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Abstract
Unlike manual assembly operations, reviewed research revealed that lean techniques have less potential when applied
to automated production lines that are typically balanced with minimum human interaction. This paper explores the
lean application to a fully automated production process of irrigation plastic pipes. The study first analyzes the
automatic process flow, assesses its leanness, and utilizes Value Stream Mapping (VSM) and simulation to estimate
its current state performance. The study then applies a set of lean techniques that are most relevant to the automated
process. The impact of lean application in terms of reduced waste and losses is assessed using simulation and presented
in a future state VSM. Simulation was found to be effective tool when utilized for lean application to automated
processes. Results showed an overall process improvement in terms of pull strategy, product quality, and reduced
changeover and the overall order lead-time.
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1. Introduction
Across industries, motivated companies tend to improve economic competitiveness by
implementing up-to-date techniques to their core production and business processes. Such
techniques are aimed at making core operations both effective and productive. This requires the
company to continuously minimizing waste and searching for a seamless flow of both primary
production processes and supporting business processes. Lean technology is aimed at attaining
such objectives. Companies, who successfully applied lean principle, have improved their
profitability, performance, quality, and their overall sustainability. Such improvement is mainly
obtained from the lean focus on increasing Value-Added (VA) conversion operations and
eliminating or reducing Non-Value Added (NVA) activities/wastes across the flow of production
and logistics operations.
In any lean culture, waste is defined as any process that does not add value to the final product
from a customer’s point of view including processes, resources, and activities (Womack and Jones,
2003). Waste analysis is, therefore, one of the main lean practices that can be adopted by a
company or an organization to improve their operations. This includes identifying, quantifying,
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eliminating, and preventing waste within the process flow in order to simplify the process, reduce
the total lead time across the supply chain, and increase transparency (Womack and Jones, 2003).
As discussed in Shah and Ward (2007), there are seven main types of waste in a production process
that include over production, excess inventory, unnecessary transportation, excess motions, delay
or waiting time, over processing, and defects.
Lean production was introduced by Toyota through the Toyota Production System (Monden,
2012). TPS has evolved over the years to become a proven methodology to eliminate waste of all
types and continuously improve the process. It also enhances quality, productivity, efficiency, and
profitability leading to lower costs and improved competitiveness (Liker, 2004). This is attained
by applying lean principles to the process (identify value, map the value stream, create flow,
establish pull, and seek perfection. Such lean principles are applied trough specific lean techniques
such as Kanban, Kaizen, pull systems, line balancing, SMED, quality-at-the-source, 5S, TPM, and
so on. Value Stream Mapping (VSM) is typically utilized to estimate lead time, identify wastes,
and prescribe remedial actions. Further details of lean principles and techniques can be found in
Wilson (2010).
Simulation modeling is a common engineering technique that is used in various contexts and for a
wide-range of applications. Production systems in particular are typically simulated to understand
their variable and dynamic behavior, estimate their productivity under real-world conditions,
design and optimize their operations, and experiment with their future performance. Discrete Event
Simulation (DES) is typically used for modeling and design of manufacturing systems and
assembly lines (Banks et al., 2000). DES is also used to model interactions amongst lean practices
and to estimate and analyze the impact of implementing lean techniques to production systems
(Deif, 2010; Lam et al., 2010). Omogbaia and Salonitisa (2016) presented a case on manufacturing
system lean improvement and design using DES. Simulation was used to model and verify the lean
improvement scenarios.
Within lean context, simulation models have been in particularly used in conjunction with VSM
to assess its measures and facilitate the application of lean techniques (Andrade et al., 2016). VSM
is a lean tool that is commonly used to visualize the process, identify wastes, and estimate its lead
time, VA, and NVA activities. Such mission is within the scope of simulation where simulated
VSM can estimate performance dynamically and account for variability in process parameters
(e.g., cycle time, process availability, demand, etc.). For example, Abdulmalek and Rajgopal
(2007) developed a simulation model to contrast the “before” and “after” VSMs of multiple lean
improvement scenarios in order to illustrate to managers potential benefits such as reduced
