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Abstract: In the process of becoming engineering educators, most profesgemsit@essfully
developed some fundamental skills that are necessary (although hoesif to become a
successful researchddowevae, they often hare o dear idea of he to pass this knaledge
along to their students yend the general approach of carefully guiding their students’
individual research &rts. Asense of not krvaing where to bgin this type of mentoring
process can be especially acute iw fi@culty This paper presents\a&eal techniques, ganized
around a set of guiding principles, for helpingvrfaculty teach the engineering research
process.

1. Introduction

“The reasonable man adapts himself to tleldy the unreasonable man persists to adapt the
world to himself. Therefore, all progress depends on the unreasohable.

Geoge Bernad Shaw

Given that the goal of research is to induce progress bgramivg the state-of-the-art,
Shav’'s comment wuld suggest that there is no straightfardvway to teach someonewdado
become a good researchérShaw is correct, it would seem that the job of a teacher of future
researchers is to somehteach a sort ofcontrolled unreasonablengs3V hile the ability to do
good research may iadt require personal traits and characteristics that go:ntiehe
capability to teach, such as credsi and persistence, there are some fundamental skills that are
necessary (although not 8afent) to become a successful engineering researdhese skills
include the ability to criticallywluate the work of others, adcility with the standard tools and
techniques of the gen field of studyan understanding of appropriate statistical methods, and
the ability to clearly present wadeas and results through written and ggo&ommunication.

Since research is an igm@l component of the engineering design process, engineering
degree programs should nak ©ncerted dbrt to teach students wao become good
researchers by imgeating researchxperiences into all iesls of the curriculum, including
opportunities for undgraduate research, traditional graduate student reseaquehesnces, and
by providing research adfities through continuing educatiofthis paper describes Wwdhese
integrated researchxperiences can be combined witlvaal specific techniques to help teach
the basic skills necessary for performing good engineering reseammon theme
throughout these ideas is the philospfitat a good teacher is acflitator of learning who tries
to ask the right questions at the right time, rather than someone who is simply a source of
information.



2. Principlesfor Doing Good Research

One vay of looking at the problem of trying to teach someonve tadbecome a good
researcher is to think in terms of trying to instill in them a set of rules or principles thaathe
use to guide their ark. All good researchers use, whether consciously or not, something akin to
the following set of principles throughout their careers.

Principle 1: Don'’t believe everything you read.

“If | had thought about it, | auldn’t havedone the eperiment. Thditerature vas full of xam-
ples that said you cardo this’”

Spencer Silver on the work that led to the unique adhesives foP88t-it” Notepads.

One of the most important skills a good researcher casiogeis the ability to find out
what has been done before so as notastetime duplicating pveous work. Thisbackground
development typically is done through library research, bgging up-to-date with current
publications, and by attending conferences and seminaxshiarege ideas and visit informally
with colleagues.One of the most ditult aspects of desloping this skill, hevever, is learning to
critically evaluatethis previous work. Itis of little value to knav what has been done before if
the researcher cannotauate the quality or the importance of theriw. Furthermoreary
researcher who wishes to publish thearkvwill eventually be askd to reiew others’
submissions. Thud,is essential to be able to criticallyakuate others’ wwrk. Buthow can this
ability be taught?

One approach that is particularlyeadtive is to ask students to wew papers assigned from
the literature. These papers must be carefully selected both to teach up-to-date information about
the topic of the course, as well as toyie examples of both good and not-so-goookkv For
each paperor for a small group of papers that may all discuss a related point, studentsdre ask
to write a short (1-2 page) summary that addresses each of tharfglieoints [1]:

Whatis the problem being studied?

Isthis an important problemWhy or why not?

Whatare the main results?

Whatmethod is used to produce the results?

Whatare the assumptions in the papét@w realistic are thg?

How sensitve ae the results to the assumptions?

Whatdid you learn from this paper?

Describahe similarities and diérences of this paper compared to other related papers.

