when it is well organised with clear criteria (Li et al., 2016;
Topping, 2017). The interpersonal aspects of peer assessment can be challenging but
can be mitigated by making it anonymous (Panadero & Alqassab, 2019) or by using ficti-
tious erroneous examples. This provides students with the benefits associated with peer
feedback, while mitigating some of its challenges (Reinholz, 2016; Safadi, 2022). In this
study, students judge fictitious erroneous examples (i.e. teacher-crafted solutions that
include vicarious errors by a fictitious student).

Self-assessment, peer assessment and error awareness in science
experimentation

There is a lack of studies focusing on students’ error awareness in experiments, and few
studies have investigated self- and peer assessment in this specific context. Stefani (1994)
examined the quality of self- and peer assessment of undergraduate students. However,
the students in the study assessed laboratory reports rather than experiments. 87 students
took part in the self-assessment, while another 67 students took part in the peer
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assessment. Stefani (1994) reported satisfying accuracies for both assessment types.
Schreiber (2016) examined the accuracy of self-assessment of 28 10th graders in the
context of experimentation. Overall, the results revealed high accuracy (Schreiber,
2016). Schreiber and Theyssen (2019) replicated this in a study with 180 students,
once again showing that the accuracy of the self-assessment was high. The authors
also investigated possible influential factors and found that experimentation skills, motiv-
ation, and aspects of cognitive load were the strongest discriminants, leading them to
assume that the accuracy of the self-assessment depends on the task at hand (Schreiber
& Theyssen, 2019).

In summary, existing studies demonstrate promising findings regarding the accuracy
of self- and peer assessment. However, there is a research gap in term of students’ ability
to self- and peer assess experiments, particularly when it comes to error awareness. For
students to effectively learn from errors, it is crucial that they can accurately identify and
assess errors. This process of identifying errors allows students to understand where they
went wrong and enables them to gain insights into the underlying concepts or procedures
(Zhang & Fiorella, 2023). By engaging in thorough error assessment, students can pin-
point areas for improvement and develop a deeper understanding of the subject
matter. Consequently, our study addresses this gap by investigating the differences in
self- and peer assessment with a focus on students’ error awareness.

Research questions

The CVS challenges students of all ages, and errors have been proven to be excellent
learning opportunities in different domains (Sinha & Kapur, 2021; Zhang & Fiorella,
2023). We argue that there is also potential for learning from design errors in experimen-
tation. However, most studies on students’ challenges during experimentation use non-
practical means of assessing performance, and there is a clear lack of research regarding
one of the key mechanisms by which errors induce learning: students’ error awareness. In
the context of this study, this refers to their ability to assess design errors in their own and
others’ experiments.

The main focus of this study is to investigate whether there is a difference in error
awareness between self-generated and vicarious design errors in experiments. To accom-
plish this, first, a practical hands-on approach is used to assess experimental design errors
of middle school students regarding the CVS. Then, the accuracy of their self- and peer
assessment are assessed before focusing on their error awareness specifically. Hence, we
investigate the following research questions: (1) Which CVS-related design errors do stu-
dents make when conducting an experiment? (2) How accurate is their self-assessment,
and how accurately do students judge others’ experiments? (3) Is there a difference in the
awareness of self-generated and vicarious experimental design errors?

Methodology
Participants

Prior to the main study, the learning materials were piloted with a sample of 65 students
(7th and 8th grade, M,z =12.85; SD=0.79) from two classes at a school that also
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participated in the main study. These students were not included in the main study. A
total of 144 middle school students (7th and 8th grade, ageringe = 12-15) across 12
classes from five schools in Austria participated in the main experimental study. Both
the pilot and the main study were conducted in the Austrian Educational Competence
Centre for Biology (AECC Biology) teaching-and-learning-laboratory at the University
of Vienna.

All data were collected during the COVID-19 pandemic, in the periods between
school closures due to government lockdowns. School selection was based on the
ability to conduct out-of-school activities during the pandemic. Prior to participation,
students received information about the research objectives, procedure, and data confi-
dentiality. Participation was voluntary, and only students whose parents provided
consent were included. Data were collected and analysed pseudonymously, using per-
sonal codes to link different parts of their worksheets.

