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Abstract
This paper introduces a new framework that allows continuous improvement for the reliability of production process and product
throughput. The new framework allows engineers with less effort to define and measure failures of production processes, also
enable to analyse these failures. It can be done by identifying the most critical operations in the process that influence on Key
Performance Indicator (KPI) such as throughput of that process. Based on the received results, engineer can apply corrective
actions and perform continuous improvement by performing daily monitoring of production processes. Current paper involves a
basic concept of improvement methodology that followed by a framework development and its description, moreover, a case
study regarding this research is under consideration to implement the framework and visualize the results. The framework allows
the company decrease production lead time and increase product throughput KPI with less expenditures. This new framework
also integrates various tools and methods like Six Sigma DMAIC, FMEA, TOC, FC, swim-line diagram.
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1. Introduction
There are many problems that manufacturing companies face today, for instance, unreliable production
processes, bad product quality, financial losses, delay in product delivery etc., but often, companies do not
understand the root causes of these problems. As the rule, problems in manufacturing start from various causes, e.g.,
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inadequate labor qualification, unbearable working conditions, old technologies applied, material supply, etc., leads
to the worsening of company efficiency. As a result, this worsening may cause to non-fulfillment of customers’
expectations and consequently loss of position in the market. Therefore, in order to survive in the competitive
market, companies should always be able to satisfy their customers by continuously improving their production
processes and measure these improvements with the help of suitable KPIs.
The objective of this research is to develop framework that allows continuous improvement for the reliability of
production process and required KPI. The new framework will be applied into Six Sigma DMAIC methodology.
With the help of presented framework, company can decrease production lead time and subsequently increase
product throughput that improves product on-time delivery to a customer. Today customer satisfaction is very
important for business success, as a high level of customer satisfaction leads to a high level of customer loyalty;
consequently it also creates greater chances to repeat product order and company financial revenue [1]. The new
framework integrates various tools and methods that help engineers to find out problematic operations in the process
and eliminate root causes of problems quickly and with less expenditure. The framework serves as role of a
“dashboard” like in a cockpit, which allows monitor production processes in an up-to-date way due to the constantly
renewal data from production floor, for example, data from Enterprise Resource Planning (ERP) system [2]. This
framework is suitable for SMEs and can be applied in big enterprises, which have batch production. Furthermore, it
is focused on the improvement of production processes on a production floor.
2. Basic concepts applied in the research
This section provides the background of the basic concepts and the definitions that have been used in this
research.
2.1. Key Performance Indicators (KPIs)
Measurement of any performance in business is very important principle because it shows gaps between current
and desired performance, it indicates where necessarily move to close the unwanted gap. Therefore, carefully
selected KPIs precisely show where to take action in order to improve performance [3].
KPIs help an organization to define and measure progress towards selected goals. If an organization has defined
its goals, then it is necessary to measure the progress of those goals. A business organization may have its own KPIs
that are based on customer’s feedback, for example delivery of product on time [4].
In addition, KPIs are used for evaluating the company current status or for foreseeing the possible benefits after
implementation of some modifications in the system. KPIs are quantifiable dimensions that are agreed to
beforehand, they reflect the critical success factors of an organization and it depends on the particular company
where these KPIs should be evaluated, also they are different depending on the organization [5]. Nowadays KPIs are
used in most business areas for monitoring of the performance of production, procurement and management of
entire supply chain, etc. The KPIs represent a company’s performance that must fully be understood how effectively
a company competes in the marketplace. For this reason company needs to measure its own performance and
compare it with competitors [6].
Reviewing different literature of many authors, there are found three important KPIs: Quality, Cost and Delivery
[5, 7, 8]. However, the Delivery notion is quite broad (it can be measured from order receiving until the physical
order delivery to the customer), therefore this research is considering only manufacturing part of this notion production lead time (for example the period from product manufacturing started until the product manufacturing
ended). During this time, manufacturing line should release specified amount of products and the ability of
production line releases needed amount of units called – Throughput, which is under consideration in this paper.
2.2. Production Route (PR) card
It is a card that gives the detail of an operation to be performed in a production process. It is used to instruct the
production people to take up the production work. The content and formats of the PR card can vary from a company
to company. In general, it contains: an item and the number of quantities to be produced; production time; physical
dimensions; any additional information that may be required by the production worker. PR card traces the route to
be taken by a product during a production process [9, 10].
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2.3. Failure Classifier (FC)
Reliability engineering deals with an analysis of the causes of the faults in organizations. In this research authors
developed a FC based on DOE-NE-STD-1004-92 standard, shown in Fig. 1. There are seven major cause categories,
and each has its subcategories. The basic goal of using this standard is to define the problems or causes that can
occur for each operation during production process, in order to further correct them (DOE-NE-STD-1004-92
11.2012). This standard is adapted and modified for the machinery enterprises [11].

Fig. 1. Failure Classifier.

