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ABSTRACT

ORIGINAL ARTICLE

INTRODUCTION

Density is an integral part of introductory physics 
courses, not only in German secondary schools. 
In lessons on density, learners make their first 

experiences with diverse aspects related to the discipline of 
physics: “First introduced in elementary grades with the ideas 
of floating and sinking, density taught in middle school is 
geared toward understanding through the use of mathematical 
formulas” (Dawkins et al., 2008, p. 21). For example, the new 
nine-year Gymnasium (secondary school) curriculum, which 
has only recently entered into force in Bavaria, a state in the 
south of Germany, includes density as an introductory topic 
(cf. ISB, 2021). Specifically, in their first physics lessons, the 
learners in the seventh grade (12−13 years) are supposed to 
learn about numerous physics methods and experience Nature 
of Science aspects in addition to the subject content. For 
instance, it is envisaged that the students (ISB, 2021). 
• …plan an experiment to determine the density of an

irregularly shaped body, which they carry out and
protocol under guidance.

• …identify the material of the body using tables from
the internet, taking into account the limited accuracy of
measured values.

• …perform simple calculations on density and mass, taking 
into account units and the tolerance of measurements.

• …identify the density of materials as a physical criterion
of judgment in texts on modern technology and distinguish 
it from non-specialist criteria.

Given the importance of density in early physics education in 
German secondary schools (cf. Lichtfeldt and Peuckert, 1997; 

Uhden, 2016), developing an instrument that allows teachers 
to survey their students’ conceptual knowledge of density 
economically seems necessary. This article reports on the 
development and piloting of a German version of the Density 
Survey, a concept test to assess students’ conceptual knowledge 
of density originally developed by Yeend et al. (2001) in the 
English language. We provide a psychometric characterization, 
focusing on item statistics, test reliability, and Rasch scaling: 
Consequently, we use methods from classical test theory and 
item response theory in this research. Finally, we use the 
results from 222 students to identify German secondary school 
students’ difficulties with the density concept.

LITERATURE REVIEW
Conceptual Knowledge and Concept Inventories
Conceptual knowledge “consists of the core concepts for a 
domain” and “has been characterized using several different 
constructs including semantic nets, hierarchies, and mental 
models” (Byrnes and Wasik, 1991, p. 777). Assessing learners’ 
conceptual knowledge on a given topic can help teachers 
understand how learners think so that they can adapt and 
adjust their teaching accordingly (cf. Furrow and Hsu, 2019). 
Concept inventories provide a way of surveying students’ 
conceptual knowledge on a given topic. A concept inventory 
is an “instrument designed to evaluate whether a person has 
an accurate and working knowledge of a concept or concepts” 
(Lindell et al., 2007, p. 1) – mainly using single or multiple-
choice items, respectively. Hence, they offer a particular 
advantage regarding their usage in schools, for example, 
compared to interviews: Their implementation and evaluation 
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are significantly less time-consuming.

Research-validated concept inventories have the potential 
to be of value for evaluating the effectiveness of a particular 
curriculum or pedagogy in order to ensure that students grasp 
the fundamental concepts of a specific topic. Furthermore, 
concept inventories have been used to identify students’ 
conceptions of different areas in science education research 
(cf. Treagust, 1988), such as mechanics (Hestenes et  al., 
1992; Hestenes and Halloun, 1995), electricity (Engelhardt 
and Beichner, 2004), magnetism (Li and Singh, 2016), optics 
(Kaltakci-Gurel et  al., 2017), thermodynamics (Chu et  al., 
2012), or quantum physics (McKagan et al., 2010).

The quality of concept inventories’ single or multiple-choice 
items largely depends on the distractors’ quality. Distractors 
are those answer options of items that are false (D’Avanzo, 
2008), and Moosbrugger and Kelava (2012) define distractors 
as “answer alternatives that seem plausible but do not apply” 
(p. 418). Hence, distractors are usually based on widespread 
student conceptions (Bitzenbauer, 2021). That is why we 
provide a brief overview of students’ conceptions on density 
in the next section.

