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Adapting a Freshman Manufacturing Courseto
Different Learning Styles

| ntroduction

Our mechanical engineering curriculum includesaiman course in Design For

Manufacturing (DFM). This course introduces proj@anagement skills via a curriculum
employing project-based learning. These skillsudel product design, resource planning,
process planning and cost analysis, but the prirftamys is in producing a design that is
manufacturable. The most recent offering of tloigree gives the student an option of lab series
in which to develop the concepts of DFM. One sediges manual machining processes and the
other uses Computer Numerical Control (CNC) martufaty. Ideally each student can learn
using the method they are most comfortable withiammtove self-efficacy.

As part of the most recent semester we conducstddent self-efficacy survey in both the
original and alternative DFM paths. The hope & #illowing the student to choose a lab path
more suited to their learning style will createighier level of self-awareness of design for
manufacturing while building self-confidence.

History and motivation

Our department created our DFM course two year§ afe first eight weeks of the semester
included hands on training in various manufactupnacesses: woodworking, welding, manual
turning and manual machining. During the secoritididhe semester the students completed
design projects. The grading of the student ptsje@s based on the print quality, resource
planning, process plan, cost analysis, and coregiderof manufacturing processes.

Based on assessments conducted at the concludiloa fafst semester, it was evident that the
students had gained a fundamental understandibg-®f. Additionally, the majority of the
students showed a high level of interest in leaymow to operate the manufacturing equipment,
particularly the machining equipment (lathes, npilldowever, based on anecdotal student
feedback, it was also evident that a smaller lgriiBcant percentage of students were not
interested in and were somewhat intimidated byhtdreds-on operation of machining equipment.
Since the goal of the class is the understandimgasfufacturing processes for engineering
purposes and not the training of machinists, aauar alternative was proposed.

In the DFM class, 3D printers were made availabigfototyping component parts; however
prototyping was not a course requirement. We ofeskthat the majority of the students who
utilized the 3D print option were the same studeviie were not interested in operating
machining (machine shop) equipment. We decidedetbee, that 3D print applications would
become the building block for the alternate DFM aith series. Although the manufacturing
concerns with 3D print are different from other mgacturing processes, the fact is every
manufacturing method has unique concerns. 3D pffats students the opportunity to develop
a cost analysis and process plan similar to theimements of traditional manufacturing
processes, including machining operations. As watitional manufacturing processes, for the
3D print projects, we require a set of fully dimemed drawings.



In addition to a 3D print project, the DFM alteragiath includes computer numerical control
(CNC) machining, 2D graphic design and 3D graplesigh. We added these curricular
elements to the alternative path because CNC igasita 3D print in that a solid model is used

to generate machine control to fabricate a pdrgith prototype with the 3D printer. Also, CNC
uses a machine (a mill or lathe in our case), hgoéind methods similar to the manual machining
lab in the original DFM course. The graphic dedajys were included because they build on the
solid modeling skills required for 3D print and CM@chining and also provide training
valuable to practicing engineers — that of presgntomplex ideas based on solid models to
managers and lay people. Graphic design skiltsiaiprove an engineer’s ability to
communicate and market design ideas via enhancestpbdrawings. Marketing paired well
with graphic design and we had received feedbawk fndustrial partners that engineers could
benefit from marketing training.

The current structure of the class includes twaootfor the lab series, the original manual
machining series and the alternate more programirasgd machining series. Each lab series is
completed in the first 8 weeks of the semesteniriguhe second half of the semester students
from all lab series options are combined for thgjgmt portion of the class. There is also a
common lecture series. The students choose waixhkdries they would like to participate in.

Novel content

There are other engineering programs that incluaiketing. There are programs dedicated to
engineering sales, notably lowa State, Penn Statétrida Staté. The content of our course

is not intended to create marketing and presematdls at the sales engineer level but rather to
give an understanding that will improve the desiggineer’s ability to interface with marketing
functions and support quality presentations throgigiphic design. Additionally there are
engineering programs that use machine fabricatidratn design for manufacturifiy® Our
approach is unique in that the student choosekbhgeries they are most comfortable with to
get to the goal of an understanding as well aptbgct they would like to demonstrate and
further develop their understanding. The hopbas the freedom to choose the approach that
they are most comfortable with will boost studemifcdence and motivation.

