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Abstract—One of the major priorities for manufacturing 

companies in the globalized economy is the ability to offer high-

quality products to customers at the lowest production cost. 

Globally, process improvement methods and techniques are used 

to reduce waste and improve product and service quality. This 

paper aims to propose a systematic model based on process 

improvement methodologies and tools to help the manufacturing 

companies decide on cutting tool life and other manufacturing 

issues. This research seeks to prove that some common industry 

practices, such as changing cutting tools in machining processes, 

can significantly affect the economics of production and the 

overall performance of the plant. The research is mainly based on 

analyzing real field data using the DMAIC methodology to 

identify improvements in order to achieve a balance between 

economy and quality in a Saudi manufacturing plant. Although 

the study was concerned only with changing cutting tools in the 

machining process in an air conditioning plant, its findings and 

conclusions can be generalized to all manufacturing processes.  

Keywords-manufacturing process improvement; DMAIC 

methodology; cutting tool life; machining operations 

I. INTRODUCTION  

In many industries such as the automotive, the military, and 
the Heat, Ventilation, and Air Conditioning (HVAC) 
industries, metal cutting and machining are heavily utilized in 
the manufacturing processes. The US Cutting Tool Institute 
(USCTI) reported data showing that cutting tool market was 
worth $2.2 billion on January 2020 [1, 2]. The cutting-tool 

consumption is usually considered an indicator of 
manufacturing activity in a specific industry, as those cutting 
tools represent a primary consumable element in many 
manufacturing processes. The consumption of cutting tools can 
be used as a leading indicator of the manufacturing activity, as 
it measures actual production levels in the manufacturing plant 
[2]. Cutting-tool wear and consumption are considered subjects 
of major concern [2, 3]. This is of major importance for air 
conditioning manufacturers and military industries in Saudi 
Arabia, which has invested heavily in such industries within its 
2030 Saudi Vision [4, 5, 6, 18]. It is estimated that the size of 
Saudi investments in the HVAC manufacturing sector stood at 
$3.7 billion in 2018 and is projected to grow up to reach $7.1 
billion by 2024 [7]. 

According to [1], cutting-tool life and tool wear is of 
practical importance in manufacturing companies. Cutting tools 
are used to cut materials to parts as they pass throughout the 
machining processes. Naturally, the quality of the cutting tools 
will be affected by the modifications on the metal to form 
appropriate pieces. According to the results of previous studies 
in this field, the operating conditions and the state of the cutting 
tools are critical for ensuring the balance between production 
cost and quality of the final product [2, 3, 8]. The common 
practice in manufacturing processes when replacing cutting 
tools is to be based on the experience of the machinist or the 
operator. It is obvious that this practice has several implications 
on the process itself from an economic point of view [8]. 
Therefore, the need to develop a more scientific approach to 
determine the frequency of tool replacement and the optimum 
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replacement time is a major concern in the industry [1]. For this 
reason, many approaches from different perspectives have been 
reported [1, 2, 3, 8]. 

The study presented in [2] proposed a cutting tool resource 
management model based on CAM programming and the 
principles of lean manufacturing. The proposed model was 
shown to be suitable for increased productivity and cost 
reduction in machining, through an increased Material 
Removal Rate (MRR), and maximized cutting tool utilization. 
The presented algorithm was adequate for efficient selection of 
cutting variables for maximum MRR, maximum tool 
utilization, minimum machining cost, and reduced waste in the 
manufacturing process. Furthermore, the model permitted the 
estimation of aspects related to manufacturing process 
sustainability in terms of energy use, CO2-footprint, and water 
consumption. Recently, a study conducted on the reliability of 
cutting tools developed a stochastic cutting tool life model that 
helps to determine the most economic tool replacement time 
[8]. Also, it investigated high-pressure cooling and showed that 
this practice can help making the machining process more 
efficient and more robust. Interestingly, the research 
demonstrated how statistical tools can be adequately used to 
perform a reliability analysis and spot improvement 
opportunities in the manufacturing process. It was suggested 
that this approach needs to be tested and validated under real 
manufacturing conditions. 