production lead-time and lower work-in-process inventory. Further details of VSM integration
with simulation can be found in Lian and Van Landeghem (2007).
However, the majority of reviewed lean applications were mainly focused on manual assembly
operations, interdepartmental flow, and material handling. Lean application to automated
production and assembly lines was found to be relatively limited compared to that of manual and
labor-intensive operations and systems. Typically, lean techniques have less potential when
applied to automated processes where less waste “muda” is expected in terms of delays,
transportation, and labor motions. Yamazaki et al. (2016) confirmed that the “lean production” is
developed mainly for human-centered production systems. They developed a “lean automation
system” that considers the low utilization rates of equipment as waste. They devised a method for
increasing the utilization rates of the equipment by aggregating the same kind of operations.
Since automated lines are typically balanced, lean application is expected to emphasize demand
analysis for inventory reduction and pull strategy, product quality control, and changeover
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reduction. The overall process lead-time and cost can be also minimized by utilizing the full
potential of line equipment while maintaining a necessary level of flexibility. Equipment
utilization can be mainly improved by reducing machine idle-time, downtime, and equipment
transfer/movements. For example, Shigematsu et al. (2018) utilized lean as inexpensive
automation system to reduce waiting time for material handling equipment. To this end, they
rearranged operations and optimized the workstation layout to reduce the equipment transfer
distance and, consequently, decrease the cost of using the equipment for each product. They
applied the proposed lean automation system to an electric engine control unit assembly line. Other
examples of lean application to automated production lines include lean manufacturing application
to mass production systems (Kumar et al., 2014) and electronic assembly lines (Nguyena and Do,
2016). Simulation can play a key role as a flexible platform for testing the impacts of deployed
lean techniques in the VSM.
This study is focused on exploring the lean application to a fully automated production line. It
analyzes process wastes and integrates lean tools and VSM with simulation. The study was applied
to an automated production line of irrigation plastic Glass Reinforced (GR) pipes in Jordan.
Currently, the company does not forecast the market demand and it pushes its 24/7 production to
the warehouse and later to the market. This has created excess inventory and long lead-time and
degraded the quality of several production batches. Lean was, therefore, recommended to enhance
the performance of the automated production line.
The approach followed in this study includes a combination of detailed process analysis, experts’
assessment, and simulation. The process was first studied to better understand the process, collect
relevant data, and assess the potential of lean adoption. The focus was then shifted to improve the
demand forecast, apply relevant lean techniques to the process (e.g., SMED and quality-at-thesource using SPC), and develop a future-state VSM. Simulation was used to assess current
performance and test the impact of adopting lean techniques. Section 2 presents the lean
assessment of the underlined process using current-state VSM and simulation, Section 3 describes
the used lean improvement techniques and the resulted future-state VSM, and Section 4 presents
a conclusion.
2. Line Description and Lean Assessment
GR plastic pipe is mainly used in drip-irrigation systems for vegetables in open fields and green
houses. It is available in two sizes; 16 mm (with 1.1 mm thickness) and 20 mm (with 1.2 mm
thickness). The production process for the pipes is fully automated with minimum human
interaction. It begins by mixing the primary materials, cork granules and other materials in a
homogeneous form, according to a certain chemical formula. The size of the mixing tank is
relatively large (a collection tank and that feeds the main production line). The homogenous
mixture is then sent into a smelting process where components are heated and pushed into a die to
form the tube. Changing the caliber of the machine from 16 to 20 mm requires around one hour.
After the completion of the smelting process, the dripper is added to make small holes for drip
irrigation. Figure 1 presents the flow for the GR pipes production process.
All joints are then placed on a round metal tray for individual grains and loops. The tube is then
cooled by dipping it fully into water and then goes through an automatic path for coding, folding,
cutting, and packaging. The pipe is inserted into an electronic sealing machine to seal the label on
the tube with the date of manufacture, the name of the manufacturer, product thickness, and other
basic information. The last step in the process is packaging where the brushes are wrapped
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manually by winding them around a piece of wooden wheel (this is the only manual process in the
production line in addition to loading the mixing tank).

