0949-149X/91 $3.00+0.00
(© 2013 TEMPUS Publications.

International Journal of Engineering Education Vol. 29, No. 1, pp. 107-118, 2013
Printed in Great Britain

Students’ Misunderstandings and Misconceptions in
Engineering Thinking*

ELENA TROTSKOVSKY
Department of Electrical and Electronics Engineering, ORT Braude College, Karmiel 21982, Israel. E-mail: elenatro@braude.ac.il

SHLOMO WAKS
Department of Education in Technology and Science, Technion—Israel Institute of Technology, Haifa 32000, Israel.
E-mail: waks@techunix.technion.ac.il

NISSIM SABAG
Department of Electrical and Electronics Engineering, ORT Braude College, Karmiel 21982, Israel. E-mail: nsabag@braude.ac.il

ORIT HAZZAN
Department of Education in Technology and Science, Technion—Israel Institute of Technology, Haifa 32000, Israel.
E-mail: oritha@techunix.technion.ac.il

It is well established that students’ misunderstandings and misconceptions frequently impede learning processes and
frustrate their best efforts. Little is known about how they relate to engineering thinking. We claim that some learning
difficulties are common to several engineering disciplines. The aim of the study presented in this paper is to answer the
question: What engineering-thinking misunderstandings and misconceptions are typical of students in the areas of
electronics, mechanical and software engineering? Based on analysis of interviews with experienced lecturers, this paper
presents three levels of students’ engineering-thinking misunderstandings, according to their generality. The first level
relates to misunderstandings of specific content learned in a concrete engineering discipline; the second level deals with
more general students’ problems in interpreting and integrating knowledge, which they typically make in several
engineering disciplines; and the third level describes misunderstandings characteristic of students in most engineering
disciplines. In addition, we discuss the match between the misunderstandings of students studying engineering disciplines

and the system of categories, which characterizes engineering thinking.
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1. Introduction

Most young engineers working in high-tech indus-
tries are involved in the design and development of
new products, i.e., in engineering design, which “is a
systematic, intelligent process in which designers
generate, evaluate, and specify concepts for devices,
systems, or processes whose form and function
achieve clients’ objectives or users’ needs while
satisfying a specified set of constraints.” [1, p.
104]. Many experts view engineering design as a
central engineering activity [e.g., 1, 2]. In our
opinion, a specific kind of thinking fuels and
shapes engineering design—i.e., engineering design
thinking [3]. We believe that developing engineering
design thinking among students in the course of
undergraduate studies is very important because it
can contribute to the maturation of novice engineers
and assist them greatly in their future design work.
Consequently, such development should be one of
the central aims of engineering education.

Over the last two decades, the opening of engi-
neering colleges in Israel has meant that more and
more people have access to academic engineering
education. As a result, today a very diverse popula-
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tion, from the point of view of knowledge base and
cognitive capabilities, is studying for engineering
degrees. It might increase the number of mistakes
existing in students’ thinking during their studies.
This paper deals with a specific kind of mistakes:
misunderstandings and misconceptions—namely,
interpreting engineering concepts incorrectly. We,
as educators, are in charge of helping our students
arrive at the correct understanding. It is also extre-
mely important to find pedagogical ways to avert
future difficulties that novice engineers may face
once they leave university or college, join the work-
force and perform their first design projects. This
situation encourages us to investigate students’
engineering-thinking misunderstandings and mis-
conceptions.

Despite the fact that the term students’ miscon-
ceptions is widely used in educational research
literature, we found no studies that investigate the
connection between students’ misunderstandings
and misconceptions in engineering disciplines and
the framework of engineering thinking. For exam-
ple, between 1996 and 2011 the three main journals
dealing with problems of academic engineering
education, the Journal of Engineering Education,
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the International Journal of Engineering Education,
and the European Journal of Engineering Education,
published over thirty papers on various aspects of
engineering or design thinking. These papers, how-
ever, mentioned only a few difficulties of students in
design and project courses that investigated stu-
dents’ cognitive activities and misconceptions con-
cerning concrete engineering disciplines.

The purpose of the current study is to reduce this
research gap, at least partially, and to answer the
following question: “What engineering-thinking
misunderstandings and misconceptions are typical
of students studying mechanical, software, electric
and electronics engineering?”’

In what follows, we describe the existing
approaches toward the analysis of misunderstand-
ing and misconceptions, especially in engineering
disciplines. Then, we depict the characterization
and categorization of engineering design thinking.
Afterwards, we present our research method and the
results: a classification of students’ misunderstand-
ing and misconceptions and the linkage between
these difficulties and the categorization of engineer-
ing design thinking [3].

2. Students’ misunderstandings and
misconceptions

According to the classical approach to errors and
misconceptions [4], students come to class with early
theories based on their daily experience, that is, with
intuitive perceptions. Systematic errors in thinking
are the results of these perceptions [5]. There are
many definitions for the term students’ misconcep-
tions. Cromley and Mislevy suggest that “There are
ideas derived from daily experience that students
bring to their learning experience and that contra-
dict scientificunderstanding and [are] often resistant
to change” [6].

