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Abstract
Research in science, technology, engineering, and mathematics (STEM) fields 
has become much more complex in the twenty-first century. As a result, the stu-
dents of our Graduate School, who are all Ph.D. candidates, need to be trained in 
essential skills and processes that are crucial for success in academia and beyond. 
Some research problems are inherently complex in that they raise deep moral dilem-
mas, such as antimicrobial resistance, sustainability, dual-use research of concern 
(defined as well-intentioned scientific research that may be misused for nefarious 
purposes), and human cloning. Dealing with moral dilemmas is one of several core 
competencies that twenty-first-century Ph.D. students must acquire. However, this 
might prove difficult for STEM Ph.D. students who have had limited exposure to 
moral philosophy. Since the task of dealing with moral dilemmas in STEM research 
requires input from both scientific and philosophical disciplines, it is argued with 
the help of the 4 examples above that this task be explicitly modelled as an interdis-
ciplinary process. Furthermore, it is argued that a particular model from the interdis-
ciplinary education literature could serve as a learning tool to support ethical deci-
sion-making in research ethics and integrity courses for doctoral students.

Keywords Applied ethics · Responsible conduct of research (RCR) · Critical 
thinking · Broad Model · Collaboration · Doctoral education

Introduction

The Doctor of Philosophy (Ph.D.) is the highest attainable degree in science, tech-
nology, engineering, and mathematics (STEM), and typically takes 4–7  years to 
complete (National Academies of Sciences, Engineering, and Medicine 2018). 
Traditionally, many Ph.D. students are monodisciplinary, meaning that they tend 
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to specialize very deeply in a single discipline. However, twenty-first-century prob-
lems are frequently too complex for any one discipline to handle. Highly specialized 
STEM Ph.D. students may thus lack the breadth required to deal with modern-day 
research problems whose solutions necessitate an interdisciplinary approach (Brown 
et al. 2015). Given the pressing needs of the real world, the time is ripe for initiating 
reform in traditional doctoral curricula worldwide so that students are better pre-
pared to address such problems (Bosch 2018).

This initiative would be in line with recent calls to overhaul doctoral programmes 
such that students are trained to be critical thinkers rather than mere specialists 
(Bosch 2018; National Academies of Sciences, Engineering, and Medicine 2018). 
The new curriculum would retain what is still essential in current training, such as 
a Ph.D. thesis that generates new knowledge. In addition, first-authored publica-
tions may be required and would reinforce the core skills and processes necessary 
for achieving originality. Major changes would consist in offering new courses that 
either complement or replace specialized courses; placing greater emphasis on sci-
entific rigour, responsibility, and reproducibility; and developing key skills such as 
critical thinking, effective communication, teamwork, interdisciplinarity, and com-
mitment to high ethical standards (Bosch and Casadevall 2017).

At an interdisciplinary graduate school of the National University of Singapore, 
efforts are underway to shift the focus away from content knowledge towards essen-
tial doctoral skills and processes in the curriculum. Aside from the didactic nature of 
the courses, another problem is that the curriculum does not make the interdiscipli-
nary process explicit. What this means is that although the term “interdisciplinary” 
is often invoked in education and research, it is often defined vaguely and the pro-
cess by which it may be achieved is not spelled out clearly enough. As a result, stu-
dents are ill-prepared to address complex problems, including the moral dilemmas 
that arise in STEM research. Motivated by these challenges as well as the above calls 
for curricular reform, research to develop pedagogical strategies that would mould 
our students into interdisciplinary critical thinkers and practitioners was recently ini-
tiated. In a recent Reflection on Practice, it was proposed that a new strategy based 
on an interdisciplinary learning model and blended learning techniques would help 
train students to “critically think and do interdisciplinary research” (Rashid 2019). 
As for the definition of interdisciplinarity itself, it is a process of enhancing one’s 
understanding of a real-world challenge through the integration of multiple disci-
plinary insights so as to answer questions, solve problems, or address topics that are 
too complex to be handled by a single discipline (Repko and Szostak 2017, p. 8).

