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ABSTRACT

A line balancing model for a tempered glass processing 
company was developed in this study, aimed at 
demonstrating how its implementation helps to improve 
productivity. The model is based on the development 
of the five steps of the theory of constraints (TOC): 
identify the constraint, exploit the constraint, subordinate 
everything to the constraint, elevate the constraint, and 
check if there is a new constraint. Once the restriction 
was identified, it was exploited using improvement 
actions, such as the detection and elimination of mudas 
(wastes), and the application of the 5S methodology until 
a production capacity in line with demand was achieved. 
As economic investments had to be made, a table with a 
cost structure before and after the implementation of the 
model was prepared in order to calculate the return on 
investment (ROI) value to determine that the investment 
made promoted the increase in productivity.

Keywords: line balancing; productivity; mudas; 5S; 
theory of constraints.

INTRODUCTION

Most companies or organizations in the country apply various 
improvement theories, techniques and tools in order to increase 
their productivity; in many cases, this involves imitating improve-
ment experiences that were applied in other companies and re-
sulted in a significant increase in productivity and, consequently, 
in a competitive advantage over their competitors. The proper 
implementation of a set of continuous improvement tools is es-
sential to achieve a real change within the organization so as to 
improve productivity, reduce costs and obtain a higher, sustaina-
ble profit margin over time.

The vast majority of companies in the country are SMEs, which 
lack fully automated production lines, and thus need to correctly 
balance each workstation in order to maximize the use of their 
resources. In general, machinery assembly and production line 
distribution are carried out empirically, without any improvement 
techniques or tools to capitalize on available resources to in-
crease productivity. Such cases require a set of continuous im-
provement tools that are adjusted to the economic, spatial and 
demand needs of each organization.

This study was conducted in a company engaged in the process-
ing of tempered glass used in the architectural sector as part of 
construction finishes. Most of the machines used for tempered 
glass processing are made in Italy and are often purchased from 
different suppliers, for economic reasons or because the supplier 
does not offer machinery to assemble the entire processing line. 
This results in different production capacities in the work areas at 
the time of assembly of the production line.

The purpose of this article is to implement a line balancing model 
that encompasses the use of continuous improvement and lean 
manufacturing tools for the entire production line (cutting, edging, 
notching and furnace areas), to address the company’s problems 
of low productivity and wasted man-hours resulting from the failure 
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to correctly balance the production capacities of the 
work areas. Unlike other research and theses where 
the use of line balancing is developed as an improve-
ment tool to increase productivity based on the de-
velopment of strategies to balance the processing 
capacities of each work area, here a “line balancing 
model”, which is a selection of continuous improve-
ment and lean manufacturing tools that will allow 
achieving an increase in productivity, will be used.

To balance the tempered glass processing line, a 
model based on the execution of the 5 steps of the 
theory of constraints (identify, exploit, subordinate, 
elevate and repeat) will be used. Lean manufacturing 
tools (detection and elimination of mudas) and con-
tinuous improvement (5S methodology) will also be 
used to implement the improvement actions of step 
2 (exploit the constraint). As mentioned by Alcalde 
(2010), the 5S methodology is based on order and 
cleanliness, as this allows the creation of a new cul-
ture within the organization. By using already existing 
continuous improvement tools in this research, it is 
possible to state that its use in the development of 
this line balancing model is expanding.

In order to implement the line balance model, an 
analysis of the work performed in all areas has to 
be completed; it includes the review of production 
reports and shift schedules to determine the time 
used by the operator for production under normal 
conditions, at a speed and work rate that should be 
in accordance with the demand. From this informa-
tion, the production capacity of each work area un-
der normal conditions is obtained, thus determining 
which has the lowest capacity and which is the lim-
iting factor in the production line.

In view of the above, the main objective of this re-
search is to determine whether there is a relation-
ship between the implementation of this line balance 
model and an improvement or increase in produc-
tivity in the tempered glass processing company 
under analysis. The formulation of a hypothesis will 
be necessary and will subsequently be contrasted 
against the results to verify if there is a relationship 
between the model and the increase in productivity. 
The hypothesis is as follows: “The implementation 
of a line balancing model will improve the productiv-
ity of a tempered glass processing company”.

A cost structure will also be prepared at the start 
and end of the implementation of the model to ana-
lyze the economic impact of the finished product 
selling price on the company and, finally, the return 
investment value (ROI) will be calculated to deter-
mine if the investment made was beneficial to the 
company.