The most common term for students’ prior
ideas—misconception—emphasizes the mistaken
character of prior knowledge. Still, a misconception
can also be defined differently—e.g., as alternative
conceptions, preconceptions and naive beliefs. Dif-
ferent definitions “reflect differences in how
researchers have characterized the cognitive proper-
ties of student ideas and their relation to expert
concepts” [7]. Researchers use other terms to
describe similar phenomena of misunderstanding:
phenomenological primitives or p-prims [7], naive
conceptions [8], intuitive [9] or naive knowledge
[10]. Regardless of which definition is the correct
one, all these terms refer to students’ prior knowl-
edge, which is inconsistent with or contradicts the
new scientific knowledge that they are learning. This
situation can, therefore, cause a cognitive conflict
for students.

In their classic study, Smith et al [7] formulated
central features about misconception research:

1. Students have misconceptions—this assertion
rejects the view of a students’ prior knowledge
as a tabula rasa.

2. Misconceptions originate in prior learning—
they may be the result of everyday experiences
of physical phenomena or incorrect general-
ization of prior knowledge when grappling
with new mathematics tasks.

3. Misconceptions can be stable and widespread
among students. They can be strongly held and
resistant to change—misconceptions consis-
tently appear before and after lessons or
instruction, in substantial numbers of students
and adults, and coexist alongside correct ideas.

4. Misconceptions interfere with learning—they
affect the learning process.

5. Misconceptions must be replaced—*“Learning
involves the acquisition of expert concepts and
the dispelling of misconceptions” [7, p. 122].

6. Instruction should confront misconceptions—
in order to surrender their misconceptions,
students must see the disparity between them
and the expert concepts and the advantages of
the latter.

7. Research should identify misconceptions.

Smith ef al’s study defined the main directions
taken by educational research of misconceptions
in the last twenty years. Most studies in this field aim
to identify various misconceptions in numerous
science and engineering disciplines. Thus, in mathe-
matics and physics this type of research covers many
topics. In physics, for example, misconceptions in
the following areas were widely researched: classic
mechanics [8, 11], quantum mechanics [12], light
[13], magnetic induction [14], floating and sinking
[15], and gas laws [16]. Even the University of Dallas
has posted on its website a guide to enhancing
conceptual understanding that includes a list of
preconceptions and misconceptions in all areas of
physics [17]. On the other hand, the research of
misconceptions in engineering disciplines is less
advanced and developed [18]. Usually, such
research deals with identifying specific misconcep-
tions in concrete topics; for example, in the applica-
tion of both force and moment equilibrium in statics
[10]; the rate and amount of heat transfer and
impact of entropy on the efficiency of real systems
in thermodynamics [19]; highlighting an indivi-
dual’s misconceptions on electrical circuits [20];
misunderstanding of the concepts of frequency
response in signals and systems [21]; structural
modeling in civil engineering [22]; and misconcep-
tions about the flip-flop state in digital logic design



Students’ Misunderstandings and Misconceptions in Engineering Thinking 109

[23]. In [24] educational researchers try to describe
the most difficult concepts in engineering science.

Nevertheless, the pedagogical implications,
which are directed toward overcoming and repla-
cing the misunderstandings by clear science and
engineering concepts, are backed by a significantly
smaller group of studies in the fields of science and
engineering educational research. Smith er al.’s
words, written in 1993, are still relevant today:
“Much less emphasis was given to modeling the
learning of successful students in those domains, to
characterizing how misconceptions evolve, or to
describing the nature of instruction that successfully
promotes such learning” [7, p. 123]. Generally,
researchers in the field of engineering education
are satisfied with offering recommendations that
can help overcome students’ misunderstanding
and misconceptions. They, for example, counsel
instructors and educators:

e to take into consideration students’ tendencies to
make errors [10];

e to highlight individual misconceptions in order to
help each one recognize his or her misconceptions
and to support self-assessment [20];

e to rebuild curricula with emphasis on problem
solving and real-world projecting [22];

e to agree on a standard definition of different
terms that lecturers commonly use for the same
specific concepts [23].

Some researchers distinguish between misunder-
standing and misconceptions [18]. Acquisition of
new knowledge may lead to misunderstanding. This
happens when the student acquires an interpreta-
tion, which he or she believes is correct, but that
conflicts with a purely scientific view. In contrast,
misconceptions occur when students use prior or
initial knowledge when absorbing new scientific
ideas. Misunderstandings usually relate to the
level of difficulty of the material students are study-
ing, and are relatively easy to overcome by repeated
in-depth explanations. When a person realizes that
he or she has misunderstood, he or she can correct
the mistake relatively quickly. Misconceptions, on
the other hand, are stable thought tendencies and
are very resistant to change. Additionally, miscon-
ceptions are robust, they appear in a large number
of students, and overcoming them requires a funda-
mental change in the learners’ concepts.