As their experiments did not qualify for our assessment of CVS design errors (see
section ‘measures’), 17 of the 144 students were excluded from the analysis of the
main study. Ten students did not include all necessary components in their experiments,
seven students built single condition experiments. Hence, the final sample consisted of
127 students (Mg = 12.75; SD = 0.67; 42.43% female) (Table 1).

Overview of the study procedure

This study comprises two steps: the preparation and the study itself. The preparation
involved the development of worksheets, training of pre-service teachers to teach the
lessons, and piloting the worksheets. During the study itself, data were collected. After-
wards, the measures were quantified, and the results were analysed (see Figure 1).

Preparation

The worksheets for our lessons were developed based on Schmidt (2016), Lui (2021) and
Scholtes (2021). Schmidt (2016) developed a method for the practical assessment of exper-
imentation skills, where students compared the insulating capacity of sheep’s wool and pig
fat. As suggested by the author, pigs fat was exchanged for down feathers. Scholtes (2021)
and Lui (2021) built upon Schmidt (2016), focusing on fostering students’ experimentation
skills by learning from errors. Their materials were adapted to the equipment of our AECC
Biology teaching-and-learning laboratory to enhance the workflow (see section ‘Detailed
explanation of the lessons” for a detailed description). The planned lessons align with
the Austrian curriculum for 7th and 8th grade, both on a methodological level (by teaching
experimental skills) as well as content wise (by offering an introduction to the connections
between structures, ways of live and habitats of animals; BMBWE, 2019).

Table 1. Demographic characteristics of the participants (n = 127).

Age Gender (%)
Groups N M SD n.a. (%) Female Male n.a.
Self-generated errors 58 12.8 0.70 5.17 41.38 53.45 517
Vicarious errors 69 12.7 0.64 43.48 52.17 435

Note: Gender was assessed with the following categories: female, male, and diverse; missing answers were coded as n.a.
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Figure 1. Overview of the study procedure.

The study, including the piloting, was conducted within the context of an internship
for pre-service teachers who taught the groups in pairs. All pre-service teachers attended
a seminar on teaching experimental competence prior to the study. Additionally, they
attended a training session where they were informed about the exact procedure of the
study and the lessons they were to teach in the form of a standardised script, including
possible reactions to students’ questions. Student’s worksheets were designed by the
authors to be self-explanatory, requiring no intervention from the pre-service teachers.
Teacher educators acted as mentors and accompanied each team of pre-service teachers,
ensuring adherence to the script and preventing disruptions.

The intervention worksheets were piloted with 65 students from 7th to 8th grade
(Mage = 12.85; SD = 0.79) to ensure that the workflow was smooth. As with the data col-
lection, piloting took place in a period between school closures. Based on this, analogue
thermometers were exchanged for digital thermometers and the written explanation of
the students’ experiment was supplemented with a sketch.

Research setting

Per session, one school class visited our AECC Biology teaching-and-learning-laboratory.
Students from each class were randomised into treatment groups at the entrance. All stu-
dents worked individually. The groups were separated by room dividers to prevent treat-
ment diffusion. Both groups followed the ‘problem solving prior to instruction’ approach
(Sinha & Kapur, 2021). This approach is organised in two phases. Figure 2 outlines the

on
§ Self-generated errors group Vicarious errors group
— 8
% 2 § *  Students conduct an experiment to *  Students analyze a fictitious student’s
= g a investigate the insulating capacities of erroneous experiment that investigates
o wool and down feathers. the insulating capacities of wool and
A down feathers.
=2 % *  Students analyze a correct worked *  Students analyze a correct worked
& : = example. example.
28 2 *  Students receive instructions on the *  Students receive instructions on the
£ 5N CVS. CVS.
= % 5) *  Students receive prompts to compare » Students receive prompts to compare
= 5 their experiments from phase 1 to the the experiments from phase 1 to the
worked example and reflect on their worked example and reflect on errors.
(possible) errors.

Figure 2. Simplified representation of the lessons delivered to both treatment groups.
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key aspects of the worksheets for the self-generated errors and vicarious errors group that
are analysed in this study. The students finished both parts in 75 min.

