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Abstract: The awareness that many problems in our society are interdisciplinary in nature and require
the integration of multiple STEM (Science, Technology, Engineering, Mathematics) concepts to solve
them has given rise to a new instructional approach, called “integrated STEM education”. Integrated
STEM education aims to remove the barriers from the STEM fields and has the potential to increase
students’ interest and motivation for learning, as well as to lead to improved achievement. It is
important to assess the effectiveness of educational STEM initiatives in terms of students’ integrating
ability, but to date, no such instruments are available. This study provides a definition of “integrating
ability” and establishes a framework for understanding its components. Based on this definition and
framework, a multiple-choice instrument for testing integrated physics and mathematics in the ninth
grade (IPM9) was developed and validated. The definition and framework for integrating ability
and the construction guidelines for an integrated test, can be used by researchers to assess students’
ability to integrate STEM subjects.

Keywords: integrating ability; integrated STEM; STEM education; STEM evaluation

1. Introduction

Growing concerns about students’ achievement in and motivation for science, technol-
ogy, engineering and mathematics (STEM) has led to much attention being paid to STEM
education. To face the challenges of the current knowledge-based society in a growing
global economy, high-quality educational STEM programs are necessary [1,2]. The aware-
ness that many problems in our ever-changing society are interdisciplinary in nature and
require the integration of multiple STEM concepts to solve them has given rise to a new
instructional approach called the “integrated STEM education” [3–5].

1.1. Integrated STEM Education

According to Sanders [6] (2009, p. 21), integrated STEM is “an approach that ex-
plores teaching and learning between/among any two or more of the STEM subject areas,
and/or between a STEM subject and one or more other school subjects”. We conceptualize
integrated STEM education as tasks that require students to use knowledge and skills

Educ. Sci. 2023, 13, 249. https://doi.org/10.3390/educsci13030249 https://www.mdpi.com/journal/education

https://doi.org/10.3390/educsci13030249
https://doi.org/10.3390/educsci13030249
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/education
https://www.mdpi.com
https://orcid.org/0000-0002-9810-7804
https://orcid.org/0000-0002-7709-6341
https://orcid.org/0000-0001-5440-1318
https://orcid.org/0000-0002-4078-7800
https://doi.org/10.3390/educsci13030249
https://www.mdpi.com/journal/education
https://www.mdpi.com/article/10.3390/educsci13030249?type=check_update&version=1


Educ. Sci. 2023, 13, 249 2 of 13

from multiple disciplines, adopting an interdisciplinary approach [7]. In the literature,
the metaphor of chicken noodle soup versus tomato soup is often used to illuminate the
difference between a multidisciplinary approach and an interdisciplinary approach [8]. The
chicken noodle soup represents multidisciplinary integration. All ingredients are separately
recognizable and maintain their identity in the larger soup of integration. However, the
tomato soup, which represents the interdisciplinary integration, is a mixture of blurry
ingredients. When we translate this into integrated STEM education, we could argue
that a multidisciplinary approach starts from subject-based content and skills, from which
students form connections between the subjects that were addressed in different classes [3].
An interdisciplinary approach in integrated STEM education would start from a (mixed)
problem that requires the understanding of content and skills of multiple subjects. Hence,
the starting point in multidisciplinarity is content and skills, where the starting point in
interdisciplinarity is the problem.

In this paper, we approach integrated STEM education as an interdisciplinary construct.
Accordingly, integrated STEM education is defined as problem-based education that aims
to merge the content fields of the different STEM areas into a single curricular project. This
project emphasizes concepts and their application from across the four disciplines [9]. The
removal of the barriers between these disciplines demands an educational approach in
which students participate in engineering design and research. The adoption of integrated
STEM education in secondary education is promising; by integrating science, technology,
engineering and mathematics, students gain a deeper conceptual understanding and
learn to recognize the relevance of the subjects in relation to each other and to real-world
problems [10]. Thus, integrated STEM education has the potential to increase students’
interest in STEM learning [11], as well as to lead to improved achievement [10].

