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Abstract Companies currently are immersed in a highly
competitive world; therefore, they must adopt continuous pro-
cess and product improvement techniques to remain in busi-
ness and retain loyal customers. This paper presents the anal-
ysis of a medical device manufacturing company to determine
what factors influence the length variation of plastic tubes in a
cutting process. These tubes are part of intensive care sets;
therefore, their length and diameter are critical features.
Recently, products were rejected for not meeting the tube
length specification, causing customer complaints regarding
product quality. The Taguchi method was applied to find sig-
nificant factors that determine the best configuration in the
cutting process to approximate this quality characteristic to
its desired target value. Important factors and their corre-
sponding best levels were identified. After the proposed pro-
cess adjustment was implemented, the process capability in-
dex (Cpk) increased from 0.90 to 1.58, which indicated a con-
siderable reduction in customer complaints and corresponding
costs.

Keywords Taguchimethod . Cutting process .Medical
device . Capability improvement

1 Introduction

One of the main aspects that determine market perma-
nence for any business is its quality level, which is direct-
ly related to customer satisfaction. The quality of products
and services helps to obtain customer loyalty, thus increas-
ing the possibility of future business. Strong competition
demands a high level of quality [1]. Thus, it is important
for organizations to continually improve the quality level
of products and services to remain competitive in the mar-
ketplace. For this reason, the continuous improvement of
process and product quality levels is an important issue.
Several strategies, such as Six Sigma (SS), have emerged
to achieve this quality improvement. SS strategy as a fun-
damental matter to understand customer and market needs,
using certain data to drive both strategy and action to
improve the basic processes [2]. The objective of SS is
to achieve high performance, reliability, and benefit to
the customer or end consumer of the company. The ways
organizations have evolved through continuous improve-
ment initiatives to increase customer satisfaction and low-
er operational costs have been evident throughout the last
few decades [3]. The changes in the way companies offer
their products and/or services, driven by technological
changes, have led to the need to develop new processes
to ensure the proper management of activities within
firms, aiming to provide the highest possible customer
satisfaction level [4].
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2 Problempresented by this manufacturing company

From this perspective, the medical industry is no exception; its
products are aimed at people and are directly related to their
health and integrity. The medical manufacturing company re-
ferred to in this study employs a process related to the cutting
of tubes with lengths determined by the type or configuration
of the product, mainly intravenous therapy products. The
lengths and internal diameters of the tubes in this type of
product affect the main flow of drugs administered through
them; thus, a variation in these dimensions may significantly
affect the patient and therefore is critical to ensure the accura-
cy of the tube cutting process. Recently, some tube lots have
been rejected due to their lengths not meeting specifications.
The methodology section will further describe this problem
that the company experiences.

3 Experimental procedure

Experimental design is a strategy of planning, conducting,
analyzing, and interpreting experiments so that sound and
valid conclusions can be drawn efficiently, effectively, and
economically. This strategy provides the experimenters with
a greater understanding and power over the experimental pro-
cess [5]. Experimental design is an essential tool for studying
complex systems, and it is the only rigorous replacement for
the inferior but unfortunately still common practice of study-
ing one variable at a time [6].

The Taguchi method for experimental design is a powerful
problem-solving technique for improving process perfor-
mance, yield and productivity [7]. It can reduce scrap rates,
rework costs, and manufacturing costs due to excessive vari-
ability in processes. The Taguchi experimental design aims to
minimize the variability in a product or operation in line with a
specific function by selecting the most suitable combinations
of the controllable factor levels compared to the uncontrolla-
ble factors that create variability for a specific product or op-
eration [8]; in this sense, Taguchi parameter design or robust
design methodology involves the maximization of perfor-
mance and quality at minimum cost [9]. This is fundamentally

achieved by determining the best settings of those design or
process parameters that influence the product performance
variation and by fine-tuning those design or process parame-
ters that influence the average performance.

The essential concept of the Taguchi quality method is the
definition of a loss function for a particular production pro-
cess, calculated by evaluating equivalent signal-to-noise-
ratios (SNRs), defined as the ratios between the magnitude
of a process mean and its variation; this allows the best solu-
tions to a problem to be defined as those leading to maximum
SNRs and minimum values of the loss functions [10].

