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Abstract

Substantial progress has been made in nanotechnology in the last two decades, which has
noticeably shaped today’s engineering activities and people’s life and will significantly influence
the entire society in the near future. Today’s undergraduate engineering education needs to
represent such a trend in order to nurture next generation labor force with well-prepared
knowledge and skills. This paper is to introduce our recent efforts to implement hands-on design
projects on scalable nanofabrication devices into existing mechanical engineering design courses
to improve nanoscale science and engineering education for undergraduate students. The
background of nanotechnology and specific scale-up nanofabrication methods were introduced.
Rational development of the hand-on design projects on mass nanofabrication was given. Two
sample design projects were described and discussed in detail, which have been successfully
implemented in our mechanical engineering senior design courses in the past three years. Results
of the design projects were provided and justified. Suggestions for future development and
conclusion on the study were made.

1. Introduction

1.1 Central role of mechanical design in undergraduate mechanical engineering education

Mechanical engineering (ME) is one of the oldest and broadest disciplines of engineering
that involves the production and utilization of heat and mechanical power for the design,
production, and operation of machines and tools.! Broadly speaking, mechanical engineers
employ the core principles of physics, materials science along with a variety of tools to analyze,
design, manufacture, and maintain all mechanical systems such as manufacturing plants,
machinery, transport systems, heating and cooling systems, space station, aircrafts, robots,
medical devices, etc. Education and training of qualified new generation of mechanical engineers
familiar with contemporary mechanical sciences will positively influence the innovation
competency and quality of people’s life of a nation. Undergraduate education in ME covers
broad fields such as engineering mechanics, materials science, thermal science, machine design,
etc., which has been accredited by the Accreditation Board for Engineering and Technology
(ABET) to ensure similar course requirements and standards from one university to the other.” In
undergraduate students’ education in ME, mechanical design occupies the central position
because mechanical design oriented courses are targeted to educate and train students to develop
comprehensive capability and skills of utilizing all the mechanical engineering principles to
design and manufacture new mechanisms and mechanical systems. Thus, the quality and
broadness of mechanical design courses directly influences the ME education and students’
career development.
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The ME Department at North Dakota State University (NDSU) offers four required core
mechanical design courses at the junior and senior levels, i.e., two introductory machine design
courses (ME 442/443 Machine Design I & II), followed by two design project courses (ME
461/462 Design Project I & II). The ME 442/443 courses are instructed by conventional
lecturing along with one or two semester course projects, through which students learn the
fundamental knowledge of machine design process, material selection, and strength, deformation
and life time analysis of machine parts (ME 442), and design of common machine parts (ME
443). In contrast, the ME 461/462 courses are design project oriented, mimicking the real-world
machine designs in industry. During the course of ME 461/462, typically 3-5 students form a
design group to conduct a specific design project under mentoring of one or two faculty
members. Therein, the ME 461 focuses on project plan, budgeting, conceptual and final designs;
the follow-up ME 462 focuses on revised design and budgeting, prototype fabrication of the final
design that is accomplished in ME 461. At the end of each semester, each group is required to
present its design project progress and outcomes along with a comprehensive project report on
the detailed design process and results of the individual design project.

After the ME 461/462, each involved student group is expected to learn substantial hands-on
design and manufacturing experiences through a detailed design and prototype manufacturing
process along with close interaction with the faculty mentor(s). These design projects are
formulated by the faculty mentors from industrial sponsors or spinoffs of research projects. The
relatively flexible, independent, and self-consistent nature of the senior design projects provide
the opportunities to formulate new design project modules to incorporate new developments of
contemporary sciences and technologies into the engineering education and training for
undergraduate students, especially in the emerging engineering and technologies. Thus, the
existing senior design courses in the ME major provide an excellent carrier to implement hands-
on machine design project modules for scalable nanofabrication to improve the undergraduate
students’ nanoscale science and engineering education and training.

