
Vol.:(0123456789)

Science & Education (2024) 33:679–697
https://doi.org/10.1007/s11191-022-00402-7

1 3

ARTICLE

Nature of Engineering

A Cognitive and Epistemic Account with Implications for Engineering 
Education

Miri Barak1,2  · Tamar Ginzburg1 · Sibel Erduran2 

Accepted: 10 October 2022 / Published online: 9 November 2022 
© The Author(s) 2022

Abstract
Engineering education has slowly been making its way into schools with the aim of pro-
moting engineering literacy, which is central to learning and working in a technology-
oriented society. Educators and policy makers advocate the need for developing students’ 
understanding of the nature of engineering (NOE); yet, there is an ongoing debate on the 
heuristics that should be applied. In this article, we review and discuss current studies on 
engineering education in schools and the integration of engineering into the science curric-
ulum. We describe four aspects of engineering fields: Structures, Machines, Materials, and 
Data, each uniquely characterized by the technology used and the artefact produced. We 
discuss the application of the Family Resemblance Approach (FRA) to the characterization 
of NOE, focusing on the cognitive and epistemic domain. Accordingly, we describe NOE 
through four categories: Aims & Values, Engineering Practices, Methods & Methodologi-
cal Rules, and Engineering Knowledge, which can guide teaching and learning about NOE. 
Building on the FRA, this paper provides a framework for a continuous discussion on NOE 
and the theoretical and practical relationships between science and engineering.

1 Introduction

In recent years, pre-college engineering education is gaining much attention and research 
interest among science and engineering educators (Cunningham et  al., 2020; NASEM, 
2020; Purzer et al., 2022). There is agreement among educators and policy makers about 
the need to promote the understanding of engineering and its impact on society in K-12 
education (AE3 & ASEE, 2020; Antink-Meyer & Brown, 2019; McComas & Burgin, 
2020; NGSS Lead States, 2013; Purzer et al., 2022). Engineering education is of growing 
importance for three main reasons: First, engineering literacy is central to living, learning, 
and working in a technology-driven world (Carr et al., 2012; NAGB, 2018; NGSS Lead 
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States, 2013; NRC 2012). Second, engineering encompasses skills such as problem solv-
ing, system thinking, and innovation capabilities, which are central to sustainable develop-
ment of modern society (Barak & Yuan, 2021; NASEM, 2020; Purzer et al., 2022). Third, 
there is ongoing shortage of engineers, with engineering occupations listed as priority jobs 
(NAGB, 2018; NASEM, 2020). Yet, much debate still revolves around questions such as: 
What engineering concepts and skills should be taught in schools? Which pedagogical 
approaches should be used? Where should engineering be incorporated in the K-12 cur-
riculum? What qualifications are required for teaching engineering? Such questions are 
still relevant and discussed among science and engineering researchers (e.g., Cunningham 
et al., 2020; Deniz et al., 2020; McComas & Burgin, 2020; Purzer et al., 2022).

From a historical point of view, engineering is embedded in our society since ancient 
times, since humans invented tools to facilitate daily life. The word “Engine” originates 
from the Latin word “Ingenium,” which refers to mental power or a clever invention. 
Derived from it is Engine’er, a word used in the fourteenth century, referring to a person 
who constructs and operates military machines (i.e., engines). Throughout history, engi-
neering has been identified with the process of creating and developing artefacts that assist 
human function (Kroes, 2012; Mitcham & Schatzberg, 2009). Nevertheless, it is important 
to acknowledge that while the results of engineering may improve our lives, they can also 
harm us, as in the case of military machines or factories that pollute the environment.

In the last decade, engineering education has slowly been making its way into school 
classrooms, with the aim of promoting students’ understanding of engineering design and 
practice. With the publication of the Next Generation Science Standards in the United 
States (NGSS Lead States, 2013), interest and reference to engineering practices have aug-
mented in the context of STEM education research (e.g., Kelly & Green, 2018). However, 
since engineering has been a central part of our society for many years, it is quite sur-
prising that only in recent years schools have begun teaching this subject. The incorpora-
tion of engineering topics into school curriculum has been guided by experts from diverse 
disciplinary backgrounds and epistemological views, resulting in differences in pedagogi-
cal approaches (e.g., Daugherty & Carter, 2018; Purzer, et al., 2022; Violante & Vezzetti, 
2017). These differences raise significant questions, such as: Should engineering education 
be taught as a separate discipline or embedded in the science curriculum? Should teach-
ers have an engineering degree? Can science teachers be trained to teach engineering? 
If so, how? These questions are yet unsolved, as there is fairly limited scholarship about a 
more fundamental question: “What is the nature of engineering?” In this paper we address 
this key question through cognitive and epistemic underpinnings of engineering as a broad 
domain as well as the particular characteristics of various sub-disciplines of engineering.

2  Literature Background

In this section, we review and discuss current studies on engineering education in schools 
and the integration of engineering into the science curriculum. We present the connections 
and differences between engineering, science and technology, and discuss existing frame-
works for engineering education in schools. We then describe four aspects of engineer-
ing fields, each uniquely characterized by the technology used and the artefact produced. 
Based on the work of previous studies (e.g., Erduran et al., 2019; Irzik & Nola, 2011; Kaya 
& Erduran, 2016), we propose the Family Resemblance Approach (FRA) as a methodo-
logical framework to analyze and develop the NOE pedagogical framework. In this paper, 
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the conceptualization of NOE is developed within the FRA framework, while drawing on 
aspects of nature of science (NOS). The use of the FRA allowed us to anchor the theo-
retical discussion in a pedagogical context by drawing on aspects of NOS (Erduran, 2020; 
Erduran & Dagher, 2014) to provide examples for NOE-related learning assignments. 
Focusing on the cognitive and epistemic domain, the FRA was chosen since it includes 
both domain-general and domain-specific features that can highlight the way engineering 
education can be conceptualized. As such, it has the potential to inform characterization of 
NOE, while articulating the different aspects of the engineering enterprise (Erduran, 2020). 
Our approach is intended to provide some nuance to discussions about NOE in the context 
of engineering education in schools.

