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Abstract ( The traditional undergraduate engineering curriculum provides methods of analyzing and creating conceptual paper designs, but does much less in teaching design for manufacture and production. The Capstone experience at the University of Idaho uses a mentor-based design process that takes projects from the conceptual stage through functional prototypes. Graduate student mentors in the Idaho Engineering Works (IEW) have created a three-session orientation that teaches fundamentals of machining associated with the construction of a small multi-tool. Developing these machine skills early on in the capstone course fosters a close relationship between mentors and students and results in high quality prototypes delivered to the industry customers at the end of the course. 
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Introduction

A primary goal of engineering education is to prepare students to work in industry. In the past, curriculums have focused more on technical knowledge than soft skills. The senior capstone design course should be the culminating experience of undergraduate training. While technical savvy is necessary for analysis and paper designs, deeper knowledge is necessary to produce entry-level engineers who design for manufacturability. Capstone projects should accurately assess and prepare the engineer with skills desired in industry. Furthermore, education can benefit by aligning its focus closely with those of industry. 

To be competitive, mechanical engineers require a broad spectrum of skills. Several national surveys have been conducted to identify competency gaps in entry-level engineers [1,2,3]. Table I summarizes results from one of these studies [1], identifying the top skills valued by industry and academic representatives. These skills are divided into three areas:  (1) proficiency with traditional engineering analysis, (2) non-technical performance skills such as the ability to work in teams, communicate effectively, think creatively, and act professionally, and (3) design for manufacturing experience that includes familiarity with common standards and realistic constraints, project management, cost-effective manufacturing, CAD documentation, and quality assurance. 

TABLE I

Desired skills in emerging engineers

Ranking 
Industry
Academia

1

2

3

4

5

6

7

8

9

10
Teams/Teamwork

Communication

Design for Manufacture

CAD Systems

Professional Ethics

Creative Thinking

Design for Performance

Design for Reliability

Design for Safety

Concurrent Engineering
Teams/Teamwork

Communication

Creative Thinking

Design Reviews

CAD Systems

Sketching/Drawing

Professional Ethics

Design for Performance

Design for Safety

Manufacturing Processes

Recent updates to engineering accreditation standards reflect a broad definition of a well-rounded engineer [4].  Analytical, non-technical, and design skills permeate the learning outcomes cited in ABET Criterion 3.  Furthermore, ABET Criterion 4 implies a comprehensive, real-world design project that integrates performance in these three areas.  Elevated expectations surrounding the capstone design course have created a need for more diverse learning activities in this course.  The multi-tool project described here promotes awareness of manufacturing skills required to generate high quality hardware prototypes that satisfy the needs of industry customers.  Because design is a holistic venture, the project also strengthens many non-technical performance skills.  In as much as the multi-tool project involves graduate student mentors, it also serves as a catalyst for technical leadership development and advanced manufacturing know-how.

Idaho Engineering Works

The Idaho Engineering Works (IEWorks) started in 1994 as an informal group comprised of faculty, graduate students and undergraduate students whose purpose was to develop an environment that fostered professional and technical excellence [5].  The key phrase here is “develop an environment.”  Instead of focusing only on the production of research or engineering hardware, the IEWorks also stresses human dynamics, communication, teamwork, personal reflection, and professionalism.  By investing in the “human side” of engineering, professional and technical excellence can be more efficiently obtained. One capacity IEWorks in is mentoring the senior capstone projects. 

IEWorks focus makes it very novel.  Typically, on college campuses throughout the country, one can find centers or groups focusing on a particular technical area.  For example, it is possible to find centers specializing in advanced materials, transportation, composite materials, aquaculture, microelectronics, etc.  If you are interested in one of these areas, you work in the appropriate center.  The quality of a student’s educational experience in such an environment varies widely.  If the IEWorks had to choose one word to describe its focus, it would be commitment; commitment to the development of one’s self, commitment to the development of others, commitment to leaving the department better than when you entered it.  New IEWorks members are taught many skills, especially in solid modeling and manufacturing, and their only commitment is to pass these skills on the next generation of students, thereby passing on the IEWorks legacy.