When the interdisciplinary learning model was introduced into a separate course 
on integrative sciences and engineering, it was found to promote collaboration, com-
munication, and reflection amongst our Ph.D. students who had been assigned com-
plex problems to work on in small groups. Group presentation scores were higher for 
the topic where the model was applied compared to another topic where it was not. 
Enhanced collaboration and content were found to have contributed to the improved 
scores. Surveys and interviews revealed that one of the factors that contributed to 
this enhanced performance was the fact that the model encouraged students to think 
across disciplines, give peer feedback more effectively, and, once feedback was 
received, to reflect on it with an integrative mindset.



1863

1 3

Training STEM Ph.D. Students to Deal with Moral Dilemmas

In fact, the inspiration for the current article was an observation that the author 
had made in the above course (which students are required to attend after completing 
a mandatory research ethics and scientific integrity course). In the former course, 
students attended a lecture on microbiomes, sustainability, and the interdisciplinary 
approach that will be the focus of this article. A week later, they were required to 
deliver small-group presentations on the role of global microbiomes in achieving 
any of the United Nations’ seventeen Sustainable Development Goals (SDGs). Sur-
prisingly, most of the presenting groups included a section on the ethical dimensions 
of the problems they were investigating even though this was not a requirement of 
the assignment. It was clear that they were inspired to do so by the interdiscipli-
nary approach that they had learnt in lecture. Upon reflection it was realized that the 
same interdisciplinary approach might prove useful in the ethics and integrity course 
itself, which, like the course described above, is also made up of students from a 
variety of STEM disciplines. The ethics and integrity course presents moral dilem-
mas as complex problems and includes topics such as introduction to moral reason-
ing, research involving human subjects and human materials, and environmentally 
sensitive research. These topics involve some of the more complex moral dilemmas 
in STEM research, namely reproductive and therapeutic cloning, dual-use research 
of concern, antimicrobial resistance, and sustainability. These four dilemmas were 
chosen for this article because they are the particular topics taught by the author 
in the ethics and integrity course. Moreover, because of their especially complex 
nature, each one necessitates an interdisciplinary approach.

These dilemmas raise deep ethical questions: What is the moral status of the 
embryo? To what extent is a scientist responsible for the harm resulting from 
research that has been misused by unscrupulous third parties? How should we relate 
to animals and the rest of nature? However, our students sometimes find it very chal-
lenging to integrate scientific or technical knowledge with philosophical knowledge 
because they tend to view moral philosophy as being distant, irrelevant, or “alien”. 
This is particularly evident when they attempt to use moral theories in their moral 
reasoning, either during class or on asynchronous online discussion forums. In the 
author’s experience, students seem to be less comfortable discussing the moral 
aspects of a dilemma than the scientific or technical aspects. One other particularly 
striking observation is that STEM students struggle with the very notion of a moral 
theory and the role that theory plays in moral reasoning. As a result, they have a ten-
dency to ask which of the three theories that they are taught in class, namely utili-
tarianism, deontology, and virtue ethics, is the “correct” one. This common observa-
tion further demonstrates the need to bridge the disciplinary divide between STEM 
and philosophy.

In the integrative sciences and engineering course, the interdisciplinary learning 
model formed the basis on which face-to-face and online learning activities were 
designed. Through surveys and interviews, it was ascertained that the model guided 
students when they gave feedback to their peers and when they reflected on the feed-
back that they had received from their peers and the instructor. This reflection, in 
turn, allowed them to draw explicit interdisciplinary connections during the group 
presentations and thus improved their overall score. Encouraged by the recent suc-
cess of the new strategy to cultivate complex problem-solving skills, the objective of 
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this Opinion is to consider how this interdisciplinary learning model might facilitate 
resolution of moral dilemmas by modeling the task as essentially an interdiscipli-
nary process.

The Need for Ethics in STEM Research

Moral dilemmas involve conflicts between moral rules or norms in particular situ-
ations. Conflicts arise when we have moral reasons to do each of two actions but 
doing both actions is not possible. A moral dilemma occurs when a moral agent is 
required to do each of two (or more) actions and is capable of performing each of 
the actions, but cannot do both (or all) of the actions. No matter what action is taken, 
the agent will either do something wrong or fail to do something right (McConnell 
2018).