2.1  Engineering Education in Schools

In the last two decades, standards for engineering and technology education were presented 
in several reports (e.g., ITEA, 2007; NAGB, 2018; NGSS Lead States, 2013; NRC, 2009). 
For example, the Standards for Technological Literacy (STL) emphasized key elements of 
engineering design (ITEA, 2007). According to these standards, students are expected to 
apply a design process to solve problems in and beyond the laboratory classroom; spec-
ify criteria and constraints for the design; make two- and three-dimensional representa-
tions of the designed solution; test and evaluate the design in relation to preestablished 
requirements and refine as needed; and finally, generate a product and document the solu-
tion (ITEA, 2007). Another example is the Next Generation Science Standards (NGSS), 
which suggested the application of engineering concepts and practices to enhance students 
understanding of and interest in science (NGSS Lead States, 2013). According to these 
standards, students are expected to define the criteria and constraints of a design problem; 
evaluate competing design solutions; analyze data to identify the best solution; and develop 
a model of a proposed object, tool, or process such that an optimal design can be achieved.

The National Assessment Governing Board (NAGB, 2018) presented a range of educa-
tion standards that address technology and engineering literacy. This includes references 
to systems thinking, maintenance and troubleshooting, construction and exchange of ideas 
and solutions, information research, and more. The standards’ documents presented above 
are common in highlighting the importance of the engineering design process and its con-
nection to science and mathematics education. This led to research involving students’ 
engagement in design practices through various pedagogical approaches. For example, 
Mehalik et al., (2008) involved students in building electrical alarm systems using authen-
tic engineering design practices. The study indicated that the systems design approach 
was helpful for gaining understanding of core science concepts and knowledge retention, 
especially among low-achieving students (Mehalik et al., 2008). The use of design activi-
ties was implemented in another study that examined ways to translate lessons learned in 
the science classrooms to engineering classrooms (Berland, 2013). The study explored the 
challenges associated with teaching science through design-based problems, presenting a 
guidance to curriculum development. Following this line of research, Cunningham et al., 
(2020) introduced the “Engineering is Elementary” program, designed to connect engi-
neering and science practices. The study indicated a significant gain in students’ under-
standing of engineering, technology, and science concepts.

Knowledge gains were indicated not only in science, but also in mathematics. Mou-
soulides and English (2009) integrated an engineering activity within the mathematics 
curriculum to provide an opportunity for students to apply mathematics while solving 
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real-world problems (Mousoulides & English, 2009). Daugherty and Carter (2018) advo-
cated the interdisciplinary pedagogical approach, by which students learn the intercon-
nectedness of the disciplines of science, technology, engineering, and mathematics. The 
researchers maintained that this approach provides a platform to introduce students to 
engineering design, cooperative learning, and problem-solving capabilities. A recent study 
by Purzer et al. (2022) introduced the honeycomb of engineering framework, which illus-
trates the adaptability of design methodology through user-centered design, design-build-
test, engineering science, optimization, engineering analysis, and reverse engineering. The 
study categorizes the multiple goals of engineering education while stressing that edu-
cators and researchers should be cautious against a monolithic definition of engineering 
(Purzer et al., 2022).

Even though engineering practices are emphasized in national standards and despite the 
promising results shown in recent studies (e.g., Cunningham et  al., 2020; Daugherty & 
Carter, 2018; Purzer et al., 2022), engineering concepts are not common in science, tech-
nology, and mathematics documents and they are seldom practiced in classrooms (Carr 
et  al., 2012; Ekiz-Kiran & Aydin-Gunbatar, 2021). To this day, many students complete 
K-12 education with little or no exposure to engineering education (Hammack & Ivey, 
2017; Pleasants & Olson, 2019; Purzer, et  al., 2022). The literature provides three main 
explanations for this phenomenon. First, there is a limited number of school teachers 
with an engineering background (Bybee, 2014; Purzer, et  al., 2022), as those who hold 
an engineering degree rarely choose a teaching career. Teachers with little or no proper 
engineering education may not meet the requirements for teaching this subject (Hammack 
& Ivey, 2017; Purzer, et al., 2022). Second, there is a limited number of engineering edu-
cation training programs for in-service and preservice teachers who, overall, have little or 
no knowledge of design-based practices (Ekiz-Kiran & Aydin-Gunbatar, 2021; NASEM, 
2020; NRC, 2009). Third, engineering is a multifaceted discipline, requiring the applica-
tion of high-level science and mathematics; hence, its instruction is particularly compli-
cated ( Barak & Usher, 2022; Honey et al., 2014; Pleasants et al., 2019).

2.2  Integration of Engineering into Science Curriculum and Pedagogy

The limited number of school teachers with engineering degrees and the packed curricu-
lum that leaves little place for a new discipline led to the integration of engineering topics 
into existing science courses (Ekiz-Kiran & Aydin-Gunbatar, 2021; Johnston et al., 2019). 
The integrative and interdisciplinary approach has been advocated for several years (Brown 
et  al., 2012; NRC, 2012). A key argument in the support of this approach is that it pro-
motes science education through real-world applications (Barak, 2017; Honey, et al., 2014; 
Park et al., 2020). However, without proper preparation, science teachers might hold errone-
ous understandings about the engineering discipline, resulting in superficial instruction and 
shallow student learning (Honey et  al., 2014; NASEM, 2020; Pleasants & Olson, 2019). 
Since most science teachers hold degrees in the sciences, concerns were raised about their 
lack of engineering background and understanding (Bybee, 2014; Purzer, et al., 2022).

Particular concerns were raised regarding science teachers’ ability to differentiate 
between scientific inquiry and engineering design (Bybee, 2014; Mangiante & Gabri-
ele-Black, 2020). In a study conducted by Hammack and Ivey (2017), science teachers 
self-reported on having little experience in engineering education and only few were 
able to distinguish between engineering and science activities. Other studies showed 
that science teachers, in general, are unfamiliar with engineering concepts and tend 
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to hold stereotypical misconceptions about the work of engineers (Cunningham et al., 
2006; Purzer, et al., 2022). Teachers were found to have limited awareness of the impor-
tance of engineering activities and partial understanding of ways to solve engineering 
problems. Some mistakenly regarded engineers as manual workers in auto-mechanics 
or construction (Hammack & Ivey, 2017; Pleasants & Olson, 2019). A study found 
that teachers were more likely to perceive engineers as people constructing a building 
than those who supervise the construction process (Cunningham et al., 2006). Overall, 
the literature shows that science teachers’ perceptions of engineering and engineering 
design were not well aligned with the engineering practices and disciplinary core ideas 
described in reports such as the NRC (2009) or the NGSS Lead States (2013). Since 
teachers’ conceptions (or misconceptions) have an impact on students’ learning out-
comes, there is a growing need for teacher development programs in engineering educa-
tion (AE3 & ASEE, 2020; Deniz et al., 2020; Hammack & Ivey, 2017).

