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Introduction 
A 1989 report by the National Research 

Council (NRC) entitled, Materials Science 
and Engineering in the 1990s: Maintaining 
Competitiveness in the Age of Materials, 
strongly emphasizes that the United States 
as  a nation has devoted insufficient re- 
sources to materials synthesis and process- 
ing, yet it fails to suggest why. If we are to 
correct such an imbalance, it is essential 
that we  understand the cause so we can 
effect a solution. 

In my opinion, the cause of our failure 
to place sufficient emphasis on synthesis 
and processing is more fundamental than 
the study of materials science and engi- 
neering alone; it is symptomatic of the way 
we teach all science and engineering. We 
have failed to instill balanced attitudes of 
inquiry within our students. They have 
emulated our academic approach to defin- 
ing and solving problems, an approach 
that works very well in academia but un- 
fortunately is not always effective in the 
world of business and manufacturing. As 
a result, to be successful in the commercial 
sector, the young engineer or scientist 
must "unlearn" much of what has been 
taught in the universities. 

Problems in Engineering Education 
Many feel that we have reached a new 

crisis in engineering education. Regarding 
the need for practical engineering at all 
levels, one report states the following: 

"In the last decades, an enormous in- 
crease in the number and complexity of 
problems facing engineers has resulted in 
a corresponding increase in the number 

and  complexity of mathematical tech- 
niques which are used by engineers and 
taught in engineering schools. 

"The result has been that engineering 
curricula have been crowded to the point 
where it is now patently impossible to put 
more than a fraction of this material into a 
course of study of any reasonable length. 

"Two aspects of this change have been 
increase in the mathematical content of 
engineering subjects and displacement of 
subjects centered around devices by sub- 
jects centered around physical principles 
and mathematical techniques. Thus, the 
study of engineering analysis is being ex- 
panded at the expense of subjects entitled 
'design' and involving synthesis. . . . 

- - - 

The engineer must be 
willing and able to 

determine a course of 
action ii-t the face of 

incomplete and of ten 
contradictory 
information. 

"Recent engineering graduates were 
criticized for unwillingness and inability 
to consider a complete problem such as a 
design problem. Instead they showed a 
desire to seek a fully specified problem 
which could be answered by analytical 

methods. It was stated that engineers with 
advanced degrees were even more prone 
to avoid a complete problem. When they 
did tackle a whole problem, they tended 
to struggle to analyze it with all general- 
ity rather than to break it down into man- 
ageable pieces. [Engineers] trained at 
second-rate schools were often found to 
be more willing to attempt the solution of 
a whole problem than  those trained at 
first-class schools. In spite of inferior tech- 
nical education these 3 [engineers] often 
worked into positions of leadership whence 
they directed the work of those from the 
'better' schools 

"The tendency of the young engineer[sj 
is to look upon [themselves] as specialist[s] 
and to balk at tackling jobs outside of [their] 
specialty was noted. This tendency was 
also said to  be more prevalent in the case 
of [engineers] with advanced degrees. 

"In short, young engineers feel at home 
in solving problems which have numerical 
answers-the kind of problem used in 
school for teaching analytical techniques. 
They fail to  respond to the stimulus of the 
more complex problems of a real situation." 

The  mos t  remarkable aspect of this 
statement is not who made it, but rather 
that it was made over 30 years ago. Indeed, 
many of the weaknesses we perceive in 
current engineering graduates are not new; 
these weaknesses have always been pres- 
ent in novice engineers and, unfortunately, 
are  likely to  be  present in  novice engi- 
neers of the future as well. The problem is 
that engineering, by its very nature, deals 
with complexity and ambiguity. Good en- 
gineering draws on many branches of sci- 
ence, benefiting from a broad experiential 
base of knowledge. It is a tautology to state 
that the novice lacks experience. Nonethe- 
less, we can hasten the learning process of 
young engineers if we instill within them 
the proper "attitudes" of engineering, as 
opposed to the "attitudes" of science; but 
first it is necessary to distinguish between 
"science" and "engineering." Quoting again 
from the previously referenced NRC report: 

'A  considerable semantic difficulty is of- 
fered by the failure of the general public 
to distinguish between science and engi- 
neering; in fact the tendency of the public 
is to use the word science when engi~zc~r- 
ing would more accurately specify the 
intended referent. Simply stated, science 
implies a body of knowledge and a scien- 
tist is one who professes to a part of this 
knowledge. The scientist is primarily con- 
cerned with discovering, codifying and 
understanding the nature of the physical 
world, of searching out similarities, of 
making generalizations by means of which 
natural phenomena may be predicted. 
[The scientists] seek to solve problems 
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which have definite answers. [Their] out- 
put is primarily information. 