Toward the end of World War II, Dr. Genichi Taguchi con-
ducted extensive research using experimental design tech-
niques. In addition to a new approach to quality improvement,
his major contribution was developing and using a special set
of orthogonal arrays (OAs) for designing experiments. OAs
are a set of tables of numbers, each of which can be used to
present experiments for a number of experimental situations.
Use of these arrays for design experiments is the key to learn-
ing the design of experiments through the Taguchi approach.
Today, when one wants to learn the Taguchi experimental
technique, it is a requirement to learn how to use OAs in the
way that Taguchi prescribed [11]. Furthermore, OAs are used
to estimate the effects of several factors and the effect of in-
teractions by minimizing the number of experiments [12].
Utilizing the Taguchi OA concept, Gu et al. [13] showed that
the number of experiments can be significantly reduced, and
thus, the time and cost caused by multiple experiments are
also reduced. For example, Inei-Shizukawa et al. [14] utilized
a Taguchi approach with seven factors for ethanol yield at two
levels with an OA layout of L8 (2

7) designed to minimize the
number of experiments. Rico et al. [15] analyzed the effect of
the side cutting edge angle on the surface roughness through a
Taguchi L32 using two replicates.

Another important component of the Taguchi method is
the SNR, which is a measurement scale that has been used
in the communication industry for nearly a century. A radio
measures the signal of the wave of voice transmitted from a
broadcasting station and converts the wave into sound.
Taguchi generalized the concept of the SNR as used in
the communication industry and applied it to the

Fig. 1 Pareto analysis of non-
conforming lot reports
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evaluation of measurement systems as well as to the func-
tion of products and processes. A higher SNR indicates
higher quality [16]. In the Taguchi method, quality charac-
teristics can be categorized into the three following types:
the lower the better, the nominal the better, and the higher
the better [5]. The equations utilized to calculate the SNR
according to the aforementioned scenarios are as follows
(Eqs. 1, 2, and 3):

The lower the better

SN ¼ −10*log10
1

n

Xn

i¼1
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The nominal the better

SN ¼ 10*log10
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The higher the better

SN ¼ −10*log10
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The process of performing a Taguchi experiment follows a
number of distinct steps [7]:

Step 1: formulation of the problem—the success of any ex-
periment is dependent on a complete understanding
of the nature of the problem.

Step 2: identification of the output performance characteris-
tics most relevant to the problem.

Step 3: identification of control factors, noise factors, and
signal factors (if any).

Step 4: selection of factor levels, possible interactions, and
the degrees of freedom associated with each factor
and the interaction effects.

Step 5: design of an appropriate OA.
Step 6: preparation of the experiment.
Step 7: running the experiment with appropriate data

collection.
Step 8: statistical analysis and interpretation of experimental

results.
Step 9: undertaking a confirmatory run of the experiment.

4 Development of the study

The Taguchi method was used in the experiment to determine
the best operation conditions of the process that reduce length
variability in the cut tubes at its maximum and also approxi-
mate the average dimension to the objective value. This meth-
od was employed due to its flexibility and speed to obtain the
results needed, since the goal was to address the client’s com-
plaint as soon as possible. Therefore, the experiment in this
manufacturing company was carried out based on the afore-
mentioned steps as shown below.

Step 1: Problem formulation
In the cutting process, six different types of plastic

tubes are used to feed a cutting machine; however, as
shown in Fig. 1, tube type 1 represents near 60 % of
the non-conforming lot reports (26 of 46) with a cost
of US$290 each, which means that several thou-
sands of dollars are lost monthly.