In engineering courses, lecturers and instructors
usually teach concepts, ideas and approaches that
are new to the learner. Because they do not have
preliminary experience related to these engineering
concepts, we propose to classify students’ mistakes
as misunderstandings. Still, while absorbing new
ideas, the student may use his or her prior mistaken
knowledge, and so misunderstandings and miscon-

ceptions can intertwine. In other words, sometimes
it is difficult to identify the reason for a student’s
specific error clearly—was it a misunderstanding or
was it a misconception? Our major concern is that if
they are not handled properly, these misunder-
standings will become misconceptions and
entrenched in the thinking of the future engineers.
In our first step toward identifying misconceptions,
we refer to both misunderstandings and misconcep-
tions as misunderstandings without distinguishing
between them. Using the results presented in the
current paper, we plan to conduct an additional
study that will deal with identified misunderstand-
ings and misconceptions in detail.

3. Engineering design thinking

The Accreditation Board for Engineering and Tech-
nology (ABET) defines a set of eleven abilities
required of graduate engineers [25]. Several authors
[26, 27] use this set as a base for the research of
engineering students’ cognitive activities. Other
researchers identify effective engineer qualities and
mental characteristics [28—30]. Another approach to
analyzing engineering design thinking leans
towards the development of theories, models, and
schemes of cognitive processes in engineering
design. As a result, a number of theories appear in
the literature. De Bono [31] developed the theory of
lateral and vertical design thinking that relates to
the creative processes of new ideas and the sequen-
tial processes of their development. Eris [32] pro-
posed the divergent-convergent inquiry-based
design thinking model that links the phase of con-
cept creation in the design process with convergent
thinking, and the phase of decision-making and
specification with divergent thinking. Lawson [33]
and Kroll et al. [34] offered design process schemes
that emphasize the iterative nature of design think-
ing.

The study by Waks et al. [3], which focused on the
characterization and categorization of engineering
design thinking in electronics engineering design,
takes into consideration both attitudes—identifica-
tion of cognitive skills and development of design
thinking schemes. In the study, we identified five
main engineering design-thinking categories and
organized them in a schematic representation, pre-
sented in Fig. 1. We relate not only to pure cognitive
factors, but also to additional aspects such as
linkages to environment and motivation, which, as
it turns out, can affect cognitive processes.

Category (1) comprises the aims towards which
engineering thinking is directed. Category (2) is the
knowledge and tools on which engineering thinking
is based. Category (3), the central category, consti-
tutes engineering thinking itself. Two additional
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Fig. 1. Schematic representation of the research categorization
system

categories are the environment (4) and motivation
for success (5) (external and internal factors), which
also affect cognitive processes. All the categories
include several sub-categories, which describe dif-
ferent cognitive characteristics and processes.
Table 1 shows the first three categories, which
were revealed in previous research, including most
of their sub-categories that are relevant for the
present study as well. A short explanation of these
categories and sub-categories appears below.

3.1 Aims

Engineering design is directed toward the creation
of new technological components, devices and sys-
tems. The aim of engineering can, thus, be seen as
the application of existing knowledge to meet
human needs.

3.2 Knowledge and tools

One characterization of engineering process empha-
sizes three components of engineering: problem
solving (consisting of the systematic processes that
engineers use to define and solve problems), knowl-
edge (consisting of the specialized knowledge that
enables and fuels the problem solving process), and
the integration of process and knowledge [35].
“Thus knowledge, including conceptual knowl-
edge, is central to the practice of engineering’ [24,
p. 280].

3.2.1 Creation of a knowledge base

This sub-category illustrates the cognitive processes
of knowledge acquisition, mainly in the sphere of

Table 1. Thinking aspects of engineering design

academic education. In the course of education, the
student gains new theoretical and practical knowl-
edge and develops high thinking skills that he or she
will use in future engineering practice. Undergoing
these processes is inevitable for engineers.

3.2.2 Collecting and learning relevant knowledge

The engineer, while looking for a solution to a new
problem, must first acquire missing knowledge by
collecting and studying all possible relevant knowl-
edge. The actual process of looking for relevant data
in a wide scope of disciplines expands the indivi-
dual’s knowledge base and may help, on the one
hand, to find an optimal solution to an engineering
problem (as presented in Section 3.3.5) and, on the
other hand, to find new knowledge and tools.
Ceaseless expansion of scientific knowledge and
fast development of engineering tools stimulate
the process of collecting and studying new relevant
knowledge, which is an inherent part of engineering
work throughout an engineer’s career.

3.2.3 Application of models and laws in engineering
design

When creating new real systems, the engineer uses
an engineering tool kit that includes a collection of
new and well-known theoretical as well as practical
methods and models. These engineering resources
are based on scientific laws, but are mainly applica-
tive in character. Thus, engineering models may
differ from scientific models by their degree of
accuracy.

3.2.4 Using heuristics

Engineering design is intended for concrete practi-
cal purposes. Accordingly, it can use heuristics. A
heuristic is a practice rule that distills the essence of
experience. In engineering design, one cannot
always find a theoretical explanation for such
rules. The high complexity of modern systems, the
intricacy of engineering problems and, sometimes,
the lack of tools to deal with them, can explain the
approach of applying heuristics to engineering
design.