ONoGOR~WNE

A grading system using a simpg&us, hed, or minusfor these reports is often best since the
point is to encourage the students to think deeply about the papers rather thvantie teacher
spend a great deal of time grading them [2].



Another technique that is quite useful is teegihe students an opportunity to practice the
anorymous refereeing process with their peérhis technique warks particularly well in a
course that has a term project with a written report due at theStadents are ask to turn in
three copies of their reportybto leave their name dftwo of the copies.These tw copies are
then distriluted to tvo randomly selected students in the class who amdaskread and grade
the paper using the same criteria that the teacher willNist that the angmous aspect of the
process is necessary to ensure theagyid the students being graded, and of the graders
themseles, since all of the veews should be returned to the authors.

Grading their peers’ papers in thashion allavs the students to furtheraop their skills
as referees, and it pnoes them with an opportunity to compare th@mavork with the rest of
the class.Additionally, the etra insights preided to the teacher by the studentsiea's more
than outweigh the small additionafet required to implement this procesEhis process is
more problematic when dealing with students whe @kirses remote)ythrough an interacte
television system, for instanceytbusing electronic mail to distuite and collect both the papers
and the reiews efectively eliminates distance as a barrier

Principle2: Know your tools.
“If the only tool you hee is a lammer every problem bgins to look lile a rail.”
Unknown

Engineers wrking in all disciplines areated with an often beéldering \ariety of tools
with which to perform their researcfihese tools include the ubiquitous compugsmell as
discipline-specific daces and proceduredVhile the proper use of mathematical and analytical
methods are typically taught throughout the engineering curriculum, learning to use specialized
research tools, such as electron microscopesge haultiprocessor high-performance computer
systems, is often left for meresearchers to learn on thewmm Thisself-teaching process is not
very efficient, havever. One approach that can accelerate the learning process is towpair ne
students with students who are maxpexienced in using the needed toodsuseful byproduct
of this pairing is that the moregerienced student often learns more about the tool by answering
the naev students questions than he or sheuld learn simply by using the tool in thewio
research.

It also is important to help thewestudent learn to choose the appropriate tool for the task
at hand.For instance, researchers mustdep the ability to determine when to use analytical
modeling, computer simulation, or direct measuremertsthermore, since engineers typically
deal with real objects and practical ideas, it is important for these researchers to understand that
all of their interactions with these objects are subjeckxpe@mental errorsThese errors may
be lage, or thg may be insignificant, i, in ary case, it is important for the researcher to
understand the causes and results of both systematic and randomAsrangsult, it is vital for
evay engineer to understand the meaning of the tagusmcy, precision and resolutionwhen
applied to their tools and resulting measuremeAtiditionally, they should understand loto



use the statistical techniques applicable to their field to corregitg®s and communicate

metrics of central tendeyp@nd variability, and to compare competing altervas. Itis

impossible to judge the quality of engineering research results without the correct application of
these basic mathematical skills.

Principle 3: Practice, practice, practice.

“A lecture is the process of transferring information from the notes of the instructor to the notes
of the student without going through the mind of either

Anonymous

Research is a skill that can be learned only by dofbook can describe a promisingwe
methodology or research instrument, for instanaéthe skill necessary to determine the right
guestions to ask in the first place requires an intuition and sense of judgement that can be
developed only through practicdJnfortunately typical forms of practice, such as hosoek
assignments and laboratories associated with classes, are often artificial and limited iAscope.
a result, students often find them dull and uninspiriihile students may aelop useful
background information and skills through these traditional approachgsyé¢hseldom
motivated to go bgond the basicsTo dbtain a deep understanding and appreciation for a subject
and its traditions, there is no substitute for actual handsjmarience.

One technique engineering educators can use to encourage this haxplsr@mee is to
provide numerous opportunities for students to practice theiding research skills by
integrating researchxperiences into all ieels of the curriculum.Engineering programs ha
typically done an>ecellent job of preiding hands-on practice of the research process at the
graduate leel through M.S. and Ph.D'apprenticeshipsthat ultimately lead to a thesis.
However, limiting research opportunities to graduate students completely ignores the potential of
the undegraduate students who are, after all, the future graduate research assistants.