To deal with moral dilemmas there is a need to turn to ethics, the sub-discipline 
of moral philosophy that provides a practical and systematic way of reasoning 
through moral dilemmas and deciding on the right course of action when there are 
conflicting choices (Talbot 2012). It is concerned with what is right or wrong, good 
or bad, or virtuous or vicious (Chrisman 2016), and answers questions like: How 
should we live? Which actions are right? Which actions are wrong? How can we 
know whether actions are right or wrong? Is moral truth absolute or relative? Unlike 
science, which is concerned with how the world does work, ethics is about how 
the world ought to work. STEM Ph.D. students need to be able to evaluate relevant 
ethical insights when confronted with moral dilemmas in research. Although this 
author believes that other graduate and undergraduate students should, in general, 
be trained in this essential skill, this article focuses on the doctoral level because all 
the students at our institution are Ph.D. candidates. The ability to deal with complex 
dilemmas in STEM research has been recognized as an essential competency for the 
twenty-first century Ph.D. student (Bosch and Casadevall 2017; National Academies 
of Sciences, Engineering, and Medicine 2018). As these types of dilemmas concern 
a multitude of disciplines, an interdisciplinary strategy is needed.

Examples of moral dilemmas included in the course are antimicrobial resistance, 
sustainability, dual-use research of concern (DURC), and human cloning. Each 
dilemma is presented to the class, which consists of 15–20 STEM Ph.D. students, as 
an inherently complex problem because of the need for input from both the STEM 
disciplines and moral philosophy. The relevant disciplines are identified and how 
each one illuminates some aspect of the problem is briefly explained. The class is 
then asked to consider serious ethical questions, e.g. Do animals have rights? Does 
the embryo have the right to life? Is the non-human–environment intrinsically or 
instrumentally valuable? With the help of arguments where the premises and con-
clusions are explicitly stated, the lecturer proceeds to explain that both scientific and 
moral premises are needed to reach a conclusion that has moral force.

Reflecting on how ethics might be relevant to research into antimicrobial resist-
ance (AMR) culminated in the realization that an interdisciplinary strategy could 
generally be quite useful when attempting to negotiate ethical issues associated 
with STEM research. AMR is defined by the World Health Organization (WHO) 
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as “when microorganisms such as bacteria, viruses, fungi and parasites change in 
ways that render the medications used to cure the infections they cause ineffec-
tive” (World Health Organization 2018). The huge burden imposed on individuals 
and society is due to the fact that AMR, which in some cases can have fatal conse-
quences, can easily spread from person to person. AMR is thus a major healthcare 
concern worldwide (World Health Organization 2018).

In class, the case is made to students that AMR is a truly interdisciplinary prob-
lem because of its complexity and that the Broad Model (Table 1) could help them 
reach a more comprehensive understanding of the problem. As with any research 
project, the first step is to state the research problem (Step 1 of the Broad Model), 
which helps to emphasize the importance of framing the problem or question clearly 
at the outset. Then, the use of an interdisciplinary approach needs to be justified by 
indicating that several disciplines are relevant to this problem rather than a single 
one (Steps 2 and 3). Many disciplines are potentially relevant to AMR, e.g. biology, 
biotechnology, economics, ethics, and political science. This step would broaden 
students’ thinking about the problem and make them realize that the problem is more 
complex than they might have imagined. The next 3 steps involve delving into litera-
ture from across various disciplines in order to aid comprehension and analysis of 
the problem in the light of various disciplinary insights (Steps 4–6). The purpose of 
the literature search at this stage is to help students discover that the problem is rec-
ognized as needing research. The last four steps promote interdisciplinary integra-
tion by identifying and creating common ground between conflicting insights (Steps 
7 and 8) so as to achieve and communicate a more comprehensive understanding 
(Steps 9 and 10). It is through these last 4 steps in particular that students will be 
able to integrate their scientific/technical knowledge with their moral knowledge 
in order to achieve an integrated understanding of a moral dilemma, thus improv-
ing their moral reasoning skills. In addition to making the interdisciplinary process 
explicit, the Broad Model will reinforce the essential components of the methodol-
ogy of research, i.e. the need to state the research problem clearly; conduct a litera-
ture review to summarize current knowledge; identify a gap in knowledge, provide a 
statement of need and the consequences of not meeting that need; and design a study 
that would fill that gap and thereby advance the field.

