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Abstract

This study presents a learning framework for manufacturing paradigms utilizing both physical and computer
simulations. The objective of this study is to attract more people to manufacturing and address the problem of
lacking young talents in the field. First, physical simulations of the five manufacturing paradigms (i.e., craft
production, mass production, Lean production, mass customization, and personalized production) are developed in
order to understand the past, present and future of manufacturing and identify the associated skill sets. Then
computer simulations are developed to imitate the physical experiments. The developed simulation will be used to
teach high school students the basics of manufacturing and how simulation can be used to perform analysis of
manufacturing systems. Preliminary results are discussed and suggestions for future work are presented.
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1. Background

Effective educators understand and employ techniques that promote student engagement. Engaging learning
experiences are those that have clear applications to the real world and use differentiated instructional strategies
such a hands-on activities, multimedia events, creative thinking, and cooperative learning to name a few. Specific to
Science, Technology, Engineering, and Math (STEM) education, engaging activities can readily align to real-life
applications associated with manufacturing and industrial processes. STEM education continues to expand which
affords more opportunities to expose students to manufacturing processes. The use of computer simulation to study
and analyze manufacturing systems have been discussed by many authors in the literature. Simulation provides an
easy method to run experiments on the system model and make changes on it that may be very costly if performed
on the real system (Al-Hawari et al., 2010). Studies also showed many manufacturing improvement possibilities
based on simulation of various production control strategies in production systems (Kosturiak and Gregor, 1998).
Several studies have used simulation for different applications in manufacturing systems such as capacity analysis
(Gujarathi et al., 2004), production line consolidation (Aqlan et al., 2014), study of design changes (Zhiwei and
Yongxian, 2008), and evaluation of design alternatives (Owens and Levary, 2002).

This study considers three manufacturing paradigms, namely craft, mass, and lean production. The first paradigm,
craft production, is characterized by skilled craftsmen individually producing goods without the use of automation
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or assembly lines. It is considered the original form of production models that produces a relatively low volume of
highly varied products, analogous to woodworkers and pottery artisans. The latter exemplar outlines production of a
large number of similar products efficiently. Mass production is typically described as system that uses
mechanization, such as an assembly line, to achieve accurate organization of material and work flow. The two
paradigms fall on different sides of the push-pull production strategy, where craft production follows the “pull”
action by waiting for customer requests and special arrangements, and mass production exhibits the “push” approach
by making projections on demand which then determines what enters the production process. Lean production is a
philosophy that promotes increase in efficiency and productivity for production by removing wastes and reducing
lead time.

The developed simulations discussed in this study will be used to teach the principles of manufacturing paradigms to
high school students. We first developed physical simulations of manufacturing paradigms which is conducted by
high school teachers, most of them have years of experiences working in manufacturing industry. Then we collected
data from the physical simulation hands-on activities and developed computer simulations that mimic the physical
simulations. Computer simulations will allow for studying the behavior of the systems and performing different
what-if scenarios. A unit plan is developed so that STEM subject teachers can use in high school classrooms that
will expose students to manufacturing systems while aligning to state and national learning standards. The unit plan
includes differentiated instructional strategies and teems with real-world applications. The classroom becomes a
manufacturing facility, production includes building Lego cars, and students physically perform the various roles in
the process. Students also use computer simulation software (e.g., Arena®, Simio®, Plant Simulation®, FlexSim®,
Simcad®, AnyLogic®) to represent the process visually and conduct verification and validation analysis.

2. Research Methodology

Shown in Figure 1, the proposed research methodology focuses on developing simulations for manufacturing
paradigms that will be used to teach high school students the principles of manufacturing systems as well as the use
of computer simulation to study and analyze manufacturing systems and processes. First, the goals of the research
study were defined which include developing simulations for manufacturing systems and associated lesson plans.
Then the researchers identified the configuration of the manufacturing system to be studied and how the system will
be modeled. The physical simulation activities are then developed. While running the physical simulation activities,
data were collected and analyze to be used in the computer simulations. The physical simulations use Lego® blocks
and are conducted by groups of high school teachers. Computer simulations are developed in Simio® and Arena®
simulation software (www.simio.com; www.arenasimulation.com). Data collected from the physical simulation
include process times, number of products produced, and defect rates. Computer simulation models are fine-tuned
through verification and validation processes to make sure the model is a correct representation of the original
system. Once the simulation model is verified and validated, it can then be used to conduct what-if analysis and
study the impact of different variables on system performance. Lesson plans can be developed to be used in a high-
school classroom setting. Examples of lesson plans to be developed: (1) basics of computer simulation and statistical
analysis, (2) the use of computer simulation to study and analyze manufacturing systems, (3) effect of variability on
manufacturing system performance.