Providing opportunities for undgraduate students to participate in ongoing research
projects can produce significant benefits for both the students and the research Bolvisor
instance, manuniversities preide structured programs that require an ugdatuate student to
develop a proposal to ark on a specific project with a specifactiity member [3].While these
programs often prade a stipend to the students, one of the primaryvatotg factors for man
students is the opportunity tovdop a deeper understanding of a subject that is of particular
interest to themOne student wolved in this type of program at the Waisity of Minnesota
reported: 1 learned more in one quarter than vaan any dass | hae taken. Inmy opinion
there is just no beating hands-otqperience’[ 3].

Additionally, the experience of writing a research proposal, competing with other students
for a limited number of positions, and learning to handlep®eted research problems yes
them with practical skills that will enhance their future empient prospectsThe close
interaction with adculty member that this type of researgharience preides students helps
them to bgin establishing contacts in their field of interest, and it connects them with a mentor



who can preide career and educational advi¢anally, it alows students to test whetheryhe
are capable of performing research, and whethgntioelld enjy a research caregwithout a
making a substantial commitment of time or mone

Undegraduate research is helpful not only to the studemtalso to the teacheOne
obvious benefit to aaiculty advisor is that, through this type of urgtaduate research
experience, he or she obtains the help of an intelligent, enthusiaskenwho can often mak
substantial contriltions to the research projedh addition, these researckperiences ge the
faculty advisor a unique opportunity to pide the student with educationajperiences that are
simply unaailable or impractical to prade in a classroom gmonment. Br example, through
this learning-by-doing»gerience, students ddop an appreciation and understanding ofho
new knowledge is disceered, and har new ideas and wentions are actually deeloped. Asone
faculty advisor irolved in this type of program sai{]t] allo ws undegraduate students the
opportunity to understand the true nature ofkedge-@ining’ [ 3]. Finally, these gperiences
provide an ideal enronment for advisors toveluate potential ne graduate students with little
risk and no long-term commitmenin summarythese undgraduate research opportunities
provide substantial tangible, and intangible, benefits for bothethdtf advisor and the students.

Principle 4. Inspiration requires perspiration.
“Even if you are on the right track, ydiget run wer if you just sit theré.
Wil Rogers

“It is not simply hav busy you are, it why you are sy The bee is praised; the mosquito is
swatted:

Marie O’Conner

Oftentimes, one of the most fildult aspects of graduate studentgderience is the feeling
of being lost and without directionlhey typically have a \ague sense that thaeed to produce
something neel to make a sgnificant contrilution, kut they haveno idea where to starOne
technique to mee them of of dead center and help thengeto feel that thghavesome
direction is to assign them a task or projectvarieto their area of interest with a specific goal.
Working on this task can help themvet®p an intuitve feel for their subject which can increase
their confidence and their medtion. Even if the task does not lead directly to a thesis or a
paper doing this work helps them feel that thare making progressThis experience forces
them to confront the deficiencies in the current state-of-the-art, which can often lead to
interesting research topicf course, it is important that students continue to read about their
general area of researchitlit can be more produgé o dso give them a concrete tasht is
important, havever, that both the advisor and the studemsidiconfusing simple aatity with
progress twvards a goal.

Students at all stages of their academic careers can feel isolated and unsure of their ability
to male progress. Bgond the need to ka a pecific assigned task on which tosk, holding
regular group meetings with orsefudents can help them tovdop a sense of belonging, can



develop good team-wrk among the group members, and can encourageé@eeer teaching.

A useful focus for these meetings is to discuss current papers in thesges@airch aread

nice byproduct of this groupdilding is that it frequently can reme a ggnificant load from the
research advisor by filtering out the routine questions of tweoraers. Arequally important

part of this group process is the advis@cknowvledgement of the frustrations inherent in the
research process, and his or her encouragement that the students also pursue some fun and
relaxation.