Several educational studies were conducted to propose pedagogical frameworks for 
engineering education in schools. Moore and colleagues  (2014) suggested a frame-
work designed to inform the structure of STEM education standards and initiatives. 
The framework for quality K-12 engineering education includes 12 key indicators, 
such as “processes of design” and “teamwork.” According to the researchers, although 
clear distinctions were made between the indicators, their applications seem to over-
lap (Moore et al., 2014). Another example is the P-12 engineering learning framework 
(AE3 & ASEE, 2020), which was developed to identify learning goals that all students 
should reach to become engineering literate. This framework presents a taxonomy of 
engineering contents that emerged from a modified Delphi study. It details the engi-
neering concepts, practices, and habits of mind; yet, it places little emphasis on con-
nections to science education curricula (AE3 & ASEE, 2020). A more recent frame-
work is the honeycomb of engineering framework, which provides a philosophical 
account of precollege engineering education (Purzer et al., 2022). The framework cat-
egorizes the various goals of engineering, while the fundamental practice of “design” 
is shared across various disciplines. According to the authors (Purzer et  al., 2022), 
the framework can be used for lesson design but does not prescribe effective teaching. 
The framework also does not call for explicitly teaching the nature of engineering as a 
learning objective.

To address the shortage of engineering education programs for science teachers, 
the NASEM report (2020) suggests holding collaborative dialogues among experts 
from colleges of education, colleges of engineering, and other stakeholders. The report 
maintains that teacher education programs should identify and implement actions that 
underline the engineering components within the vision for school science education 
(NASEM, 2020). Teacher development programs should support the construction of 
deep pedagogical content knowledge in engineering, to avoid science and engineer-
ing to be conflated and confused (Antink-Meyer & Brown, 2019; Johnston et al., 2019; 
NASEM, 2020). Authentic representations of science and engineering in the classrooms 
require well-developed views of the nature of science as well as the nature of engineer-
ing (Erduran, 2020; Pleasants et al., 2019). According to the NASEM (2020) report, in 
order to build a capacity for teaching engineering in K-12 education, it is necessary to 
address the essential qualities of engineering, the design process, and core engineer-
ing concepts. The report calls for a nuanced conceptualization of “engineering” and its 
differentiation from “science” and “technology” (NASEM, 2020), themes that are dis-
cussed in the next section.
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2.3  Differentiating Engineering from Science and Technology

Although linked, science, technology, and engineering have different and distinct cognitive and 
epistemology characteristics that should be identified and understood (Antink-Meyer & Brown, 
2019; McComas & Burgin, 2020; NASEM, 2020). The related, but separate, nature of science, 
technology, and engineering disciplines necessitate a clear definition and differentiation (Ekiz-
Kiran & Aydin-Gunbatar, 2021; McComas & Burgin, 2020). When engineering design tasks 
are introduced in science classrooms, the borders between the disciplines can become blurred, 
leading to conflations between the fields (Johnston et al., 2019; NASEM, 2020). Since science, 
engineering, and technology are interdependent disciplines, the framing of their relationships, 
in the context of school education, requires an in-depth examination.

The distinction between science and engineering or technology is relatively noticeable. 
Science is viewed as a systematic study of the natural and the physical world through meth-
ods such as observations, experiments, modeling, and classifications (NSTA & ASTE, 2019; 
NGSS Lead States, 2013). Science answers questions about the natural world, while engi-
neering and technology promote the design and development of human-made world. The 
distinction between engineering and technology presents a greater challenge, given that they 
are used interchangeably to describe aspects of human-developed products. Engineering and 
technology represent high points of human achievement from an academic viewpoint as well 
as from a daily life perspective. The distinction between the two disciplines is important since 
their integration into the science curriculum requires a better understanding of each discipline 
from a theoretical and practical standpoint (NAGB, 2018; NASEM, 2020).

According to the National Assessment Governing Board (2018), engineering is 
defined as “a systematic and often iterative approach to designing objects, processes, 
and systems to meet human needs and wants” (NAGB, 2018, p. 5). Whereas, technology 
is perceived as “…products, processes, and systems created by people to meet human 
needs and desires” (NAGB, 2018, p. 23). Pleasants and Olson (2019) maintain that the 
engineer works with nature and its laws as revealed by science, whereas the technologist 
focuses more on the actual construction. Engineering is viewed as a creative problem-
solving process that involves testing and revisions (e.g., designing a device that can be 
used as a phone, a camera, and a music player), while technology is viewed as the means 
to solve the problem (e.g., machines on the production line) as well as the end product 
(e.g., mobile phones). In short, the connections and distinctions between the three dis-
ciplines can be summarized as follows: Guided by science rules and principles, engi-
neering involves the knowledge and practices required for designing new or improved 
technologies (NAGB, 2018; NASEM, 2020). With appropriate support and guidance, 
science teachers with little or no formal engineering education can develop understand-
ing of engineering (e.g., Deniz et  al., 2020; Pleasants & Olson, 2019). This reinforces 
the importance of developing a conceptual framework of the nature of engineering from 
cognitive and epistemic lenses (Pleasants & Olson, 2019; Purzer et  al., 2022). In pro-
ceeding this mission, it also becomes imperative to highlight the key aspects of different 
engineering fields.

2.4  Key Aspects of Engineering Fields

Although there is an increasing interest in engineering education in the context of sci-
ence education, engineering is often presented in a fairly broad manner without much 
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distinction drawn across the aspects of different sub-fields of engineering. For exam-
ple, Purzer et al. (2022) highlight that in the case of NGSS, practices are not differenti-
ated relative to engineering. With the purpose of catering to human needs, engineering 
focuses on the design and creation of new or improved artefacts. The word “artefact” 
originates from Latin as a combination of Arte—‘by skill’, and Factum—‘to make.’ 
‘Artefact’—the skill of making something new, refers to an object that is generated and 
used for a purpose. Engineering artefacts have expanded to include not only tangible 
machinery and tools, but also computer software, design documents, written patents, 
and even subcellular nanorobots. Over the years, engineering has split into fields and 
sub-fields, with different areas of specialization such as civil, environmental, chemi-
cal, mechanical, computer, and aerospace (ABET, 2019; ITEA, 2007; NASEM, 2020). 
Based on the created artefacts, engineering in general can be divided into four main cat-
egories: Structures, Machines, Materials, and Data as described below.