1.2. Evaluating Integrated STEM Education

Despite the promising effects of integrated STEM education and the development of
various programs (e.g., [4,12]), less attention has been given to a sound way to evaluate the
degree to which students are able to handle interdisciplinary problems by using concepts
from different STEM areas. One likely reason for this gap in the literature is that assessing
integrated ability in an interdisciplinary STEM context is not straightforward [13]. Existing
studies that investigate the effectiveness of integrated STEM (e.g., [10,14,15]) often fail to
provide a clear definition of the measured construct. Moreover, little explanation of the
integrated nature of the test questions is given. Some researchers do report the use of
integrated questions in their studies, but do not include a definition of integrating ability.
Depelteau et al. [14], for example, examined the effects of “Symbiosis”, a biology-math
integrated curriculum. They developed a concept test, consisting of 33 items that were
identified as either “predominantly math”, “predominantly biology”, or as “truly integrated
conceptually”. However, no information was given about what exactly constitutes a “truly
integrated” question. Kiray and Kaptan [15] investigated the effects of an integrated science
and mathematics program on the achievements of eighth-grade students. A multiple-choice
test consisting of 30 questions in three categories (“only science”, “integrated science/math”
and “overall”) was created. In this study as well, no details about the nature of the
integrated questions were provided. The lack of conceptual clarity in previous studies
indicates the need for a thorough definition and conceptualization of students’ ability
to integrate. Thus, the integrated STEM literature is in need of a clear definition and
conceptualization of integrating abilities.

As well as a clear definition of integrating ability, an instrument to assess integrating
ability is also needed. Douglas et al. [16] have described the possibilities of assessment
practices when it comes to making inferences about learners’ STEM-related competences
and their ability to make connections between different STEM subjects. To make claims
about the effectiveness of integrated STEM approaches, students’ ability to make connec-
tions between the different STEM subjects should be tested with integrated questions. In
integrated questions, the content knowledge or application of at least two STEM domains
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should be utilized to solve the given question. For instance, one should apply the con-
cept of a force (physics) and a vector (mathematics) to obtain a solution. Note that many
physics application questions are often integrated questions as they require both physics
and mathematics. However, in a true integrated question, both elements are intentionally
included, and the student needs to understand both the physical and the mathematical
concept to solve the problem. The ability to integrate both concepts in the given context is
what eventually constitutes the integrating ability.

Effectiveness studies regarding integrated STEM education have focused mainly on
students’ achievement in separate subjects (e.g., [17]), but research into the impact on
students’ ability to make connections between disciplines is scarce [7,11]. One of the main
challenges is the design of an assessment instrument that covers the integration of the
numerous concepts and skills inherent to STEM. To our current knowledge, no validated
instrument has been developed that specifically assesses the ability to integrate STEM.

To summarize, the ability to integrate across STEM disciplines has not yet been
captured by a clear definition. Moreover, no assessment instrument exists that specifically
covers integration ability. The current study aims at developing a theoretically supported
and empirically validated instrument to measure students’ ability to solve integrated
physics and mathematics problems, thus providing a first step towards fully assessing
the effectiveness of integrated STEM instructional approaches (i.e., not only assessing
separate STEM contents, but also assessing the ability to integrate STEM contents). To
do so, we provide a definition and a framework for integrating ability. Based on this
conceptualization, we then present the development and validation of an instrument to
contribute to research in STEM education.

1.3. “Integrating Ability”: Definition and Framework

We define integrating ability as the ability to purposefully combine recently acquired
knowledge and skills from two or more distinct STEM disciplines to solve a problem in a
familiar context that necessitates this very combination to solve it. In this study, “recently”
covers the time frame of the ongoing school year and refers to the integration of new
learning content (and not already-acquired knowledge and skills) through its application
in other disciplines. A “familiar context” is a context that has been addressed during
classroom activities. The knowledge and skills mentioned in the definition are those that
are typically attributed to discipline-specific curricula but share cross-disciplinarily related
underlying concepts.