Design for manufacturing, original path

The original lab series introduces the studentsagic manufacturing processes through hands
on labs including woodworking, general machine sbgpipment, welding, manual lathe and
manual mill. In these labs the students learnutjinanstruction and hands-on project builds.
Each student builds a birdhouse, a weldment dobook stop, a hammer head and a two piece
top. Figure 1 shows student built examples. Bsedhe intent of the labs is not to train
technicians but rather to train engineering stuslenthe connection between design and
manufacturing, each lab has an engineering theraddition to the hands-on training.

The birdhouse project focuses on standard printstre with a six page print package including
an assembly drawing, bill of materials, componewuel drawings, and standard material
controlled dimensions and tolerances. The examm@/en for rapid product development
through standard parts and drawing revisions. stbp focuses on weld dimensioning. The



hammer head focuses on geometric dimensioninga@echce (GD&T). The concept of
developing dimensioning schemes to match manufagtprocesses is well demonstrated.
Figure 2 shows an example of a student drawingaBse the students are using mills equipped
with digital readouts, the use of ordinate dimengig and properly defining a zero location
greatly reduces the potential for error in the dbpifocess. The two piece top assembly requires
a press fit driving the tolerance requirementhwlimits of the equipment. The project
demonstrates the advantage of precision equiprienthallenge of critical tolerances, and
deflection of the material during the turning opiena as well the impact of the operator on the
process.

F

Figure 1: Each student completes 4 hands-on ptejéaring the lab portion of the course
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Figure 2: Hammer head print used during manual taib.

Common content

A lecture series accompanies the labs to furtheeldge engineering skills. The primary focus of
these lectures is to introduce the student to comimaustrial practices. Topics included are:
» Safety and zero tolerance

* Lean manufacturing

* General dimension and tolerance

» Geometric dimension and tolerance

* Process planning

* The design process

* Document control

* Additive manufacturing

» Computer aided design

» Computer aided manufacturing and CNC equipment.



The course concludes with two projects, one indigldand one group project. These student
projects require:

* Fully dimensioned drawings including toleranceswatcomplete title block and

document control.

» Awork order with process plan, cost estimate asrdetation to document control.

* Feed and speed calculations for all machining djgers

* A presentation of results.

» Participation in the design fair with demonstrai@nd marketing.

Students choose on the subject of their projefets.the group projects the students are required
to increase the project challenge through part dexity or design of an assembly. The student
project grades are based on the documentatiorptioeluce, the design fair content and their
presentations. This is in accordance with industngre an engineer’s job performance is based
upon the documentation they produce and their wtaeding of the processes, but not their
ability to perform those processes. Two compl@iegects are shown in Figure 3.

Figure 3: Battleship game and snowmobile uprigitsipleted as group projects

Design for manufacturing, alternate path

When developing the alternate lab series, the imtas to create the same learning experience in
terms of demonstrating the connection between naatwfing and design and the value of
concurrent design as with the original path buhwitab series that allowed student to work with
tools that they felt comfortable with. As discussdove, CNC programming with machine tools
and 3D printers were an obvious choice. But whatid not anticipate was in developing the
alternate path we came upon curriculum elementsatbald also enhance the original path, For
example, graphic design content was included irattegnate path because the software tools are
very similar to the software tools used for compaided design and computer aided
manufacturing. Graphic design skills are usefuh®working engineer in conveying ideas and
marketing concepts’. Additionally, once the decision was made toudel graphic design,



marketing seemed like a logical extension and baewould be valuable to all mechanical
engineering students upon graduation. Graphigdesid marketing content was included in

the alternate path. Because of the positive feddb@ received and student request we are now
including marketing and graphic design in both path

3D print lab

Students in the alternate path are trained in 3@tipg and how to use it to produce models.

