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Abstract

Engineering is among the many important and enduring human activity that supports society.
Engineering is a profoundly creative process of designing workable solutions under constraints. The role
of a technical designer, with decisions based on observations about nature, has been traced to at least
5000 B.C. when the major irrigation canal systems and pyramids were designed and constructed along the
Tigris, Euphrates and Nile rivers [I,2]. The ancient role of technical designer as engineer is disputed by
Florman who holds the belief that science is necessary for there to be engineering. Florman asserts, and
today many engineers hold a strong belief, that the modern profession of engineering had its start in the
eighteenth century when science was first applied to the disciplined solution of technical problems [3].

Engineering disciplines have evolved along two lines: 1) a scientific basis and 2) a field of
application. Examples of science-based engineering disciplines include electrical, mechanical, chemical,
and most recently biological engineering. Examples of application-based engineering disciplines include,
aerospace, agricultural, biomedical and environmental engineering to name a few.

Biological engineering is a science-based engineering discipline that requires a strong grounding
in biology as well as in goal based analysis and design. The difficulty in defining biological engineering
on the basis of the foundational science is that the field is not merely applied biology; information flows
in both directions from the basic science to applied engineering and back again [Riley JBE]. Biological
Engineering (BE) is not just biology influenced by engineering design or engineering approaches applied

to biological systems [1]; it is more than that.



Emergence of Engineering Disciplines

Engineer’s work, like the work of other professionals, emerges from events, ideas, and the growth
of knowledge. Engineering disciplines emerge when there are cataclysmic changes in societal needs
and/or knowledge. Such has been the change in the knowledge of biology. The catalysts for emergence of
a defined societal role, such as that of the biological engineer, include a critical mass of skilled
practitioners who are increasingly fulfilling notable societal needs. Norms for a disciplinary group may
include scientific literacy, mathematical competency, cultural awareness, and social sensitivity, as well as
those more traditionally identified ones such as respect for the individual. In the case of biological
engineering, there are increasingly well-defined norms for education, methods for problem solving, and

the lexicon for describing biological systems.

The Accreditation Board for Engineering Technology [4] defines the profession of engineering as

follows:

"Engineering is that profession in which the knowledge of the mathematical and natural sciences
gained by study, experience, and practice is applied with judgment to develop ways to utilize,

economically, the materials and forces of nature for the benefit of mankind."

Based on a review of many historic and current monographs, we can synthesize a set of norms

that society expects of engineers:

1. Actin service to other members of society.

2. Be knowledgeable about mathematics and basic sciences.

3. Be competent in problem analysis and getting at the core technical issues.

4. Provide creative technical solutions to societal needs.

5. Protect the health and safety of all members of the society affected by technical works.

6. Ensure that technological works are sensitive to the cultural mores of the society within



which they are created.

Asimow [5] developed a philosophy of engineering design that is generally consistent with the
norms above. Asimow asserts that "Design must be a response to individual or social needs which can be
satisfied by the technological factors of culture" (Ref. 5, pg. 5). The first of the norms listed above
suggest that societies are likely to support activities that meet understood needs, and have an expected net
benefit to the community. Societies are unlikely to share their limited resources with members who are
pursuing apparently counterproductive or frivolous design objectives. The second through fourth norms
suggest that other members of the social unit expect the work products from designers to be the best
solution to the problem or need. A trust is placed upon the designer to make compromising trade-offs
between the inevitable conflicts in values held by various stakeholders. The fifth norm suggests that
society places a trust on engineers to make decisions from a basis of knowledge and foresight to preclude
harm to those who do not have scientific and technical understanding. A principal facet of engaging
engineering as one’s profession is the willingness to accept responsibility for the consequences of design
decisions. [3] The sixth and final norm suggests that engineers and their sponsors appreciate that they are
members of a broader social group. It is axiomatic that the current beliefs, risk tolerance, and collective

wisdom of the broader social group will influence the design of technical works.