Figure 1. Process flow for GR pipes production
2.1 Lean Assessment

A lean assessment scorecard was used to assess the leanness of the current process and set priority
for the adopted lean practices. The assessment is based on seven categories as shown in Figure 2.
A Likert scale is typically used to assess lean maturity at each category. Figure 2 presents a
category summary of results obtained from lean assessment scorecard. It can be observed that
current state changeover between different types of pipes has obtained the lowest score of 33%.
The second observed gap was in adopting a pull-system to for the production of the pipes which
achieved 40%. This has initiated the need for applying lean techniques for changeover reduction
and demand analysis for reducing overall process lead-time and adopting a pull-system for the
forecasted customer orders. Management were also alerted about the low score of communication
category. It can be finally observed that the assessment scorecard has also confirmed the
characteristics of the automated production line where less concern is related to operator flexibility
and line balancing.
2.2 Current State VSM Simulation

Current state VSM is developed based on the process flow shown in Figure 1. VSMs are either
created for a single product or a group of products (family products with almost similar routings,
demand rates, and process times). The GR 16 mm and 20 mm diameter thickness with a spacing
of 40 cm between drippers were chosen as a family group in the developed VSM. The value stream
of customer orders is analyzed to determine the Value Adding (VA) and Non-Value Adding
(NVA) activities, collect pertinent data, and estimate delays, changeover, and process lead-time.
The primary data collected from the process to develop the VSM include the following:
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Figure 2. Results of lean assessment.








The machine cycle time (C/T) = the time it takes the machine to complete the full process.
Since the process is fully automated, the cycle time would totally depends on the machine.
Number of operators = the standard number of operators working on the machine during
each shift.
Number of shifts worked and the time of each shift (the line is operated 3 shifts each of 8
hours).
Changeover times (C/O) = maintenance time + setup times + the time it takes to adjust the
machine.
Available time or uptime = the amount of time the line is running and not down.
Inventory amount and time within operations as well as for raw material and finished items.

There was only one supplier for the whole process that supplies the polymers and the coloring
materials. The quantity of the raw material and the rate of delivery was determined accordingly.
The developed current state VSM is shown in Figure 3.
The VSM shows the quantity of the raw material entering the mixture and the sequence of the
production stages. It includes seven basic stages each of specific time period. Some process steps
require time to change the product and to clean the machines (i.e., changeover time). For example,
the mixture requires an average of 30 minutes changeover time and the extruder requires 60
minutes (relatively long compared to a fast automated process). The VSM shows that the total
cycle time of the automated process is 9.7 minutes. The days for input inventory (7 days on
average) and finished item inventory (16 days on average) which indicated the adoption of a push
system. Consequently, the average order lead-time (OLT) in the current state VSM is 13 days.
Simulation modeling of the current state VSM was then used to estimate VSM measures and to
develop a flexible platform for lean application. Thus, a simulation model of the current state VSM
was developed using ARENA™ software (https://www.arenasimulation.com). Arena provides an
easy-to-use environment to construct models, run experiments, and generate several summary
reports of result.
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Figure 3. Current state VSM

The model building process includes the construction of a basic model, adding data to the model
parameters, verifying and validating the model, performing simulation runs, and analyzing
simulation results. The same entities of the process flow and the VSM were used to structure the
model and process values such as cycle times and changeover times between operations were
entered into the simulation model. Model verification was not a challenge as process flow is not
complex and model logic is relatively simple. This is expected when modeling automatic
production lines and verifying that model behavior mimics the indented logic. Model validation
was a challenge as the team has to use the last six months production data to check the credibility
of model outcomes. Management has confirmed that the model reports realistic production rates
of GR pies as well as inventory levels in the warehouse. Figure 4 presents a snapshot of the
ARENA simulation model of the current state VSM.
Results obtained from the simulation model have confirmed the values obtained from the current
state VSM. For example, simulation runs have resulted in a total average VA processing time of
9.7 minutes and an average NVA time of about 93 minutes. Simulation has also reported an
average waiting time within the process of about 14 minutes.
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Figure 4. Simulation of the current State VSM.

3. Lean Application
This section presents the results of lean application to the automated production process of the GR
plastic pipes (product family). The current state VSM and simulation revealed several
improvement opportunities. Since this is an automatic and balanced production line, the
opportunity for improving the operations is limited. Only two manual interactions in the process;
loading mixing tank and packaging. The focus is on reducing order lead time (13 days) by reducing
the long time that input raw material spends in inventory as well as the time packaged/wrapped
pipes spend in the finished item inventory. The second opportunity is reducing C/O time at the
mixer (30 minutes) and the extruder (1 hour). The third opportunity is controlling the product
(pipe) quality to reduce scrap rate and improve customer satisfaction.
3.1 Changeover Reduction