The class includes a historical review and a dsiomsof the different additive manufacturing
processes in use today including Stereo lithographyed Filament Fabrication (FFF), Powder
bed and inkjet head printing and laser additive ufacturing. The students use the FFF process
depicted in Figure 5.
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Figure 4: FFF Process -- http://reprap.org/wiki/Fed_filament_fabrication

With the FFF process, a solid model is createdthed placed into a slicing program. Within
the slicing program, the build orientation is detered and the model is sliced into a number of
layers. The layers are then used to create the#tls which allow the FFF machine to build
the model from the bottom to the top.

Design consideration for the FFF process inclubesstrength of the material, build layer
orientation, support, layer thickness, warping anyg internal shapes and cavities. Students
quickly learn that the process is not as simpl agpears. One of the most crucial design
considerations is the build orientation of the pdrtis orientation has an effect on the overall
strength and durability of the part being produc&de transverse direction of the build layers is
up to 20% weaker than the longitudinal directiod #ris could be significant depending on the
functional requirement of the part. The orientatod the part also affects the footprint of the
part on the build bed and how stable the buildTise students are required to model and print a
project of their choosing. Project ownership ir@@s student motivation. Figure 6 includes a
sample of student project.



Marketing

SEcrioy

N 9

sea\ O F §§
S

dasa functional fan

« Can be sol
roject for

. Ali-encompassing DIY p
hobbyists
o3-D Printing
olathe work
oEIectrica\ components
« Project uploaded to Tinkercad for
others to download and modify

Figure 5: 3D pri
printed and machined desk fan modelkeer
a windmill.



CNC machining

In the CNC lab students are given the experienceasfufacturing parts with a Vertical Milling
Machine (VMC). Figure 7 shows the HAAS VMC avalkalfor student use.

Figure 6: HAAS Mini Mill
The lab includes MasterCani@aining, the industry standard for computer aidethufacturing
(CAM) program. The MasterCam®© program allows ttuelent to take a computer generated 3D
model and create the tool path operations necetsg@npduce the part in the VMC. The
students are given a copy of MasterCam© home edititich allows them to work at their own
pace on their personal computer. Critical topncdude:

» Logical part origin for manufacturing and coordingtwith the design process.

* Proper tool selection

* Optimal process parameter control

» Process planning optimization for dimensional penfance and efficiency

Students are given an example part on which torerpat. They quickly learn that there are
many possible solutions for process planning archallenge lies in choosing the best option.



Students are given an assignment to design and &uiart of their choosing. Just like for the
3D printing, this ownership motivates studentsppla their education by allowing them to build
something that interests them. Figure 9 inclucesmples of student project parts completed
with the training in the CNC portion of the altetmgath.

Figure 9: student CNC machining projects.

2D and 3D graphic design

The intent of the 2D/3D graphic design portion dEMI25L is not to give students the same
experience they would have in a standard arts prmginstead, it is aimed at providing a solid
foundation for the creation and manipulation of raddr use in engineering reports and
presentations. In the 2D section, students aresexptw GIMP® and Inkscape® open source
software packages for raster and vector imagenedith the 3D section, SolidWork$@notion
and PhotoView 360&are used for creating animations and renderinggpealistic images.

GIMPO is a raster image editing suite (similar wobe Photoshop®which allows the user to
retouch photographs and perform basic photo maatipul. This is often useful for optimizing
photographs that were not taken in ideal conditemghat they convey the information in the
best possible manner. Figures 10 and 11, showahdwttered background can be removed to
enhance the clarity of the main focus.