. . Develo . .
Define research .| |dentify system o P | Run simulation o Collect
> . . > physical > . > .
goals configuration . . activity simulation data
simulation
A 4
Develo P Use simulation
P . | Verification and . . . | Develop lesson
computer » . »  toanalyze » Analyze results >
. . validation plans
simulation system

Figure 1. Research framework
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3. Case Study

In this Section, we present simulations of three manufacturing paradigms, craft, mass, and lean production. Through
the perspective of a high school classroom context, we developed a series of activities that will become lesson plans
for high school students. By working through these activities, students will gain a deeper understanding of the
characteristics of craft production and mass production paradigms and the lean philosophies that can be applied. We
planned five different learning activities to engage students and foster understanding of the two manufacturing
paradigms: (1) create process flow charts, (2) perform physical simulation activity, (3) organize data acquisition and
analyze collected data, (4) develop computer simulation models, (5) conduct verification and validation analysis.

3.1. Process Flow Charts

The purpose of the flow chart is to simplify the production process into a visual aid with certain shapes indicating a

particular type of step, as shown in Table 1.

Table 1. Flow chart symbols and their meaning

Symbol Name Description
O Circle Process start/stop
::> Arrow Connectors, direction of flow
Rectangle Work station, action process
:: Diamond Decision point
E Parallelogram Input/output data

For craft production, we elected to represent production of Lego cars with two processes: (1) Ordering Process, (2)
Building Process. The ordering process highlights the steps involved in craft production from the customer-builder

perspective and is represented in Figure 2.

Customer
Desires
Car

Builder

5

order shield

order open

Small

order small

wheels
Large

order large
wheels

order hard

Hard wheels

il

Black

order black roof

.+

Roof Color

Blue. order blue roof

Packaging

Green

Figure 2. Ordering process flow chart for craft production simulation
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The building process highlights the steps involved in craft production from the builder’s perspective. Steps include
supply acquisition and assembly, quality control and packaging, as shown in Figure 3.
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Figure 3. Building process flow chart for craft production simulation

Mass production begins with the company pushing the industry based on high volume and profit. The customer does
not play a role until the point of purchase. The flow chart in Figure 4 highlights the steps involved in mass

production, including steps in an assembly line, inspection checkpoints, performance testing, and packaging. Figure
5 shows the flow chart for Lean production
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Figure 4. Process flow chart for mass production simulation
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Figure 5. Process flow chart for lean production simulation

3.2. Physical Simulation Event

The physical simulation can be performed by approximately 14 members divided into two groups of to perform
roles associated with craft production paradigm: five builders, one supplier, and one person collecting data and also
serves as the customer. We used dice rolls to produce random customer orders. Figure 6 represents the basic
classroom setup for one group. This layout is for the craft production paradigm and other layout can also be
developed for the other types of manufacturing paradigms.
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Figure 6. Group layout for craft production hands-on activity
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The physical simulation of mass production involved 14 members divided into two groups of seven to perform roles
associated with mass production paradigm: five assembly stations, one inspector traveling to each station, and one
person doing performance testing and packaging. Each assembly worker recorded time data as they completed their
step. Inspector then signs off on completion and car moves to next step. Customers were represented by dice roll at
the end of production run time, randomizing purchase volume. Figure 7 represents the basic classroom setup for one
group for the mass production activity.

Inspector
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Figure 7. Group layout for mass production hands-on activity

The physical simulation for lean production (shown in Figure 8) included a floating worker called a process
troubleshooter, three assembly stations, and a performance testing station. Inspection was part of each assembler’s
responsibility. The process troubleshooter kept the parts supply flowing as well as reworked any cars that failed
performance testing so that assembly production flow was never interrupted. Figure 9 shows some pictures of the
physical simulation activities for the manufacturing paradigms.
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Figure 8. Group layout for lean production hands-on activity
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Figure 9. Physical simulation activity
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3.3. Data Collection

Data collection focused on timing the production steps, quality control pass/fail rates, and production quantities.
This data is used later as input for the simulation software that represents the process. An example of the data
collected for process time (in minutes) for the craft production activity is shown below. This data was then fitted
into proper statistical distribution (see Figure 8) to be used as input for the computer simulation model. Other data
collected include failure rates, order arrivals, and throughput.