Principle5: Don’t forget to think.
“We haven’'t much mong so we must use our brairs.
Lord Rutherfod, Cavendish Labatory

With greater reliance on automation in the research process, it is all too easy for researchers
to tale machine-dened results atdce alue. Havever, dl researchers hva ro doubt
experienced thgarbage-in, garbage-outphenomenon at one time or anothkr detecting
potentially fwulty results, @perienced engineering researchers often rely on their intuition and
technical judgementConsequentlyit is important to instill in students a respect for the
importance of this engineering judgement and to help themvabogetheir avn intuition. While
developing this type of intuition typically requires years &perience, there are some simple
techniques that can be used to encourageviagenent in ne/ researchers.

One technique that helpsvap good engineering judgement is to ask students to perform
a aImple “back-of-the-enelope” estimate of the xpected results for all of theixperiments.
This estimate helps thema#op a feel for whether a result nexksenseSoon thg begn to
perform this estimation automatically and quicklyeep their avn intuition for determining
whether their results are at least of the right order of magni#dether technique that is
important for all research practice is triy results using tw different methodologiest-or
instance, the results of a computer simulation shouleebBed by comparing the simulation
results to measurements made onyastieg system, or by comparing the results to a (perhaps
lower fidelity) analytical modellt also is helpful to wrk with students to criticallyvaluate
both good and bad designs to help therelde an understanding of what nesksome
approaches more fruitful than others.

Finally, and perhaps somdat paradoxicallyit is important to encouragaifure. Little of
lasting \alue is ger achieved without taking risks, bt risk invites failure. Itis critical for nev
researchers to learn that no one is right all of the time and that without the adkref, there is
little chance for important succesResearchers often can learn more frorailarfe than from a
success by analyzing the cause of Hikife rather than by veling in a successilt also is
important that students V& the eperience ofdilure while thg are still in an emironment that
is supportre d this failure and that helps them learn that one of ths o the research process
is simple perseerance. Notehowever, that failure is a particularly difcult lesson to learn for
the group of indiiduals who are attracted to research sincg tyy@cally have keen quite



successful in theirves and often hae had little direct &perience with dilure.

Principle 6: Don'’t rush to judgement.

“ The concept is interesting and well-formedt im order to earn better than a’‘@e idea must
be feasiblé.

A Yale Univesity mangement pofessor in esponse toreéd Snith’s paper poposing eliable
owvernight delivery serviceSnith went on to founddéleral Express Corp.

Fred Smiths experience in deloping the concept ofwarnight delvery begs the question,
“What is an epert?’ Itis dl too easy for thexperienced researcher to think that he or she can
quickly separate the good ideas from the bat,ds has been demonstrated numerous times, an
idea that may seem completely infeasible today, nvdlg the proper champion, actually turn out
to be \ery successfullt is important for both the researchamd the teacher of the researgher
recognize that students often knmore about a specific subject than the ostensibly more
experienced teacheAll researchers, bothxperienced and iperienced, must learn to respect
diversity since there are maulifferent, equally alid ways to look at the same problem.
Similarly, encouraging dierse modes of learning and thinking, such as intuition,
experimentation, Wwrking on apparent tangents, angreday-dreaming, can lead to invative
solutions and ideas that could novédreen deeloped through linear thought processes.

3. Conclusions

Engineering research is a chaotic, nonlineareasonable process that requires oriti
persistence, and the ability to irvate. Everyone is born witharying dgrees of these
necessary characteristicsitht is possible to encourage and furthereitep these characteristics
in new researchers by:

1. Helpingthem learn to critically\eluate others’ wrk.
Don't believe everything you ead.

2. Teaching them the fundamental measurement tools and techniques of their field.
Know your tools.

3. Praviding mary opportunities to do real research.
Practice practice practice

4. Encouragingocused actiity relevant to their field of research.
Inspiration requires pespiration.

5. Instillingin them a good sense of engineering judgement.
Don't forget to think.

6. Respectingnd encouraging all forms ofvd¥sity.
Don’t rush to judgment.

Perhaps articulating these principles will help engineeanglfy do a more &€ient job of
teaching them to their students.
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