Category Num. Sub-category
1. Aims 1.1 Knowledge application: Directed to a new product
2. Knowledge and tools 2.1 Creation of a knowledge base
2.2 Collecting and learning relevant knowledge
2.3 Application of models and laws
2.4 Using heuristics
3. Thinking 3.1 Synthesis, aspiration to understand how
32 Concrete thinking
33 Systems thinking
3.4 Advance toward the desirable
35 Optimal solution
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3.3 Thinking

Thinking is the central issue in our category system.
It relates to the engineer’s cognitive approaches and
processes.

3.3.1 Synthesis, aspiration to understand ‘how’

In the process of creating a new object or device, the
engineer must understand how to build and assem-
ble the elements of the new system that will meet the
product’s requirements. Therefore, the engineer
deals with synthesis or “putting elements together
to form a coherent or functional whole; reorganiz-
ing elements into a new pattern or structure through
generating, planning, or producing. Creating
requires users to put parts together in a new way
or synthesize parts into something new and different
anew form or product™ [38, p. 35]. Nevertheless, the
engineer also applies an analytic process in the
selection of appropriate solutions and alternatives
and in decision-making processes. It seems that in
engineering design the cognitive processes of analy-
sis and synthesis are expressed as interwoven cog-
nitive modes.

3.3.2 Concrete thinking

In the process of product development, the engineer
translates the customer’s demands into the technical
requirements of the developed system. He or she
chooses components that possess specific proper-
ties, defines their work modes, and uses materials
with specific characteristics. In the last stages of the
design process, the engineer performs tests and
makes decision about the fitting of the developed
systems’ characteristics to the technical require-
ments. Moreover, the fact that the complexity of
modern technological systems results in compo-
nents having mutual influences on each other
means that the engineer must be able to predict
undesirable effects and determine how to neutralize
them when they occur. It is evident that most of
these mental actions are relatively concrete.

3.3.3 Systems thinking

The engineer, when developing large and complex
technological systems, must “‘look at the whole, and
the parts, and the connections between the parts,
studying the whole in order to understand the parts”
[37, p. 26]. In his characterization of engineering
system thinking, Frank claims: “The whole has to
be seen as well as the interaction between the
system’s elements . . . A problem should not be
solved by just dismantling it to parts but all its
implications have to be taken into account. Each
activity in a system’s certain element affects the
other elements and the whole™ [38, p. 166].

3.3.4 Advance toward the desirable

The anticipated features of the developed product
are defined in the first stages of the design process. In
attempting to meet desired specifications, the engi-
neer uses an end-backward method: looking at the
desirable features of the product and planning
appropriate actions. One engineering strategy is a
means—end analysis in which the engineer continu-
ously evaluates the status of the developed product
and compares it with the desired goal in order to
reduce the gap between them [35]. The engineer
advances top-down, from the final system charac-
teristics to its elements and processes, while persis-
tently checking whether he or she has deviated from
the predefined goals and making the necessary
corrections if deviations appear. This is advancing
toward the desirable.

3.3.5 Optimal solution

Reality constraints force the engineer to consider a
wide range of particular factors. This leads him or
her to strive to optimize the solution, i.e., to achieve
the best possible solution under given conditions.
Lawson [33]emphasizes that the need for an optimal
solution appears when the engineer must meet
contradictory goals—for example, achieving max-
imal acceleration and minimal fuel consumption.
Therefore, an optimal solution can be found when
one balances contradictory demands.

We considered all these characteristics when
establishing the linkage between students’ miscon-
ceptions and misunderstandings and engineering
thinking.

4. Method

The study applied a qualitative research methodol-
ogy, 1.e., interpretive research [40]. The open inter-
view was chosen as the main data collection tool,
and a series of twenty-two in-depth interviews with
lecturers from academia was conducted. We pre-
ferred collecting information from lecturers rather
than from their students for reasons of efficiency:
one lecturer can report on many typical student
mistakes. Our interviewees were five professors,
sixteen senior lecturers and one young lecturer
from an engineering university and a college. Both
the university and the college offer mechanical,
software, electrical and electronics engineering pro-
grams. In order to collect information on common
difficulties among their students, our respondents
answered questions related to misunderstandings
and misconceptions that are representative of stu-
dents studying engineering courses and performing
design projects. These misunderstandings and mis-
conceptions found expression in student errors. We
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looked for these kinds of mistakes and did not take
into consideration mistakes deriving from incorrect
mathematics methods or calculation errors. We
divided all the errors into two groups: misconceiv-
ing of engineering principles and all the other
mistakes, which were not our focus, and dealt with
the first group of errors only. As mentioned above,
in this study we did not aim to distinguish between
misconceptions and misunderstandings. Therefore,
we use the same term, misunderstanding, for the
both phenomena.

The series of interviews continued up to the point
when new interviews ceased to provide new data.
We then analyzed the content of the interviews and
systematized the collected material. This guided us
in our construction of two kinds of classification.