Step 2: Identification of the output performance characteris-
tics most relevant to the problem

Fig. 2 Normality test for the data
before improvement

Table 1 Data collected for tube length before the Taguchi analysis

106.563 105.563 106.313 105.750 106.250

105.625 105.938 105.688 105.563 106.055

105.500 105.875 106.313 105.313 105.938

105.563 105.438 106.000 105.625 105.688

106.375 105.750 105.500 105.938 105.375

105.375 105.750 105.563 105.625 105.062

105.372 105.188 105.625 105.313 105.188

105.500 105.875 105.688 105.938 105.188

105.563 105.625 105.688 105.375 106.055

105.813 106.055 105.313 105.625 105.375
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After identifying the main product with rejected
lots, it was necessary to identify the main causes of
quality rejection. In this case, the most relevant char-
acteristic was tube length because some products
were out of specification, and this dimension is cru-
cial to the security of users. Once the rejection cause
was determined, a capability analysis for the quality
characteristic was performed using the Minitab 17
software to evaluate the initial situation by cutting
50 tubes using the current process setup and consid-
ering a specification of 150 ± 1.5 in as shown in
Table 1. The normality of the data was tested previ-
ously to calculate the capability index. The normality
results and capability analysis are shown in Figs. 2
and 3, respectively. This analysis made evident the
necessity to improve the process involved with tube
1 cutting because the Cpk index is smaller than one,
which is unacceptable. Figure 3 shows that the basic
problem is that the process mean is located far from
the target value; however, this could potentially be a
good process if its mean moves toward the center of
specification.

Step 3: Identification of control factors, noise factors, and
signal factors (if any)

To determine the factors to be analyzed, previous

runs were performed, and a brainstorming session
with machine operators and maintenance personnel
was executed. The ideas generated are represented
on the cause and effect diagram in Fig. 4, from
which wrong machine parameters were selected as
the main cause to be more broadly studied.

Step 4: Selection of factor levels, possible interactions, and
degrees of freedom associated with each factor and
the interaction effects

Although the process parameters for cutting the
tubes are well-established, these adjustments are oc-
casionally modified depending on the experience of
each operator. In fact, when operators detected a tube
out of specification, they modified the process setup
based on their experience. The possible machine pa-
rameters and their possible levels as well as which of
them will be more broadly studied are shown in
Table 2. To determine which parameters must be
considered for further analysis, the opinion of the
operators and maintenance department were consid-
ered. Additionally, some previous runs were tested.

In addition to the factors in Table 2, the conver-
sion factor was incorporated because the machine
was designed to work in millimeters and the specifi-
cation for the product is in inches. Operators must

Fig. 4 Cause and effect diagram

Fig. 3 Capability analysis before
improvement
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perform the conversion every time they change the
part number. Although the equivalence from milli-
meters to inches is well known (1 in=25.4 mm),
some discrepancy is present in the machine, so this
equivalence does not work properly. This factor was
introduced at four levels.

Step 5: Design of an appropriate orthogonal array (OA)
First, the original L8 (2

7) OA, had to be modified
to accommodate one factor at four levels and three
more factors at two levels. To do this, the triangular
matrix corresponding to this OAwas used. It is pos-
sible to appreciate in this triangular matrix, so col-
umns 1, 2, and 3, each with one degree of freedom,
are related. For this reason, these columns can be
grouped into only one column, resulting a column
with three degrees of freedom to accommodate one
factor at four levels.

Step 6: Preparation of the experiment
The experimental matrix with real values for each

factor is shown in Table 3.
Step 7: Running the experiment with the appropriate data

collection
The cutting machine has five parallel cavities and

cuts five tubes at once. Due to this, the first task
before running the experiment was to investigate
whether these cavities represented an important
source of variation. For this reason, an analysis of
variance (ANOVA) with this factor was completed,
and the analysis of the results demonstrated that the

cavities do not differ significantly; therefore, the ex-
periment was conducted in only one cavity to avoid
wasting material. Cavity number three was chosen,
and the experiment was conducted with five repli-
cates. The experimental results are shown in Table 4.

Step 8: Statistical analysis and interpretation of experimental
results

Themean and SNR are calculated for further anal-
ysis using the nominal the better case according to
Eq. (2), as shown in Table 5. Later, with these values,
factorial plots for the mean and SNR were built, as
seen in Figs. 5 and 6, respectively. With these plots,
the experimenter determined which level for every
factor represents the best choice to achieve a certain
result about the mean response and robustness.