The genesis of the concept of biological engineering as a discipline likely began with the
development of an academic curriculum at the Massachusetts Institute of Technology around 1939. [6] At
that time discussion focused on interactions between biology, physics, and chemistry. Relevant
application areas were considered to include use of free radicals to kill bacteria, developing new methods
of cardiac measurement, production of vitamin D, elimination of plant parasites, and assessing the
toxicity of radium (used unfortunately as a luminous paint delivered onto watches using an application
technique that included brushing radium on the technician’s lips). The academic preparation was not
much different from that of today with an emphasis on mathematics, chemistry, physics, and biology.

Advanced classes in this 5 year program included topics of zymology, colloidal chemistry, atomic



structures (with a laboratory), biophysics, biochemistry, and biological engineering (I and II). Curricula
from 70 years ago are remarkably similar to those in use today.

The discipline of biological engineering has itself evolved to the point where subsystems and
defined subroles exist; e.g., educators, [7] engineering scientists, systems modelers, process designers,
and compliance engineers. The applied bio-based engineering fields such as bio-medical, bio-chemical,
bio-resources, food, agricultural, and forest engineering are recognized by society for their combined
competence in the collective set of biological engineering science, biosystems design/problem solving,
and the particular constraints (e.g., economic, environmental and safety) of the enterprise or field of

application.

The integration of biology into engineering and engineering into biology [2] has not been as clear a
path as that taken previously in the development of applied chemistry and physics due in part to biology’s
uncertain rules and inherent variability. Biological engineering can be differentiated from its roots of pure
biology or classical engineering in the following way. Biological studies often follow a reductionist
approach in viewing a system on its smallest possible scale which naturally leads toward tools such as
functional genomics. Engineering approaches, using classical design perspectives, are constructionist,
building new devices, approaches, and technologies from component concepts. Biological engineering
utilizes both of these methods in concert relying on reductionist approaches to define the fundamental units

which are then commingled in non-natural ways to generate something new.

Biological engineering is unique from other disciplines because of such emergent behavior —
biology is more than applied biology. A living organism or ecosystem is more than the sum of its parts. A
phase shift appears when one moves in length scale from sub-cellular to multi-cellular while analysis of
shorter time scales reveals complexity as population behavior deconstructs into molecular probabilities.
Practioners of biological engineering need to examine networks and multi-level connections first amongst
molecules, then across structural and temporal motifs, then finally to create new functionalities that

integrate synergistic properties.



Finding biological analogs for components familiar to engineers, e.g., biomolecular motors and
synthetic biologists creating BioBrick standard biological parts for designing novel biological machines,
bear evidence to the designing of biology. Fortunately the advances in mathematical and computer
sciences simultaneously provide new and promising tools for these approaches. These advances are
unraveling the numinous foundational frame of reference of biological engineering in the many ways
envisioned earlier for creating a ‘new’ engineering.

Many current members of the emergent profession of biological engineering have their academic
and practice roots in longstanding disciplines such as chemical, electrical, or mechanical engineering.
Both converted and newly minted biological engineers tend to be competent in a set of core concepts of

biological engineering that help differentiate it from other disciplines, including:

Understanding the fundamental life processes (genetics, biochemistry, cellular to organismal to

ecosystems) sufficiently to make informed judgments during the design of technical works that are

based on the first principles of biology.

e Understanding the interrelationships between living organisms and their physical environment.

e Sensitivity to the physical properties, environmental and life-process needs associated with living
organisms when designing bio-physical systems.

e Understanding the unique chemical and physical properties, including temporal properties, of living
and organic materials.

o Knowing how to make disciplined design decisions when faced with highly variable, uncertain, and

unknown properties.

The current definition(s) of biological engineering are as much social constructs as is the societal
role of biological engineering itself. As is common with many terms, a number of alternative definitions
exist to help readers properly apply the term in various contexts. As noted earlier, there are two dominant
world views with respect to what it means to be a biological engineer, practice the profession of

biological engineering, or do biological engineering independently of training or credentialing.[8,9]



(1) Biological engineering is a biological sciences-based, application independent engineering discipline.