Structures Engineering fields that involve the planning and constructing of buildings 
and infrastructures to accommodate human needs and solve societal problems (ABET, 
2019; NASEM, 2020). Building structures is the oldest engineering practice, dated 
back to the construction of the pyramids in ancient Egypt and aqueducts in ancient 
Rome. It involves identifying the purpose and functionality of the structure and the 
forces that act upon it. It also involves identifying the suitable construction materials 
and their correct proportions to withstand operational load, weather damage, earth-
quakes, and other internal and external forces. Such structures include buildings, 
roads, railways, sewage systems, and dams. The design and development of structures 
is typical to civil engineering and architectural engineering.

Machines Engineering fields that involve the use and development of complex devices 
and tools assembled from mechanical parts in order to perform particular tasks through 
the application of power transition (ABET, 2019; ITEA, 2007). This includes mechanical 
transmission, using gears, rods, and straps; electric transmission, using electrical energy; 
hydraulic transmission, using fluids such as water or oil as a working mechanism; and 
pneumatic transmission, using compressed gas, usually air. Developing mechanical devices 
can be found in many engineering fields, but it is typical to mechanical engineering, bio-
medical engineering, and aerospace or naval engineering (ITEA, 2007; NASEM, 2020). 
These engineering fields involve the generation of engines, pumps, levers, as well as boats, 
vehicles, aircrafts, heating and cooling systems, robots, etc.

Materials Engineering fields that involve the use and manipulation of materials in the 
form of solids, liquids, gases, and other condensed phases, to develop useful products. This 
ranges from large-scale chemical processes to microorganisms and nanomaterials that are 
utilized for certain applications (ITEA, 2007; NASEM, 2020). In the early stages, it was 
based on the petrochemical industry, involving processes such as crystallization, evapo-
ration, oxidation, and hydrocracking (ABET, 2019). When the pharmaceutical and food 
industries became prominent, it involved the manufacturing of products such as drugs and 
canned food. Nowadays, there are industries that create and use polymers, ceramics, met-
als, radioactive alloy, as well as advanced materials such as semiconductors and nanoma-
terials. Engineers partake in designing, analyzing, modeling, and controlling mass produc-
tion of materials such as detergents, fertilizers, food, and medicine. The creation and use 
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of materials is typical to chemical engineering, martial engineering, nuclear engineering, 
genetic engineering, and food engineering.

Data Engineering fields that involve the development and use of computer-based data, 
creating and manipulating electrical signals in the form of symbols, figures, or charac-
ters (ABET, 2019; ITEA, 2007). Through a sequence of instructions named “algorithm,” 
engineering fields use the binary coding system of zeros and ones to compute and process 
data in a central processing unit and store them on hard disks or servers. This relatively 
new field of engineering involves data analysis and design techniques that are used for the 
understanding of operational processing (ABET, 2019; NASEM, 2020.) It focuses on data 
formats, scaling, and security, translating data into insights. Data engineers are involved in 
the synthesis, encoding and decoding of digital signals, and transmitting or receiving data 
from various sources such as global positioning systems. They are involved in the creation 
of software, control systems, cyber security, artificial intelligence, and more. The creation 
and use of computerized data can be found in many engineering fields, but it is most typi-
cal to computer engineering, electric engineering, and systems engineering.

The discussion on existing frameworks for engineering education in schools and the 
description of key aspects of engineering fields provide an overview of the importance of 
generating a pedagogical framing of NOE (Antink-Meyer & Arias, 2022; Deniz et al., 2020; 
Pleasants & Olson, 2019). These educational and disciplinary frameworks afford a view of 
engineering as a set of pedagogical components and indicators, with little reference to a holis-
tic conceptualization of the NOE. Studies advocate for both the conceptualization and explicit 
instruction of the NOE as means for developing in-depth understanding of engineering literacy 
(Antink-Meyer & Arias, 2022; Pleasants & Olson, 2019). Our claim is that in order to function 
successfully in our global and technology-saturated world, the instruction of the NOE should 
be a significant component of school education. However, providing a comprehensive defini-
tion of NOE and generating reliable tools to teach and assess are yet one of the main chal-
lenges of educational systems worldwide (Antink-Meyer & Arias, 2022; NASEM, 2020). In 
addition, while elaborating on the pedagogical benefits of engineering learning, less attention 
was devoted to cognitive and epistemological typology of engineering practices (Purzer et al., 
2022). Based on the work of previous studies (Erduran et al., 2019; Irzik & Nola, 2011; Kaya 
& Erduran, 2016), this paper draws upon the Family Resemblance Approach (FRA) as a meth-
odological framework to analyze and develop the NOE framework.

3  Framing the NOE through the Lens of the Family Resemblance 
Approach

In the last decade, the Family Resemblance Approach (FRA) has served as a framework 
for holistic conceptualization of nature of science (Irzik & Nola, 2011). Studies use the 
FRA to provide a flexible and unifying framework for promoting a broad and inclusive 
account of nature of science (NOS) for science education (e.g., Erduran & Dagher, 2014; 
Erduran et al., 2019; Kaya & Erduran, 2016). FRA has been expanded for research appli-
cation, focusing on the nature of STEM disciplines (Park et al., 2020). The FRA consid-
ers a discipline, such as “science,” as a family concept, whose subdomains resemble one 
another with respect to several key aspects. It acknowledges common features of subdo-
mains, while at the same time accommodates disciplinary particularities (Irzik & Nola, 
2011; Kaya & Erduran, 2016). While research has established the pedagogical benefits of 
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teaching engineering in schools, the cognitive and epistemic foundations of NOE remain 
under-examined (Pleasants & Olson, 2019). To illustrate the affordance of FRA in charac-
terizing NOE, we provide an analysis of the literature, focusing on the “cognitive and epis-
temic” domain, which according to the work of Erduran & Dagher (2014) includes four 
categories: Aims & Values, Practices, Methods & Methodological Rules, and Knowledge.