"The goal of the engineer is to utilize 
knowledge of the physical world for social 
benefit. In order to achieve this end, [engi- 
neers] design and build physical objects: 
devices, structures, processes and systems. 
The problems which [they] seek to solve 
have many possible answers from which 
[they] must select an appropriate solution. 

"The scientist's problem is to discover 
truth, the engineer's to determine a course 
of action."' 

One problem we face currently is lack 
of balance between science and engineer- 
ing. Using the definitions quoted above, it 
is clear that much of what is emphasized 
in engineering schools today, commonly 
termed "engineering science," is not engi- 
neering at all. 

'Whether consciously taught or not, 
students acquire attitudes and habits as 
well as information and techniques.. . . We 
have been paying far too little attention to 
the attitudes we instill in our students. 
Certain specific attitudes are required to 
make effective engineers, and engineer- 
ing schools cannot escape the responsibil- 
ity for the attitudes as well as knowledge 
and skill of their students. Important 
among these attitudes are: 
1. Willingness to proceed in the face of in- 
complete and often contradictory data.. . . 
2. Recognition of the necessity of develop 
ing and using engineering judgment. 
3. Questioning attitude toward every piece 
of information, every specification, every 
method, every result. 
4. Recognition of experiment as the ulti- 
mate arbiter. 
5. Willingness to assume final responsibil- 
ity for a useful result."' 

Thus, the engineer must exhibit a desire 
to solve practical problems of social bene- 
fit. The engineer must be willing and able 
to determine a course of action in the face 
of incomplete and often contradictory 
information. It is the result which is im- 
portant, not the method of solution. The 
engineer must be willing to attack any 
problem and self-learn any skill in order 
to achieve this goal. 

The attitude of the scientist must be 
quantification of knowledge. The method 
of solution is important for the scientist. 
As Lord Kelvin said: ". ..When you can 
measure what you are speaking about, 
and express it in numbers, you know some- 
thing about it; but when you cannot ex- 
press it in numbers, your knowledge is of 
a meagre and unsatisfactory kind; it may 
be the beginning of knowledge, but you 
have scarcely, in your thoughts, advanced 
to the stage of science, whatever the mat- 
ter may be." 

Unfortunately, "educators tend to look 
upon mathematical ability as a more desir- 
able quality than the ability to think in 
[abstract] terms."' It must be recognized 
that the intuitive, descriptive, or practical 
solution of the engineer requires as much 
(or more) intellectual ability as the mathe- 
matical approach of the scientist. Further- 
more, the engineer must be evaluated on 
the effectiveness of the result rather than 
on the method of analysis. The difficulty 
lies in evaluating the engineer's results as 
compared with those of the scientist. The 
scientist produces an answer which has a 
definite and quantifiable result. It is ex- 
tremely easy to evaluate a student's an- 
swer to a scientific problem. All the data 
are known and the result is either numeri- 
cally correct or not. On the other hand, the 
student's answer to a n  engineering problem 
may not be quantifiable. The unknown 
data must be estimated. It is difficult to 
objectively evaluate the quality of the esti- 
mate unless it is grossly in error. As a re- 
sult, educators dislike posing engineering 
problems because they are extremely diffi- 
cult to grade. It is much easier to compare 
the instructor's numerical result of a scien- 
tific problem to the student's result and 
give all, part, or no credit accordingly. In 
short, it is easier to teach science than it is 
to teach engineering. As a result, most en- 
gineering faculty teach science rather than 
engineering, and they instill in the stu- 
dents the attitudes of scientists rather than 
of engineers. Nonetheless, "The good [en- 
gineer] avoids the trap of purely qualitative 
thinking. He makes many rough estimates 
to establish the importance of various fac- 
tors. Often he investigates limiting cases 
by the use of extremely simplified models. 
In many cases the answers so obtained are 
sufficient to his purposes and more com- 
plex analysis is unwarranted. 

'Good [engineers] recognize the assur- 
ance that comes with numerical computa- 
tion and they therefore strive to increase 
its application when it will result in more 
reliable decisions.. . . 

"The. . .engineer who remains on the 
frontiers of engineering finds himself 
making only a small fraction of his deci- 
sions on the basis of numerical analysis. 
When the problem becomes older and 
more decisions are based on numbers, he 
moves on to a new and more difficult 
field where he again finds that a small 
fraction of his decisions are based on the 
kind of analysis taught in engineering 
schools. This is not said to try to belittle 
the importance of analysis. Everyone 
recognizes i t  as an essential tool of the 
trained engineer. It does not, however, an- 
swer all or even a majority of the ques- 
tions an engineer must answer in a typical 

design problem, particularly a new one. It 
seems unlikely that numerical analysis 
will ever answer more than a small pro- 
portion of these questions. The remainder 
of the questions must be decided on the 
basis of ad hoc experiment, experience (the 
art of applying knowledge gained by for- 
mer experiments on the same or similar 

logical reasoning and personal 
preference. The subconscious reasonine 
process based on experience, which we 
call intuition, can play a large part. 