Line Balancing

To Salazar (2019), line balancing is a method 
of great importance to control production, be-
cause if a correct balance of the production line is 
achieved, it will be possible to optimize other vari-
ables that influence productivity, including: inven-
tory of parts to be processed, average processing 
time and partial dispatches of finished parts.

Suñé et al. (2004) state that when designing the 
production line, the tasks must be distributed so 
that resources are used throughout the process. 
The most complicated part of balancing the produc-
tion line is to divide the process into workstations 
where a group of tasks will be executed, so that the 
optimal workload is achieved within the production 
cycle time. Regarding the latter, García et al. (2004) 
indicate that the objective of balancing a production 
line is that each workstation produces the same 
amount of finished material and has the same pro-
duction cycle time, in order to prevent the accumu-
lation of load to be processed.

According to Suñé et al. (2004), the steps to initiate 
line balancing are as follows:

1. Determine and identify all the tasks that make 
up the production process.

2. Determine the standard time necessary for 
each task. 

3. Determine the necessary resources for each 
task.

4. Determine the execution sequence.

Meyers (2000) maintains that bottlenecks can be 
identified after implementing line balancing. As a 
result of the variability of demand and the use of 
machinery of varying capacities, different process-
ing times are required, thus generating dynamic 
bottlenecks.

A balanced production line requires a correct the-
oretical application, redistribution of resources and 
even financial investments.

According to Calampa (2014), balancing the pro-
duction line helps to:

• Reduce and standardize costs.

• Develop a bonus structure for achieved 
productivity level.

• Obtain the expected output quantity within 
the established deadline.
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• Improve production management.

• Increase overall productivity and staff 
motivation.

• Determine times and motions to improve 
workload distribution.

• Eliminate work-in-process inventories and 
bottlenecks.

• Improve process flow between production 
areas.

• Engage workers in the elimination of the 
7 wastes or mudas of lean manufacturing 
(overproduction, waiting times, transportation, 
processes, inventories, movements and 
defective products).

Theory of Constraints (TOC)

The term “bottleneck” is found in line balancing. In 
Goldratt’s (2004) Theory of Constraints (TOC), the 
concept of “bottleneck” is referred to as the lack of 
capacity of a workstation to satisfy the demand of a 
preceding station, thus creating a “constraint”. Ac-
cording to Saidi et al. (2017), these “bottlenecks” 
determine production capacity. Consequently, the 
workstation with the lowest capacity among all is 
generating a negative impact on the total cycle time. 
For Kikolski (2016), this sets the pace of the produc-
tion process.

Chase et al. (2009) state that the theory of con-
straints consists of a set of tools for continuous im-
provement, which is achieved by applying these 5 
steps:

1. Identify the constraint. This is considered a 
complicated step, because the entire process 
must be evaluated in order to detect the activity 
that restricts the process flow rate. This refers 
not only to the process, but also to the entire 
company. 

2. Exploit the constraint. This involves finding 
methods capable of increasing the capacity 
of the constraining activity, i.e. increasing the 
throughput (speed of the system to increase its 
profits). 

3. Subordinate everything to the constraint. The 
constraint should operate at 10% of its capacity, 
since it sets the work pace. 

4. Elevate the constraint. The capacity of the con-
straint must be increased; the use of financial 
resources can be considered here.

5. Check if there is a new constraint. If the initial 
constraint is eliminated, proceed to repeat the 
previous steps with the next constraint of the 
production process. 

5S Methodology

According to Hernández (2016), the purpose of the 
5S is to improve and maintain order in the work ar-
eas; thus, improving working conditions, organiza-
tional climate and work performance, which will re-
sult in increased productivity and improved product 
quality.

1. Seiri (Sort). According to Bonilla et al. (2010), 
it consists of classifying items into useful and 
non-useful, keep only those that are useful and 
remove those that are not because they take 
up space.

2. Seiton (Set in order). According to Bonilla et 
al. (2010), it consists of organizing the sorted 
items from the previous step, so that they can 
be easily located, thus saving time and avoiding 
unnecessary movements. 

3. Seiso (Shine). It consists of cleaning and re-
moving any trash; as mentioned by Rey (2005), 
the work area should be cleaned to keep it free 
of dust and encourage the worker to do it daily 
at the beginning and end of the workday.

4. Seiketsu (Standardize). It is based on the first 
three S’s, and its purpose is to avoid delays in 
the previous stages, and its execution should 
be part of the daily routine. According to Cu-
atrecasas and Torrel (2010), standardization 
involves instilling a habit in workers to comply 
with the previous steps. A good organization 
structure and order will be essential to achieve 
standardization.