In phase 1, students engage in problem-solving activities regarding concepts they have
yet to learn. In our study, these activities involved experiments with a focus on the CVS.
This usually creates erroneous solution attempts. In phase 2, learners receive instructions
on the concepts (i.e. the CVS) and reflect on phase 1, aiming for a reorganisation of their
prior knowledge (Sinha & Kapur, 2021). A detailed explanation on students” worksheets
and workflow can be found in section ‘Detailed explanation of the lessons’. In prep-
aration for the statistical analyses, our measures were quantified, which included occur-
ring errors, the accuracy of students’ self- and peer assessment, and their error awareness
(see section ‘measures’). Afterwards, statistical analyses were conducted (see section ‘data
analysis’).

Detailed explanation of the lessons

All students worked with worksheets. A translated version can be found in the sup-
plemental material. Both groups were provided their research question, hypothesis,
and a list of available materials that could be used to conduct the experiment. Both
groups were provided with written explanations on how the experiment could be con-
ducted, but without step-by-step instructions or mentioning the CVS (see Figure 3).
These worksheets were designed based on the practical performance assessment from
Schmidt (2016).

The pre-service teachers provided standardised instructions on the materials at the
beginning of the lesson, omitting instructions on the CVS.

During phase 1, both treatment groups worked with an experiment to answer the
question if wool or down is the better insulator. An experiment to answer this question
could look like this: A bigger beaker filled with ice creates a cold environment. A smaller
beaker with the insulator is placed inside, representing the insulating layer. A test tube
with warm water is placed inside the insulator to represent an animal’s body. A ther-
mometer and a stopwatch are used to measure how quickly the water temperature
decreases.

The primary difference in the way the two groups engaged with the experiment is that
the self-generated errors group conducted the experiment. Students were provided with
all the necessary laboratory materials to correctly conduct the experiment, plus additional
materials to enlarge the error potential (e.g. four different sizes of beakers instead of only
two). The vicarious errors group was physically presented with an erroneous experiment
from a fictitious peer and asked to examine the provided experiment with a checklist (see
Figure 4), ensuring that they were actively engaging with it. The experiment included five
errors that were based on findings from Schmidt (2016) and Scholtes (2021): (1) varying
ice quantity between treatments, (2) varying insulator quantity, (3) varying water level,
(4) varying test tube position, and (5) varying beaker position. Each respective error
was presented well visible (e.g. there was a big difference in the water level). Students
in the vicarious errors group were told that the experiments in phase 1 were erroneous,
but not told how many errors the experiment included.

In phase 2, both groups received a written explanation of the CVS and a correct
worked example to contrast with the experiment from phase 1. As suggested in the
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Planning of the experiment:
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Figure 3. Examples of the worksheets from phase 1. Both groups were provided with the same infor-
mation about how the experiment could be conducted, with the prompts slightly varying. (a) Excerpt
of the prompts given to the students from the self-generated errors group. (b) Excerpt of the prompts

given to the students from the vicarious errors group.

literature, students were prompted to reflect on potential errors in the experiments from
phase 1 (Loibl & Leuders, 2019), with both groups given identical prompts by a fictional
character Tom. These included a checklist of the experiments’ variables, with students
asked to identify if they were held constant across both conditions (see Figure 5).
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Tina conducts the experiment:

A3. Tina conducted the experiment. You can see the
experimental setup in front of you. Examine Tina’s
experiment and use the table below to indicate which
materials she used for the down and the wool condition.

Material Down condition Wool condition
a: Size of the O O
outer beakers Different sizes Equal sizes
b: Size of the O O
inner beakers Different sizes Equal sizes
. O O O O
c: Ice quantity
A lot Little A lot Little
d: Insulator O O O O
quantity A lot Little Alot Little

(@ (b)

Figure 4. Examples of the worksheets given to the vicarious errors group in phase 1. (a) Photo of the
erroneous experiment the vicarious errors group was presented with physically. (b) Example of the
prompts given to the students for them to engage with the experiment, translated from German.