The ability to solve integrated problems, however, cannot merely be defined as finding
the correct solution to integrated problems. To illustrate this issue, we use a metaphor of
constructing a wall with building blocks. There are two types of building blocks: high-
quality ones which are perfectly rectangular, and ill-shaped ones. Besides the quality of
the building blocks, the skill of the builder is also crucial to construct a stable wall: expert
builders can arrange the bricks perfectly, while less competent builders cannot. Giving
the builders access to the two types of building blocks can result in four different possible
outcomes for the wall, as represented in Figure 1: (1) a well-structured wall with good-
quality bricks, (2) a well-structured wall with ill-shaped bricks, (3) a badly-structured wall
with good-quality bricks and (4) a badly-structured wall with ill-shaped bricks.

The ability to build a well-structured wall represents synthesizing ability (i.e., the
ability to select and combine STEM concepts) and the good-quality building blocks repre-
sent the appropriate content knowledge. Integrating ability combines these two notions
in order to correctly solve an integrated problem. In Table 1, the four possible situations
are displayed. The presence of synthesizing ability (Table 1, Situation 2) is a condition for
integrating ability (Table 1, Situation 1), i.e., employing the present synthesizing ability
by making use of the appropriate content knowledge. Theoretically, it is possible for the
synthesizing ability to be present, but the appropriate content knowledge not to be present,
which would lead to an incorrect answer. We assume that all participants who answer
the question correctly find themselves in Situation 1, except where a fortunate guess was
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made. If we wanted to measure synthesizing ability separately from content knowledge,
(a) additional discipline-specific questions that evaluate the presence of the appropriate
content knowledge would need to precede the integrated questions, and (b) with the inte-
grated questions, the appropriate content knowledge would need to be provided. Thus, the
present instrument only measures integrating ability without making separate statements
about synthesizing ability.

Educ. Sci. 2023, 13, x FOR PEER REVIEW 4 of 15 
 

the building blocks, the skill of the builder is also crucial to construct a stable wall: expert 

builders can arrange the bricks perfectly, while less competent builders cannot. Giving the 

builders access to the two types of building blocks can result in four different possible 

outcomes for the wall, as represented in Figure 1: (1) a well-structured wall with good-

quality bricks, (2) a well-structured wall with ill-shaped bricks, (3) a badly-structured wall 

with good-quality bricks and (4) a badly-structured wall with ill-shaped bricks. 

The ability to build a well-structured wall represents synthesizing ability (i.e., the 

ability to select and combine STEM concepts) and the good-quality building blocks repre-

sent the appropriate content knowledge. Integrating ability combines these two notions 

in order to correctly solve an integrated problem. In Table 1, the four possible situations 

are displayed. The presence of synthesizing ability (Table 1, Situation 2) is a condition for 

integrating ability (Table 1, Situation 1), i.e., employing the present synthesizing ability 

by making use of the appropriate content knowledge. Theoretically, it is possible for the 

synthesizing ability to be present, but the appropriate content knowledge not to be pre-

sent, which would lead to an incorrect answer. We assume that all participants who an-

swer the question correctly find themselves in Situation 1, except where a fortunate guess 

was made. If we wanted to measure synthesizing ability separately from content 

knowledge, (a) additional discipline-specific questions that evaluate the presence of the 

appropriate content knowledge would need to precede the integrated questions, and (b) 

with the integrated questions, the appropriate content knowledge would need to be pro-

vided. Thus, the present instrument only measures integrating ability without making 

separate statements about synthesizing ability. 

 

Figure 1. Constructing a wall with building blocks as a metaphor for integrating ability: four situa-

tions. 

Table 1. Combinations of integrated ability presence and content knowledge appropriateness. 
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four situations.

Table 1. Combinations of integrated ability presence and content knowledge appropriateness.

Appropriate Content
Knowledge

Inappropriate Content
Knowledge

Synthesizing ability present Situation 1 1 Situation 2
Synthesizing ability absent Situation 3 Situation 4

1 Blank cases result in a correct answer; grey cases result in an incorrect answer (except where a fortunate guess
is made).

In this study, we focus on students’ integrating ability for physics and mathematics.
In Table 2, an example can be found of an integrated physics–math problem, applied to the
four possible situations.