Students’ Conceptions of Density
Conceptual knowledge of density requires students’ 
understanding of ratios (Rowell and Dawson, 1977) and 
proportional relationships (Yeend et al., 2001), which is why 
Inhelder and Piaget (1958) used density tasks in their well-
known work to assess reasoning ability. Numerous empirical 
studies have explored student conceptions of density (Dawkins 
et al., 2008; Smith et al., 1997). It was shown that density as a 
material-specific quantity is abstract for learners (Kang et al., 
2004), so an improper equation of density with volume, mass, 
or size is often observed (Smith et al., 1986; Yeend et al., 2001). 
For example, Stepans et al. (1986) found that “a large number 
of college students said that when you crumple an aluminum 
sheet, you have made it easier” (p. 66). A mix-up of density 
with the term weight used in everyday language has also been 
observed among learners (Driver et al., 2014). In their article, 
Xu and Clarke (2012) observe:
•	 Microscopic conceptions of density, for example, density 

“measures how close particles are to each other (p. 786) 
which are sometimes implicitly juxtaposed with

•	 Macroscopic conceptions in students’ thinking, for 
example, density of an object explains why it will float 
or sink in water” (p. 786).

Such conceptions can, of course, be the starting point for 
many further learning difficulties. For instance, many students 
believe that heavier objects sink more. Researchers argue that 
an improper equation of density with volume, mass, or size 
may be the origin of such conceptions (cf. Potvin et al., 2015). 
Similar difficulties regarding the density concept have recently 
been found among science teacher candidates using a four-tier 
diagnostic instrument (Kiray and Simsek, 2021).

OBJECTIVES OF THIS STUDY
The research objectives of this paper are threefold:
1.	 We aim at providing a concept test to assess German 

secondary school students’ conceptual knowledge of 
density economically in classroom scenarios.

2.	 We target a psychometric characterization of the 
instrument, especially concerning discriminatory power 
and reliability.

3.	 We explore difficulties German secondary school students 
have with concepts of density that we found from student 
responses.

DESIGN OF A GERMAN VERSION OF THE 
DENSITY SURVEY
Yeend et al. (2001) developed the Density Survey, a concept 
inventory to examine student understanding of density. The 
development was based on results from a literature review as 
well as interviews with high school students, precollege science 
teachers, and university lecturers (Yeend et  al., 2001). The 
Density Survey comprises 11 single-choice items for evaluating 
students’ conceptions of six key aspects of density (one or two 
items per key aspect), identified through expert surveys (cf. 
Table 1). Among the 11 items, one on proportional reasoning 
was taken from the TIMSS study (Trends in International 
Mathematics and Science Study). In addition, three items were 
adapted from a concept inventory on electric charge density 
(Yeend et  al., 2001). The instrument was piloted with 787 
students of different ages and school types in the USA (cf. 
Yeend et al., 2001).

To develop a concept test on density for German-speaking 
countries, Yeend et al.’s (2001) Density Survey was first 
translated into the German language. The items were then 
reviewed and revised in German according to the guidelines 
for creating multiple-choice tasks according to the Haladyna 
et al. (2002). Our German adaption can be accessed through 
PhysPort1. For sample items, we refer to the PhysPort link. 
However, an overview of the test instrument items’ contents 
is given in Table 1. The availability of our German version 
of the Density Survey on the PhysPort platform ensures free 
access for interested teachers who want to use the instrument 
in their courses.

RESEARCH DESIGN
Administration of the Survey
The final version of our German version of the Density Survey 
was administered in paper-pencil format to 222 German 
secondary school students (Grade 7, students aged 12−13) from 
three public secondary schools as a post-test after instruction in 
all relevant concepts of density (test duration: 10–15 minutes). 
The students’ teachers administered the test. All students 
participated in our study voluntarily, according to the ethical 

1		  ht tps: / /www.physport .org/assessments /assessment .
cfm?I=54&A=DS
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standards (cf. ethical statement). After test administration, we 
used the student responses for statistical analysis to obtain 
information about the psychometric quality of the instrument. 
Data analysis methods are described in the following.