AS5. Compare your experiment from phase 1 with AS. Compare Tina’s experiment from phase 1 with
the correct experiment and Tom's tips. the correct experiment and Tom's tips.
Tick all the aspects that you did right or wrong. Tick all the aspects that she did right or wrong.
1did this 1 did this Tina did this | Tina did this
right wrong right wrong
Equal-sized beakers for the Equal-sized beakers for the
cold environment: |:] |:| cold environment: D D
Equal amount of ice cubes: Equal amount of ice cubes:
= O O e = O O
|
Y Ry @
Equal-sized beakers for Equal-sized  beakers for
thermal insulation: D I:I thermal insulation: D D
Same amount of insulating Same amount of insulating
material: material:
@ &8 W .
(@ (b)

Figure 5. Sample of the worksheets from phase 2, translated from German. (a) Self-generated errors
group. (b) Vicarious errors group.
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To keep the groups comparable despite being taught by different pre-service teachers,
the students did not receive individual feedback on either their own experiments and
their self-assessment or the peer assessment of the fictitious students’ experiments at
the end of phase 2 (see also section ‘limitations’).

Measures

Occurring errors

To assess the errors that occurred during the experiment, the experiments from the self-
generated errors group were photographed and analysed. The students did not need to
write a detailed protocol about their procedure, however, they were asked to note the
measurement durations (i.e. wait times between temperature measurements in both con-
ditions) and the starting temperature, as these details would not be visible in a
photograph.

We adapted the category system from Schmidt (2016) to assess all variables of the
experiments, with a focus on the CVS. This coding frame was mostly concept-driven,
with categories and subcategories emerging from the logic of the experiment (Schreier,
2012). This means that the main categories are based on the variables that occur in
the experiment, e.g. the size of test tubes or the amount of insulating material used in
each condition. Each category had two subcategories: Each variable (main category)
was assessed to see if it was held constant across treatments (subcategory 1) or if it
was erroneously varied (subcategory 2). The coding guideline includes definitions for
each category, rules for the subcategories, and student examples, as recommended in
the literature (Schreier, 2012). At the beginning of the coding process, additional exclu-
sion criteria were inductively established (e.g. students building only one condition
instead of two, meaning that the experiment could not be assessed in the context of
the CVS). The first author and a trained research assistant applied the coding guideline.
This coding will be referred to as ‘expert assessment’. Cohen’s kappa coefficient (x =.99)
was calculated on a randomly selected 25% of the sample to determine reliability (Cohen,
1960). Coding was done using MAXQDA 2022 (VERBI Software, 2021). The codes were
extracted from the software and used as the basis for a subsequent frequency analysis, as
detailed in the section ‘data analysis’.

Accuracy of the students’ self- and peer assessment

To answer the questions of whether their self- and peer assessment is accurate, data was
gathered within part 2 of the worksheets, with the checklist including the experiment
variables. The self-generated errors group assessed their experiments, while the vicarious
errors group assessed the fictitious peer’s experiment. Both groups were asked to deter-
mine if each respective variable was correctly held constant across both conditions (see
Figure 5). Students’ self-assessment was compared with the expert assessment to deter-
mine its accuracy, as is common procedure (e.g. Andrade, 2019). Similarly, the vicarious
errors groups’ peer assessment was compared with the errors that were included in the
fictitious student’s experiment. This was done by creating a dummy variable for each of
the assessed variables, where one of four codes was assigned: (1) error recognised by the
student, (2) error not recognised by the student, (3) correct application of the CVS recog-
nised by the student, and (4) correct application of the CVS not recognised by the
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student. Then, the percentages of the cases where the students’ assessment matched the
expert assessment were calculated. The higher the percentual match, the higher the accu-
racy of the self- or peer assessment.

Error awareness in the context of the CVS: self-generated vs. vicarious errors

Error awareness can be described as students’ ability to detect errors (Zhang & Fiorella,
2023) and thus quantified similarly to the self- and peer assessment. We drew from the
same material as for the self- and peer assessment, but focused on the errors (i.e. the vari-
ables that were varied according to the expert assessment). For both treatment groups,
the students’ assessment of those variables was juxtaposed to the expert assessment:
The higher the percentual match, the higher the error awareness.