Given the importance of integrated STEM education, and given the need to assess
educational initiatives regarding this integrated approach, good instruments to evaluate the
effectiveness of these initiatives are necessary. Students’ ability to integrate STEM concepts
is one important outcome in the evaluation of educational initiatives regarding integrated
STEM. This section has provided a definition and a framework for integrating ability. In
the next section, the development of a multiple-choice instrument for integrated physics
and mathematics for the ninth grade will be presented.
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Table 2. Example of an integrated physics–mathematics problem, applied to the four possi-
ble situations.

Question: Driver A drives on a straight road from north to south with a constant speed of 15 m/s.
Driver B is driving on the same road from south to north with a constant speed of 20 m/s. At time
“t = 0 s”, the two drivers are 1 km apart and driving towards each other.
Determine the position and the time at which the two drivers cross each other.

Steps towards the ideal answer:

(1) Driver A and B perform a uniform linear motion which can be described by a linear
equation: x(t) = x0+v · t;

(2) The origin (t 0, x0) of the reference system must be defined. The reference time is chosen to
be t0= 0 s. In this solution, the initial position of Driver A is chosen to be the reference
position: x0A= xA(t 0) = 0 m. The initial position of Driver B with respect to this reference
position is then: x0B= xB(t 0) = 1000 m;

(3) The linear equation describing Driver A’s motion is: xA(t) = 15 m/s · t, with the initial
position at x0A= xA(t 0) = 0 m and the linear equation describing Driver B’s motion is:
xB(t) = 1000 m − 20 m/s · t;

(4) To determine the position and time at which the two drivers cross, it must be true that the
positions of the cars are equal; the corresponding time is then the time of crossing. The
system of equations describing the motion of the cars must be constructed and solved;

(5) Setting x = xA= xB, the following system of equations has to be solved:{
x = 15 m/s · t

x = 1000 m − 20 m/s · t ;

(6) The system of equations must be solved for x and t, where x and t are the position and time
of crossing, respectively;

(7) The straightforward method to solve the system of equations, i.e., calculate the intersection,
is as follows:
x = 15 m/s · t = 1000 m − 20 m/s · t ⇔ 35 m/s · t = 1000 m ⇔ t = 1000 m / (35 m/s) ,
thus x = 15 m/s · 1000 m / (35 m/s) = 15000/35 m;

(8) The drivers cross each other at position xA= xB= 15000/35 m at time t = 1000/35 s.

Synthesizing ability present Synthesizing ability absent

Appropriate content
knowledge

Steps (1) through (8) of the
ideal answer are present in
some form.
The respondent understands
the concepts of speed and
velocity and understands that
both cars perform a uniform
linear motion described by a
linear equation. The
respondent can set up the
equations for the drivers and
understands that to find the
crossing point, the system of
equations must be solved for x
and t. He/she is then able to
solve the system of equations.

No steps of the ideal answer
are present, except possibly
step (1).
The respondent writes down
some correct equations
relating to velocity (such as v
= ∆x/∆t) and position (such
as x(t) = x _0” + v · t), but does
not know what to do with
them. No mathematics are
present because the
respondent does not know
which mathematics to use,
though this does not mean the
respondent does not have the
appropriate mathematical
content knowledge; he/she
just does not know how it can
help solve the question.
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Table 2. Cont.

Inappropriate content
knowledge

The respondent understands
that Step (4) of the ideal
answer must be performed,
but cannot perform Steps
(1)–(3); even if the correct
equations were provided,
he/she would not be able to
perform Steps (5)–(8).
For example, the respondent
might write the equation for
Driver B without accounting
for the opposite direction of
the motion (i.e., the minus
sign for the velocity): xB(t)=
1000 m − 20 m/s · t”. Even if
the correct system of
equations were provided, the
respondent would not be able
to solve it correctly (e.g.,
he/she could only solve it for
x and would not understand
how to find the related time t).

None of the steps of the ideal
answer are present. The
respondent does not know
what to do at all. The answer
probably remains blank since
there is no, or incorrect,
content knowledge about
velocity, or the respondent
employs some incorrect
formulae for velocity. Likely
no mathematics will be
observable in the solution at
all since the respondent does
not know which mathematics
to use.