The factorial plot for the means is shown in Fig. 5
and was used to determine that the most important
factor was conversion. Furthermore, knowing that
the target value for this tube is 105.0 in. the value
of 26.1 was chosen; for ACC, the feed rate and speed
controller must be fixed depending on practical or
economic reasons because their slopes are nearly ze-
ro or are graphically insignificant. In the same man-
ner, from the factorial plot for the SNR in Fig. 6, the
best value for conversion, ACC, feed rate, and speed

Table 4 Experimental results for the tube length

Run Replicates

1 2 3 4 5

1 102.375 101.875 102.500 102.875 103.625

2 102.688 102.375 103.875 103.063 103.625

3 105.875 105.563 106.875 105.688 106.063

4 105.875 105.250 106.500 105.375 105.563

5 108.875 108.063 109.313 108.188 108.750

6 108.750 108.375 108.438 108.750 108.375

7 111.056 110.625 110.875 111.056 111.375

8 111.313 110.875 110.750 110.875 110.500

Table 5 Mean and SNR results

Run Mean SNR

1 102.650 43.943

2 103.125 44.329

3 106.013 46.222

4 105.713 46.517

5 108.638 46.497

6 108.538 54.884

7 110.997 52.110

8 110.863 51.508

Table 3 Real levels for factors to be analyzed

Run Factor of conversion ACC Feed rate Speed controller

1 25.4 3 3 70

2 25.4 5 5 100

3 26.1 3 3 100

4 26.1 5 5 70

5 26.8 3 5 70

6 26.8 5 3 100

7 27.5 3 5 100

8 27.5 5 3 70

Table 2 Machine parameters and associated levels to be studied

Parameter Possible levels Decision Selected levels

ACC 4 Important 2

Feed rate 4 Important 2

Brake pressure 4 Not important -

Air pressure 5 Not important –

Speed controller 5 Important 2
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controller are 27.5, 5, 3, and 100, respectively, for
robustness; although, according to the ANOVA,
these values were not significant. The results of the
ANOVA for the mean and SNR are listed in Tables 6
and 7, respectively. Table 8 contains the proposed
levels for the analyzed factors according to the mean
and SNR analysis. The table also shows the final
decision for the process-operating condition.

Step 9: Undertaking a confirmatory run of the experiment
After determining the best adjustment of the cut-

ting machine, a confirmatory run was performed
using the final levels shown in Table 8. As previous-
ly explained, 26.1 was considered as the appropriate
level for the conversion factor, since, as Fig. 5
shows, it allows for the best approximation to the
objective value, which is 105 in. As for ACC, feed
rate, and speed controller, the level considered was
the one repeated in both responses, since none of
them represents a practical advantage over the other.
With the aim of calculating the Cpk index, 50 tubes
were cut and measured for this proposed process
setup, and the results are presented in Table 9.
First, the data normality was tested using the
Anderson-Darling test, and with P=0.482, the hy-
pothesis of normality was accepted (Fig. 7). Thus,

the capability analysis was performed, and a Cpk

index equal to 1.58 was obtained, as shown in
Fig. 8. These results prove that the proposed setup
is better than the initial setup, with a mean closer to
the target value and a standard deviation slightly
smaller. Additionally, a control chart was built for
the new process and was established to monitor
and control the future production of this tube, as
shown in Fig. 9.

5 Discussion

In this paper, the length variation in a tube cutting process
is addressed by conducting an application of Taguchi
methods for optimizing a tube cutting process. Only the
parameter factor of conversion was significant. Therefore,
to achieve a target value of 105.0 in. the conversion factor
must be 26.1. In addition, for ACC, the feed rate and speed
controller could be used depending on practical or eco-
nomic reasons; however, specific levels were chosen in
this case. It is important to highlight the advantage of ad-
dressing these problems using designed experiments re-
gardless of whether it is achieved by the classical or

Fig. 5 Factorial plot for mean
response

Fig. 6 Factorial plot for the SNR
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Taguchi approach, although as previously mentioned, one
advantage of the Taguchi method is that it can use fewer
experimental runs due to the proposed use of orthogonal
arrays. In many companies in Latin America, these tech-
niques remain unknown, and product and process improve-
ment is addressed by trial and error or by using one factor
at a time. These methods often cause the improvements to
not be as successful as expected, resulting in the loss of
business opportunities caused by the excessive product
costs from low quality and inefficient processes. Some rea-
sons for low implementation of design of experiments and,
in particular, of the Taguchi method of experimental design
in manufacturing sector follow, as stated by Antony et al.
[9]:

& Inadequate education in applied quality improvement
methods and strategies at the university level.