5. Results

The majority of students’ errors reoccur every year,
and teachers expect them. Experienced lecturers
enlighten students about such errors, and explain
the meaning of misunderstanding in the course of
learning. Despite many teachers’ best efforts, stu-
dents repeat these errors in exams. The quote below,
from an interview with a lecturer who designed his
own classification for such errors, affirms this claim:

Sh: [Ph.D., senior lecturer, science and pedagogical

experience of more than 30 years; course:
Analog Electronics)
I can predict their (students’) mistakes in
advance; they are so common that I developed
a system of signs and list of abbreviations for
almost all kinds of errors. I find and highlight
them in exams every year and now I haven’t
expanded my list of errors.

This finding is compatible with the assertion that
many questions remain difficult for students despite
ample correct instructions, and ““incorrect answers
to these questions tend to cluster into small number
of alternatives™ [42, p. 128].

We classified all the misunderstandings we found
in two ways. First, we classified the misunderstand-
ing into one of three levels. Second, we linked
students’ misunderstandings to engineering think-
ing characterization. Figure 2 presents the three
levels of misunderstandings of engineering think-
ing.

The first level relates to misunderstandings of
specific content learned in a concrete engineering
discipline such as misunderstanding the basic con-
cepts of an open and closed loop in control theory or
the concept of recursion in the introduction to
programming. In what follows, we present several
citations from interviews with the experts, who
explain this kind of misunderstandings:

The third level: Misunderstandings in
system thinking

The second level: Misunderstandings in
interpretation and integration of knowledge

The first level: Misunderstanding of basic ideas and
concepts in specific disciplines

Fig. 2. Schematic representation of the three levels of engineering-
thinking misunderstandings.

U: [Ph.D., senior lecturer, pedagogical experience

of 22 years;, course: Introduction to Control
Theory]
We always talk about closed loop and open
loop, and students get confused with the con-
cepts. Something is always wrong. When we
come to draw the Root Locus (a method for
analyzing the stability of a control system), we
must take the transfer function of the open
loop and they take the closed loop, no matter
how many times I explain that. Also, under-
standing what open loop and closed loop are:
even here there is a problem. The same problem
exists in Bode (a method for analysis stability
of a closed loop system according to its open
loop transfer function).

D: [M.Sc., senior lecturer, industrial experience of

14 years and pedagogical experience of 20 years;
course: Introduction to Programming]
The other problem arises when it comes to
recursion. Students who try to understand the
recursive mechanism encounter problems
because they do not do the next step and do
not see behind the recursive mechanism, the
mechanism of the stack. Implementation of
recursion is done in such a way that C (a
programming language) gives them the services
of the stack: what calls what, parameters, local
variables; everything is in the stack, so that it
goes down to a recursion depth and returns.

Educational researchers emphasize that “under-
standing conceptual knowledge is critical to the
development of competence in engineering students
and in practicing professionals™ [24, p. 280]; there-
fore, misunderstandings of basic concepts in engi-
neering sciences comprise the first and fundamental
level of engineering thinking misunderstandings.
The second level refers to more general misunder-
standings in interpretation and integration of
knowledge, which are typical of students in several
engineering disciplines. Thus, in some electrical and
mechanical engineering courses, students do not
understand the importance of measurement units
for a physical parameter, or the meaning and need
for approximation and neglect part of the results in
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problem solving. An additional problem is that
students lack of self-control, namely, they do not
repeatedly check the operations they are performing
and their ways of thinking in the course of problem
solving. Many students lack the ability to interpret
the calculated results and link them to real values of
the required parameters. The next excerpts from the
interviews reflect these attitudes:

R: [Ph.D., senior lecturer, industrial experience of

23 years and pedagogical experience of 20 years;
course: Theory of Semiconductors]
They (students) do not pay attention to mea-
surement units and do not write them down.
They write something equals 12. It does not
matter if it’s volts, or amperes, or centimeters.
There is always somebody in class who does
that. The additional difficulty is that in the
theory of semiconductors you must have an
understanding of the approximations. In many
places, we neglect something because it is really
very small. They (students) do not know to do
that, so they need to perform a huge amount of
calculations during exams, and therefore, fail.
Once I got an answer from one of my students
that, the length of MOS transistor channel
measured 18 cm whereas the realistic measure
is in tens of nanometers.

N: [Ph.D., senior lecturer, industrial experience of
16 years and pedagogical experience of 23 years;,
course: Electric Circuits Lab)

In many cases during their studies students
have no sense of how to approximate, what is
a kilo, what is a mega, what is a milli. They can
relate to a million as if it is a thousandth. Once I
asked my students to run an experiment and
calculate the power dissipation on a 0.25 watt-
resistor (it means that this particular resistor
cannot absorb more than a quarter of a watt
unless it burns out). A student submitted her
laboratory report where it was written that the
power is something like 62,000 watts (it’s about
250,000 times the maximum permitted power).

A more general problem related to the second level
may be formulated as the problem of integrating
theoretical knowledge and experience. This integra-
tion is essential for engineers, especially when
designing complex systems. The next citations
describe students’ difficulties in knowledge integra-
tion in theoretical and lab courses:

E: [Ph.D., senior lecturer, accumulated scientific
and pedagogical experience of 40 years, course:
Introduction to Electricity]

In solving the electric circuit response to the
entrance of an AC signal, we solve the steady
state and the transient responses separately and

then integrate them. Every time we practice it, I
explain that we must integrate the partial
results. Therefore, as long as my students
solve the steady state and the transient
responses separately, that’s fine; a big problem
arises when they need to integrate the responses
and show the complete answer—they cannot
find a connection between the two modes.