2. Method
2.1. Developing the Instrument

The goal of the study presented here is to capture students’ integrating ability. The
developed multiple-choice test targets students in Grade 9. Consequently, the test is referred
to as the Integrated Physics and Mathematics Test for Grade 9, abbreviated “IPM9”. Based
on our definition of integrating ability, the integrated content test was developed following
the standards for educational and psychological testing [18]. The development process had
six different steps, which were based on the standards for educational and psychological
testing of the American Psychological Association (APA [18]).

(1) Establishing the test format;
(2) Listing the physics and mathematics concepts that have been introduced in the ongo-

ing school year;
(3) Identifying cross-disciplinary links between these concepts;
(4) Developing draft items that cover these links;
(5) Having experts review these draft items;
(6) Implementing the experts’ feedback.

The IPM9 was developed by a multidisciplinary team consisting of engineers, physi-
cists, educational researchers and pedagogical advisors. Step (1) was performed by a
researcher with a background in educational research, who also executed the validation of
the instrument, and Steps (2)–(4) and (6) were performed by four researchers with back-
grounds in engineering or physics. Step (5) was performed by experts in content and test
design. As a first step, the choice for a multiple-choice format was made, in response to the
large number of participants. The second step involved listing all the new learning content
in physics and mathematics covered during the targeted grade, as can be seen in Table 3.

Once the concepts were listed, the third step was to identify links between these
concepts in order to construct integrated items. In the fourth step, 17 questions that
combined a physics concept (left column in Table 3) with a mathematical concept (right
column in Table 3) were developed. During the fifth step, the drafted items were handed
to experts (engineers, physicists and educational advisors). These experts verified the
formulation of the items as well as the content validity. The items had to be formulated
in an unambiguous way to prevent any misunderstandings or misinterpretations. The
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difficulty level of the items was also monitored by the experts. The feedback of the experts
was implemented in a new version of the items, which was the sixth and final step in the
development of the item battery and resulted in an item battery of 16 questions.

Table 3. List of new concepts regarding physics and mathematics.

Physics Mathematics

I. Position (uniformly accelerated linear motion)
II. Velocity (uniformly accelerated linear motion)

III. Average velocity
IV. Acceleration

V. Average acceleration
VI. Force

VII. Torque
VIII. Reflection of light
IX. Refraction of light

I. First-order function/equation
II. Slope

III. Surface trapezoid
IV. System of equations

V. Vector
VI. Sine, cosine, tangent

VII. Pythagoras

In Figure 2, an example of an integrated physics and mathematics item can be found.
This item is situated in the domain of mechanics, a context that is familiar to students,
since it has been regularly addressed in classroom problems throughout the ongoing school
year. To solve the problem, students should determine the resulting force on the tractor,
taking into account the nature of forces. They therefore have to apply mathematical ideas
concerning vector addition. As illustrated by this solving strategy, students need to combine
concepts from both physics and mathematics in an effective manner, hence giving evidence
of integrating ability.
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2.2. Validation of the Instrument
2.2.1. Participants

To validate the developed IPM9 items, a study was conducted among 988 Flemish
students (age: M = 13.85, SD = 0.55; gender ratio: boys:girls = 1.56). All participants were
in a curriculum with an emphasis on science, technology and mathematics, and attended
classes in 42 different schools. All were part of the STEM@School project [4].

2.2.2. Procedure

Before the actual administration, a pilot study was conducted with a smaller group of
372 students in order to investigate the psychometric qualities of the 16 developed items,
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which resulted in an item battery of 14 remaining questions. Two items were excluded
due to insufficient discrimination capability (discrimination value < 0.15). The pilot study
was also necessary to ensure the online test functioned well technically, and the questions
were understandable.

In the current study, the 14 items of the IPM9 were administered to 988 ninth graders
between the beginning and the end of May 2016 (=one month before the end of the ninth
grade). The items of the IPM9 were part of an overarching STEM test, concerning several
STEM fields. In this overarching test, all taught physics, mathematics, technology and
research competences were addressed.