Johnson and Davis [10] assert that the inseparability of biological engineers from the science of
biology is parallel to those of chemical engineering with chemistry, mechanical engineering with
mechanics, etc. While many other applied and science-based engineering disciplines work with biological
materials and systems, Johnson and Phillips [11] suggest that the practice of biological engineering is

founded upon a "substantial and intrinsic knowledge base in the biological sciences."

(2) Biological engineering is an applied engineering discipline with special knowledge and interest in

problems related to biological organisms, materials, processes and systems.

Modern biology and biological systems modeling techniques enable designers to apply
engineering thinking and disciplined mathematical rigor to the engineering a practical arena. Cherry [12]
suggests that biological engineering encompasses a set of "skills and knowledge" that enables commercial
practice of current biological discoveries. Verma[13] further observes that the convergence of computer
technologies and biotechnologies enable rigorous practice’ of engineering with and for inherently

complex biological systems.

The NIH definition of the related area of bioengineering was presented on July 24, 1997.

(3) Bioengineering integrates physical, chemical, or mathematical sciences and engineering principles for
the study of biology, medicine, behavior, or health. It advances fundamental concepts, creates knowledge
for the molecular to the organ systems levels, and develops innovative biologics, materials, processes,
implants, devices, and informatics approaches for the prevention, diagnosis, and treatment of disease, for

patient rehabilitation, and for improving health, [14].

The NIH definition of bioengineering is focused on human health, which is a critical but only a

limited component of biological engineering. The broader discipline of biological engineering draws from



all aspects life sciences and includes, in addition to medicine, applications to agricultural, environmental,
ecological systems that utilize engineering approaches and rationale to solve biological problems [11].
Industrial applications of biological engineering stretch beyond medicine to transform biological
feedstocks through value-added processes into ethanol, hydrogen, biodiesel, nutraceuticals, biomaterials

and other biological chemicals.

Dr. Norman Scott, 2001 president of the Institute of Biological Engineering (IBE), worked with
members of the Institute to develop a working definition of the profession and discipline of biological

engineering. [15]

(4) Biological engineering is the biology-based engineering discipline that integrates life sciences with
engineering principles in the advancement of fundamental concepts of biological systems from molecular

to ecosystem levels.

(5) Biological Engineering is the discipline of engineering that integrates biology, physics, chemistry and
mathematics with engineering principles in the design of biologically based products and processes from

the bio-molecular to organisms to the ecosystem.

The IBE definitions reflect membership interest in biological sciences and their application at all
scales, from molecular to ecosystem. The Institute's effort to refine and codify a coherent definition is
ongoing particularly as biological engineering continues to touch new areas of endeavor. The working
definitions reflect both a biological science-based, application-independent dimension to the profession

and a biologically competent practitioner dimension.

We have explored relevant literature from the social sciences and engineering in order to
synthesize a definition of biological engineering consistent with the modern view of the role of
engineering in society. Engineering is a socially endorsed and supported role with the dual expectations

that engineers will provide solutions to society's technical problems and will participate in societal



deliberations with a perspective that is grounded in the logic and knowledge of science and mathematics,
and practical technical. Engineering is, thus, a social construct that has grown and developed its own roles,

and norms, disciplines, and institutions, just like any other segment of society.

The alternate definitions of biological engineering reflect the continuing parallel world views of
engineer as designer and engineer as holder of a unique set of application-independent skills and
knowledge that may be applied through many avenues of communication beyond the design and creation
of technical works. What is constant across all worldviews is that the discipline of biological engineering

necessarily includes competencies in both biological sciences and engineering.

Through the past few years biological engineering can be seen to be changing and evolving from
its core. The field moves beyond designing physical components and assembly that work in specific ways
to creating possibilities of designing systems that mimic defining characteristics of living systems —
adaptation, self-organization and emergence. Designing systems in which emergence of functions is
guided by its environment (that is, being adaptable) and intelligent guiding systems design components
(both physical and biological) and assembly (that is, self-design) in ways to perform the adapted functions
are the essence of the engineering of the 21st century. Biological engineering is evolving faster than most
of the engineering community anticipated and quite likely the definition of biological engineering will
continue to mature with both scientific developments and innovations, and practical lessons learned from

new applications.
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