1.2 Scalable nanofabrication and nanoscale science and engineering education for
undergraduate students

It has been generally accepted and validated by experiments and theoretical modeling that
materials at nanoscale (e.g., quantum dots, nanowires, etc.) exhibit unique physical and chemical
properties that are not observed and achieved in their bulk counterparts such as the noticeably
enhanced mechanical strength/stiffness, thermal and electrical conductivities, catalytic activity,
etc.® Nanotechnology is defined as the technology which manipulates matter with at least one
dimension in the range of 1-100 nanometers, which also normally includes the technologies
relating submicron materials. Nanotechnology as emerging technology has been developing very
fast in every branch of science and engineering in the last two decades; nanotechnology has been
dramatically shaping broad sectors of the society and everyone’s life such as use of high-capacity
flash memory cards, smart phones, Li ion rechargeable batteries in portable electronics, power
tools and electrical vehicles, high-efficiency LED lights, clay nanocomposites, etc. In general,
nanomaterials can be classified as zero-dimensional (0D) (e.g., quantum dots, nano clusters,
nanoparticles, etc.), one-dimensional (1D) (e.g., nanotubes, nanowires, nanofibers, nanorods,
etc.), and two-dimensional (2D) nanomaterials (e.g., biological membranes, graphene
nanosheets, etc.). To date, a significant number of nanomaterials in each category have been
synthesized and characterized in laboratories, some of which exhibit excellent performance with
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very promising future for use in structural materials, bioengineering, energy harvesting,
conversion and storage, and environmental protection. For a newly available nanomaterial with
promising commercial applications, it is crucial to identify feasible, robust routes to guarantee
economic, safe, continuous and scalable nanofabrication techniques for low-cost, mass
production.

In academia, on the one side, it is of critical importance and also challenge to discover new
types of nanomaterials with controllable high-performance in resolving some particular
outstanding engineering problems and related low-cost, continuous, scalable nanofabrication
techniques. On the other side, it is equally important to educate and train new generation
engineering students to get familiar with the fundamental concepts and principles of nanoscale
science and engineering and learn specific low-cost mass nanofabrication techniques. These
students will be the next generation engineers and researchers trained with cutting-edge
nanoscience and nanotechnology, who will design, manufacture and operate nanostructured
devices and systems in the near future. Among a variety of 0D-2D nanomaterials reported in the
literature, continuous nanofibers of various materials produced by electrospinning®'® and other
recently developed techniques (e.g., solution blowing) represent a new class of low-cost 1D
nanomaterials with fast expanding applications.'' The typical diameters of these nanofibers are
in the range of a few nanometers to micrometers. Scale-up techniques for mass production of
continuous nanofibers have evolved very fast from the essential multi-nozzle electrospinning to
the contemporary needleless and solution blowing techniques. Besides, the ongoing worldwide
intensive studies on electrospun nanofibers have tremendously expanded the high-performance
applications of continuous nanofibers due to their unique continuity, high specific surface area,
controllable geometries and material properties, and very low cost in fabrication.

Solution bath

Polymer solution

Capillary tube Steady state jet

Jet instability

Collector

5kV to 20kV

(a) (b)
Figure 1. (a) Schematic of electrospinning setup and (b) polyacrylonitrile (PAN) nanofibers with
the diameter around 300 nm produced by electrospinning (from author’s ongoing research)

Electrospinning is one of the most successful processes suitable for low-cost fabrication of

continuous nanofibers, which is based on the principle of electrified jetting from polymer
solution or melt.*'® To date, electrospinning has been widely used to produce a variety of
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continuous nanofibers and nanowires of natural and synthetic polymers and polymer-derived
carbon, ceramics, metals, metal oxides, etc.''! Figure 1(a) shows the schematic setup of a
conventional needle-based electrospinning process. In a typical solution-based electrospinning
process, under the action of electrostatic force (on the induced charges) on the polymer solution,
a droplet forms from the capillary tube and deforms into a Taylor cone.””** When the
electrostatic force overcomes the surface tension of the Taylor cone, a charged thin jet is ejected,
elongated and accelerated in the electrostatic field. After a variety of jet destabilizations and
solvent evaporation (drying), the ultra-thinned jet is finally deposited on the collector to form a
nonwoven nanofiber mat [See Fig. 1(1b)]. To date, over three hundred synthetic and natural
polymers have been produced by electrospinning.'"'*!'?***>**? These low-cost, continuous
nanofibers have found very promising applications in protective clothing,*® gas/liquid filtration,"
templates for synthesizing metallic and polymer nanotubes,''*'~* precursors for fabricating
carbon nanoﬁbers,3 3-35 hanofiber composites,36'38 and so on.

However, the productivity of conventional electrospinning as shown in Fig. 1(a) is very low,
typically a few gram of nanofibers per day, which could not satisfy any realistic industrial
applications. The technological bottleneck for scalable, continuous nanofiber fabrication was
overcome by a research group at Technical University of Liberec, Czech, by utilizing free-jetting
of a thin liquid layer formed on a rotating drum,*”** i.e., needleless electrospinning, as illustrated
in Fig. 2, which paves the way for low-cost massive production of continuous nanofibers for

industrial applications.