Students completed the online tests in their schools during normal school hours. Eight
out of the 14 multiple choice questions were randomly presented to each student, as the
IPM9 had to fit into the provided time frame of the overarching STEM test. Students were
informed that only one out of the four alternatives was correct. Students could use and
integrate their prior content knowledge to solve the problem, as all knowledge and skills
were recently acquired during classroom activities. While students could principally utilize
all knowledge and skills (including long-acquired knowledge and skills), the questions were
designed in such a way that they specifically required more recently acquired knowledge
and skills (i.e., acquired in the time frame of the ongoing school year). A paper copy with a
list of formulae was provided to the students. The list contained the basic formulae that
were needed to solve some of the questions (e.g., the formula to calculate the circumference
of a circle) but not relevant to the assessed integrating ability. However, students were not
informed where given basic formulae should be utilized. The goal of the list of formulae
was to make sure that content knowledge about formulae would not prevent students
from giving the right answer. In other words, students still needed to be able to select and
integrate the right content knowledge (i.e., synthesizing ability) in order to give the right
answer. Students and their parents were provided with information about the aim of the
study and with a passive informed consent procedure, approved by an institutional ethical
committee, which accorded with the Belgian law on clinical trials.

2.2.3. Analysis of Instrument Validity

Item response theory (IRT) was used to investigate the psychometric qualities of the
IPM9, using latent trait models under IRT. The ltm-package of R-4.2.2 (open source software
for statistical computing) was used, which is fit for an analysis of multivariate dichotomous
data [19]. Item characteristics (i.e., difficulty and discrimination) were analyzed using
IRT, with the probability of item responses being regressed on the latent trait “integrating
ability”. Items with a discrimination value below 0.15 were removed from the item battery,
and IRT was reperformed with the remaining items. After IRT analysis, the reduced version
of the item battery was evaluated by the item developers to guarantee the content validity
of the scale.

IRT-based models are widely used in psychometric research for the assessment of
educational abilities [20]. In IRT, the underlying trait is often referred to as the Greek letter
theta (θ), with a mean of zero and a standard deviation of one. In the current validation
study, θ is conceptualized as “integrating ability”. The difficulty of an item is the ability
required to guarantee a 50% probability of answering the item correctly. Only participants
with a high degree of “integrating ability” will be able to answer the difficult items, which
implies they will only be answered correctly by a few individuals. Conversely, items with
lower difficulty values are likely to be answered correctly by participants with lower ability
as well, and thus answered correctly by many participants. Item discrimination, on the
other hand, is an index of an item’s capability to differentiate between students in different
positions on the latent “integrating ability”. This implies that persons with low ability
have a smaller chance of correctly responding than persons of higher ability and vice versa.
Items with a high discrimination value are better indicators of “integrating ability” than
items with a smaller discrimination value.
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Various IRT models exist with different assumptions and parameters. The Rasch
model is the most parsimonious IRT model for dichotomous items, and assumes all items
have a discrimination index of 1 logit, which is the slope of the item characteristic curve
(ICC). A less strict IRT model is the one-parameter logistic model (1-PL model), where the
discrimination index can have a value other than 1, and where all items have equivalent
discriminations. Within the two-parameter logistic model (2-PL model), all items that fit the
model can have different discrimination indices. The three-parameter logistic model (3-PL)
includes an item guessing parameter. The model with the best fit for the data was identified
by analysis of variance (ANOVA). Once the most suitable model had been selected, the
precision of each integrated item was calculated, and the test information function (which
presents the degree of precision at different values of “integrating ability”) was requested.

With regard to external validity, convergent validity and discriminant validity were
investigated with theoretically related concepts (i.e., physics application and mathematics
application) and theoretically unrelated concepts (i.e., technological concepts), respectively.

3. Results

In this study, analysis of variance (ANOVA) showed that the 2-PL model had the best
fit for the data. Estimators of the relative quality of the different measurement models can
be found in Table 4. After inspection of the infit values (which were close to zero) and
outfit values (which were close to one), we concluded that all items fitted well in the chosen
model. In Table 5, the discrimination value (α) and difficulty (β) of each item is presented.
Five items were omitted due to low discrimination values.

Table 4. Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC) and Log-
Likelihood values for the Rasch model, 1-PL model, 2-PL model and 3-PL model.

AIC BIC Log-Likelihood

Rash Model 5269 5315 −2625
1-PL model 5202 5253 −2591
2-PL model 5193 5285 −2579
3-PL model 5203 5342 −2576

Table 5. RT item parameter estimates for the IPM9: remaining item battery.