Data analysis

Statistical analysis was conducted using the software RStudio (RStudio Team, 2020).
In order to investigate which CVS-related design errors occurred during experimen-
tation, the codes from the expert’s assessment of the photographed experiments and
students’ notes on the duration of the measurement and the starting temperature (see
section ‘measurement’) were converted into dummy variables. This allowed for a fre-
quency analysis of each error. To investigate the accuracy of the self- and peer assess-
ment, a frequency analysis of the cases where the self-/peer assessment and expert
assessment did or did not match was conducted. To compare students’ awareness
of self-generated and vicarious errors, the Wilcoxon rank sum test was used to
compare the two treatment groups. The effect size Pearson’s r was calculated, with
r=0.10 indicating a small effect, r = 0.30 a medium effect, and r = 0.50 a large effect
(Cohen, 1992). Due to the nature of the tasks undertaken by the two treatment
groups, it was not possible to control for the number of errors in the self-generated
errors group, while each student in the vicarious errors group received an experiment
with five predefined errors. To mitigate potential bias, additional comparisons of only
students that were exposed to the same errors were done using Pearson’s Chi-square
test with Yates” continuity correction. The effect size Cohen’s w was calculated, with
w=0.10 representing a small effect, w=0.30 a medium effect, and w=0.50 a large
effect (Cohen, 1992).

Results
Occurring errors

A variety of CVS-related design errors were observed in the self-generated errors
group. Figure 6 showcases the experiments from two students, including typical
design errors the students made when they conducted the experiment individually.
In this example, the students varied the beaker or test tube sizes, the amount of
materials used or the water level between the treatments. All of these constitute devi-
ations from the CVS, since the independent variable in the students” experiment was
the quality of insulator (wool or down) and all other variables were to be held constant
across treatments.
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Figure 6. Examples of the students’ experimental design errors. (a) Student 1: Varying outer beaker
size, varying inner beaker size, varying amount of insulating material. (b) Student 2: Varying outer
beaker size, varying test tube size, varying ice quantity, varying water level.

While these errors were specific to the experiment used in the study, they can be cate-
gorised into three generic categories that are applicable to most experimental settings in the
natural sciences: (1) categorical variables, such as beaker and test tube sizes, were subsumed
under the term ‘choice of material’; (2) continuous variables, such as the water level or the
insulator quantity, were subsumed under the category ‘handling of material’; and (3) vari-
ables that related to the measuring process were categorised as ‘measurement’. Figure 7
shows that most of the errors could be categorised under ‘handling of material’.

Aggregated at a student level, nearly all students (98.28%) faced problems at least once
with handling the given materials or substances. 29.31% of the students chose material
indiscriminately at least once and did not consider that the treatment conditions must
be kept comparable unless they are to be specifically changed. 10.34% of the students
encountered difficulties in the measuring process; they did not determine the test times.

Accuracy of the students’ self- and peer assessment

The accuracy of self-assessment was relatively high in all categories (choice of material:
89.66% agreement, handling of material: 58.91% agreement, measurement: 69% agree-
ment). 4.66% of the overall variables from the students’ experiments could not be ana-
lysed, because the students either did not conduct a valid self-assessment for the
respective variable (e.g. they did not use the provided checklist correctly), or the variable
could not be analysed regarding potential errors using the photos of their experiments
(due to bad photo quality, e.g. the water level was hidden by the insulator) or worksheets
(e.g. the students did not note the starting temperatures). Table 2 provides an overview of
the self-assessment, split into the variables that the experts judged to be held constant
across the treatments (CVS applied) and those that were judged to be varied across
the treatments (CVS not applied). It shows a clear difference between students’ ability
to assess what they did correctly vs. what they did not.
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I varying test tube position (91.4%)
| varying water level (51.7%)

I arying isolator quantity (48.3%)

I \arying starting temperature® (37.9%)

B arying inner beaker position (25.9%)

[ variying test tube size (24.1%)

B varying ice quantity (19%)

varying measurement duration®** (10.3%)

[0 varying outer beaker size (3.4%)

[0 varying inner beaker size (3.4%)

0 10 20 30 40 50 60 70 80 90 100

Absolute Error Frequency

i/
Choice of material . Handling of material Measurement

Figure 7. Overview of the errors observed in the self-generated errors group (Ngydents = 58), including
the percentage of students that made the corresponding design error. Data with an * were derived
from students’ worksheets.