2.4. Failure Mode and Effect Analysis (FMEA)
It is a systematic method of identifying and preventing product and process problems before these occur. It is
focused on preventing defects, enhancing safety. In recent years, companies are using FMEA to enhance the
reliability and quality of their products, also improving business processes [12]. The risk of a failure and its effects in
FMEA are determined by three factors:
Severity (S) – the consequence of the failure that might occur during process.
Occurrence (O) – the probability or frequency of the failure occurring.
Detection (D) – failure being detected before the impact of the effect realized.
Every potential failure mode and cause is rated in these three factors on a scale ranging from 1 to 10. By
multiplying these rating (See Equation 1), a Risk Priority Number (RPN) is generated. This RPN is used to
determine the effect of a failure [13].
RPN = S × O × D

(1)
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The RPN ranges from 1 to 1000 for each failure mode or operation. It is used to rank the need for corrective
actions to eliminate or reduce the potential cause of failures [14]. All FMEAs are team based and the purpose of a
FMEA team is to bring a variety of perspectives and experience to the project [15].
2.5. Six Sigma DMAIC
“Six Sigma utilizes analytical tools used to measure quality and eliminate variances in processes. The objective of
Six Sigma is to produce near perfect products and services that will satisfy customers [16]”. “Motorola was the first
company who developed a Six Sigma project in the mid-1980s that allowed many organizations to sustain their
competitive advantage by integrating their knowledge of the process with statistics, engineering, and project
management [17, 18]”. “Six Sigma is a project-driven management approach intended to improve the products,
services and processes of organizations by reducing defects, it focuses on improving customer requirements
understanding, business systems, productivity, and financial performance [19, 20]”. Six Sigma’s DMAIC
methodology offers a structure for analysis and diagnosis of problems; driven by powerful tools and techniques [21].
The authors described the 5 steps: define, measure, analyze, improve, control; of the Six Sigma DMAIC in paper
[22] that are based on Watson, G. H research [23].
2.6. Lead Time in Manufacturing
Lead Time is a measurement unit used in manufacturing and in lean manufacturing [24], which tells how much
time it takes to start and finish something. Lead Time terms can be seen very differently, depending on personal
preferences and work background. The scope of these terms is from customer order receiving to customer order
delivery, which is the most vital measurement for any company. The scope – scale of Lead Time consists of five
steps and represented in detail in Fig. 2 [25]. This research is focused on production lead time reduction, the time
from the operation starts until the operation ends or until the next operation starts.

Fig. 2. Manufacturing lead time scale.

2.7. Theory Of Constraints (TOC)
TOC is a multi-functional methodology that is developed to help people and organizations to think about system
problems, also use to develop breakthrough solutions and implement them successfully. It was primarily developed
by Dr. Eliyahu M. Goldratt, it has been popularized through business novels such as “The Goal” [26], “It’s Not
Luck” [27], “Critical Chain” [28] and “Necessary But Not Sufficient” [29].
The purpose of TOC is system improvement; a system may consist of a many interdependent processes. It is
similar as the chain: a group of interdependent links working together towards the overall goal. The constraint in the
chain or in the process is a weak link. The performance of the entire chain or process is limited by the strength of the
weakest link. In production processes, TOC concentrates on the process that slows the speed of product throughput.
TOC consists of five steps [26]: “1. Identify the system’s constraints; Decide how to exploit the system’s constraints;
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3. Subordinate everything else to the above decision; 4. Elevate the system’s constraints; 5. If in the previous steps a
constraint has been broken, go back to step one, but do not allow inertia to cause a system constraint.”
The summary of this methodology shows that reduction of waste in the constraint improves lead time and
increases product throughput. When the constraint is improved, variation is reduced, the process reliability is
improved [26, 27; 30, 31].
3. Framework development and description
One of the purposes of the TOC in this research is to identify and elevate production system constraint that in turn
increases production orders throughput and product delivery KPI. In order to identify the constraint for some specific
product or for general production system (system – which includes various production processes/products) the real
data from production floor (production lead time, resources, etc.) can be entered into the simulation software or it
also can be identified by experience observations of production managers and engineers. The system constraint can
be elevated by increasing resources or by decreasing the production lead time.
In order to decrease production lead time the RPN values of failures should be decreased or eliminated
completely. As a result, the improvement enables to increase product throughput and delivery KPI. Fig. 3 shows the
general description of the research framework that is presented in Six Sigma DMAIC structure. In addition, this
framework can be applied using other well-known continuous improvement methodologies such as PDCA (Plan Do
Check Act), 8D (8 Disciplines) and 4Q (4 Quadrants) [22].

Fig. 3. Framework for continuous improvement of product throughput KPI.
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Fig. 4. Swimline process for TOC.