Table 1  The Broad Model. 
Steps of the integrated model 
of the interdisciplinary research 
process/Broad Model (Repko 
2006) Reproduced with 
permission

A. Drawing on disciplinary insights
1. Define the problem or state the research question
2. Justify using an interdisciplinary approach
3. Identify relevant disciplines
4. Conduct the literature search
5. Develop adequacy in each relevant discipline
6. Analyse the problem and evaluate each insight or theory
B. Integrating disciplinary insights
7. Identify conflicts between insights and their sources
8. Create common ground between insights
9. Create a more comprehensive understanding
10. Reflect on, test, and communicate the understanding
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Sustainability is a topic of global importance that is used as a classroom example 
to stimulate moral reasoning. The definition of sustainability or sustainable develop-
ment is “development that meets the needs of the present without compromising the 
needs of future generations to meet their needs” (The World Commission on Envi-
ronment and Development 1987, p. 41). For the STEM researcher, a moral dilemma 
arises when research that is considered to be vital for the present may end up 
despoiling the environment and compromising it for future human inhabitants of the 
planet. On this account of morality, certain research interests, e.g. recombinant DNA 
technology, nuclear energy, genetically modified crops/organisms, infectious micro-
organisms, nanotechnology, may be morally questionable or even reprehensible. The 
dilemma becomes even more challenging if the scientist regards the environment 
and animals as intrinsically (rather than instrumentally) valuable. Historically, eth-
ics has been omitted from the sustainability discourse. Failing to address the ethi-
cal dimension, however, will have serious consequences for achieving sustainabil-
ity (Nelson and Vucetich 2012). The disciplines most relevant to the complex issue 
of sustainability would be the natural sciences, engineering, environmental studies, 
economics, ethics, philosophy, the social sciences (Thompson 2012).

The question that is posed in class is, Do we have a responsibility to future gen-
erations to pass on to them the earth’s life-support systems in as healthy condition 
as they exist in now? The class is then guided through a discussion of a moral argu-
ment about climate change that consists of both scientific and moral premises. The 
exercise involves convincing them that the argument is valid and that it generates 
a categorical imperative that rationally binds us (STEM practitioners in particu-
lar) to mitigate the negative effects of climate change by leveraging on our expert 
knowledge.

The next classroom example is dual-use research of concern (DURC), another 
challenging moral dilemma with implications for both society and the environment. 
DURC is defined as knowledge, products, or technologies arising from life sciences 
research that, if acquired by a third party with malicious intent, would pose a threat 
so significant as to have far-reaching consequences for public health and safety, 
agriculture and other plants, animals, the environment, material, or national secu-
rity (Office of Science Policy 2019). For example, genetic engineering of bacteria is 
routine in microbiology research but the worry is that if a resulting bacterial strain is 
hypervirulent or resistant to multiple drugs, it could be used for nefarious purposes 
by unscrupulous individuals or groups. A moral dilemma thus arises because it is 
not possible to guarantee that the results of well-intentioned research would not be 
misused by unscrupulous third parties to inflict harm. DURC is not restricted to the 
life sciences, however, as one of the earliest examples was nuclear energy, which 
has served as an alternative to fossil fuels in many countries for several decades but 
nonetheless has the potential to be weaponized by anyone with evil intent. The natu-
ral sciences, engineering, law, and ethics are the disciplines most relevant to DURC. 
The question that students are asked is to what extent is a researcher with good 
intentions responsible for the harm caused by a third party with evil intentions?