"It is usually a shock to students enter- 
ing practice to discover what a small 
percentage of the decisions made by a de- 
signer are made on the basis of the kind 
of calculation he has spent so much time 
learning in school."' 

Problems in Science Education 
Lord Kelvin's advice to be quantitative 

in our analysis has been taken to heart by 
most modern day scientists; however, 
J. Willard Gibbs also noted that "one of the 
principal objects of theoretical research in 
any department of knowledge is to find 
the point of view from which the subject 
appears in its greatest simplicity." Or as 
stated even more simply by Albert Einstein, 
"as simple as possible but not simpler." 

As we attempt to be quantitative and 
analytical in our thinking, we must re- 
member that it is the practical aspect and 
not the mathematics that is important, or 
as Samuel Johnson noted, "a horse that 
can count to ten is a remarkable horse; not 
a remarkable mathematician." 

The growth of computers has made it 
possible for scientists to perform complex 
and sophisticated calculations, but there 
is a great danger in this new capability. 
Many scientists are attempting to refine 
the third and fourth significant figures of 
processes for which we still do not have 
physical understanding beyond the first 
or second significant figures. Running ex- 
tensive calculations on a computer is not 
science unless the correct physics of the 
process is included in the model. Norman 
Augustine has warned: "Software is like 
entropy. It is difficult to grasp, weighs 
nothing, and obeys the second law of ther- 
modynamics; that is, it always increases." 

Or to illustrate a new approach to an 
old GIGO principle: garbage in, garbage 
out, has become Garbage in, gospel out 
with the help of many computer pro- 
grams today. The challenge for science is 
to develop greater physical understand- 
ing, not to develop elaborate mathernati- 
cal formulations that serve no practical 
purpose and that fill our journals with 
scientific snobbery, useful only for univer- 
sity academics seeking tenure. 

The result of scientific inquiry must be 
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greater capacity to predict the nature of 
the world around us. Performing complex 
calculations that solve neither the practical 
problem of engineering nor increase the 
predictive capability of science is mean- 
ingless exercise. Unfortunately, a vast 
quantity of our scientific and engineering 
resources are spent in such endeavors. 

It is a rare 
happenstance when 

the most elegant 
mathematical solution 

also provides the 
quickest, most useful 

practical result. 

Finally, just as experiments are the "ulti- 
mate arbiter" of the engineer, so should 
they be for the scientist, or as A. Huxley 
said, "The great tragedy of science is the 
slaying of a beautiful hypothesis by an 
ugly fact." 

Both science and engineering must in- 
volve physical experiments. Just because 

experiments are more costly in both time 
and money is not justification to neglect 
a strong experimental component in our 
research and education. If one is really 
working on something new and different 
at the forefront of the field, physical tests 
and measurements are essential to ensure 
conceptualization of the correct physics. 

Conclusion 
Whether one is concerned with engi- 

neering education or with science educa- 
tion, it is important to recognize that our 
current academic structure does not pro- 
vide all the proper motivations for com- 
prehensive learning. Engineers find it 
easier to teach science rather than engi- 
neering, and scientists often find it easier 
to develop complex computer models 
of questionable relevance rather than to 
demonstrate new principles or laws de- 
signed to enhance our predictive capabili- 
ties. How can we expect our students to 
develop proper attitudes of science and of 
engineering if most of their teachers fail to 
recognize the distinction? 

Why have we failed to emphasize syn- 
thesis and processing? In short, it is be- 
cause we have educated generations of 
scientists and engineers with the attitude 
that it is the method of solution, not the 
result, which is important. While this may 
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be adequate for judging "academic qualifi- 
cations," it is of little value in developing 
commercial strength. It is a rare happen- 
stance when the most elegant mathemati- 
cal solution also provides the quickest, 
most useful practical result. We must ac- 
knowledge that synthesis and processing 
are presently more complex and more am- 
biguous than the other three corners of 
the materials tetrahedron. 

It is easier to quantify or measure struc- 
ture, properties, or performance than it is 
to quantify synthesis and processing. This 
makes the study of synthesis and process- 
ing a great intellectual challenge which 
we ignore at our peril. 

It is essential that we begin to instill in 
present and future generations of students 
new attitudes of inquiry. Students must be 
result oriented. They must be flexible in 
their approach to a problem, and we must 
convey to them the excitement and sense 
of accomplishment that comes from re- 
solving a complex, ambiguous problem. 
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