Figure 10: Original image B Figure 11: Background removed

Whereas GIMP®© is concerned with editing images maalef pixels, Inkscape© creates images
based on vectors (similar to Adobe lllustratb%©This allows the images to be scaled without
bounds and still retain their crispness at any. 8feetor-based image editing programs excel at
the creation of many engineering diagrams, sud¢hefree-body diagram seen in Figure 12 and
the moment-torque diagram in Figure 13.
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Figure 12: Free-body diagram created with Inkscape
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Figure 13: Moment-torque diagram created with 1réqse©

While being competent in the use of Inkscape®© Ipfhkin creating diagrams for reports and
presentations, it is also very useful in the coratf banners and promotional material such as t-
shirts for collegiate competition teams.

While 2D images will suffice for communication ioree situations, there are many times when
the production of 3D content helps convey the cphoean even clearer manner. SolidWorks©
provides a vast materials library which makes ry\vaasy to assign realistic materials to an
assembly. Then, PhotoView 360© can be used toeeeetalistic looking rendering via ray



tracing which can mimic what a design will lookdikn real life. A PhotoView 360© rendering is
shown in Figure 15.

Figure 15: PhotoView 360 rendering from SolidWorks
It is also often useful to show how a complex desigerates or is assembled. Students are

shown how to create animations with SolidWorks©iomtvhen they are able to model the
motion of a design and create exploded animatidnisiwcan then be rendered to video. The end

result of an exploded animation is shown in Figle
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Figure 16: Frame from assembly explode video gerdray SolidWorlks

Ultimately, the 2D and 3D graphic design sectiohBBM give the students powerful
communication tools that they are able to use @ireering reports and presentations as they
progress through school and finally enter the wandé. They are able to:

* Perform basic photo manipulation

» Create crisp looking diagrams

» Create photorealistic renderings of their 3D design

* Produce animations of their designs that bringertlarity to their audience.



Marketing

Marketing has become an integral part of many exgging positions and pairs well with graphic
design and 3D printing. The engineering field isleing and employers desire, now more than
ever, to hire a well-rounded engineer that possesgmod balance of technical ability and
interpersonal and communication skills. Engine@sdnto be able to communicate with
marketers, budget personnel, company executivelspatentially even stakeholders and
customers. The value of a basic understanding dtetiag principles is two-fold: to be able to
validate product-market fit, and also to hone onefemunication skills for a non-engineer
audience..

The marketing lectures were delivered by two mankgprofessionals. Originally, the lectures
were limited to section sizes of about 20 studantke alternate path. Due to positive feedback
and at the request of the students, the lectures meved to the common lecture for all
students.

The lectures cover basic marketing topics includiragketing strategy, market positioning,
emotional versus rational marketing, personal birandnd social marketing, and marketing to a
non-technical audience. The lecturers used seuvasal studies that students could easily relate
to, such as failed video game console marketiragesires, Mac vs PC, and automobile
marketing examples. Figure 17 is a rendering agea for marketing material of a student
product design.

Figure 17: Rendered image of student design deeelépr marketing material.



Assessment of the course

The assessment of this course involved a demograpigistionnaire and a survey adapted from
three instruments. The survey included 6-pointettikcale questions adapted from Science
Motivation Questionnaire 1t and LAESE surveY, and rating questions (0 to 100) from the
Engineering Design Self-Efficacy InstrumEhtVe assessed students’ engineering self-efficacy,
intrinsic motivation, coping, and feeling of inclas as well as their degrees of confidence,
motivation, expectation of success, and degre@xiety in performing engineering design
tasks.

A total of 104 students who enrolled in ME 125lfal 2015 were involved in this study. Fifteen
(15) students selected the alternate path whileed®@ in the traditional path. As shown in Figure
1 below, the alternate path was more attractiienttale students. The ratio of female students
was higher in the alternate path (40.0%) thanithtte traditional path (7.9%). Moreover, more
students in the alternate path (33.3%) had at teasparent/guardian as a scientist/engineer
compared with those in the traditional path (14.6%here was no statistically significant
difference between the two paths in terms of ditiganinority students. The minorities in this
study included American Indians, African Americand Latino students.
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Figure 18: Comparison of demographics of studentis different path
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Significant differences were found between studeitts selected the alternate and traditional
paths. As shown in Table 1, the pre-survey dateated the students in the traditional path had
higher self-efficacy, design confidence, and exgismh of success than those in the alternate
path.