The importance of developing and adopting a scientific 
method for replacing worn-out cutting tools for CNC machines 
in a US automotive factory was studied in [3]. It was noted that 
the actual practice of replacing the worn-out cutting tools was 
based on the experience of the machining operators. This 
practice has several limitations since it leads to two extreme 
situations. The cutting tools were being either underutilized or 
over-utilized. In both cases, cost-effectiveness and product 
quality were heavily affected. The proposed method was based 
on the use of Statistical Process Control (SPC) techniques to 
monitor the cutting tool wear in the production system through 
measurements of the dimensions of the produced parts. The 
methodology used was based on the monitoring of the quality 
characteristic using variable control charts (X̅-R and X̅-s) and 
process capability analysis. The author suggested that the 
occurrence of out of statistical control situations in the control 
charts indicate that the cutting tool is worn out and needs to be 
replaced in the machining process. It was also shown that this 
SPC-based approach can be used by manufacturing companies 
in other industrial sectors to cut costs and produce high-quality 
products according to design specifications. Other studies 
developed methods based on SPC charts to investigate the 
stability of manufacturing processes and their capability to 
meet the design specifications [9, 10]. The DMAIC Six Sigma 
methodology associated with the use of the seven basic quality 
tools, was successfully implemented in different industrial 
settings to reduce defects and to achieve sustainable 
improvement in process performance [11-15].  

The objective of the paper is to propose a systematic model 
based on process improvement methodologies and tools to help 
manufacturing companies in the decision making concerning 
the cutting-tool life and other manufacturing issues. This study 

aims to investigate the effect of the cutting tool life in 
machining processes on the quality of the manufactured 
products and the production economics.  

II. METHODOLOGY 

An extensive literature review was performed and indicated 
that a large number of process improvement methodologies are 
available for manufacturing [16]. The study showed that the 
PDCA and the six sigma DMAIC methodologies present 
superior performance in problem-solving and process 
improvement compared to other improvement models. The 
DMAIC methodology uses statistics and process improvement 
tools to locate and solve existing problems and improve 
processes. The goal of the DMAIC process is to implement 
long-term solutions to current problems in manufacturing. The 
use of the DMAIC methodology helps to identify, eliminate, 
and control issues of product quality and production process 
that may arise [17]. The Six Sigma DMAIC (Define, Measure, 
Analyze, Improve, and Control) methodology is used in this 
research. The problem is defined in the first step. Furthermore, 
it is important to recognize and define the critical stages in the 
process. The measure phase involves measuring the key 
process characteristics and quantifying the problem through 
data collection and analytics. The purpose of the analysis phase 
is to identify the root causes of the problem and propose 
solutions. The two remaining phases, i.e. implement and 
control, concern the implementation of the proposed 
improvements and the control and monitoring of the process. 
Control ensures maintaining the solution and its results and 
sustaining the gains achieved. Monitoring leads to sustainable 
improvements and guarantees long-term success. Permanent 
monitoring is therefore required [11, 13]. 

III. RESULTS AND DISCUSSION 

This section presents the results of the data analysis of the 
process data, using the DMAIC methodology. The data 
collected from the manufacturing process at the HVAC plant 
are presented in Table I. These variables are believed to 
measure the problem of the use of cutting tools and their effect 
on the quality of the final product (produced parts). The 
following sections provide a complete description of the 
implementation of the DMAIC methodology in the study of the 
research problem and in order to make improvement proposals. 

TABLE I.  PROCESS DATA AND RESEARCH VARIABLES 

Process 

variables 
Definition 

X factor 
Tool life measured in terms of number of produced parts 
per change during the period from June to October, 

2018. 

Y factor 
Produced part characteristics and design specification 

(product quality). 
 

A. Step One: Define 

The first step of the DMAIC methodology starts by 
defining the problem and identifying the objectives to be 
achieved. The current project was performed in a HVAC 
manufacturing company, which produces a variety of products 
mainly for heat ventilation and air conditioning systems. Their 
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main products range from small AC units for domestic and 
office use, to big chillers for industrial and commercial plants. 
The company serves as a supplier of manufactured parts to 
other industries, especially in the military sector. It was noted 
that the plant suffered from the problem of high consumption 
of cutting tools during production. Therefore, the need to 
develop a scientific approach to investigate this problem and 
determine the root causes of the problem emerged. 

B. Step Two: Measure 

This step consists of measuring the extent of the problem in 
the manufacturing process. The analyzed process data are the 
number of manufactured parts by each cutting tool. Operations 
are referred in this case to the use of specific cutting tools to 
produce a number of produced parts. Figure 1 shows the 
variation of the numbers of produced parts for each cutting tool 
change. It can be seen that there is a big variability in the 
number of manufactured parts by each cutting tool. Table II 
shows the basic statistics of the manufacturing data, which 
show the number of units produced during the study period for 
all operations. 

 

 
Fig. 1.  Variation of the number of produced parts by each cutting tool. 