IEWorks students make progress towards their degrees, learn and then teach design for manufacturing as well as operation of CNC equipment, participate in dialogue sessions on the principles behind the IEWorks, mentor design teams, and improve departmental infrastructure for design and manufacturing.  Faculty facilitate our mentorship program; serving as thesis chairs, conducting dialogue sessions on important IEWorks principles, maintaining contacts with industry partners, and insuring the continuity of the principles from one generation of IEWorks students to the next.

Over the last seven years, the Idaho Engineering Works has cultivated relationships with over two-dozen industry partners through our senior design program.  Functioning hardware prototypes designed and produced by senior design teams are displayed at the Idaho Engineering Design Exposition held on campus each May.  Each year the program receives feedback like the following from an executive at the Daniel Woodhead Company.  “As an outside observer my experience leads me to conclude that there is something very special in the senior design program at the University of Idaho, which is led by the Idaho Engineering Works.  These efforts are what’s required to train the engineers of tomorrow.”

Course Context

 Mechanical Engineering students have the opportunity to interact with capstone seniors in each year of their education. By their senior year, they have a basic understanding of what the capstone course involves. The capstone course is a two-semester design course with projects sponsored by industry. On the first day of class, seniors are introduced to the instructors and briefed on the goals and organization of the course. Students are encouraged to visit our Internet web site where previous capstone students have documented their projects.  They are also given access to a library of final reports, logbooks, presentations, and posters from previous students. The gravity and quantity of work required is sobering. 

On the second day of class students are immersed in a planning exercise using the “theory of constraints.” This activity will continue through the second week of class and helps them to identify potential obstacles and appropriate actions for overcoming them [6].    Through this exercise students are assured that the instructors and mentors value their personal development as much as meeting customer needs. 

In the third week of class, students get to see the senior project descriptions for the first time. The nominal group size is three people per team, so the number of projects is dependent on the class enrollment. The process of choosing a project is done by proposal. Each student submits a proposal form with their educational background, their Myers/Briggs temperament type, and a short essay. Students identify and explain their top four project choices.  Next, the course instructors and mentors review these proposals and strive to place people in their most desired projects, while also looking at potential team dynamic issues, external time commitments, and member skills. Mentors also pick which group(s) they would like to work with for the year. 

Teams are announced at the beginning of the fourth week of class.  Mentors are present and introduce themselves to the class. The first action item for the team is to determine a regular time when all the members and their mentors can meet for scheduling meetings and shop time. As part this first meeting, teams visit the design suite where they pick their work area for the year.  The suite is over 4000 square feet, modeled after the Lockheed Martin SkunkWorks, and includes the mechanical engineering shop, an assembly area, and a team meeting area. The suite is located just down the hall from a solid modeling laboratory and the IEWorks office. 

Mentors typically lead the first few team meetings. This sets an example and standard for how meetings should be organized and conducted. In the first meeting, the mentor discusses time commitments and common team activities, along with the key milestones associated with the senior design project. The mentor will also describe the role that a mentor can play in helping the team reach their goal of a successful design project. Each team has a customer interview in the next several weeks. The mentor gives more detail on their capstone project, and the team starts to brainstorm potential questions for the customer. The team is also tasked with creating a team name. This is done as a creative exercise and usually quite entertaining for the students. 

The last part of the meeting is the introduction to the multi-tool project. This is intended to serve as the team’s orientation to the machine shop, and is the first activity they do as a team. The multi-tool project is separated in to three sections. Each session is 3 hours and is completed in one day. The project is three weeks long, with one session per week. 


Multi-tool Project Objectives

Goals for the multi-tool project included expanded performance capabilities in team-based design, awareness of quality standards for engineering artifacts, and hands-on experience with manufacturing operations.