5. Shitsuke (Sustain). According to Dorbessan 
(2010), it is the most important step because it 
is responsible for the compliance of the previ-
ous 4 S's. It proactively encourages discipline, 
as the benefits will be beneficial for both the 
company and the workers. As long as workers 
are self-disciplined and committed, the compa-
ny will achieve great results in terms of quality 
and productivity levels.

Mudas: Wastes

A basic objective of lean manufacturing is to elim-
inate or reduce the waste or mudas produced 
by various tasks that do not generate any value. 
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Socconini (2019) explains that lean manufacturing 
classifies them into seven groups:

 − Overproduction: involves producing more than 
required.

 − Waiting: time wasted when the operator is 
waiting for the machine to finish the cycle.

 − Transportation: useless displacement of people 
or parts in process that does not generate value.

 − Overprocessing: processes that do not increase 
the value of the final product.

 − Inventory: materials, un-finished or finished 
products that exceed the demand of the 
commercial area.

 − Motion: movements of materials or tools within 
the process that do not generate value and, on 
the contrary, increase costs.

 − Defects: loss of resources that were used at the 
time of producing a non-conforming product.

Productivity

For García (2006), productivity is the efficiency lev-
el with which the available resources are used to 
achieve the objectives; he further states that the 
productivity of a company is examined in order to 
determine the problems that may affect it and, sub-
sequently, to establish the strategies to solve them.

The ILO (1996) defines productivity as a ratio be-
tween the output produced and the input used; it 
adds that productivity can be affected by different 
external factors, as well as by deficiencies in its in-
ternal activities.

METHODOLOGY

This is an applied research with an experimental 
design, as the independent variable “line balancing 

model” is intentionally manipulated, which produces 
an effect on the dependent variable “productivity”.

Tempered Glass Production Line 

The study was conducted at Glasstempcorr, a com-
pany located in the district of Ventanilla. The plant is 
on a site of approximately 5000 m2 and the produc-
tion line is composed of the cutting, edging, notch-
ing, washing and furnace areas. At present, its pro-
ductivity is not adequate due to poor control of work 
between areas, reprocessing and waste. For this 
reason, the implementation of a line balance model 
based on the 5 steps of the theory of constraints is 
used as a continuous improvement tool, so that, at 
the time of implementing the improvement actions, 
the detection and elimination of mudas are used in 
conjunction with 5S methodology in the work area 
where the restriction is detected. This sequence can 
be observed in Figure 1.

Evaluation and Implementation of the Theory of 
Constraints (TOC)

Step 1 is applied. As the historical production data 
is available, it is possible to obtain the production 
capacity of each area and an average of square 
meters of tempered glass processed in the last 3 
months. Based on these data, it is possible to de-
termine the area that has the lowest production ca-
pacity and, therefore, generates the constraint. In 
Figure 2, it is shown that the restriction of the line 
lies in the notching area. At this initial stage, a cost 
structure can be developed to calculate the unit cost 
value and compare it with the one obtained after the 
implementation of the line balancing model.

In step 2, the constraint must be exploited, there-
fore, actions must be taken to increase the produc-
tion capacity of the notching area using only the 
area’s own resources (operators and machinery). 

Start Step  1 Step  3 Step  4 Step  5 Results
- Review of
historical
production
data (last 3
months).
- Calculation of
the daily 
production 
capacity of 
each work area.

Identification of 
the constraint.
- Using the
above
information,
determine
which
processing area
has the
constraint.

Subodinate 
resources to 
the constraint.       
- The process 
that has the 
restriction is the 
one that sets 
the pace of 
work.

Step  2

Implemen
tation of 
the 5s

Detection and  

elimination
 of mudas.

Elevate the 
constraint. 
- An economic 
investment can 
be made if 
necessary.

Check if there 
is a new 
constraint.       
- If the initial 
constraint is 
removed, 
the previous 
steps are 
repeated.

Exploit the constraint.
- Prioritizing the use of the 
company’s own resources,
two continuous improvement 

tools are applied.

Hypothesis 
Testing: 
hypothesis is 
contrasted.   
Economic 
Analysis: unit 
costs (initial - 
final) are 
compared.