4.87,4.34,3.08, 5.89, 4.85, 4.2, 5.00, 6.25, 4.85, 3.95, 7.00, 5.44, 5.44, 3.69, 4.64, 6.73, 1.43, 6.60, 4.94, 4.12, 4.48,

6.49, 2.44,7.03, 4.96, 6.35, 8.14, 4.41, 5.23, 4.05

L/ —

Distribution Summary

ion:  Normal
NORM(S.03, 1.41)
ror:  0.006463

]
o
b

Figure 10. An example of fitting process time data into statistical distribution

Similar to the craft production case study, data collection focused on timing the production steps, quality control
pass/fail rates, and production quantities. This data is used later as input for computer simulation. An example of
the data collected for process time (in minutes) for one of the assembly stations is shown below. The data was fitted
into statistical distribution as shown in Figure 9.

0.67 0.29 2.06 4.58 0.95 0.74 0.74 0.96 0.69 0.3
0.32 0.94 2.19 4.16 1.13 0.32 1.04 0.16 0.65 0.2
0.65 0.9 2.73 3.33 0.9 0.36 0.14 0.26 0.68 0.91
0.73 0.24 2.8 0.6 0.78 0.14 1.76 0.36 1.12 0.62
0.67 0.56 2.38 0.8 0.15 0.14 2.92 0.64 0.38 0.64
0.17 2.06 3.71 0.77 0.22 0.33 1.78 0.64 0.37
\_]L\‘
\\“Fﬁ\—‘ﬁ—|

Figure 11. An example of fitting assembly station process time data into statistical distribution
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Tables 2 and 3 show the statistical distributions for the mass production and Lean production process timers,
respectively. The p-values of > 0.5 indicate that the fitting of the distributions is good.

Table 2. Statistical distributions for mass production process times

Process Distribution P-value
Station 1 WEIB(0.972, 2.51) 0.087
Station 2 LOGN(0.748, 0.659) 0.195
Station 3 EXPO(0.365) 0.527
Station 4 2.24 * BETA(1.04, 2.93) 0.150
Station 5 2.39 * BETA(1.17, 3.08) 0.150
Station 6-1  0.24+1.76 * BETA(1.68,0.896)  0.150
Station 6 - 2 LOGN(0.394, 0.421) 0.121

Table 3. Statistical distributions for Lean production process times
Process Distribution P-value
Station 1 = 0.17 + 0.93 * BETA(0.909, 0.839)  0.642
Station 2 0.01 +0.99 * BETA(1.1, 1.18) 0.061

Station 3 LOGN(0.298, 0.268) 0.050
Station 4 1.36 * BETA(1.36, 1.68 0.144
Station 5 0.02 + EXPO(0.206) 0.201

3.4. Developing Computer Simulations

In order to develop the computer simulation models, we first developed the conceptual models (shown in Figures 2,
3 and 4). Then Simio® and Arena® software were used to build the models. Figure 12 shows a high level example of
the computer model in Simio.

Builder 1 Tnfo | Builder 2 Info Bullder 3 Info

[ 2

Figure 12. A éimple computer simulation model for craft production using Simio
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For the mass and lean production simulations, we used Arena® software. Figures 13 and 14 show examples of the
simulation model in Arena for mass production and Lean production, respectively.
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Figure 13. A computer simulation model for mass production using Arena software
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Figure 14. A computer simulation model for lean production using Arena software
3.5. Models Verification and Validation

Simulation model verification and validation are two techniques necessary to ensure the model is a good
representation of the original system. Model verification, which is the process of ensuring that the model behaves in
the way it was intended according to the modeling assumptions (Silva et al., 2000) is performed using animation and
walkthroughs of model logic 3. Validation, however, is the process of insuring that the model behaves similar to the
real system (Kelton et al., 2007). In order to check the validity of the model, the results obtained from the model are
compared with the results from the real system, see Table 4. The p-values of > 0.05 indicate the validity of the
simulation model which means that the simulation model is a good representation of the physical simulation. After
validating the simulation models, they can now be used to study and analyze the manufacturing systems. For
exampl, the number of stations in each system can be increased or decreased to study the impact on the system
perofrmance. Difference scenarios acan also be generated and comapred.

Table 4. Verification and validation of mass production simulation model

Average cycle time | Average Throughput
Physical Simulation 6.44 9
Computer Simulation 6.54 8.75
% Difference -1.5% 2.9%
P-value 0.79 0.54

4. Conclusions

This study presented a framework for teaching manufacturing systems using simulation. Both physical and computer
simulation for the manufacturing paradigms were developed by high school teachers. The developed simulations
will be used to teach high school students about the principles of manufacturing systems. Results from both physical
and computer simulation were obtained and compared. Future work will focus on developing simulations for the
different types of manufacturing paradigms (i.e., mass production, Lean production, mass customization, and
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personalized production). Moreover, lesson plans and curriculum modules will be developed and aligned with
educational standards. Virtual reality will be integrated with the simulations and results from physical simulation,
computer simulation, and virtual reality will be analyzed and compared.
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