The last example that is examined in class is human cloning, one of the most chal-
lenging moral dilemmas that biomedical scientists have to contend with. Therapeutic 
cloning refers to “the cloning of embryonic cells to obtain organs for transplantation 
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or for treating injured nerve cells and other health purposes”. Reproductive cloning 
involves “the use of somatic cell nuclear transfer (SCNT) to obtain eggs that could 
develop into adult individuals” (Ayala 2015). Therapeutic cloning presents a moral 
dilemma because it would violate the moral rule “do not kill” as it is not possi-
ble to harvest stem cells from the early embryo for research or therapeutic purposes 
without simultaneously killing it in the process. The idea of reproductive cloning 
triggers a feeling of intense disgust for most people. This kind of reaction is pre-
dicted by the “Boo/Hooray” theory of ethics which says that moral judgements are 
guided by feelings of approbation or disapprobation rather than reason (Talbot 2012, 
p. 76). Because of their complexity, both therapeutic and reproductive cloning pre-
sent moral dilemmas requiring input from multiple disciplines, including biology, 
psychology, political science, philosophy, religion, law, and bioethics (Repko and 
Szostak 2017).

In the author’s own class, the learning objectives are first stated, namely to appre-
ciate the usefulness of embryonic stem cells (hESCs) and to recognize ethical issues 
arising from hESC research. Cloning is presented as a complex question or prob-
lem which, in its broadest sense, requires input from the above seven disciplines, 
each of which could potentially illuminate some aspect of the problem. Given the 
limitations of the class, the disciplines most relevant to the needs of the course are 
selected—bioethics, biology, and philosophy. With reference to three moral theories 
(utilitarianism, deontology, and virtue ethics) introduced earlier in the course, the 
class is asked to consider the fundamental question, Does the embryo have the right 
to life? The instructor then walks the students through a series of arguments about 
conditions necessary and/or sufficient for possessing the right to life. The point is 
that addressing such a complex problem involves considering both the moral status 
of the embryo and the scientific/medical aspects of therapeutic cloning, an exercise 
that requires that knowledge from multiple disciplines be integrated.

A Theoretical Framework to Help Resolve Complex Dilemmas in STEM 
Research

To address such complex moral dilemmas, Ph.D. students will need to think broadly 
so that they can first identify the disciplines most relevant to a particular moral 
dilemma, and then go about using knowledge from these disciplines to reach a holis-
tic understanding and propose a solution. Given the fact that AMR, sustainability, 
DURC, and human cloning each involve multiple disciplines, there is a need to pro-
vide students with a decision-making process that would facilitate the knowledge 
integration required to model the task of resolving moral dilemmas as an interdisci-
plinary project.

The Integrated Model of the Interdisciplinary Research Process or Broad 
Model (Table  1) has been recognized as a potentially useful instructional tool 
for students who need to integrate across science and engineering disciplines 
(Rashid 2019). Since the Model’s ten steps are designed to promote knowledge 
creation, meaning-making, and interdisciplinary research, in particular when 
these problems span the natural sciences, social sciences, humanities, and applied 
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fields (Repko and Szostak 2017; Repko et al. 2017), it makes sense to use it in 
the research ethics and scientific integrity course. The cited references provide 
numerous examples of interdisciplinary work, such as human cloning, freshwater 
scarcity, organized environmentalism, globalization and its effects on the envi-
ronment, and the practice of cultural analysis. The authors expect that this range 
of explicitly interdisciplinary case studies would strongly contribute to  inter-
disciplinary curricular development. These case studies may prove relevant to 
a particular course problem, topic, or theme, and will reveal to students how 
interdisciplinarians have used the steps in the Broad Model to address complex 
problems. The overall goal is for the students to reach a “more comprehensive 
understanding”, based upon which they would attempt to resolve complex moral 
dilemmas. Applying the Broad Model to ethical decision making will help stu-
dents achieve a more comprehensive understanding of the dilemma by rendering 
the exercise explicitly interdisciplinary.

The Broad Model’s ten steps reveal the decision points that are undertaken in 
almost any interdisciplinary project, thus enabling students to proceed from a prob-
lem to an understanding of the problem to a tentative solution. It is heuristic, i.e. 
serves as an aid to understanding, discovery, or learning. In making the interdisci-
plinary process explicit, the Model encourages greater reflexivity. By this it is meant 
that students become more conscious or aware of any disciplinary or personal biases 
that may influence the way they view a particular problem or dilemma, and help 
them resist the temptation to ignore disciplines simply because they are unfamiliar 
to them (Repko and Szostak 2017). Students within my ethics class initially seem 
reluctant to engage in moral reasoning with the help of moral theories and princi-
ples. This is not too surprising since they are science and engineering students who 
have had little or no prior exposure to moral philosophy. When presented with case 
studies in class, they tend to focus more on the scientific or engineering aspects of 
the dilemma than on the moral aspects.