TABLE II.  BASIC STATISTICS OF THE MANUFACTURING DATA  

Operation / 

cutting tool 
Mean StDev Min Max Change 

Operation 1 95 44.07 30 189 630% 
Operation 2 147 32.32 95 210 221% 
Operation 3 155 49.0 86 234 272% 
Operation 4 246 54.4 186 362 195% 
Operation 5 127 75.2 55 279 507% 
Operation 6 185 78.2 49 321 655% 
Operation 7 370 70.5 238 460 193% 
Operation 8 224 56.7 132 300 227% 

    Average 363% 

 

It can be seen that there are large discrepancies and 
differences in the number of units produced for each cutting 
tool. The variations range from a percentage of 193% to a 
maximum of 655%, with an average of 363% as a percentage 
of the difference between production operations for each 
cutting tool. The differences between production operations for 
each cutting tool are shown in Figure 2. Such an observation 
would be clear evidence of the validity of the problem 

statement, as it is clear that there is variability in the cutting-
tool life as measured by the number of the manufactured parts. 
This may have a significant effect on product quality in terms 
of process stability and capability, and the economy of the 
manufacturing process. This early conclusion will be verified 
in the following sections. 

 

 
Fig. 2.  Box plot of the distribution of the number of produced parts for all 
operations 

C. Step Three: Analyze 

At this phase, the objective is to investigate the data to find 
the causes of the problem and propose solutions and 
improvements. The focus is to take advantage of the analyzed 
data in order to investigate the effect of the variability in the 
machined parts by each cutting tool on the quality of these 
machined parts as final products. For that purpose, the 
dimensional characteristics for the machined parts were 
obtained with their specifications. Data samples were obtained 
for periods where at least two or three cutting tool changes 
were made. 

1) Process Stability Analysis 

To investigate the consistency of the manufacturing process 
concerning product characteristics, SPC control charts (� ̅-s 
charts) were used. Figure 3 shows that the process was 
statistically stable in some cases (1st, 2nd, 3rd, 5th, 7th, and 8th 
operation), and out of statistical control in other cases (4th and 
6th operation). This indicates the existence of special causes 
affecting the manufacturing process. These special causes of 
variation should be investigated to improve the production 
process. 

2) Process Capability Analysis 

Process capability analysis was performed to test the 
manufacturing process's capability to produce parts that meet 
the design specifications. The data collected from the process 
allowed conducting a study of the production operation's 
capability to meet the specification by comparing the 
dimensions of the produced units with the design 
specifications. Figure 4 shows the results of the capability 
analysis for two operations. The results show that the 
production operations 2, 3, 4, 5, and 8 could achieve the design 
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specifications. On the other hand, operations 1, 6, and 7) were 
not capable of achieving the specifications. This conclusion can 
be obtained from Table III, which shows the process capability 
indices (Cp, Cpk) for each operation in the production processes. 
Capability indices Cp, Cpu, CpL, and CpK greater or equal than 1 
indicate that the process was capable to meet the design 
specifications. 

 

 
Fig. 3.  Control charts for two operations (cutting tool type). 

3) Cutting Tool Life and Product Quality Relationship 

In this section, a summary of the previous analysis is 
presented to identify the nature of the effect of the cutting tool's 
life on the production process in terms of its stability and 
capability to meet the product design specifications. Figures 5 
and 6 show the nature of the relationship between the factors of 
capability (Cp, Cpk) and the statistical values (average, highest 
value, and lowest value) of the produced parts. The data show 
that using the cutting tool at a lower rate to produce small 
quantities and reduce the period of use does not necessarily 
lead to production according to the design specifications. The 
use of the cutting tool for long periods does not affect the 
process's capability to produce according to the specifications. 
This manufacturing process remains under the influence of 
special causes underlying the process elements (5Ms and E: 
Manpower, Machine, Measurement, Material, Methods, and 
Environment). This can be investigated using cause and effect 
analysis. 

 

 
Fig. 4.  Process capability analysis for two operations. 

 

 
Fig. 5.  Summary of cutting tools life analysis and production quality. 
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TABLE III.  CAPABILITY INDICES 

Operation 1 2 3 4 5 6 7 8 

Cp 0.86 1.13 1.59 1.53 2.00 0.86 1.14 1.01 

Cpk 0.68 0.75 1.42 1.24 1.12 0.85 0.75 0.59 

Overall capability 

status 
NO YES YES YES YES NO NO NO 

 

 
Fig. 6.  Correlation between capability indices and the statistical values for 
cutting tool life. 

4) Cause and Effect Analysis 

The previous analysis revealed that the manufacturing 
process is under the influence of special causes. In some cases, 
its capability to achieve design specifications in the final 
product is rather weak. The causes of the variability in the 
cutting tool life should be investigated further. For that 
purpose, root cause analysis was performed using the cause and 
effect diagram (Ishikawa diagram). Electronic brainstorming 
sessions were conducted with the company's quality 
department, including technicians working in the production 
line and employees from other departments. This was the most 
suitable method during the COVID-19 pandemic situation. 
Experts in machining processes from academia and industry 
were consulted during these sessions.  