Figure 2. Concept of needleless electrospinning: Multiple jets ejaculating from a thin layer of
polymeric solution on a rotating drum under high DC electrostatic field.****

Compared to other nanofabrication methods such as chemical vapor deposition (CVD) for
growth of carbon nanotubes (CNTs), needleless electrospinning is suited for formulating self-
consistent, interdisciplinary hands-on ME design projects with substantial ME oriented design
and analysis components. To mention a few, such a prototype needleless electrospinning device
is a typical electrohydrodynamic system, consisting of 15-30 components depending on targeted
functions. The designed system includes a few core sub-systems: the high DC electrical field
generation system, microfluidic delivery system, nanofiber collecting system, among others.
Obviously, such design projects are a combination of conventional mechanical design and
contemporary nanomaterial manufacturing. With the purpose to improve undergraduate’s
nanoscale science and engineering education through hands-on senior design projects, several
hands-on design projects have been successfully formulated and implemented into ME senor
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design courses at NDSU in the past three years, which will be introduced in Section 2. The
outcomes and suggestions of these projects will be discussed in Section 3. Conclusions of the
study will be made in consequence.

2. Formulation and implementation of hands-on nanofabrication design projects

2.1 Design of needleless electrospinning machines for mass production of continuous nanofibers
Two two-semester hands-on design projects on design and manufacturing of needleless
electrospinning machines for mass production of continuous nanofibers have been successfully
implemented in the ME Department at NDSU.** Both design projects were based on the
fundamental needleless electrospinning concept as shown in Fig. 2. Of these, one design was a
preliminary design project to design and manufacture a lab needleless electrospinning machine
for scale-up production of nanofibers as shown in Figs. 3 and 4. The second was to scale down
the machine dimensions and integrate remote control function in order to satisfy the design
constraints of special nanofiber fabrication process in inert gas (Ar) environment that was
provided within the glove box. These two design projects consisted preliminarily of the
following design and nanofabrication components, which carried the purpose of simultaneously
improving the nanoscale science and engineering education and training for the ME senior
students as well as modern device and machine designs within the two-semester duration:

e Conceptual design to select proper needleless electrospinning method for mass
production of nanofibers of particular materials, liquid delivery and control method,
nanofiber collection and drying method, etc.

e Preliminary design to select proper machine geometries, high-voltage DC electric field
generation system, liquid delivery and control system, nanofiber collection and drying
mechanisms, etc.

e Detailed design to design and select all the system parts, scaling analysis of process
parameter and design parameters for system and process optimization, electrostatic
field, liquid delivery rate, nanofiber productivity, etc. The process also includes
substantial computational electrostatics, microfluidics, and finite element analysis.

e Prototype manufacturing and testing of design model for mass production of
continuous nanofibers.

e Morphology and structural characterization of fabricated nanofibers by optical and
electron microscopes (€.g., scanning electron microscopy-SEM).

e Correlations of the process parameters (e.g., polymer concentration, electrical voltage,
drum rotating speed, etc.) to the nanofiber productivity and properties (e.g., fiber
diameters, morphology, etc.) (See Fig. 5 for example)

e Design progress report and presentation per semester based on the course requirement.
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Figure 3. Design process of a needleless electrospinning device.* (a) Exploded diagram of the
bin assembly for free-surface jetting, (b) 3D Pro-E drawing of the needleless electrospinning
device, (c) prototype of the designed device, (d) 3D electrostatic field by using multiphysics field
modeling based on commercial finite element analysis package-ANSYS™, (e) scaling analysis
of the near-surface electrostatic field on a varying curvature of the collecting plate (top)

(Designed and manufactured by an ME senior design group mentored by the author and Dr. I. S.
Akhatov.)

Figure 4. Close-up view of multiple jets ejaculating from the polymer-solution-wetted rotating
drum of a prototype needleless electrospinning device as shown in Fig. 3(c)*”. [Designed and

manufactured the above ME senior design group with the author and Dr. I. S. Akhatov as
mentors]|
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Figure 5: Effects of electrical voltage and plate height (i.e., distance between the drum surface
and the nanofiber collection plate) on the diameter and morphology of polyethylene oxide (PEO)
nanofibers* (Obtained by the above ME senor design group at NDSU with the author and Dr. 1.
S. Akhatov as the mentors)

2.2 Design of portable needleless electrospinning machines for on-site mass production of
continuous nanofibers

Parallel to the above design projects, we also focus on the portability of electrospinning
machines for the purpose of in situ mass production of nanofibers for some special applications,
such as on-site wound dressing for curing burn wounds, poison spraying for plants, etc. In this
case, the design process is still similar to the projects above. However, new and existing
conceptual needleless electrospinning methods need to be further identified, compared and
evaluated by the involved ME undergraduate students in order to effectively diminish the device
dimensions and maintain the productivity, controllability, and quality of mass fabrication of
nanofibers. So far, one ongoing senior design project mentored by the author has started such
process as shown in Fig. 6. In this case, an innovative needleless electrospinning mechanism was
extended and utilized in this project. Therefore, the design group has experienced how to identify
and evaluate new conceptual fabrication methods for device design, fabrication, and evaluation,
which results in new knowledge and skills in machine design and nanofabrication.