In order to identify what department (work center) is constraint for the process it is necessary to build the
swimline diagram for instance, with the data as PR card (work centre, operation name and duration), also the data
from FC (failures) and FMEA (RPN value), as shown in Fig. 4. The swimline diagram shows the RPN value per
every failure, operation and work centre. According to the operation time, it can be identified the process constraint.
The process visualization allows better understand what failures should be improved or eliminated in particular work
centre to decrease production lead time that consequently increases product throughput. When the corrective actions
applied, an engineer should follow them by performing “mini DMAIC” process, as follows:
Define the object of study, which means something that has been corrected or improved.
Measure the improved process by assigning failures from FC and assessing RPN in FMEA.
Analyze processes and decide where and what corrective actions are necessary to carry out.
Improve process; apply corrective actions (if needed).
Control made improvements in daily processes, if the process requires repeating improvements then repeat the
“mini DMAIC” process again until the changes are satisfied.
If the made changes are satisfied and not require any corrective actions, then proceed the improvements with
other processes.
4. Case study
In this research, a case study of the implementation of new framework for continuous improvement of production
processes is selected with the data from production floor. The case study was made on a “Wind Power Generator”
product that is used in windmills for generation of energy. This product - assembly consists of three main subassemblies (Balanced Rotor, Connected Stator and Frame) as presented with the help of swimline process in Fig. 5.
During the production process the modified FC is applied, which enables to specify the types of failures for each
operation. In addition, the FMEA is applied to assess the weight of the each failure by means of Severity,
Occurrence and Detection rating and then calculate the Risk Priority Number (RPN) value. This RPN value
calculated for every failure, operation, and BOM level as shown in Fig. 6.
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Fig. 5. Wind Power Generator swimline process in TOC.

Fig. 5 represents swimline production process for “Wind Power Generator” where identified a process constraint,
which is assembly department (W10) because the lead time in this department is longer (2 hours) comparing with
others. The department restricts product throughput and it does not allow releasing needed amount of product ontime. In order to decrease production lead time and increase product throughput of this department, for example,
production planner can add additional resources (labor, machines). But in this case study, for increasing of product
throughput of the constraint, the RPN values of failures will be decreased (at least failures which influence on the
throughput) or they will be eliminated completely.
The swimline diagram shown in Fig. 5 is created by using the data given in Fig. 6: PR card (work centre,
operation name and duration), FC (failures) and FMEA (RPN values). In current case study the assembly department
(W10) constrains the product throughput. The visualization of failures that should be improved is shown in Fig. 5. In
order to decrease production lead time and increase product throughput of production line, the RPN values of
failures should be decreased or eliminated completely. The process shows that there are two failures causes with
high RPN values (140 points): “1C. Software failure” and “1E. Bad equipment work” both related to the “1.
Equipment problem” failure group. These two failures delay production process (frequent problem corrections, scrap
rework, idle time etc.) that increases production lead time and decreases product throughput.
Based on the received results, an engineer can apply corrective actions that results increment of product
Throughput KPI. For example, the repeat problem with equipment causes the company fine (penalty) for the
product, not on-time delivery every month cost an amount of 10000 euro (120000 euro per year). In order to
improve product delivery on-time, it is necessary to increase product throughput, it can be done by replacing old
equipment by new one. This solution requires investment into new equipment but at the same time facilitates
company to decrease production lead time and increase product throughput. On the other hand releasing needed
amount of products on-time that is very important for the customer.
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Fig. 6. Production process report.

The price of new equipment equals to 360000 euro. As this is the investment, the cost of new equipment pay off
or break-even point [32] can be calculated in the following way (360000 / (12 x 10000) = 3 years). Thus, the
company has invested into the new equipment begins to make a profit in just three years. But from the author’s point
of view, it is more important to have satisfied customer, as the satisfied customer is willing to make an order again
that is very important for the company stability, wellbeing and financial revenue.
When the needed corrective actions are implemented, the “mini DMAIC process” should be applied in order to
improve process and the same process will be carried out until the process in work centre - W10 becomes stable.
After improvement of the process, the constraint can move to another work centre, for example to the work centre W05. Then, the same procedure (lead time reduction by eliminating failures and applying corrective actions) should
be repeated until the constraint is elevated.
Conclusions
A new framework for continuous improvement of production process allows improvement in product throughput
and product delivery to a customer, the framework was implemented to a production process as a case study in order
to prove the results. Various tools and methods like Six Sigma DMAIC methodology, FMEA, TOC, FC, swimline
diagram were integrated into general framework. This framework enables to define the failures types using FC for
each operation. In the FMEA, the weight of each failure type was assessed with Risk Priority Number (RPN) by
calculating Severity, Occurrence and Detection ratings. Further, these RPN values showed most critical failures in
the production process. The calculated data from FC (failures), FMEA (RPN value) and operation lead time was
analyzed by creating swimline diagram. Having this kind of analysis, it enables to identify most critical failures in
the constraint department, then improve or eliminate them (at least those failures which influence on process delay,
idle time and scrap rework). By reducing the RPN values or number of failures in the constraint facilitates reduction
in production lead time, on the other hand it increases product throughput. As the result, the product throughput
improvement influences on product delivery KPI that satisfies the customer and increases company wellbeing and
revenue.
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