In the following sections, NOE is situated in a pedagogical framework based on the 
FRA cognitive and epistemic domains. Drawing from recommendations made by updated 
literature, we situate each FRA category within the context of policy reports, such as 
NGSS Lead states (2013) and the report of the National Science Teaching Association & 
Association for Science Teacher Education (NSTA & ASTE, 2019). Each category is also 
situated within the context of research and policy reports on engineering education, such 
as the National Academies of Sciences, Engineering, and Medicine (NASEM, 2020), the 
National Academy of Engineering (NAE, 2010), and/or the National Assessment Govern-
ing Board (NAGB, 2018) on Technology & Engineering Literacy. The following sections 
apply each of the four FRA categories to the work of engineers and to engineering fields 
and practices, with educational applications and examples of assignments for students.

3.1  Aims & Values

Aims and values are significant as they provide a foundation upon which people act. 
According to research and policy reports scientists and engineers rely on human qualities 
such as persistence, precision, reasoning, logic, imagination, and creativity (AE3 & ASEE, 
2020; NGSS Lead states, 2013). Also, scientists and engineers are guided by habits of mind 
such as intellectual honesty, tolerance of ambiguity, skepticism, and openness to new ideas 
(NASEM, 2020; NSTA & ASTE, 2019). The main aim of the engineering enterprise is 
designing and maintaining products, structures, and data systems, looking for new oppor-
tunities while adhering to market needs. Engineering aims at modifying the world and wid-
ening the prospects of contemporary society through innovation and technological devel-
opment (Barak & Usher, 2019; Kroes, 2012). In view of this, a question arises as to the 
values of the engineering enterprise that can be deduced. Discussing the aims and values of 
science, Erduran and Dagher (2014) put forward the idea that within the cognitive and epis-
temic domain, the scientific enterprise is underpinned by seven main tenets: (a) objectiv-
ity—seeking neutrality and avoiding bias, (b) novelty—searching for new explanations, (c) 
accuracy—ensuring that explanations are accurate, (d) empirical adequacy—basing claims 
on relevant and plausible data, (e) critical examination—giving reasons to justify claims, 
(f) addressing anomalies—recognizing opposite ideas and responding to objections, and (g) 
taking challenges—addressing opposition to own ideas seriously (Erduran & Dagher, 2014; 
Erduran et  al., 2020). These aims and values can be attributed to engineering; however, 
while science’s main goal is building knowledge of the natural world regardless of applica-
tions, engineering revolves around improving or creating new artefacts, with an emphasis on 
commercial applications. Thus, it is important to discuss nuanced differences.

From an engineering perspective, objectivity refers to applying an objective and rational 
approach to the design process, using mathematics and scientific laws to solve engineer-
ing challenges (Pleasants et  al., 2019; Poel, 2015). Novelty refers to generating creative 
ideas, in an agile manner, and turning them into practical and efficiently implementable 
solutions (Antink-Meyer & Brown, 2019; Barak & Usher, 2019). Accuracy refers to ensur-
ing that the design and implementation processes are accurate and precise (NAGB, 2018). 
Inaccurate calculations have led to disasters, such as the case of the collapse of the Hyatt 
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Hotel walkway in Kansas City in 1981 or the explosion of the Challenger Space Shuttle in 
1986. Adequacy refers to designing artefacts that are relevant to societal needs, generating 
technological solutions that add value to society (Antink-Meyer & Brown, 2019; Barak 
& Usher, 2019). Critical examination refers to evaluating the compatibility and quality of 
the design process, the modeling method, and the final product, conducting systems analy-
sis, and making decisions (Poel, 2015; Violante & Vezzetti, 2017). Addressing anomalies 
refers to choosing the most suitable solution within limitations imposed by resources, tech-
nology, safety, and cost, providing reliable and robust solutions to an engineering problem 
(NAGB, 2018; Pleasants & Olson, 2019). Taking challenges seriously refers to addressing 
financial, environmental, social, and ethical constraints to generate sustainable engineering 
outcomes (NAGB, 2018; NASEM, 2020). The different perspectives of the aims and val-
ues of science and engineering education are summarized in Table 1.

3.2  Engineering Practices

Scientific and engineering practices are emphasized in the Framework for K-12 Science 
Education together with disciplinary core ideas and crosscutting concepts (NGSS Lead 
States, 2013; NRC, 2012). Erduran & Dagher, (2014) used the analogy of a benzene ring 
to illustrate the heuristics of scientific practices as being linked in one holistic representa-
tion. Based on this analogy, Erduran and Dagher (2014) present six heuristic features: real 
world, activities, data, model, explanation, and prediction. Integral to and interacting with 
the six features are representation, reasoning, discourse, and social certification, which are 
presented in the middle of the ring model (e.g., Erduran et al., 2020; Erduran & Dagher, 
2014). This analogy of the heuristics of scientific practices raised the question: Can engi-
neering-related practices be presented in a similar way?

Similar to science, the engineering enterprise encompasses a wide range of cognitive, 
epistemic, and discursive practices. Such practices involve the structures and systems engi-
neers use for designing a new or improved artefact. The “ring” analogy is relevant to engi-
neering practices, as they involve in an iterative process of solving human-related prob-
lems based on deep scientific and mathematical knowledge (NAE, 2010; NAGB, 2018). 
The NGSS framework (2013) refers to eight science and engineering practices. If we focus 
our attention on engineering-related practices, they include (P1) Defining problems; (P2) 
Developing and using (engineering) models; (P3) Planning and carrying out investigations; 
(P4) Analyzing and interpreting (engineering) data; (P5) Using mathematics and compu-
tational thinking; (P6) Designing solutions; (P7) Engaging in argument from evidence; 
and (P8) Obtaining, evaluating, and communicating information. These practices require a 
meta-level of understanding, which aligns with the FRA framework.