In cases where the variables were held correctly held constant across the treatments
according to the expert judgement, the accuracy of students’ self-assessment was high
in all three categories. Choice of material was the easiest for students to assess (98.04%
match with the expert assessment), followed by measurement (86.05%) and handling
of material (78.73%).

Assessing their self-generated design errors was more difficult for students, meaning
their error awareness was rather low. In the category ‘measurement’, only half the
design errors were recognised. Looking at the categories ‘choice’ and ‘handling of
material’, it was less than half of them (choice of material: 33.33%, handling of material:
42.77%).

The peer assessment conducted by the vicarious errors group exhibited high overall
accuracy across all categories (choice of material 94.69% agreement; handling of material
85.54% agreement; measurement 88.41% agreement). A small portion of the data (4.38%)
could not be assessed due to invalid student answers. Unlike with self-assessment, there
was no stark difference between the variables that the experts judged to be held constant
across treatments and those that were judged to be varied. The agreement between the
peer and expert assessment when the CVS was applied was 95.15% for choice of material,
88.24% for handling of material and 92.42% for measurement. The students’ error aware-
ness could only be judged in one category as only variables that fall into the category
‘handling of material’ were varied in the erroneous example, with students recognising
85% of the vicarious errors (see Table 3).



Table 2. Overview of the accuracy of students’ self-assessment in the ‘choice of material’, ‘handling of material’ and ‘measurement’ categories.

Accuracy of self-assessment when CVS was not

Accuracy of self-assessment when CVS was applied applied
Correct application of the CVS Correct application of the CVS not Error Error not Invalid
Categories recognised % recognised % recognised % recognised % cases
Choice of material 150 98.04 3 1.96 6 33.33 12 66.67 3
Handling of 137 78.73 37 21.26 68 42.77 91 57.23 15
material
Measurement 37 86.05 6 13.95 3 50.00 3 50.00 9

Note: The numbers are calculated by juxtaposing the students’ self-assessment with the expert assessment. The percentages are based on the number of variables that were rated by the experts
to be correctly held constant or erroneously varied over the treatments, respectively. ‘Invalid cases’ refers to students that either had invalid self-assessment (e.g. not using the provided table
to self-assess) or to photos of experiments that could not be accurately analysed for the corresponding category of design error.
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Table 3. Overview of the accuracy of students’ peer assessment in the ‘choice of material’, ‘handling of
material’, and ‘measurement’ categories.

Accuracy of peer assessment when CVS was Accuracy of peer assessment when
applied CVS was not applied
Correct Correct
application of application of
the CVS the CVS not Error Error not Invalid
Category recognised % recognised % recognised %  recognised % cases
Choice of 196 95.15 10 4.85 NA NA NA NA 1
material
Handling of 60 88.24 8 11.76 289 85 51 15 6
material
Measurement 61 92.42 5 7.58 NA NA NA NA 3

Note: The numbers are calculated by juxtaposing the students’ peer-assessment with the expert assessment. The percen-
tages are based on the number of variables that were rated by the experts to be correctly held constant or erroneously
varied over the treatments, respectively. ‘Invalid cases’ refer to students that had invalid peer assessments (e.g. not
using the provided table to peer-assess).

Error awareness in the context of the CVS: self-generated vs. vicarious errors

When comparing the percentages of recognised design errors, the self-generated errors
group recognised fewer errors than the vicarious errors group (Mdnge generated errors group
= 50; Mdnyicarious errors group = 1005 see Figure 8). This difference is statistically significant
with a large effect size, with U=633.5; Z=6.77; p <.001; r=.60 (Nelfgenerated errors group =
575 Nyicarious errors group = 69) and moderate.

To ensure that this difference in error awareness between the treatment groups was
not skewed by the difference in the number of occurring design errors, students of the
vicarious errors group were additionally compared with students from the self-generated
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Figure 8. Errors recognised (%) in the self-generated errors group (n=57) and the vicarious errors
group (n=69).
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Table 4. Results of the Pearson’s Chi-square test with Yates' continuity correction for the errors that
were present in both the self-generated and the vicarious errors group.