Et: [M.Sc., senior lecturer, pedagogical experience
of more than 30 years; course: Basic Electronics)
In the course Basic Electronics, mechanical
engineering students learn various components
such as logic gates, operational amplifier,
diodes and transistors. In the project, they
need to operate an LED (Light Emitting
Diode) from the output of a logic gate or
operation amplifier. In this case, the driver—
the component, which pushes the current, must
be connected—this is the transistor—between
the logic gate or amp to the LED. There are
always students who do not understand—why?
Why do I need it? Why can it not work without
a transistor? And how do I connect it (transis-
tor)? Probably they (students) cannot unite
different parts into one circuit.

The third or the highest and general level relates to
misunderstandings in systems thinking. Systems
thinking are developed mainly through design prac-
tice, so freshman students have many problems
when given design tasks. These difficulties are
typical of most engineering disciplines. The first
kind of systems thinking misunderstandings is not
seeing a general problem; instead, students see only
a narrow range. Here are quotes that reflect this
idea:

S:  [M.Sc., senior lecturer, industrial and pedagogi-

cal experience more than 40 years; course:
Advanced Programming)]
At first, it is very difficult for them to see the
whole picture. They (students) get the task,
what they are supposed to do, and right
away, they jump to the computer and start to
type, to write. They take half or a quarter of the
picture, and start to carry out the task, only, of
course, they can’t achieve anything. They can
carry out some part of the task, but not the
whole one.

O: [M.Sc., senior lecturer, pedagogical experience
33 years; course: Basic Electronics Lab]

The student in lab must find out why the logical
circuit that includes a number of gates does not
work. He shows me the circuit and says: “I
connected all the connectors in the right way
and checked it a number of times, but it does
not work”. I explain that at the beginning, you
must check the signal correctness in the inputs
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and the outputs of the first gate, then check the
next stage, and continue to the circuit output in
the same way. Some students understand and
succeed, but there are always students who
cannot find their errors on their own, even
after a number of demonstrations. It seems
that they do not see the entire circuit and do
not understand the connections between its
parts.

The next kind of students’ problems relates to the
disassembling of a whole system into sub-systems
and, conversely, the integration of sub-systems to
form a complete system. The next citation describes
the difficulties of disassembling:

D: [M.Sc., senior lecturer, industrial experience of

14 years and pedagogical experience of 20 years;,
course: Introduction to Programming]
There are three types of students. One will do it
all in one program, without a partition. One
will distribute it reasonably, by functionality.
And there will be those that do over-division.
Modules will be very, very small, and it is not
good to make such small modules. This also
happens in exams, in the laboratory, and in
exercises.

Practical difficulties in integration of separated
components into the whole system can appear in
the laboratory and in the course of project develop-
ment, as illustrated in the following quote:

U: [Ph.D., senior lecturer, pedagogical experience
of 22 years; course: Control Laboratory]
You have to understand that you have sensors
and you must supply the suitability between
their signals. The sensor produces one scale of
voltage; you must convert it to another scale of
voltage—see how it all fits together, how the
loop closes. Many of my freshman students fail
in this task.

After demonstrating the classification of misun-
derstandings into three levels, we can assume that
some first level problems, and all the second and
third level problems relate to the process of engi-
neering thinking development by students in aca-
demic education. Therefore, it is reasonable to
match the system of categories characterized in
our earlier engineering-thinking study [3] to the
engineering-thinking misunderstandings discussed
in the current study. Accordingly, we now return to
our classification in Fig. 2 and Table 1 to demon-
strate the linkage between them.

The first level refers to misunderstandings of basic
scientific and engineering concepts in concrete dis-
ciplines, which are typical of freshman students.
This kind of misunderstanding is associated with

Section 2.2—Creation of a knowledge base (Table
1). Misunderstandings accompany the process of
learning, as can be expected, but in the initial stages
of engineering education, there are many and salient
ones. None of the professors we interviewed for our
study mentioned this kind of misunderstanding, yet
almost all the senior lecturers brought examples that
illustrate students’ misinterpretations of fundamen-
tal ideas in concrete engineering courses. The next
citation exemplifies misunderstanding of basic con-
cept in dynamics:

V. [Ph.D., senior lecturer, pedagogical experience
of 37 years; course: Dynamics)
Sometimes they (students) are confused and
solve a dynamic problem as a problem relating
to statics. In dynamics, there are motion equa-
tions, which are different from the equilibrium
equations in statics. And they are locked into
statics and do not think about other options.

The difference between the data obtained from
professors and senior lecturers is explainable. Gen-
erally, senior lecturers teach introductory engineer-
ing courses. They are engaged in creating the initial
levels of students’ knowledge base; therefore, they
encounter students’ relatively poorly developed
thinking and a large amount of misunderstandings.
On the other hand, professors usually teach
advanced engineering courses, which means that
they meet students with comparatively well devel-
oped engineering thinking, therefore, misunder-
standing of basic concepts is less typical of them.
Hence, we can claim that the first level of misunder-
standings relates to the creation of a knowledge base
(Section 2.1, Table 1), which is one characteristic of
engineering thinking.