Psychometric Characterization of the Instrument
For the psychometric characterization of the instrument in the 
sense of classical test theory, we used the student responses 
to calculate item difficulty indices, discrimination indices, 
and Cronbach’s alpha as a measure of internal consistency 
(Taber, 2018). For the item difficulty indices, we refer to the 
accepted range of 0.2–0.8 according to Kline (2015), and for 
the discriminatory indices, values above 0.2 are considered 
acceptable (Jorion et  al., 2015). For the Cronbach alpha 
coefficient, we refer to the lower threshold value of 0.7, 
according to the Streiner (2003). Table 2 provides an overview 
of these indices’ calculations.

Rasch Scaling
In addition to classical test theory, we also used item response 
theory (IRT) to evaluate our German version of the Density 
Survey. Rasch scaling of the data was carried out using a 
dichotomous Rasch model (Rasch, 1960) because neither a 
logical dependency of the items nor a uniform item difficulty 
was assumed (Rost, 2004). Furthermore, we used the 
R-package sirt2, to confirm essential unidimensionality of the 

2	 https://cran.r-project.org/web/packages/sirt/sirt.pdf

test instrument finding indices DETECT < 0.20, ASSI < 0.25, 
and RATIO < 0.36 (Jang and Roussos, 2007).

Rasch scaling enables the person’s abilities and item difficulties 
to be represented on a common scale. In this context, item 
difficulty means the level on the ability scale required to solve 
the item with a probability of 50%. The likelihood of solving 
an item as a function of the person’s ability is graphically 
displayed with the help of item characteristic curves (Wu and 
Adams, 2007). In our study, marginal maximum likelihood 
(MML) estimation was performed to obtain the item 
parameters independently of person parameters.

The instrument’s reliability is estimated through EAP/PV 
reliability and WLE reliability. Their values lay between 0 and 
1 and can be compared with Cronbach’s alpha from classical 
test theory (Rost, 2004). The person’s abilities and the test’s 
item difficulties are represented with the help of a Wright Map. 
Here, the person abilities are described via a histogram, with 
the mean person ability representing the zero point on the logit 
scale. The item parameters, also given in logits, are arranged 
according to their difficulty. Finally, Rasch homogeneity of the 
items was checked using the criterion 0.5 < Infit/Outfit-MNSQ 
< 1.5 according to Linacre (2002). We used the R-package 
TAM for Rasch scaling in version 3.6-45.

Validity issues were not further investigated in the context 
of our study because the development of the original version 
of the Density Survey (Yeend et al., 2001) has already gone 
through various validation steps.

Investigation of Student Difficulties with Density Concepts
We added a second response tier to each item to elicit student 
difficulties. In this second tier, we asked respondents to 
indicate their certainty of response in tier one on a 5-point 
Likert scale (1 = I guessed,…, 4 = sure, and 5 = very sure). 
Incorrect answers where learners state that they were sure 
or very sure indicate the presence of student difficulties (cf. 
Hasan et al., 1999).

RESULTS
Results of the Psychometric Characterization of the 
German Version of the Density Survey
The results of an item analysis (Table 3) show that the item 
difficulty indices, except for two outliers (items 1 and 3), are 

Table 2: Description and calculation of item indices and Cronbach alpha coefficient according to Ding et  al.  (2006)

Index Description Calculation
Item difficulty index P The ratio of the number NC of correct responses on one item to the total number N of students who 

worked on the item. P N
N
C=

Item discrimination index D For this calculation, the whole sample is split into two groups, one of which comprises students with 
test scores higher than the median total score of the sample (H group) and one including students with 
lower scores (L group). The number of correct responses on a given item in both groups is referred to 
as NH and NL, respectively. N is the total number of students who worked on the item.

D N N
N
H L�
�
/ 2

Cronbach’s α (standardized) The number of items is referred to as k, and the average intercorrelation between these items is r.
� �

�
� �� �
k r
k r1 1

Table 1: Information on the test instrument items’ 
contents

Item No. Content aspect
1 Relationship volume – size
2 Density as a material property
3 Mass
4 Density‑volume dependence, m=const.
5 Density as a material property
6 Proportional reasoning
7 Density‑mass dependence, V=const.
8 Conservation of mass
9 Relationship volume – size
10 Temperature dependence of the density
11 Calculation of density of a homogenous body
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within the accepted range between 0.2 and 0.8. Values above 
the acceptable range of 0.2 are observed for the discrimination 
indices. Only the discrimination index of item 11 lies well below 
this threshold (cf. Table 3). Consequently, item 11 has been 
deleted from the item set for further study. The need for this is also 
supported by the results of the Rasch scaling (cf. next section).