 

 
Fig. 7.  Ishikawa diagram for the variability of the cutting tool. 

Figure 7 presents the results of the cause and effect 
analysis. The most important causes of the problem from the 
point of view of the company's employees and machine 
operators are summarized in the Figure. 

D. Step Four: Improve 

Based on the root causes analysis, another brainstorming 
session was performed to identify the most important causes 
and suggest appropriate solutions. A researcher guided the 
discussion based on world-class manufacturers' good 
manufacturing practices [7]. A root cause analysis tree was 
used to manage each category's proposed solutions (5M and E). 
This analysis contributes to the organization of the selection of 
solutions and facilitates the process of prioritizing them. Figure 
8 shows the problems and the suggested solutions. 

 

 
Fig. 8.  Root cause analysis tree. 

Following the root cause analysis and in order to formulate 
an action plan to improve the process, the solution selection 
matrix was used. This stage was done through brainstorming 
sessions that included all stakeholders, managers, and decision-
makers to further participate in the implementation plan. The 
selection matrix (also known as a priority matrix) was used to 
evaluate problems and the proposed solutions for each problem 
or potential preparations based on specific criteria which can be 
based on time effect, cost effect, and other factors. Table IV 
represents the analytical approach proposed to help the 
management implement solutions to solve the high 
consumption of cutting tools and thus reduce subsequent 
manufacturing costs. Through the proposed solution matrix, 
certain weights have been determined for each of the 
evaluation criteria. Thus, the result of the matrix in arranging 
solutions is: 

• The manufacturer standards had the highest weight in the 
solution matrix with a 19% importance. This was a 
proposed solution for the lack of a method for determining 
the change conditions. Consequently, from this point, it can 
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be concluded that the research problem was a major 
concern for the company. 

• Training provision for the employees was an anticipated 
solution. This was the second selected solution with an 18% 
importance. 

• Preventive maintenance can be used as an effective solution 
for the problem of cutting tool life in manufacturing since it 
helps manufacturing operators to avoid major failures that 
result in the replacement and change of tools [19]. 

• Calibration of measurement instruments and machine start-
up procedures were among other suggested solutions. 

TABLE IV.  SELECTION MATRIX (PRIORITY MATRIX)  

Solution C1 C2 C3 C4 C5 Total Percentage 

Solution A: 
Provide training for 
employees and 
machinists 

8 8 5 1 2 24 18% 

Solution B: 
Search and implement 
manufacturer standards 

7 5 2 5 6 25 19% 

Solution C: 
Maintenance plans for 
cutting tool machines 

4 5 6 5 2 22 17% 

Solution D: 
Calibration of 

measurement instruments 
3 5 3 4 5 20 15% 

Solution E: 
Cleaning the new tools 

before change 
8 7 2 2 4 23 18% 

Solution F: 
Establish SOP for start-
up for machine tools 

5 6 5 1 2 17 13% 

The evaluation criteria:   (1 = Bad, 10 = Good): C1: Easy to implement, C2: Feasible, C3: Cost 
effectiveness, C4: Time, C5: Easy to maintain. 

 

E. Step Five: Control 

The control phase of the Six Sigma DMAIC cycle is ideally 
performed after implementing the proposed solutions. The 
control phase aims to sustain the improvements achieved 
through the other stages of the DMAIC cycle. The control 
phase in DMAIC is about controlling the "vital few" variables, 
identified during the earlier phases. In the present research, 
since the proposed solutions were not yet implemented, this 
phase is not covered. 

IV. CONCLUSION 

In the current paper, the DMAIC methodology was 
implemented in a Saudi manufacturing plant. The main goal 
was to investigate the high consumption of cutting tools in the 
machining process and to evaluate its impact in the quality of 
the machined products. The DMAIC methodology was adopted 
to find an optimal set of factors that can help the manufacturing 
plant's leadership optimize the use of the cutting tools and 
achieve a balance between quality and production economy. 
Along the five DMAIC phases, different quality tools were 
implemented in order to identify the root causes of the 
problem, to develop an action plan to reduce the impact of the 

problem on the production, and to minimize the process 
variability. The present manufacturing case study proved that 
through the application of quality tools, basic tools, and 
management and planning tools, it was possible to improve 
company's production processes. The research suggested the 
implementation of the Six Sigma DMAIC methodology in 
order to eliminate unproductive stages and operations, and to 
develop and use the technology to drive improvements in the 
manufacturing process. Although the study was concerned only 
with cutting tools life in the machining process in the HVAC 
plant, the findings and conclusions can be generalized to all 
manufacturing processes suffering from such problems. 
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