 In previous design courses, students typically work in teams, but on short duration projects.  For this reason, there is little emphasis or importance attached to long-term team dynamics and project planning.  The multi-tool project described here is the first activity capstone teams work on during their year-long journey toward delivering a working prototype to their industry customer.  It serves a dual purpose of team-forming and understanding the careful planning necessary before teams can be productive in the shop.  The multi-tool project is also the first mentoring experience for many of the graduate students associated with the capstone design course. For this reason, the multi-tool project should be structured to introduce mentors to their teams early in the design course and to accomplish this in an environment where the mentor is seen as both knowledgeable and helpful. 

Acceptance requirements for engineering hardware extend beyond basic functionality and include high quality finish and fitment. This cannot be achieved by seat-of-the-pants machining.  Thoughtful attention to dimensioning, tolerancing, and inspecting is required for a quality engineering product.  While students work in teams, each student will manufacture their own multi-tool.  Fabrication and assembly is not trivial and the end products display considerable quality variation.  An important goal of the project is for students to compare and analyze a set of tools, and to put forward informed hypotheses about the sources of this variation.  A special challenge for graduate student mentors is to make edits to the drawing and instructional package that minimize mistakes in hardware realization and promote reflection about key operations. 

Safety in the shop is the most important manufacturing knowledge students should gain through this activity.  In addition they should acquire rudimentary working knowledge about calipers, scribes, cutting tools, band saws, milling machines, drill presses, grinders, sanders, and heat-treatment.  The nature of this knowledge is experiential and requires enough time on task to begin forming sound machining habits.  A key role of the mentor throughout the capstone design experience is to reinforce and develop this tacit knowledge.  A by-product of the multi-tool project is a pre-assessment of students shop familiarity and safety mindedness.  Depending on particular requirements of each capstone project and the machining background of each design team, some mentors will expend more effort teaching machine shop practices than others.

Project Description

Before the multi-tool project begins, one member from each team goes through a two-hour tutorial on MS Project. They work on an activity showing them the basic functions of the program, and at the end are taught ways in which to use the program to help meet project goals and constraints. They leave having made a Gantt chart for the multi-tool project, and the knowledge of how to implement project management in to their senior design project. This student is also tasked with teaching the other members of their team how to use the program. Later the team will create a Gantt chart for their capstone project. 

The multi-tool being built is a combination pliers and screwdrivers. It is foldable and meant to be attached to a key ring. The open and folded images can be seen in Figure 1, along with a quarter for scale. The pliers have serrated jaws and a wire cutter, and there are #2 Philips and flat blade screwdrivers. They are made of tool steel that will be heat treated as part of the manufacturing process. 
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Figure. 1

Image of the pliers after assembly in both open and closed positions 

Session 1

Session one starts in the design suite outlining the day’s activities. The team is given the instruction packet and drawing package, then has the opportunity to go through the information. There is a discussion about solid modeling and drawings as a form of communication. An image of the Pro/E plier assembly is shown in Figure 2, and parts/features are labeled for later reference in this paper. Expectations for drawings relating to their capstone project are explained to the team using the multi-tool drawings as an example. When done, the team moves into the shop. 
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Figure. 2

Multi tool components and features as captured from Pro/E

The first item to be covered in the shop is safety. Maintaining an accident free shop is a top priority. After going over general shop safety rules the team is led on a tour of the shop. They see all the major equipment in the shop and with quick lessons on safety for each machine, and general instructions on their use. The tour ends at the CNC mill where the center sections (parts A and B) of the pliers are being made. The tooling fixture for the CNC is shown in Figure 3. Precision ground stock ¼” x ½” is clamped in the fixture and the pivot holes are drilled, followed by cutting the overlapping area where the two halves will join. Bolts through the pivot holes hold down the pieces while the exterior profile is machined and cut away from the stock. Seniors learn about the capabilities of the CNC equipment, and what types of manufacturing they are best suited for.  
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Figure. 3