Error Nself—genera(ed errors-group Nvicarious—errors—group Xz df P Cohen’s W
Ice quantity 1 68 23.52 1 <.001 .59
Insulator quantity 28 68 19.43 1 <.001 48
Water level 30 68 28.61 1 <.001 .56
Inner beaker Position 15 68 13.83 1 <.001 44
Test tube position 53 68 13.25 1 <.001 35

Note: The number of students in the self-generated errors group varies between errors as only students that made the
corresponding error were included. The number of students in the vicarious errors group remains the same for all cat-
egories as all students in this group were presented with the same deliberate errors.

errors group that made the respective errors for each of the five errors in the fictitious
example. For each design error, the difference in error awareness remained large, with
a moderate to large effect size, as shown in table 4.

Discussion
Occurring errors

In line with prior research (see review from Kranz et al., 2022), we identified various
errors in the students’ experiments. As previously stated, 17 of 144 participants were
excluded from our detailed analysis. 10 students omitted crucial components like the
inner beakers or water in the test tubes. Baur (2018) found similar errors. Another
seven students built single-condition experiments; this was also consistent with previous
studies (Baur, 2018; Chen & Klahr, 1999; Hammann et al., 2008; Schwichow et al., 2022;
Siler & Klahr, 2012). As the students’ worksheets included instructions on preparing two
conditions, this suggests that students either did not read the instructions carefully
enough or actively chose to ignore them, e.g. because they thought the outcome of a
single condition experiment suffices for drawing conclusions (Siler & Klahr, 2012).
This suggests considering qualitative approaches in the future, such as think-aloud
approaches which could help to identify students’ thought processes by talking about
their decisions, thus providing immediate clarification.

Nearly all students (98.3%) who conducted the experiment encountered challenges
with handling the materials, consistent with the findings of previous studies (Baur,
2018). This may be attributed to the nature of the category. ‘Choice of material’ includes
categorical variables; thus, they are confined to a few distinct expressions. Variables
associated with the ‘handling of the material’, such as the quantity of insulating material
used by the students, are continuous and therefore not subject to such constraints. These
deviations from the CVS, coupled with the occurring lack of determination of test times
(Arnold et al., 2014; Garcia-Carmona et al., 2016), suggests that students may overlook
the comparability of substance amounts or laboratory material between the treatments,
implying a non-scientific understanding of experimentation (Hammann et al., 2008).
Alternative explanations include beliefs that additional varied variables lack causal
effects, tendencies to ignore these variables, preferences for testing multiple variables
simultaneously, and/or intentions to produce extreme differences between treatments
(Schwichow et al., 2022). Lacking manual skills may also contribute (Baur, 2018;
Schmidt, 2016). Procedural and manual skills are intertwined, and most assessments



1214 (&) L. HAMMERLEET AL.

do not allow a distinction between the two (Schmidt, 2016). However, according to the
Austrian curriculum for Biology (BMBWF, 2019), students should conduct simple exper-
iments as early as grade 5, which fosters their manual skills among other objectives. We
therefore assume that the occurring errors cannot only be attributed to a lack of manual
skills; nevertheless, more research needs to be done.

Accuracy of the students’ self- and peer assessment

Our data shows high accuracy for both self- and peer assessment, consistent with prior
research in the physics education context by Schreiber (2016), Schreiber and Theyssen
(2019) and a meta-analysis on peer assessment by Li et al. (2016). The overall accuracy
of self- and peer assessment was similar, consistent with findings of Stefani (1994),
who focused on the assessment of laboratory reports. The relatively high accuracies
(58.91-94.69%) may be attributed to the specificity associated with assessing concrete
examples of an experiment instead of more general skills such as experimental compe-
tence (Andrade, 2019; Brown & Harris, 2013; Li et al., 2016). Another beneficial factor
might be the provision of criteria for the assessment in both treatment groups
(Andrade, 2019; Panadero, Brown, et al., 2016).