The second level (Fig. 2) indicates more general
misunderstandings that are typical of several engi-
neering disciplines. These misunderstandings are
linked to a number of characteristics of engineering
thinking.

Thus, the problem of knowledge integration,
which applies to integration of partial knowledge
in different engineering courses, and integration of
theoretical and experimental knowledge into the
whole knowledge system, is closely related to Sec-
tion 2.2—Collecting and learning relevant knowl-
edge (Table 1). When the engineer collects all
relevant knowledge related to a new project, he or
she must integrate new facts, methods and
approaches into his or her existing knowledge
system. This is the optimal way of continually
expanding personal engineering knowledge. The
student in the course of learning must create inter-
connections between different aspects of several
disciplines in the goal of integrating partial knowl-
edge into his or her non-established knowledge
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system. This cognitive process is beset with many
difficulties, and the next quote describes one of
them:

Ar: [M.Sc., senior lecturer, pedagogical experience
of 13 years: course: Theory of Vibration|
The students usually have a problem in trans-
ferring knowledge from one field to another,
from one discipline to another. I always say
that they put an iron curtain between subjects,
and there is no diffusion of material from one
side to the other. For example, in vibration
theory we use many methods, which they
learned in introduction to control and in sig-
nals and systems. When in tutorials I start to
use these methods, I hear “We don’t know, we
don’t understand”. And I must explain again
matters which must be well known.

We suggest that the lecturers’ mission is to help
students break down these ‘“‘iron curtains” and
“diffuse” knowledge between different subjects,
namely, to facilitate the process of knowledge inte-
gration.

The next kind of misunderstandings, which
belong to the second level (Fig. 2) and is common
to some engineering disciplines, is linked to Section
2.3—Application of models and laws (Table 1).
Many engineering disciplines use models of several
phenomena, systems and components. The follow-
ing comprehensive definition emphasizes an engi-
neering view of model application: ‘“Modeling, in
the broadest sense, is the cost-effective use of some-
thing in place something else for some cognitive
purpose. It allows us to use something that is
simpler, safer or cheaper than reality instead of
reality for some purpose. A model represents reality
for the given purpose; the model is an abstraction of
reality in the sense that it cannot represent all
aspects of reality. This allows us to deal with the
world in a simplified manner, avoiding the complex-
ity, danger and irreversibility of reality” [41]. Sim-
plification of reality causes limitation; therefore,
engineering models in general are not universal. A
concrete model can be used only inside its own
boundaries, under specific conditions, and it pro-
vides a certain degree of accuracy. Students mis-
understand these limitations; they do not see the
area in which the concrete model acts and mix up
different models. The next citation describes the
problem:

N: [Ph.D., senior lecturer, industrial experience of
16 years and pedagogical experience of 23 years;,
course: Digital Electronics]

They (students) confuse the ideal diode model,
the constant voltage diode model, and the
constant voltage with resistor diode model.

Additionally, they confuse the small signal
and large signal model of bipolar transistors.
Why is this type of model suitable, in which
case? They do not understand.

Therefore, we can claim that students’ misunder-
standings of engineering models relate to develop-
ment of engineering thinking, and in particular, the
ability to apply models.

An additional general problem, which refers to
the second level (Fig. 2), is misunderstanding of the
need for approximation in problem solving. This
problem can be linked to Section 3.2—Concrete
thinking, in Table 1. Simplistic methods, which
allow engineers to neglect a number of factors and
calculate the result according to an easy formula,
are typical in engineering practice. Nevertheless,
students in theoretical courses generally try to
implement all their new knowledge, use complicated
methods, and endeavor to take into account all
possible factors. They do not distinguish between
more and less significant parameters and misunder-
stand the possibility of approximation. The next
quote exemplifies this problem:

A: [Ph.D., professor, industrial experience of 20

years and pedagogical experience of 10 years;
course: Semiconductors]
In electronics we use an approximation to an
order of magnitude, we do not have to deal with
small percentages. We should take into con-
sideration the central phenomenon and ignore
others. A frustrating situation is that many
times, say in exams, the smartest students do
not succeed because they think about a second-
order effect and it prevents them from seeing
the first-order effect.

The problem, which closely relates to students’
misunderstanding regarding approximations, is
misunderstanding heuristics, and this problem can
be related to Section 2.4—Using heuristics (Table
1). Simplifying calculation methods can lead to
development of practice rules and relationships,
namely, heuristics. Here is an illustrative quote
that reflects this idea:

M: [M.Sc., senior lecturer, industrial experience of

15 years and pedagogical experience of 20 years;,
course: Introduction to Electronics Lab]
I find differences in attitudes relating to the
introduction to the electronics lab. Students try
to solve problems through the theoretical
model equation. I don’t do that. I solve the
problem based on a simple equation of the
relationship between input and output. We
both reach the same results—the students
after two hours, and me after two minutes.
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Heuristics are the quintessence of practice, so it is
unlikely that students who lack an engineering
practice will use heuristics widely. However, we
think that the lecturers aiming to develop engineer-
ing thinking among their students might introduce
practical calculation methods and useful heuristics
mainly in labs and project consultations.