According to engineering education literature (e.g., NAE, 2010; NAGB, 2018), engi-
neering practices involve activities such as identifying a problem and/or an opportunity; 
defining specifications, requirements, and constraints; performing analysis; using research 
and brainstorming techniques to generate ideas for possible solutions; evaluating each solu-
tion against requirements, considering risks and making trade-offs; producing high-quality 
solutions under the given circumstances; building and testing of prototypes (physical or 
mathematical models); and designing alternatives for further development. Engineering 
practices involve a complex process of balancing competing criteria of desired functions, 
technological feasibility, cost, safety, aesthetics, and compliance with legal requirements 
(NGSS Lead States, 2013). Adapting the scientific heuristics to engineering practices, we 
suggest the analogy of a hex nut—a six-sided nut that is commonly used in the industry 



689Nature of Engineering  

1 3

Ta
bl

e 
1 

 T
he

 a
im

s a
nd

 v
al

ue
s o

f s
ci

en
ce

 v
s. 

en
gi

ne
er

in
g 

ed
uc

at
io

n

A
im

s a
nd

 v
al

ue
s

Sc
ie

nc
e 

ed
uc

at
io

na
l a

pp
lic

at
io

n 
(f

ro
m

 E
rd

ur
an

 &
 D

ag
he

r, 
20

14
)

En
gi

ne
er

in
g 

ed
uc

at
io

na
l a

pp
lic

at
io

n

O
bj

ec
tiv

ity
Se

ek
in

g 
ne

ut
ra

lit
y 

an
d 

av
oi

di
ng

 b
ia

s
Se

ek
in

g 
ob

je
ct

iv
e 

an
d 

ap
pl

yi
ng

 a
 ra

tio
na

l a
pp

ro
ac

h 
to

 th
e 

de
si

gn
 p

ro
ce

ss
N

ov
el

ty
Se

ar
ch

in
g 

fo
r n

ew
 e

xp
la

na
tio

ns
Se

ar
ch

in
g 

fo
r c

re
at

iv
e 

id
ea

s i
n 

an
 a

gi
le

 m
an

ne
r, 

ge
ne

ra
tin

g 
pr

ac
tic

al
 a

nd
 e

ffi
-

ci
en

tly
 im

pl
em

en
ta

bl
e 

so
lu

tio
ns

A
cc

ur
ac

y
En

su
rin

g 
th

at
 e

xp
la

na
tio

ns
 a

re
 a

cc
ur

at
e

En
su

rin
g 

th
at

 th
e 

de
si

gn
 a

nd
 im

pl
em

en
ta

tio
n 

pr
oc

es
se

s a
re

 a
cc

ur
at

e 
an

d 
pr

ec
is

e
A

de
qu

ac
y

B
as

in
g 

cl
ai

m
s o

n 
re

le
va

nt
 a

nd
 p

la
us

ib
le

 d
at

a
D

es
ig

ni
ng

 a
rte

fa
ct

s t
ha

t a
re

 re
le

va
nt

 to
 so

ci
et

al
 n

ee
ds

, g
en

er
at

in
g 

te
ch

no
lo

gi
-

ca
l s

ol
ut

io
ns

 th
at

 a
dd

 v
al

ue
 to

 so
ci

et
y

C
rit

ic
al

 e
xa

m
in

at
io

n
G

iv
in

g 
re

as
on

s t
o 

ju
sti

fy
 c

la
im

s
Ev

al
ua

tin
g 

th
e 

co
m

pa
tib

ili
ty

 a
nd

 q
ua

lit
y 

of
 th

e 
de

si
gn

 p
ro

ce
ss

, t
he

 m
od

el
in

g,
 

m
et

ho
d,

 a
nd

 th
e 

fin
al

 p
ro

du
ct

, c
on

du
ct

in
g 

sy
ste

m
s a

na
ly

si
s, 

an
d 

m
ak

in
g 

de
ci

si
on

s
A

dd
re

ss
in

g 
an

om
al

ie
s

Re
co

gn
iz

in
g 

op
po

si
te

 id
ea

s a
nd

 re
sp

on
di

ng
 to

 o
bj

ec
tio

ns
Re

co
gn

iz
in

g 
th

e 
m

os
t s

ui
ta

bl
e 

so
lu

tio
n 

w
ith

in
 li

m
ita

tio
ns

 im
po

se
d 

by
 

re
so

ur
ce

s, 
te

ch
no

lo
gy

, s
af

et
y,

 a
nd

 c
os

t
Ta

ki
ng

 c
ha

lle
ng

es
 se

rio
us

ly
A

dd
re

ss
in

g 
op

po
si

tio
n 

to
 o

w
n 

id
ea

s s
er

io
us

ly
A

dd
re

ss
in

g 
fin

an
ci

al
, e

nv
iro

nm
en

ta
l, 

so
ci

al
, a

nd
 e

th
ic

al
 c

on
str

ai
nt

s t
o 

ge
ne

ra
te

 
su

st
ai

na
bl

e 
en

gi
ne

er
in

g 
ou

tc
om

es



690 M. Barak et al.

1 3

with machines. Each side in the hexagonal structure represents an engineering practice of 
P1 to P6. In the middle of the model are P7 and P8, which are integral to and interact-
ing with the six engineering practices. Table 2 presents the heuristic features, engineering-
related practices, and example assignments.

Table  2 shows that while most of the heuristics of scientific practices, proposed by 
Erduran and Dagher (2014), are relevant to engineering practices, there are some differ-
ences. The similar heuristic features are Real world, Activities, and Model, which describe 
the three engineering practices (P1–P3). The Data feature is also similar in describing two 
practices: Analyzing and interpreting data (P4) and Using mathematics and computational 
thinking (P5) to assess resources and solutions. The difference lies in assigning P6 to the 
Design feature, while Erduran and Dagher (2014) assigned it to Explanation. This can be 
explained by the differentiation made by the NGSS framework (2013), which presents P6 
as “Constructing an explanation (for science) and designing a solution (for engineering).” 
The second difference lies in the Production feature that is an important aspect of engi-
neering, but not explicitly mentioned as part of the eight science and engineering practices 
(NGSS Lead States, 2013). The engineering “Production” feature replaces the Prediction 
feature (Erduran & Dagher, 2014), which corresponds with scientific practices. Neverthe-
less, both features are related since successful production of engineering products requires 
good predictions of technological trends and market feasibility.

For teaching and learning purposes, this framework may engage students in engineer-
ing-related practices such as identifying a real-world problem, defining specifications 
and constraints, indicating possible solutions, performing simulations to assess available 
resources, balancing resource, decision making, and more. The application of engineer-
ing heuristics engages students in analytical and systemics thinking, creativity, and innova-
tion (Barak & Yuan, 2021; Barak & Usher, 2022). When practiced in team projects, it can 
engage learners in knowledge-sharing and collaboration (Barak & Usher, 2022), as well 
as develop unique skills such as leadership, dealing with failure, and professional ethics. 
This framework has the potential to unify the targeted cognitive and epistemic aspects of 
engineering practices so that they are implemented in a holistic and coherent manner at dif-
ferent levels of science and engineering education.