Despite the relatively high overall accuracy, students struggled the most with assessing
continuous variables. In a review of studies on self-assessment, Ross (2006) reported that
some students simply do not understand what high performance in a task looks like and
are therefore unable to assess the task accurately. This leads to the conclusion that stu-
dents could benefit from even clearer criteria, such as the inclusion of decision rules
that help them determine if the CVS has been applied. Involving the students in criterion
development and clarification (Li et al., 2016; Panadero, Jonsson, et al., 2016) and train-
ing them in criteria application could further enhance assessment accuracy (Andrade,
2018; Panadero, Jonsson, et al., 2016; Stancié, 2021).

Error awareness in the context of the CVS: self-generated vs. vicarious errors

The difference in error awareness between self-generated and vicarious errors was found
to be statistically significant, with students showing higher error awareness when asses-
sing vicarious errors. This could be attributed to several reasons, which should be further
examined in future studies. Unlike self-assessment, the assessment of vicarious errors
may not require the same level of self-reflection (Tulis et al., 2016). Another explanation
might be that students may be less biased when assessing vicarious errors, as they lack
personal involvement in the task and are less influenced by subjective factors such as
exerted effort (Ross, 2006). Additionally, the difference in error awareness could have
been enhanced through the peer assessment’s anonymity, as the students had to assess
a fictitious student’s work. Two reviews on self- and peer assessment suggest that anon-
ymity in peer assessment eliminates possible inhibiting factors on interpersonal relation-
ships, such as not wanting to rate peers badly or lack of self-confidence in a student’s
ability to rate peers (Panadero, 2016; Panadero, Jonsson, et al., 2016). However, in a
meta-analysis, Li et al. (2016) suggest that students tend to take non-anonymous assess-
ments more seriously, resulting in a more accurate assessment of their peers. Answering
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the question of whether anonymity helps or hinders peer assessment is beyond the scope
of this study, further research is needed.

Limitations and future direction

Due to the study design, students from the vicarious errors group knew they were asses-
sing an erroneous experiment, while students in the self-generated errors group were
not aware of this. Consequently, this may have primed the vicarious errors group,
meaning the information they received might have influenced their responses
(Ramscar, 2016), which might have played into the difference in error awareness.
Further research including a feedback loop for the self-generated errors group is
needed. Providing students with individual feedback for either their own experiments
or their self- and peer-assessment would have exceeded the limits of our study, in which
the intervention took place on a single day and with multiple pre-service teachers
teaching the lessons.

Moreover, the experiments presented to the vicarious errors group deliberately
included clear, visible errors in the continuous variables, potentially enhancing error
awareness. In contrast, students in the self-generated errors group may have been
less strict in identifying smaller deviations from the CVS as errors. Nevertheless, the
self-generated errors group exhibited low error awareness even for the categorical
variables.

Notably, the students’ prior experience of working with design errors, the learning
outcomes regarding students’ CVS-skills and subjective process variables such as cogni-
tive load or motivation were not considered in this study.

Conclusion

Understanding scientific practices is crucial for learners, yet teaching about scientific
endeavours remains challenging. Our study contributes by examining experimental
design errors, revealing challenges associated with controlling variables, especially
continuous ones. Students were found to be better at identifying their correct pro-
cedures than their errors. Additionally, while with some prompts, students could cor-
rectly identify some of their self-generated errors, they were more successful at
identifying design errors in experiments conducted by a fictitious student. This simu-
lation of peer assessment - through a fictitious peer — could be beneficial in science
classrooms, allowing for plannable and scalable opportunities for teaching the CVS.
Our results further indicate that there is potential for approaches using experimental
design errors as learning opportunities, especially since the identification of errors is a
prerequisite for this approach to learning, but this has yet to be explored further. As
indicated in the section ‘limitations and further directions’, future research should
explore whether incorporating a feedback loop for self-generated errors could
enhance learning outcomes. Additionally, students’ prior experience with design
errors, their learning outcomes in terms of CVS skills and their subjective learning
process variables such as cognitive load or motivation were not examined. Addressing
these variables in future research could provide a more comprehensive understanding
of how the diversity of CVS-related design errors can be used when teaching
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experimentation and if self-generated and vicarious design errors can be successfully
implemented when teaching the CVS. Further research in this direction is currently
being carried out by the authors.
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