Fixture for the CNC mill for making plier center sections

The remaining part of Session 1 is used to start fabrication.  The sequence of machines will be as follows:

· CNC mill where center sections are made

· Sanding and de-burring center sections

· Horizontal band saw to rough cut screwdriver stock

· Manual mill #1 for jaw serrations and Philips head prep

· Vertical band saw to cut screwdriver stock in half

· Manual mill #2 to cut stock to length

Students begin by using the sander and de-burring tool to clean up the fresh CNC milled center sections. Then they begin working on the screwdriver stock. Material is rough cut to length on the horizontal band saw and the edges are cleaned up. Manual mill #1 is used to make the relief cuts for the Philips head screwdriver (part C) and make serrations on the plier jaws (feature E). Students will use a 90° double angle cutter for both operations. The tooling plate for this station is shown in Figure 4 and is a set of replacement jaws for the vise. One jaw is shorter to provide clearance for the cutter. Ground stock ¼” square is place in the fixture flush with the longer vise jaw. Then 90° incisions are made to each corner of the square stock. When students are done with the relief cuts, they use the other end of the tooling plate to hold a pair of plier jaws vertically. Small serrations are made in the jaw halves using the same cutter. At this station students are introduced to the concept of tooling plates and how they ease manufacturing processes. 
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Figure. 4

Replacement vise jaws used to perpare Philips  screwdriver and jaw serrations

When finished with manual mill #1 the students use calipers and a scribe to find the midpoint on their screwdriver stock. The stock is marked, and then cut in half using a vertical band saw. On manual mill #2 students use the tooling plate (feature H) shown in Figure 5 to hold the stock in a vise. They square the screwdriver ends, then mill them to length. While using the manual mills for the first time the students learn about cutting and feed speeds, climb vs. conventional cutting techniques, and proper coolant use.
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Figure. 5

Fixture used to finish screwdriver tips

At the end of the session the team learns cleaning expectations for the machine shop. They also have a chance to measure their screwdriver stocks to see how well they met tolerances as specified in the drawings. Both the students and mentors are asked to reflect on the session in their design notebooks and journals. 

Session 2

This session will see the end of machining on the pieces, and preparation for heat treatment. The team and mentor meet in the design suite again and discuss the plan for the day. Any questions from the previous week that haven’t been answered yet can be fielded then. Machinery used in this session is:

· Manual mill #2 to create finish screwdriver tips

· Drill press to create holes for screwdriver pivots

· Manual mill #3 for making rounds

· Manual mill #2 to counter bore for rivet heads

· Ovens for heat treatment 

Students begin where they left off the previous week. They have cut the screwdriver stock to length, but haven’t finished the screwdriver heads. They begin by cutting the flat blade screwdriver tip (Figure 2, part D) on the manual mill using tooling plate (feature H) in Figure 5 to hold the stock. The angled cuts on the Philips head screwdriver are done on the same fixture (feature I). When both screwdriver tips are finished the students can check their fit with some screw heads and make measurements of tip thickness. Parts not within specification are encouraged to be re-made. 

The rest of the machining processes deal with cosmetics and preparation for riveting. Holes for the pivot on each screwdriver and mating center section (feature G) are drilled with a fixture on a manual drill press seen in Figure 6. The fixture has dowels to locate the ends of the parts and is clamped in to a small vise. A guide hole in top locates the drill bit in the appropriate location for holes in both center sections (parts A and B) and screwdrivers (parts C and D). Manual mill #3 uses the tooling plate shown in Figure 7 to hold all four pieces together in the closed position. A 1/8” radius cutter is used to round over the back edges (feature F) of the multi-tool.
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Figure. 6

Drill press fixture for rear rivot holes

 At this point in the session, manual mill #2 is available and the students work on spot facing and countersinking the holes to receive the rivets and conical washers. The countersink bit locates the hole, but the students must bore to a precision depth. They can do some test assembling, but don’t actually press any of the rivets in this session. 
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Figure. 7