3.3  Methods & Methodological Rules

Methods and methodological rules refer to the variety of systematic guidelines and 
approaches that scientists use to ensure that their investigative outcomes produce accurate 
and reliable knowledge (Erduran & Dagher, 2014; Irzik & Nola, 2011). Science is based 
on the idea that it is a structured activity, regulated by methodological rules, and that sci-
entists use a variety of methods to solve different research problems. When it comes to 
science education, there are pedagogical heuristics and conceptual tools to engage students 
in discussions on scientific methods and methodological rules (e.g., Erduran et al., 2020). 
Instructional tools were developed to foster students’ understanding of the different types 
of scientific methods and their contribution to the construction of theories. However, it 
is still unclear whether these epistemic ideas and pedagogical heuristics are true or rel-
evant to engineering education. Engineering and science are perceived as similar in that 
both involve creative processes, and neither uses just one method (NRC 2012, p. 46). How-
ever, study caution against teaching the engineering design process as a list of linear steps 
(Deniz et al., 2020; Pleasants & Olson, 2019).
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As pre-college engineering education is gaining interest among educators, it is impor-
tant to discuss questions such as: What are the methods and methodological rules applied 
to engineering? What methods are best suited for engineering? Do different engineering 
fields have different methods and methodological rules? What pedagogical frameworks can 
be used for learning about engineering methods and methodological rules? There is agree-
ment on the need to promote school students’ understanding of engineering (Berland, 2013; 
Mehalik et al., 2008; NGSS Lead States, 2013). However, answering the questions posed 
above is an on-going challenge as engineering is a multifaceted discipline that involves 
many fields that are based on different sets of methods and rules (English & Moore, 2018; 
Kroes, 2012; Mitcham & Schatzberg, 2009).

As inquiry is viewed as a representation of the scientific method, simplistic as it may 
be, the design process is the prevalent representation of the engineering method. Engineer-
ing design is viewed as the method used to identify and solve problems to meet human 
needs. Different engineering fields use different design methods, but there are some com-
mon attributes. The Engineering is Elementary program (Cunningham et al., 2020) intro-
duces an engineering design process that includes five steps: ask, imagine, plan, create, and 
improve. Berland (2013) describes a multi-level representation of the design process based 
on 11 different models of engineering design. This representation includes five “super-
steps”: identify, describe, generate, embody, and finalize, underlining that design solutions 
evolve over time. A more sophisticated illustration of the design process is presented by 
ABET (2019), which includes several iterative steps, such as identifying opportunities, 
developing requirements, performing analysis and synthesis, generating multiple solutions, 
evaluating solutions against requirements, considering risks, and making trade-offs, for the 
purpose of obtaining a high-quality solution under the given circumstances. This represen-
tation illustrates the nonlinear nature of the engineering design process.

In the context of pre-college engineering education, discussions of the engineering 
methods and methodological rules should consider the history and the philosophy of this 
profession. As engineering is a multifaceted profession, educators should strive to convey 
its complexities. There is a need to develop instructional tools to foster students’ under-
standing of the different types of engineering methods and their contribution to the creation 
of new or improved artefacts (Barak & Usher, 2022; Honey et al., 2014). Similar to scien-
tific methods, engineering methods should be perceived as a creative process that involves 
the use of more than just one approach. It is important to build students’ understanding of 
engineering design as a nonlinear process through pedagogical heuristics. Epistemic ideas 
relevant to engineering education may include design methods grouped into four types 
of artefacts: Materials, Machines, Structures, and Data. With regards to Materials, as in 
chemical engineering, or Machines, as in mechanical engineering, biomimetic design is 
based on mimicking natural materials, mechanisms, and processes that are found in nature, 
to solve human design challenges. The design methods can resemble elements from nature 
“look like” and/or focus on function “work like.” For example, the biomechanics of the 
gecko lizard’s toes have inspired a host of climbing materials and the efficiency at which 
the whales swim has inspired the design of serrated-edge wind turbines. With regards to 
Structures, the Mixed-Use Design is applied in sustainable architecture and urban planning, 
by integrating three or more uses into one structure such as transportation, residential, 
hotel, retail, entertainment, and parking. This design method focuses on maintaining qual-
ity of life while minimizing the impact on the environment. Other design methods include 
the Design for Assembly and the Reverse Engineering method. In the Design for Assembly 
method, artefacts are produced by bringing together existing components with fewer parts 
and ease of assembly in mind. This method is common in computer design, as it allows 
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flexibility in integrating components in various positions. An example is the Sony SMART 
assembly system, a robotic system for assembling small devices. The Reverse Engineering 
method is a process that takes an existing product, disassembles its components, analyzes 
them, and builds a similar product accordingly. Throughout history, nations and private 
companies have reversed engineered parts of aircrafts, missiles, vehicles, hardware, soft-
ware, and more.

3.4  Engineering Knowledge

While scientific knowledge is regarded as the “end-product” of scientific activity 
(Erduran & Dagher, 2014; Irzik & Nola, 2011), engineering knowledge is an outgrowth 
of the design and manufacturing processes (NAGB, 2018; NASEM, 2020). Engineer-
ing knowledge consists of a combination of scientific and mathematical theories, laws, 
and models that are the basis of all engineering practices (NAE, 2010; NAGB, 2018). It 
includes practical applications of the engineering enterprise that generate and/or validate 
engineering concepts. Engineering knowledge provides logical and systematic descrip-
tions of how human-made artefacts work, opening the possibility for innovations and 
further developments (Barak & Usher, 2019, 2022). Engineers are required for wide-
ranging knowledge and analytical skills to bring innovation and engage with problem-
solving. Engineering knowledge results in products that are tangible (i.e., vehicles, 
robots, computers, etc.) and/or intangible (written patents, lines of codes, system design 
models, etc.).

Engineering knowledge is directly connected to scientific theories, laws, and models. 
For example, when engineers engage in design, they draw on theories in thermodynam-
ics, Newton’s laws, and models of material strength. Often, engineers work within a well‐
explored technological area, connecting between known theories and unknown technologi-
cal spaces. Yet, for science, knowledge about natural phenomena is an outcome in itself, 
while for engineering, knowledge is a means for designing new artefacts. Scientists strive 
to generate new knowledge and gain the recognition of the scientific community, while 
engineers are more concerned about registering patents and protecting new knowledge 
from industrial espionage. Engineering knowledge can be discipline specific, but it can also 
be seen as a holistic conceptualization of answers to how things can be further developed 
or significantly improved (Barak & Usher, 2022). With a focus on innovation, engineering 
knowledge leads to and is the result of the design process, as new or improved ideas and 
artefacts are generated (Barak & Usher, 2019, 2022).