2.3 Other hands-on design projects on nanofiber fabrication and applications

Due to the unique features and superior advantages of electrospun nanofibers, there have been a
significant number of research papers in the literature on nanofiber fabrication and advanced
applications. Some of the new methods could be furthered for potential industrial applications.
Thus, new design projects could be further formulated to extend the current hands-on design
projects of nanofiber fabrications for use to improve the nanoscale science and engineering
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education for undergraduate students while maintaining the core part of the conventional
mechanical design courses. Those design projects could be special nanofiber fabrication methods
such as solution-blowing method, needleless melt spinning, melt force spinning, etc. and could
also be particular applications of continuous nanofibers such as testing machines for nanofiber-
based air/liquid filters.*
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Figure 6. Design of a portable electrospinning device for wound dressing. (@) 3D isometric
drawing and (b) exploded drawing of the device assembly™ [designed by an ongoing ME senior
design group at NDSU with the author as the mentor]

3. Discussions

Since implementation of these projects, four group students (14 ME senor students) have
been successfully involved. The outcomes are encouraging and significant, and gave great
feedbacks for the instructor to shape the project modules. First, all the involved students were
highly motivated and satisfied with the projects since all such design project modules have
substantial difference from traditional machine design projects which only include the
mechanical components. Also, all these design projects are interdisciplinary-oriented involving
electrostatics, electrohydrodynamics, microfluidics, solid mechanics, electronics, system
engineering, electron microscopy, etc. In addition, at the beginning of each project, all the
students have been exposed to the instructor’s research facilities on electrospinning and
nanofibers with the assistance of skillful graduate students. The involved students can stay in the
instructor’s electrospinning laboratory, observe the electrospinning process, and interact with the
instructor and graduate students on electrospinning and any outstanding questions regarding the
design project. Also, the instructor introduced the fundamental concepts and principles of
nanostructured materials and nanofabrication and the potential applications of nanofibers to the
involved students, which greatly helps to build up students’ interest and background in the
nanofabrication device projects. Therefore, such efforts greatly enhance students’ learning in
nanoscale science and engineering.

With the instructor’ and students’ efforts, all the students were satisfied with their
nanofabrication design project. As evidenced, all the design projects had the final grades higher
than the average (all groups got “A” in continuously two semesters except for one group with
“B” in one semester). The students found these hands-on nanofabrication machine design
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projects are ‘“unique”, “interesting”, “cool”, “the nanofabrication project deepens their
understanding in nontraditional mechanical design”, etc., letting them learn substantial unique
nontraditional skills and knowledge relating nanofibers, nanoscience and nanomanufacturing.
Furthermore, by analyzing the student evaluations made by other peer students who were
enrolled in the same ME 461/462 courses, it was found that except for some particular reasons
induced by personal rehearsal in the semester presentation, all comments on the nature of the
design project such as novelty, design methodology, etc., are positive with the marks of 8.5-10
out of 10. This indicates the majority of the ME senior students are interested in the
nanofabrication machine design projects.

Furthermore, it can be found that the above design projects on nanofiber fabrication
machines are comprehensive and interdisciplinary, which combines the conventional mechanical
design and contemporary cutting-edge nanoscale science and engineering. Through these hands-
on design projects, the involved ME undergraduates have learned substantial practical
knowledge and skills of nanoscale science and engineering. More importantly, these design
projects have built the seamless connection between nanofabrication and conventional
manufacturing, which places the seemingly abstract nanoscience and nanoengineering in a
practical hands-on way that the students can fell, touch, measure and directly operate. Such a
process would attract more and more undergraduate students in this emerging field. Besides, the
involved students have also experienced quite a few pieces of equipment relating nanofiber
fabrication and characterization such as SEM, which also benefit their future career development
in the field relevant to nanoscale science and engineering. In addition, these successful design
projects also allow the author to formulate standard design project modules for expanding these
projects to research border students at NDSU and other universities.

4. Concluding remarks

This paper has introduced the author’s and his colleagues’ ongoing activities on
implementation of hands-on nanofabrication projects into traditional mechanical design courses.
Several successful design projects have been introduced and discussed. Such an effort would be
greatly beneficial to undergraduate’s nanoscale science and engineering education and training in
the mechanical engineering major, and it also helps to naturally extend conventional mechanical
design to contemporary machine and device design for advanced nanomanufacturing. Design
project modules will be formulated to standardize the process in the near future.
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