They are also slow to initiate discussions in their online discussion forum. Hope-
fully, by promoting reflexivity, students will develop sufficient adequacy in applied 
ethics to incorporate relevant moral theories and/or principles in their decision-mak-
ing procedure, a task which STEM students might be reluctant to undertake for vari-
ous reasons, e.g. lack familiarity with moral philosophy, an aversion to anything out-
side of science and engineering, and a preference for “objective” answers. Students’ 
proficiency in moral reasoning could be assessed with the help of, for example, in-
class polls that would solicit their responses to moral dilemmas over the course of a 
semester. This information could be triangulated with other outcome measures, e.g. 
presentation scores and final exam grades, as well as pre/post-surveys and interviews 
to determine their proficiency level in applied ethics. Unlike disciplinary approaches 
which prioritize a single discipline’s phenomena, epistemologies, assumptions, con-
cepts, theories, methods, and data, the Model encourages researchers to cast their 
gaze across the defining elements of all relevant disciplines, which is the approach 
that I believe should be adopted for complex moral dilemmas in STEM research, in 
particular AMR, sustainability, DURC, and human cloning.

According to Repko and Szostak (2017), each step entails certain strategies. For 
example, to perform Step 1 (Table 1), the 3 tendencies of personal bias, disciplinary 



1869

1 3

Training STEM Ph.D. Students to Deal with Moral Dilemmas

bias, and disciplinary jargon need to be avoided. To justify using an interdisciplinary 
approach in Step 2, it must be demonstrated that the problem under consideration is 
complex and therefore requires input from more than one discipline. To perform Step 
6, one needs to, inter alia, be receptive to every disciplinary perspective but being 
dominated by none, preserve intellectual flexibility, think inclusively, and practice 
both deductive and inductive reasoning. Step 8 involves establishing common ground 
between disciplinary insights at the level of concepts, assumptions, and/or theories. 
The first step in creating common ground between conflicting concepts or assump-
tions is deciding how to proceed, i.e. knowing when to establish common ground (e.g. 
after the problem has been mapped), determining how comprehensive the research 
will be (which depends on how many disciplines are drawn upon), and ascertaining 
what common ground will be created from (concepts or assumptions). The next step 
involves selecting, from a range of techniques (namely, redefinition, extension, trans-
formation, or organization), the one that would be most appropriate for modifying the 
concepts or assumptions. In the case of establishing common ground between theo-
ries, modification would entail one or more of the same four strategies depending on 
whether (a) one or more of the chosen theories already have a broader range of appli-
cability than do other theories (extension), (b) none of the chosen theories borrows 
from other disciplines (redefinition, extension, or transformation), or (c) the chosen 
theories focus on complementary parts of the research question (organization).

Lastly, the Model is iterative because it is non-linear, i.e. students may find it nec-
essary to repeat earlier steps after reaching later steps. This need may arise for any 
number of reasons, e.g. students may have defined the problem/question too broadly 
or too narrowly; they may not have correctly identified the parts of the problem; 
they may need to narrow down the disciplines most relevant to the problem; they 
may not have gathered the most important insights concerning the problem; they 
may have realized that they had been privileging one discipline’s perspective over 
another’s because they happen to be working in the former discipline; or they may 
have allowed their personal bias to influence the project’s direction. For example, 
selecting the most relevant disciplines in Step 3 may require that the problem be re-
stated in Step 1 (Repko and Szostak 2017).

In particular it is worth noting that ethical evaluations have to be made in at least 
two steps of the Model: When conducting the literature search (Step 4) and when 
analysing the problem and evaluating each disciplinary insight or theory (Step 6). 
At Step 4, students should strive to prevent their personal opinions from skewing 
the selection of insights relevant to the issue. Such skewing is typical of disciplinary 
research. At Step 6, students should strive to prevent their personal opinions from 
skewing the evaluation of these insights, some of which they may happen to disa-
gree with (Repko and Szostak 2017, p. 288).