The value of Cronbach’s alpha as an estimator for the internal 
consistency of the test instrument is found to be 0.77. This 
value can be raised by excluding item 11 mentioned above. 
For content reasons, the unique role of item 11 seems plausible 
since it is the only item in which the calculation of the density 
of a homogeneous body was asked. In contrast, the other items 
only addressed qualitative understanding of density.

Each of the 11 test items was coded dichotomously so that a 
point was awarded precisely when the correct answer option 
was selected. As a result, the students reached a mean score of 
m = 6.23 (SD = 2.68), ranging from 1 point to 11 points (cf. 
Figure 1). The median score was 6 points.

Results of Rasch Scaling
The EAP/PV reliability of 0.79 and the WLE reliability of 0.73 
of our German version of the Density Survey calculated from 
the responses of 222 German secondary school students are 
above the threshold accepted in the literature (Field, 2009).

The analysis of the fit parameters of all items shows that one 
item lacks sufficient Rasch conformity (item 11: Infit-MNSQ 
1.54, Outfit-MNSQ 2.71). This item asked about calculating 
the density of a homogeneous body (cf. Table  1). Item 11 
was therefore excluded from the item set after our analysis. 
Furthermore, for two items, we found Infit-MNSQ 0.72 
and Outfit-MNSQ 0.23. However, we assume acceptable 
conformity to the Rasch model for both items: On the one hand, 
the T-value for Infit-MNSQ is −0.64 for both items, thus, within 
the acceptable range of |T|< 2 (Wu et al., 2007). On the other 
hand, the T-value for Outfit-MNSQ is −2.66 for both items 
indicating overfit, which is regarded as unproblematic (Jude, 
2006). For the remaining items, outfit statistics ranging from 
0.59 (Item 8) to 1.58 (Item 7) and infit statistics ranging from 
0.74 (Item 10) to 1.27 (Item 7) were found.

The Wright-Map analysis confirms the assumption that 
different items have different difficulty levels (cf. Figure 2). 
The person abilities range from around −4 to around 3 logits, 
while the item difficulties do not exceed 1.77 logits. Hence, at 
the upper end of the scale (person ability > 2.0 logits), there is 
a lack of suitable items to optimally record and differentiate 
between persons with different levels of competence. In 
addition, some tasks seem to capture the same area of person 
ability concerning the latent variable (e.g., items 5, 6, and 
9). The mean item difficulty is −0.61 logits reflecting that (i) 
higher performance ranges are slightly dominant and that (ii) 
individual items tend to be too easy. However, a substantial 
match between item difficulties and person abilities may be 
observed.

In Figure 3, the item-characteristic curves for all eleven items 
of the German version of the Density Survey are shown.

German Secondary School Students’ Difficulties with 
Density Concepts
Using incorrect answers where the respondents stated they 
were sure or very sure, we explored student difficulties that 
German secondary school students have with aspects of 

Table 3: Item analysis results in the overview

Item Difficulty 
index

Discriminatory 
index

α if item 
deleted 

1 0.94 0.42 0.76
2 0.32 0.49 0.74
3 0.94 0.42 0.76
4 0.44 0.53 0.73
5 0.56 0.68 0.71
6 0.57 0.35 0.76
7 0.67 0.21 0.77
8 0.21 0.56 0.73
9 0.51 0.40 0.75
10 0.40 0.68 0.71
11 0.67 0.03 0.80 Figure 2: Wright-Map

Figure 1: Box plot showing the distribution of students’ test scores
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density. This process made it possible to replicate student 
difficulties on density from the literature (cf. Kang et al., 2004; 
Smith et al., 1986; Stepans, 1986).