Engineering knowledge is associated with engineering practices and design activities 
(Antink-Meyer & Brown, 2019; Fleer, 2022; Mehalik et al., 2008). It focuses on how par-
ticular artefacts function or on analytical models that can be applied to a range of tech-
nologies (Pleasants & Olson, 2019). Drawing on an extensive body of literature, Pleasants 
and Olson (2019) presented nine disciplinary features of engineering for K-12 education, 
among which are knowledge production in engineering, sources of engineering knowledge, 
and models of design processes. The authors raise questions such as: What kinds of knowl-
edge are internal to the engineering discipline? In what ways is engineering science dif-
ferent from, and similar to, natural science? How well do models of the design process 
capture the real work of designers? Elaborating on the work of Pleasants and Olson (2019), 
Antink-Meyer and Brown (2019) presented a set of seven features of nature of engineer-
ing knowledge, which are as follows: Empirical; Contextually responsive; Social; Per-
sonal; Societal and cultural; Interdisciplinary; Solution-oriented. It is maintained that the 
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understanding of these features is fundamental for K-12 teachers who have limited engi-
neering knowledge and experience. It is also asserted that the seven features contextual-
ize engineering in relation to science, technology, and society, and that they are accessible 
without oversimplifying engineering. The frameworks presented above are valuable start-
ing points for further discussions and refinements of the NOE construct within the research 
community. However, going beyond engineering content knowledge, questions such as: 
What engineering laws, theories, and models should be taught? and How should we teach 
them? are still relevant and should be further discussed and examined.

Theories, laws, and models are three entities that work together in providing a frame-
work for cognitive and epistemic understanding of accumulated knowledge (Erduran & 
Dagher, 2014; Erduran et al., 2020). Erduran and Dagher (2014) maintain that as informa-
tion gathers, the three entities become extended, contributing to further understanding in 
an iterative way. With regards to engineering, the literature points to the importance of 
discussing the epistemological nature of engineering knowledge (Antink-Meyer & Arias, 
2022; Fleer, 2022), shedding light on the connection between theories, laws, and models. 
From a heuristic viewpoint, it is important to focus attention on the cognitive and epistemic 
aspects of the three entities, as meta-perspectives on engineering knowledge tend to be lim-
ited in schools (Carr et al., 2012; Ekiz-Kiran & Aydin-Gunbatar 2021; Purzer, et al., 2022).

4  Discussion and Implications

As engineering literacy is central to learning and working in our technology-oriented soci-
ety, precollege engineering education has been the subject of recent policy reports and 
studies (AE3 & ASEE, 2020; Antink-Meyer & Brown, 2019; English & Moore, 2018). 
Studies point to the need for an ontological and pedagogical framing of the nature of engi-
neering (NOE) and its integration into the science curriculum (Antink-Meyer & Arias, 
2022; Deniz et al., 2020; Pleasants & Olson, 2019). Similar to the idea that science learn-
ing is enriched by deep understanding of the NOS (Dagher & Erduran 2016; Erduran et al., 
2019), it is important to generate an ontological foundation of engineering, focusing on 
how engineers from different fields use cognitive and epistemic viewpoints in their work. 
In this paper, we suggest a new perspective to resolve the ongoing debate on the NOE 
heuristics  and applications, by conceptualizing it as analogous to NOS. The complexity 
of theorizing NOE lies in that engineering is viewed as either a process, a field, and/or an 
approach (Antink-Meyer & Brown, 2019). It also lies in the ability to identify cognitive 
and epistemology characteristics that differentiate as well as connect engineering to sci-
entific fields (Antink‐Meyer & Brown, 2019; McComas & Burgin, 2020; NASEM, 2020). 
Thus, theorizing the NOE is important to the development of both engineering literacy and 
scientific literacy, as teaching them in tandem can promote deep understanding of modern 
society (Antink-Meyer & Arias, 2022; Pleasants & Olson, 2019).

Building on the Family Resemblance Approach (FRA) as characterised by Erduran 
and Dagher (2014), this paper describes NOE through four cognitive and epistemic cat-
egories: Aims & Values, Engineering Practices, Methods & Methodological Rules, and 
Engineering Knowledge. The framing of NOE through the use of the FRA categories 
can guide teaching and learning about engineering by providing a methodological lens 
through which engineering education can be developed in schools. It can be applied in 
teacher education programs to introduce the multifaceted nature of engineering. It can 
also support teachers in the process of selecting and presenting NOE-related learning 
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materials, while aligning them with educational goals. Overall, the four FRA’s cognitive 
and epistemic categories have a significant role in providing a clear and unified concep-
tualization of NOE, enabling a shared view of the engineering enterprise among edu-
cational stakeholders. Our underlying stance is that the cognitive and epistemic dimen-
sions of NOE are central to the holistic understanding of engineering and the theoretical 
and practical relationships between engineering and science.

In the last decade, reports underlined the importance of framing and outlining the 
NOE and the role of engineers (NAE, 2010; NAGB, 2018). Theorizing the NOE is 
important to the development of engineering literacy as well as scientific literacy since 
teaching them in tandem can promote deep understanding of modern society (Antink-
Meyer & Arias, 2022; Pleasants & Olson, 2019). The complexity of theorizing NOE lies 
in that engineering can be conceptualized as either a process, a field, and/or an approach 
(Antink-Meyer & Brown, 2019). Building on the family resemblance approach, this 
paper provides a framework for a continuous discussion on NOE and the theoretical 
and practical relationships between NOS and NOE. The framing of NOE through the 
use of FRA offers a lens that can be applied in teacher education programs to introduce 
the multifaceted nature of engineering. It can support teachers in the process of select-
ing and presenting the NOE-related learning materials, while aligning them with their 
educational goals. Our underlying stance is that cognitive and epistemic dimensions of 
NOE are central to the holistic understanding of engineering. The generation of a clear 
and unified conceptual framework of NOE may enable a shared view of the engineering 
enterprise among educational stakeholders. Such conceptualization can provide a lens 
through which engineering education can be developed in schools.
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