Items α β

I1 0.42 −0.92
I3 17.91 0.06
I4 0.38 0.69
I5 0.57 0.96
I7 0.18 2.09
I9 0.33 2.20
I10 0.24 3.47
I11 0.39 4.08
I13 0.31 5.60

The discrimination values for all the nine remaining items were above 0.15 (min. = 0.18,
max. = 17.91), which indicated that all items were able to differentiate between students
with divergent integrating ability. The discrimination value of Item 3 (α = 17.91) was
remarkably high, which positively affected the mean discrimination index of the nine
integrating ability items (M = 2.30, SD = 5.52). Difficulty varied between β = −0.92 and
β = 5.60, with Item 1 as least difficult and Item 13 as most difficult, respectively.

The precision of the IPM9 can be evaluated by the item information functions that are
calculated from the parameters displayed in Table 4. The test information function is the
sum of the item information functions and can be found in Figure 3.
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The test information function shows a sharp peak around θ = 0, due to the high
discrimination value of Item 3, which has a difficulty of 0.06. This means that the IPM9 is
very informative for students with a medium integrating ability.

The content validity of the remaining nine items was assessed by the developers who
had constructed the initial items of the IPM9. More specifically, the items needed to cover
all the new mathematics and physics learning content of the last school year. The remaining
items were still able to cover the definition and the aim of the integrated physics and
mathematics test. These results indicate that the IPM9 is a valid test of integrating ability
with discriminating items of varying difficulty.

External validity was investigated by comparing the IPM scores of students with
scores on physics, mathematics and technological concepts. As physics and mathematics
concepts are necessary to solve integrated questions (i.e., the presence of the appropriate
content knowledge) but are not sufficient to correctly answer an integrated question, we
would expect a weak positive correlation between these outcomes. The ability to answer
questions with regard to technological concepts, on the other hand, should be unrelated to
integrating ability. Hence, we expect no significant correlation between those constructs.
As Table 6 shows, a significant but moderate convergence between the IPM on the one hand
and the physics application and mathematics application on the other hand was found. This
illustrates that integrating ability is a qualitative different construct than the application of
physics or mathematics. No significant correlation with technological concepts was present.
Thus, we can conclude that the IPM exhibits satisfactory external validity.

Table 6. Correlations between IPM, physics application, mathematics application and technologi-
cal concepts.

Variables 1. 2. 3. 4.

1. IPM
2. Physics application 0.12 **

3. Mathematics application 0.19 *** 0.27 ***
4. Technological concepts −0.05 −0.07 ** −0.10 ***

Note. The scores on the variables are scores over time. ** p < 0.01; *** p < 0.001.

4. Discussion

With the increased interest in integrated STEM education, the need has arisen to
evaluate students’ abilities relating to integration. This paper provides a first step towards
evaluating students’ integrating ability. To accommodate the lack of a definition in the
literature, we formulated integrating ability as the ability to purposefully combine recently
acquired knowledge and skills from two or more distinct STEM disciplines to correctly
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solve a problem in a familiar context that necessitates this very combination to solve it. A
framework for understanding integrating ability and its components (i.e., synthesizing
ability and content knowledge) was also established. As synthesizing ability is difficult to
grasp without explicitly providing the necessary content knowledge, we focused on the
assessment of integrating ability.

Based on this definition and framework, we developed and validated an evaluation
instrument for ninth-grade students. After several steps in the development process,
this resulted in the IPM9: an instrument of nine multiple choice items with satisfactory
psychometric properties (all items had a satisfactory discrimination value).

4.1. Applications

The definition and framework can be used by researchers and practitioners to develop
new instruments regarding the ability to integrate STEM subjects. Since the differences
between concepts such as integrating ability, synthesizing ability and content knowledge
are clarified, this framework can be beneficial when it comes to making considered concep-
tual choices. In addition, this conceptual separation reveals which components should be
incorporated into a test. For instance, when a researcher aims to capture all the separate
components of integrating ability, the test should include discipline-specific content knowl-
edge questions, as well as synthesizing ability questions (which are integrated questions
where the appropriate content knowledge is provided). The definition and framework of
integrating ability in STEM provide clarity in making decisions regarding the assessment
of educational STEM initiatives. Moreover, this definition and framework has the potential
to be applicable in a wider context than that of STEM. This approach to integrating ability
could also be useful in relation to other subjects.