Pre-survey Scale Alternate path  Traditional patht;p,  Sig.
Mean Mean (2-tailed)
(SD) (SD)
Engr. Self-Efficacy 0-6 4.43 5.00 3.16 .002
Design confidence 0-100 56.38 72.69 2.19 .044
Expect. of success 0-100 60.03 75.30 2.12 .049

Table 1: students’ differences reflected in preveyr

The post-survey was conducted at the end of thestem Datasets from 49 students were
involved in the pre- and post-surveys analyses8®&MPb6 of them were males. There were no
significant differences between the students whislied the post-survey and those did not,



except the average grade. Among the students itnatigional path, the average grade of those
who finished the post-survey (M 0.884, S = 0.077) was higher than the othersp(0.817,
SDp =0.179;t37 = 2.31,p < .05).

Considering only four students in the alternaténpmished the post-survey, all datasets were
combined for the pre- and post- surveys analysesh&wn in Figures 2 and 3, students in ME
125L had significantly highep(< .05) average intrinsic motivatioty{= 2.46,p < .05; Cohen’s

d = 0.30), average feeling of inclusiag,(= 2.00,p < .05; Cohen’sl = 0.35), and average
expectation of succes{= 2.54,p < .05; Cohen’'sl = 0.50) by the end of the course. The values
of Cohen’sd indicated the course had a small effect on stsdantinsic values, and medium
effects on students’ feeling of inclusion and exagon of success in engineering design.
However, it is worth mentioning that the pre-survegs conducted during the middle of the
semester. If measured for a whole semester, tlaenday have shown relatively larger effect
sizes on students’ engineering motivation and desalf-efficacy. Longitudinal data will be
collected to investigate the influence of the cewn students’ attitudes toward and learning of

engineering.
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Conclusion

Feedback from industrial partners indicates thatcthurse and the alternate path are serving the
students well in terms of developing skills valweatd the working engineer. Observations and
feedback from the students and course include:

- Design for manufacturability skills are developedardless of which path the students
follow. With the student designs, the most lingtiorocesses are generally machining
and turning. The bulk of these limitations are shene with manual and CNC control.
Because the students work in mixed teams of tauitiand alternate path they are also
able to understand as a team the differences iiicappity of CNC control vs manual
control and include those decision in their projg@en development.

- During the group project phase it is common fodshis to receive training in the lab
series that they did not choose as they work am teacomplete their project.

- Students are allowed and encouraged to divide ns#ipibties during the project phase to
match student interests and abilities with tasksis seems to drive engagement.

- Potentially linked to student engagement, oftengutcscope well exceeds course
requirements.

- The increase in project scope has resulted in asee demand for student knowledge of
design software and design standards.

- Internal conflict within the groups is not uncommaBecause this course is taught at the
freshman level, it is often the first opportunitydents have to work on a group design
project. Faculty and staff actively observe, carend improve group interaction.
Additionally, one of the industrial partners wiklidzer a presentation on effective
teaming.

Review of survey results with consideration of itfermal feedback suggests that the alternate
path is providing a favorable option to a varieghplation. Evaluation of the pre and post results
suggests that there is opportunity for improveniemerms of self-efficacy and motivation. The
student evaluation will continue to be an integratt of the course and will be used as a tool to
evaluate and direct course improvement.

Course changes planned for next semester includeased training with design tools,
specifically solid works. It is hoped that incregsstudent confidence with this tool will

improve the overall student confidence and allavdshts to better understand the broader topic
of design for manufacturing. Training in effeetiteaming will be included in hopes to improve
the overall student experience and maintain anegase student motivation towards design
projects. There will be an increased focus ordémggn fair and project presentations with the
intent of demonstrating a broader interest in sttdecomplishments.
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