The changeover (C/O) time at the mixture and the extruder is reduced through waste elimination
using Single Minute Exchange of Dies (SMED) technique. Currently, the changeover time is long
and operators do not have a standardize procedure to undertake the changeover. This increases
confusion and time inconsistency every time the changeover is needed. To face these challenges,
the changeover process was broken into six main categories. These categories represent the time
spent for setup, cleaning, transport, breakdown, paperwork, and preparation. A Cause and Effect
Diagram (CED) was also developed in order to understand the changeover process and identify
possible causes of delays and waste. Figure 5 shows the CED of the long changeover time.
SMED steps were then applied to reduce the setup cycle. These steps are summarized in Figure 6.
The internal and external C/O activities are first listed for setting the process for the 16 mm pipe
(A) and 20 mm pipe (B). Then some internal activities are moved to external to reduce total
changeover time. Furthermore, the time of internal activities was revised, simplified, reduced then
standardized. For example, wearing personal protection equipment has become an external activity
and it was simplified and reduced by making all items ready and reachable. As a result, the setup
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time was reduced to 10 minutes for the mixing process instead of 30 and 20 minutes for the
extruder process instead of 60.

Figure 5. CED of wastes within changeover time
3.2 Demand Analysis

It was clear from the current state VSM that the adopted push system utilizes large amount of raw
material and overproduces finished items, which accumulates inventory in the warehouse. This
has resulted in a long delay for raw material before processing as well as finished wraps of pipes
before shipping. The major driver for such policy is the unreliable forecast of the customer demand
with less confidence in the suppliers of raw material. Consequently, the forecast is no longer used
to plan the production. Thus it was suggested to move to a pull strategy based on a well forecasted
market demand. To this end, the demand over the last two years was analyzed and a certain
production rate was determined and set for adopting a pull system from the production line. The
details of demand analysis are not presented for confidentiality and brevity.
3.3 Product Quality

A key lean opportunity for automated lines is the improvement of product quality to reduce scrap
rate. This can be attained by controlling critical-to-quality specifications. To this end, relevant data
and information were collected along with an interview with the quality manager. It was decided
to focus the study on critical variables that are related to discharge rate, pressure, pipe thickness,
and pipe diameter. Data was analyzed using SPSS™ to estimate process/product measures and
assess the current level of variability. Statistical Process Control (SPC) was used to develop control
charts for the two critical variables (specifications) of the product. Other used tools include
histograms, boxplots, and cause and cause-effect diagrams. Table 1 presents a summary of
descriptive statistics for a sample of the readings collected in relation to two of these variables
(i.e., discharge rate and pressure).

© IEOM Society International

1648

Proceedings of the 5th NA International Conference on Industrial Engineering and Operations Management
Detroit, Michigan, USA, August 10 - 14, 2020

Figure 6. SMED application steps.

Table 1. Descriptive stat for two critical process variables.

Figure 7 shows the developed SPC control charts for the same two critical variables. It is clear
from Figure 7 that the discharge rate attribute is out of control at subgroup 19. Pressure control
chart shows an in-control process behavior with one border sample (subgroup 6). Typical action
is to focus first on the discharge rate attribute by identifying the root causes of the out-of-control
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behavior (special cause at subgroup 19) and taking remedial actions to eliminate sources of
variability. Once actions are implemented, subgroup 19 is removed from the chart and the chart is
updated accordingly. More samples are then collected and charted to make sure that the process is
stable over the long-run.

Figure 7. Samples of developed control charts
3.4 Future State VSM

After adopting the relevant lean techniques (SMED, product SPC quality, and demand analysis),
a future state VSM is developed. In the future VSM, the changeover time needed to setup and
calibrate the mixture and the extruder processes was reduced and the total processing time was
reduced from about 9.7 minutes to 5.4 minutes (44% improvement). The total process lead-time
was reduced from 13 days to 7.4 days (43% improvement). Figure 8 presents the developed future
state VSM.
The future state VSM was also simulated by enhancing the model for the current state VSM to
reflect the impact of the adopted lean techniques. The future state VSM simulation model has
reflected the reduced changeover time and other types of wastes in the process. The model reported
a new average VA time of 5.7 minutes and an average NVA time of 30 minutes. Average waiting
time within the process is still around 14 minutes.
4. Conclusion
This study has explored the challenges of lean application to automated production lines where
simulation was used in conjunction of current state and future state VSM to deploy relevant lean
techniques. To this end, the study has applied a simulation-aided lean system to an automated
production line of plastic irrigation pipes. Simulation was found to be helpful in capturing the
unique characteristics of automated production line and verifying the effectiveness of relevant lean
techniques. The lean assessment scorecard has also helped in identifying and prioritizing lean
adoption. Given that the automated production line is balanced and involve minimal human
interaction, the study has illustrated the impact of utilizing SMED, SPC, and demand analysis for
set-up/changeover reduction, enhanced product quality, and order lead-time reduction. Simulation
results of the future state VSM were encouraging and can facilitate the adoption of a pull strategy
to streamline the overall order fulfillment process and cultivate a culture of continuous
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improvement. However, reported results and study approach were limited by the availability of
relevant production data and process specification. Further work is recommended to address
process integration with other supply chain partners especially suppliers and the utilization of
technology such as Internet-of-Things (IoT) and Digital Factory to collect data from line
equipment, create a high fidelity simulation models, and deploy lean applications effectively.