As for the integration of STEM content, our results indicate that this approach can be
used to develop an instrument to test integrating ability regarding physics and mathematics.
In this study, this approach resulted in the IPM9, which is a valid and reliable instrument
for assessing integrated physics and mathematics for students in the ninth grade. Note
that the specific learning goals which are incorporated into the IPM9 are determined by
context-dependent STEM curricula. Nevertheless, the IPM9 and its designing process are
widely applicable. First, the IPM9 could be useful in a research context that is similar to
the one in this study to evaluate educational initiatives regarding integrated STEM. For
instance, this test instrument could benefit research that examines differences between
STEM learning programs (e.g., traditional disciplinary curriculum versus cross-disciplinary
integrated curriculum), such as STEM@School [4]. Second, the theoretical approach and the
development process of this test are universally applicable, and the developed framework
can be used for constructing similar test instruments for integrating ability in all STEM
disciplines and for a broad range of ages.

It should be noted that this instrument is designed to be used as a research instrument,
not as an instrument to be adopted in an assessment context in class.

4.2. Limitations and Directions for Future Research

An important characteristic of the IPM9 is its potential to assess integrating ability. We
focused on integrating ability (which is the combination of synthesizing ability and content
knowledge) since the assessment of synthesizing ability alone is difficult without providing
the necessary content knowledge. As a result, in this study, no statements about synthe-
sizing ability could be made. Future studies aiming to distinguish between the different
components of integrating ability would need to incorporate separate content knowledge
questions. It could be argued that it is difficult to guarantee the presence of integrating
ability without explicitly testing content knowledge. However, no correct answer could be
obtained without having the appropriate content knowledge (as content knowledge is part
of integrating ability); consequently, a correct answer to a question regarding integrating
ability implicitly indicates the presence of appropriate content knowledge.
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The exception in which a correct answer is given to an integrating ability question
without having the appropriate content knowledge is that of a fortunate guess in a multiple-
choice test. However, several measures were taken to outweigh the impact of guessing
on the test results. First, distractor items were constructed so that the right answer was
intuitively not more plausible than the wrong answer. Second, the answer alternatives
were presented in a random order to each participant individually. Thus, we eliminated
the tendency of item constructors to “hide” the right answer in option C, which could unin-
tentionally nudge guessers to choose this option more often [21]. Third, we also examined
whether a three-parameter logistic model (i.e., with an item guessing parameter) better
fitted the data, which was not the case. Hence, a more parsimonious model was selected.

A second point of critique relates to the multiple-choice format of the test items,
which can essentially only answer the questions, “How many students pass or fail?” and
“Which incorrect responses are chosen most?”. It cannot easily answer the question, “Why
do students pass or fail?”. Future research could therefore extend this test with student
interviews, and request that students to follow a “think aloud” protocol, to gain further
insight into how students solve integrated questions.

Finally, it should be apparent that the IPM9 is a suitable test to evaluate the ability
to solve integrated physics and mathematics questions, but that it is only one possible
instrument to test integrating ability, and therefore not the gold standard for measuring
integrating ability in all possible contexts. Researchers should bear in mind that the IPM9
was tested in a specific country, and targeted concepts that were incorporated into the
national curricula. In addition, the IPM9 only incorporates physics and mathematics; it
does not include any other STEM subjects. Nonetheless, this study provides a definition, a
framework and a test construction guideline on which researchers can rely when developing
a test to evaluate the integrating ability of students.

5. Conclusions

This study has demonstrated the need for an instrument that can assess the integrating
ability of students in STEM subjects. A definition of integrating ability was provided,
as well as a theoretical framework. In addition, a test was constructed and validated to
determine the integrating ability of students in the ninth grade regarding physics and
mathematics. Despite some shortcomings, we believe that the contributions of this frame-
work and instrument could benefit both future research and the evaluation of STEM
education initiatives.
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