The next kind of student misunderstandings
refers to Section 3.4—Advance toward the desir-
able, in Table 1. Sometimes students do not recog-
nize the need for persistently checking the results of
every stage of the project design. They want to
achieve the main goal without constantly verifying
intermediate outcomes and their own ways of
thinking. The following citation reflects this idea:

T: [Ph.D., senior lecturer, industrial experience of
16 years and pedagogical experience of 23 years;
course: Project Design|
The student offered his own non-standard idea
in the project. The solution was not appropri-
ate, but he was “locked” into his idea without
thinking about alternative solutions. He tried
to apply it and did not achieve the goal. When
asked what problem he needs to solve, he
replied: “I have to make my idea work™.

A further difficulty faced by students, which relates
to the second level of misunderstandings (Fig. 2), is
choosing optimal solution. The linkage to Section
3.5—Optimal solution (Table 1) can be observed.
Engineers constantly face the problem of having to
choose between wide ranges of different opportu-
nities, with the goal of achieving an optimal solu-
tion. In most cases, there is no single solution to an
engineering problem. Students are used to getting
concrete values through problem solving and check-
ing their answers by comparing them with the
answers in the textbook. They often do not feel
comfortable with high degree of freedom and want
one result to be the only correct solution to their
engineering problem. The following quote illus-
trates this phenomenon:

Et: [M.Sc., senior lecturer, pedagogical experience

of more than 30 years; course: Introduction to
Control]
When I say that it could be that the problem has
more than one solution, it raises doubts. What
do youmean? So, is my solution good or bad? It
is different from yours, how can that be? Yes, it
can be and that is good. When you compare
alternatives, you choose parameters and cri-
teria to compare. This way of thinking flusters
them (students) because suddenly they have to
make unambiguous decisions. This point is
significant in engineering education and is
missing in their previous education.

It is obvious that misunderstandings of the third
level (Fig. 2) relate to Section 3.3—Systems thinking
(Table 1). These misunderstandings were described
above. Systems thinking develops in the process of
engineering design and demands a broad range of
knowledge, which makes freshman students’ diffi-
culties expected and explainable. We summarize
this issue by quoting one of our interviewees:

Em: [M.Sc., senior lecturer, industrial experience of

15 years and pedagogical experience of 20 years;
course: FPGA Design]
Students have difficulties in transition from a
verbal task to a block diagram. To do this, they
first need to distinguish between the parts that
can be realized in a certain way, and then to
build a functional chart connecting those
blocks. It is difficult for them to see the con-
nection between the blocks too. They aren’t
used to thinking this way.

6. Conclusions

It was found that engineering-thinking misunder-
standings and misconceptions, which are typical of
students studying mechanical, software, electric and
electronics engineering, could be classified in one of
two ways. First, students’ misunderstandings in
different engineering disciplines can be categorized
as on one of three levels, according to the generality
of the problems. Level one are misunderstandings of
specific content learned in a concrete engineering
discipline (most engineering education studies have
found that these are the prevalent type of misunder-
standings); Level 2 misunderstandings involve more
general problems in interpreting and integrating
knowledge, typical of students in several engineer-
ing disciplines; and Level 3 misunderstandings in
systems thinking are characteristic of students in
most engineering disciplines. The second classifica-
tion relies on the match between misunderstandings
of students studying engineering disciplines and the
system of categories characterizing engineering
design thinking. Several misunderstandings were
classified by the two methods and the match
between the classifications was demonstrated.
These two kinds of classification can be useful for
teaching faculty in the process of self-analysis and
reflection on their pedagogical practice. The first
classification can help lecturers who teach basic
engineering disciplines and ask themselves whether
their pedagogical approaches in the early stages of
academic education may lead to entrenched mis-
understandings, which can appear in succeeding
learning stages and even in postgraduate work.
For example, they might ask the following ques-
tions: Should I require my students to write down
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the measurement units when solving problems?
Should I emphasize the importance of analyzing
the results from the practical point of view?

Lecturers who teach advanced engineering
courses can perform self-reflection according to
the following questions: Should I ask questions
that require not only knowledge but also interpreta-
tion? Should I relate to other disciplines, and try to
get my students to integrate knowledge from differ-
ent areas? The second classification emphasizes
specific difficulties that lecturers may come up
against in developing students’ engineering thinking
and, therefore, can help them understand students’
cognitive problems.

Engineering students may also find the two kinds
of classification useful because they may help them
understand what engineering thinking misunder-
standings are possibly impeding their learning.

We propose to continue the research with the aim
of focusing on and investigating the source of these
misunderstandings and misconceptions, and find-
ing pedagogical ways to help students overcome
their difficulties. Furthermore, it will be useful to
broaden the scope of the analysis and check the
results of the study on additional engineering dis-
ciplines.
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