& Manager familiarity with home-grown solutions (general-
ly one factor at a time approach) for process and design
optimization problems.

& Lack of understanding of the benefits of the Taguchi meth-
od of experimental design for addressing real-world prob-
lems in organizations.

& Lack of communication and collaboration between aca-
demic and industrial fraternities.

& Incorrect perceptions that experimentation requires mas-
sive resources and is always expensive to execute.

& Poor attitudes toward experimental design and the associ-
ated strategies.

Consequently, the challenge is to continue performing
these kinds of application projects that help businesses learn
to utilize useful statistical tools for process improvement and
experimental design. The literature provides a vast amount of
actual practical problems solved using experiments designed
by the classical or Taguchi approaches, such as in [17–23]. A
better understanding of both alternatives can be achieved con-
sulting to Taguchi et al. [16] and Montgomery [24]. Recently,
while attempting to make the Taguchi method more flexible
and powerful, some studies proposed the use of this experi-
mental alternative with such artificial intelligence techniques
as neural networks, fuzzy logic, and genetic algorithms to
optimize products and processes [25–30].

6 Conclusions

Statistically designed experiments are a powerful tool for
optimizing systems. The Taguchi approach was applied in
this work to determine the best configuration of a plastic
tube cutting process in a medical manufacturing company.
The application of the Taguchi method was a novel option
for the engineers of this company to conduct process im-
provement; it resulted in a complete process change com-
pared with their previously established method. Performing
this experiment with the methodology they typically imple-
mented would have required more than 32,000 m of tubing,
compared to approximately 107 m that were needed in this
experiment (nearly 300 times less material), which entailed

Table 6 Analysis of variance for the means

Source DF SeqSS AdjMS F P

Conversion 3 72.305 24.102 351.84 0.039

ACC 1 0.000 0.000 0.01 0.949

Feed rate 1 0.021 0.021 0.31 0.678

Speed controller 1 0.082 0.082 1.20 0.471

Error 1 0.069 0.069

Total 7 72.477

Table 7 Analysis of variance for the SNR

Source DF SeqSS AdjMS F P

Conversion 3 78.230 26.077 2.64 0.418

ACC 1 8.966 8.966 0.91 0.516

Feed rate 1 6.313 6.313 0.64 0.571

Speed controller 1 10.286 10.286 1.04 0.494

Error 1 9.891 9.891

Total 7 113.686

Table 8 Best levels and final decision for the analyzed factors

Analysis Conversion ACC Feed rate Speed controller

Mean 26.1 3 or 5 3 or 5 70 or 100

SN 27.5 5 3 100

Final 26.1 5 3 100

Table 9 Data collected for tube length after the Taguchi analysis

105.375 105.500 105.063 104.630 105.055

105.630 105.250 105.688 104.875 105.438

105.375 104.875 105.688 104.813 105.000

105.563 105.063 105.063 105.313 105.375

105.313 105.056 105.313 105.250 105.630

105.210 105.813 105.188 105.188 104.813

105.375 104.813 104.938 105.055 105.438

105.375 105.063 104.750 105.063 105.250

105.250 105.438 105.563 104.750 105.563

105.063 105.188 105.250 104.688 105.055
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a reduction in equipment operating and personnel costs for
those involved in the collection and measurement of tubes
during the experiment. Of course, a reduction in the envi-
ronmental impact due to the reduction in plastic material
waste was also realized. Through a confirmatory run with
the new process established, it was possible to validate the

impact of this project, demonstrating that the capability
index Cpk of the process increased significantly from 0.90
to 1.58, which represented significant savings and a reduc-
tion of customer complaints. Additionally, no additional
costs were required to implement the proposed process-
operating condition.

Fig. 7 Normality test for the data
after improvement

Fig. 8 Capability analysis after
improvement

Fig. 9 Control chart to monitor future production
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