A general difficulty that we observed is that students mix up 
quantities such as mass, volume, or density with the size of a 
given object. This student difficulty has already been reported 
by Yeend et al. (2001). For example, Item 2 refers to three 
identical width and height pieces cut from a straight, uniform 
plank piece (homogeneous). Here, 39% of the respondents 
were sure that the density of the largest piece (in length) 
would be greatest, while 17% were sure that the smallest piece 
would have the greatest density. A similar observation can be 
drawn from the responses to Item 5: In this item, the students 
are confronted with a jeweler cutting a small piece from a 
large uncut diamond. Students were then asked to compare 
the density of the original diamond to that of the small cut 
piece. Again 22% of the students answered that the density 
of the small piece would be smaller than the density of the 
original diamond and indicated that they were very sure that 
their answer was correct.

In Item 8, students were first told that a balloon taken outside 
on a freezing day would shrink even though no air escapes from 
the balloon. They were then asked to compare the air mass 
in the balloon before and after shrinkage. In our study, 61% 
of the students stated that the mass of the air would decrease 
and reported that they were (very) sure that their answer was 
correct. Hence, nearly two-thirds did not seem to be aware 
of the conservation of mass. In Item 9, even 22% answered 
that the air volume inside the balloon would be the same after 
shrinking compared to before.

Consequently, 33% of the students also thought that the 
air density in the balloon after shrinking was smaller than 
before (Item 10), while 5% answered that the density would 
be constant. This supports that several student difficulties 

with density concepts originate from a mix of quantities such 
as mass, volume, or density with the size of a given object. 
From the results for the last-mentioned Item 10, it can also 
be deduced that a proportion of the students do not seem to 
be aware of the temperature dependence of air density. Stavy 
et al. (2002) argue that many learners’ conceptions are based 
on the More A-More B principle, which is also reflected by the 
results of our study with German secondary school students.

DISCUSSION AND CONCLUSION
This article reports on a translation and adaption of the Density 
Survey, a concept inventory on density, into the German 
language. The aim was to enable teachers to survey their 
students’ conceptual knowledge of density in a time-efficient 
way because density plays an essential role in introductory 
physics education in Germany, as shown in this paper’s 
introduction.

A pilot study with 222 German secondary school students 
revealed that the German version of the instrument has 
acceptable to good psychometric properties and allows for 
a reliable assessment of learners’ conceptual knowledge 
about density. A  Rasch analysis confirmed these findings, 
and the Wright-Map shows that substantial correspondences 
between item difficulties and person abilities can be observed. 
Nevertheless, the future research needs to address a revision 
of some items (e.g., Items 1 and 3). Furthermore, the inclusion 
of additional items at the upper end of the scale should be 
considered to be able to distinguish between persons with 
different levels of competence, even in the area of high person 
abilities. However, the creation of additional items must always 
be considered carefully because the time-efficient applicability 
of the assessment in classroom scenarios must be maintained.

The results of our pilot study presented in this article can serve 
as a baseline for traditional introductory physics courses in 

Figure 3: Item-characteristic curves for all items
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high schools in German-speaking countries. Teachers who 
cover the same concepts of density in their courses with 
an innovative teaching sequence or pedagogy can compare 
their own students’ performance with those presented in this 
article to assess the effectiveness of their teaching approach. 
In addition, we have shown how our German version of the 
Density Survey can be used to collect student difficulties. The 
student difficulties that we found may inform physics education 
in Germany and beyond, and we provide a recommendation 
for classroom practice below.

We analyzed how confident the students were in their answer 
selections on the different test items to collect student 
difficulties. Incorrect answers where learners state that 
they were sure or very sure indicate the presence of student 
difficulties. We were able to replicate numerous difficulties 
found in the previous studies. However, we conclude by 
focusing on a particular problem that we uncovered: We 
found that a subset of learners perceives density as a constant 
quantity that is not temperature-dependent. Based on this 
result, we recommend that temperature dependence be 
addressed explicitly from the very beginning when it comes to 
introducing density in the classroom: In the case of gases, the 
temperature dependence of density is immediately obtained 
from Gay-Lussac’s law (i.e., for constant pressure), and from 
our point of view introducing the density anomaly of water 
represents a further possibility to circumvent the preconception 
that density would not depend on temperature.
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and that all participants are informed about the publication of 
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