Figure 8. Future State VSM

References
Abdulmalek, F.A. and Rajgopal J. (2007). Analyzing the benefits of lean manufacturing and value stream
mapping via simulation: a process sector case study. Int. J of Prod. Economics, 107, pp. 223-236.
Andrade, P., Pereira, V., and Conte, E. (2016). Value stream mapping and lean simulation: a case study in
automotive company. The International Journal of Advanced Manufacturing Technology, 85(1), pp.
547-555.
ARENA simulation (2019). https://www.arenasimulation.com/. Rockwell Automation, Coraopolis, PA.
Banks, J., Carson, J.S., Nelson, B.L., and Nicol, D.M. (2000). Discrete-Event System Simulation. 3rd ed.
Upper Saddle River, New Jersey, Prentice-Hall.
Deif, A. (2010). Computer simulation to manage lean manufacturing systems. 2010 2nd International
Conference on Computer Engineering and Technology, pp. 677-681.

© IEOM Society International

1651

Proceedings of the 5th NA International Conference on Industrial Engineering and Operations Management
Detroit, Michigan, USA, August 10 - 14, 2020

Kumar, A.K., Rajan, A.J., Navas, R.K.B., and Rubinson, S.S. (2014). Application of lean manufacturing in
mass production system: A case study in Indian manufacturing unit. 2014 IEEE International
Conference on Industrial Engineering and Engineering Management, pp. 702-706.
Lam, L.N., Hien, D.N., and Chan, N.K. (2010). Modeling and simulation of a lean system. Case study of a
paint line in a furniture company. International Journal of Management Research and Practice (MRP),
2(3), pp. 284-298.
Lian, Y. and Van Landeghem H. (2007). Analyzing the effects of lean manufacturing using a value stream
mapping-based simulation generator. International Journal of Production Research, 45(13), pp. 30373058.
Liker J.K. (2004). The Toyota Way, McGraw-Hill.
Monden, Y. (2012). Toyota Production System, CRC Press.
Nguyena, M.N. and Do, N.H. (2016). Re-engineering Assembly line with Lean Techniques. Procedia
CIRP, 40, pp. 590-595.
Omogbaia, O. and Salonitisa, K. (2016). Manufacturing system lean improvement design using discrete
event simulation. Procedia CIRP, 57, pp. 195-200.
Shah, R. and Ward, P. (2007). Defining and developing of lean production. Journal of Operation
Management, 25, pp. 785-805.
Shigematsu, K., Yamazaki, Y., Kato, S., Kojima, F., and Takata, S. (2018). Process-independent
workstation layout for lean automation. CIRP Annals, 67(1), pp. 475-478.
Wilson L. (2010). How to Implement Lean Manufacturing. McGraw-Hill.
Womack, J.P. and Jones, D.T. (2003). Lean thinking: banish waste and create wealth in your corporation.
2nd edition, New York: Free Press.

Yamazak, Y., Takata, S., Onari, H., Kojima, F., and Kato, S. (2016). Lean Automation System
Responding to the Changing Market. Procedia CIRP, 57, pp. 201-206
Biographies
Raid Al-Aomar is a Professor of Industrial Engineering at German Jordanian University. He holds a PhD in Industrial
Engineering/Operations Research from Wayne State University in Michigan, USA. His research interests include
Simulation-based Optimization, Lean Six Sigma systems, and Supply Chain Management.

fresh graduates from the department of Industrial
Engineering at German Jordanian University and this work is an outcome of their senior design
(graduation) project.
Arin Alshwailat, Aseel Alfarraj, and Tulip Odeh are

© IEOM Society International

1652