Round over fixture for smoothing rear edges 

Once all the machining processes are finished, the group works on sanding and smoothing any rough edges and each student stamps a personal identifier on their parts and ties them together with wire. While working on this the mentor teaches them about the heat treat process the parts will be going through. For most students it has been several years since they had a materials science course, and many have never actually seen the heat treatment process. Students wrap the pliers in stainless steel as tightly as possible. The previous groups’ pliers have been in the oven the correct length of time to do the oil quenching. The team will get to see the previous teams pliers be quenched while theirs is placed in the oven. At the end of this session the team members and mentor are asked to reflect on the days events. 

Session 3

This is the last session in the multi-tool project and starts with a discussion in the design suite. Students will finish with a completed multi-tool, verify tolerances and finish, and have a formal assessment of the project. Items used in the shop for this session include:

· Rockwell hardness tester 

· Bead blaster to remove corrosion

· Chemical dips for surface treatment

· Hand rivet press to assemble multi-tool

Team members pick up their pliers based on their personalized stampings. Since the last session their mentor has tempered the pliers in the oven at a lower temperature. The team discusses why the tempering process is necessary. Students are then shown a Rockwell hardness tester and a discussion about how material properties and hardness relate. They also discuss what implications would arise if the parts were not tempered. 

After heat treatment the pieces often display oxidation. The pieces are bead blasted to remove any residue and corrosion. A series of chemical baths then are used to clean, rustproof, and blacken the steel. 

A manual rivet press is used to assemble the pliers. Once completed, the pliers are run through a series of tests and measurements to verify how well tolerances were kept. While the pliers will appear to function with a fairly low level of precision, specified tolerances are necessary for meeting performance criteria. This project helps students better grasp what is required to maintain these tolerances and when/where it’s necessary to use them. 

  Project Assessment

After the shop is cleaned up, team members individually inventory strong points, areas for improvement, and insights derived from the multi-tool project. The team, then, compiles a group assessment on what they’ve learned working as a team.  They are also asked to assess their mentor. This feedback is logged in notebooks and used by the entire instructional staff to make improvements to future training projects.

Feedback from the last three capstone classes as well as    various student, alumni, and industry surveys shows that the multi-tool project objectives are being met and that students enjoy the project [7].   Most importantly, this project plants a seed for further growth in areas of manufacturing. One cannot expect that a three week training program will produce engineers competent in machining, project management, teamwork skills, design for manufacturing, and CAD systems. However, it is unquestionably a great warm-up for the capstone design course, which will do much to further develop these attributes.  

Conclusions

The multi-tool project acts as an introduction to shop capabilities needed for a successful capstone design project, and teaches a genuine understanding of the effort to manufacture even a simple assembly. The nine hours the students spend  “learning by doing” in the shop is invaluable for teaching this lesson. It serves as an eye opener as to how much time will be required to complete the building of prototypes and final product for a capstone sized project. 

 Bonds between the graduate student mentor and team begin much sooner by using this training project early in the course. Prior to implementing this project, there was little formal training for students and the mentor often was not engaged with the group until much later in the design process. The project establishes the mentor as a resource that is knowledgeable and willing to serve the group in the facility that will both teach and encourage personal growth.


Over the last three years the Idaho Engineering Works has been able to implement many changes to this project that have improved its success in meeting objectives.  The Idaho Engineering Works continues to address student, mentor, and instructor concerns identified in end-of-project and end-of-course assessments to improve the effectiveness of this mini –project for future capstone courses. 

This training project, along with other significant changes in the design curriculum has changed the ambiance of the Mechanical Engineering capstone course. Years ago the course was a struggle for both faculty and students, whereas now students look forward to this culminating, year long design experience and willingly put forth exceptional effort to ensure their projects success. This change in culture, along with continual improvement has led to successful projects of greater scope and complexity than previously accomplishable. This has also been acknowledged by industry, which has continually increased its number of supported projects over the last several years.  
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