Figure 1. Sequence of the line balancing model.
Source: Prepared by the author.
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Two continuous improvement tools, which are part 
of the proposed model, are applied in parallel; the 
first was the implementation of the 5S. Prior to im-
plementation, a baseline was determined, abnormal 
conditions were photographed and a score was as-
signed to each category (sorting, order, cleanliness, 
standardization and maintenance) to determine the 
issues to be corrected. The Quality Manager, with 
the support of the area managers, directed the im-
plementation, which consisted of three phases: in the 
first phase, the personnel involved were trained and 
informed; in the second phase, the methodology was 
implemented; and in the third phase, a follow-up of 
the previous implementation was conducted.

The second tool is the identification and elimination 
of the mudas that exist within the production pro-
cess, which is used in lean manufacturing. When 

analyzing the notching process, mudas related to 
waiting times caused by lack of information on the 
work to be performed and stops due to unscheduled 
maintenance were found; a considerable percent-
age of defective products is also detected, result-
ing in waste of raw material and man-hours. Action 
plans must be developed to reduce this waste, such 
as preparing in advance all the information on the 
work to be performed, improving the monthly pre-
ventive maintenance program, and training person-
nel to reduce defective products due to mishan-
dling. Once the improvement actions have been 
implemented, the production line will be balanced, 
as shown in Figure 3.

Step 3 consists of subordinating everything else 
to the current capacity of the constraint, in other 
words, the notching area sets the work pace and, 
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Figure 2. Initial production capacities.
Source: Prepared by the author.
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consequently, the resources used in all other pro-
duction areas (operator and machinery) must be 
rationed to achieve a capacity that slightly exceeds 
that of the notching area so as to achieve a homo-
geneous processing capacity throughout the line. 
Often managers must be convinced of the need to 
reduce the work pace in other areas that generate 
excess production; therefore, it is important to have 
the support of management for this step. 

Step 4 consists of elevating the restriction, for which 
an economic investment will be needed to acquire 
a hand drill and hire 2 operators, which will increase 
the capacity of the notching area to 1300 m2, as 
shown in Figure 4.

Step 5 consists of checking whether the limiting pro-
cess has been eliminated. In this case, it can be 
seen that the notching area is no longer a constraint 
but the edging area is; therefore, the previous steps 
need to repeated until obtaining a production ca-
pacity in accordance with the demand posed by the 
commercial area.

RESULTS

The line balancing model allows comparing the pro-
duction capacity before and after its implementation. 
In this research, a contrast of the hypothesis will be 
carried out first, which consists of determining if the 
productivity of the tempered glass production line 
was increased. For this purpose, information on the 
production from January 2019 to February 2020 is 
presented in Table 1, detailing the productivity rate 
during the months in which the line balance model 
was applied. The productivity rate before the imple-
mentation of the line balance model can be seen in 
the data presented for 2019. From January to June 
2020, an increase in the productivity rate following 
the implementation of the first improvement actions 
using the area’s own resources is observed. It is 

important to bear in mind that in March the plant 
only operated until the 16th and no production was 
reported in April as the plant was closed due to the 
COVID-19 pandemic. Finally, other productivity rate 
values were obtained between July 2020 and Feb-
ruary 2021 after the application of step 4 of the The-
ory of Constraints (TOC).

Hypothesis Testing

To test the hypothesis, productivity data is extract-
ed from Table 1 and run in Minitab 18 to determine 
whether or not the data has a normal distribution.

The following graphs of the productivity comparison 
at the beginning and after the implementation of the 
model are extracted from Minitab 18.

It is determined from the normality test that the dis-
tribution is normal because the p-value is greater 
than 0.05, the curve is bell-shaped and, if a vertical 
line is drawn, it intersects the mean and median.

Upon determining that, for the information collected, 
the data has a parametric behavior, the Student’s 
t-test for two samples is used to compare the pro-
ductivity at the beginning and at the end of the im-
plementation of the model and to demonstrate the 
hypothesis.

Two-Sample T-Test and CI: Initial Stage and Fi-
nal Improvement

Method

μ₁: mean of Initial Stage

µ₂: mean of Final Improvement 

Difference: μ₁ - µ₂

Equal variances are not assumed for this analysis.
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Figure 4. Production capacity values at the end of step 4.
Source: Prepared by the author.
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Descriptive Statistics

Sample N Mean StDev SE Mean
Initial Stage 12 0.8640 0.0247 0.0071

Final Improvement 8 0.8993 0.0298 0.011

Estimation for Difference

Difference 95% CI for Difference
-0.0352 -0.0126

Test

Null hypothesis H0: μ₁ - µ₂ = 0

Alternative hypothesis H₁: μ₁ - µ₂ < 0

T-Value DF P-Value
-2.76 13 0.008

If a p-value ≥ 0.05 is obtained, H0 will be accepted 
as a valid answer; however, if a p-value < 0.05 is ob-
tained, Ha will be accepted and H0 will be rejected.