Conclusions

In this Opinion it has been argued that complex moral dilemmas in STEM research 
should be treated as interdisciplinary problems, and that the Broad Model of inter-
disciplinarity would provide Ph.D. students with an explicit process for dealing with 
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such dilemmas. Key areas of research where ethical considerations are urgently 
needed, namely human cloning, DURC, AMR, and sustainability, have been identi-
fied. Ethics is an essential discipline for STEM researchers not only because it will 
cultivate a sense of responsibility towards the environment and society, but also 
because it will also make individuals realize the limits of their own perspectives and 
encourage them to look for value in the claims of others (Harris and Pritchard 2018), 
whatever their professional backgrounds happen to be.

The above four examples all require insights from multiple disciplines and are 
therefore inherently much more complex than the dilemmas that students are likely 
to encounter as a matter of routine, e.g. responsible laboratory conduct, authorship, 
conflicts of interest or commitment, and relationship with one’s mentor(s). In the 
absence of guidelines for dealing with complex dilemmas, students need to develop 
adequacy in primary moral theories and/or principles. The Model will be useful, for 
example, in emphasizing the ethical dimension of sustainability that defines the “end 
goals of sustainability”, in contrast with the scientific dimension that defines the 
“means by which to achieve sustainability” (Vucetich and Nelson 2010). An inter-
disciplinary approach that highlights sustainability’s ethical aspects would motivate 
scientists and engineers to venture beyond their own disciplinary comfort zones to 
engage societal and environmental challenges more directly (Nelson and Vucetich 
2012).

The Model presents a process that is analogous to research methodology in gen-
eral but also extends it by including additional steps for achieving interdisciplinarity. 
Research methodology generally involves stating a research problem, designing the 
research strategy, selecting or constructing a data collection instrument, choosing 
a sample(s), submitting a research proposal, collecting, processing, and analyzing 
data, and publishing a research report. In short, the research journey is about decid-
ing “what, planning how, and actually doing” (Kumar 2005, p. 19). Using the Broad 
Model in the classroom would not only reinforce this core methodology, which 
would in itself be beneficial to our students who would be nearing their Ph.D. quali-
fying examination, but it would also go a step further by promoting interdisciplinar-
ity, which in the long-term might help them achieve the originality required for a 
doctoral thesis. As interdisciplinarity is one possible source of originality (Phillips 
and Pugh 2010), the Model is likely to be practically relevant beyond the classroom.

Another anticipated benefit of the Broad Model is that it would promote critical 
thinking, which needs more emphasis in postgraduate education (Bosch and Casade-
vall 2017). Known by many different names, e.g. high-order thinking, problem solv-
ing, evaluation, analytical thinking, or metacognition, critical thinking essentially 
depends on cognitive skills and strategies to promote thinking that is “reasoned, 
purposeful, and goal-directed” (Halpern 2007; Mayer and Alexander 2016). This 
approach promotes the “outside-the-box” thinking and adaptability that our stu-
dents would need for diverse careers in academia, industry, administration, science 
communication, advocacy, government, and social work (Bosch and Casadevall 
2017; National Academies of Sciences, Engineering, and Medicine 2018; Rashid 
2019). Modernizing the Ph.D. would involve formalizing training in critical think-
ing throughout the curriculum so as to motivate students to challenge assumptions, 
solve problems, and find meaning in their research.
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The interdisciplinary strategy described herein will (1) sensitize STEM doctoral 
students to the ethical aspects of their research, (2) inspire them to address moral 
dilemmas by providing them with an explicit decision-making process, and (3) cul-
tivate key skills such as communication and collaboration between disciplines, and 
(4) develop the confidence and intellectual dexterity needed to confront twenty-first-
century challenges. This new strategy will effectively put the “Philosophy” back 
into “Doctor of Philosophy” (Blachowicz 2009; Grayson 2006; Grune-Yanoff 2014; 
Prather et al. 2009). This is important because Ph.D. students need to be competent 
enough to deal with the increasingly complex problems of the twenty-first century, 
which means that traditional Ph.D. programmes need to be redesigned so as to train 
students to be thinkers rather than mere specialists.
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