As the p-value is less than 0.05, the null hypothesis 
is rejected and the alternative hypothesis is accept-
ed, which indicates that the difference µ1 - µ2 < 0, 
thus demonstrating that the productivity percentage 
increased as of July 2020. Therefore, this compari-
son proves that the hypothesis stating that “The im-
plementation of a line balancing model will improve 
the productivity of a tempered glass processing 
company” is correct.

Economic Analysis

A comparative analysis of the average unit costs at 
the beginning and after the implementation of the 5 

Table 1. Initial Cost Structure for Step 1.
Year Month Finished product (m2) Hours used Productivity rate (%)

2019

January 765 7.01 0.84

February 775 7.05 0.85

March 785 7.15 0.88

April 776 6.98 0.85

May 762 6.85 0.82

June 789 6.89 0.85

July 782 7.08 0.87

August 780 7.11 0.87

September 792 7.07 0.87

October 791 7.18 0.89

November 788 7.28 0.90

December 793 7.25 0.90

2020

January 945 7.39 0.87

February 978 7.55 0.92

March 905 7.45 0.84

April -- -- --

May 931 7.58 0.88

June 945 7.55 0.89

July 1078 7.75 0.87

August 1088 7.85 0.89

September 1058 7.81 0.86

October 1138 7.85 0.93

November 1105 7.78 0.90

December 1158 7.89 0.95

2021
January 1098 7.9 0.90

February 1115 7.68 0.89

Source: Prepared by the author.
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1st Quartile 0.84710
Median 0.86581
3rd Quatile 0.88480
Maximum 0.89832

A-Squared 0.16
p-value 0.932

Mean 0.86404
StDev 0.02472
Variance 0.00061
Skewness -0.370234
Kurtosis -0.259285
N 12

Minimum 0.81558

Anderson-Darling Normality Test

95% Confidence Interval for Mean
0.84834 0.87975

95% Confidence Interval for Median
0.84714 0.88466

95% Confidence Interval for StDev
 0.01751 0.04198

0.900.880.860.840.82

Median

Mean

0.890.880.870.860.85

95% Confidence Intervals

SSuummmmaarryy  RReeppoorrtt  ffoorr  IInniittiiaall  SSttaaggee

Figure 5. Graph of the normality distribution of the productivity values at the beginning of the 
implementation.

Source: Prepared by the author.

1st Quartile 0.87511
Median 0.89376
3rd Quatile 0.92380
Maximum 0.95173

A-Squared 0.28
p-value 0.547

Mean 0.89925
StDev 0.02985
Variance 0.00089
Skewness 0.662204
Kurtosis 0.054235
N 8

Minimum 0.86073

Anderson-Darling Normality Test

95% Confidence Interval for Mean
0.87430 0.92420

95% Confidence Interval for Median
0.86965 0.93192

95% Confidence Interval for StDev
0.01973 0.06074

0.960.940.920.900.880.86

Median
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0.940.920.900.88
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Figure 6. Graph of the normality distribution of productivity values after model implementation.
Source: Prepared by the author.
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steps of the TOC will be conducted. Table 2 shows 
the cost structure at the beginning of the study.

Based on the table above, unit selling price per 
square meter is S/ 77.34 or $ 21.48 ≈ $ 22.00, which 
is the current market price per square meter for an 8 
mm thick glass, this calculated for a line production 
capacity of 800 m2. Table 3 shows the resulting cost 
structure after the application of step 4.

Based on Table 3, unit selling price per square me-
ter has decreased to S/ 69.16 or $ 19.21 ≈ $ 20.00 
for an 8 mm thick glass, this calculated for a line 

production capacity of 1200 m2. The cost of the ac-
quired machinery (1 drill) has been included in this 
table and its value has been distributed for a 5-year 
service life. The amount of the final selling price is 
below the market price, allowing the company to 
offer the customer a price below the market price 
without affecting profit.

A return on investment analysis is carried out in the 
notching area to determine how profitable it was for 
the company. From the values obtained in Tables 
1 and 2, Table 4 is prepared to determine the ROI 
value using the formula shown below.

Table 2. Initial Cost Structure for Step 1.

Cost Structure – Initial Conditions
Average values for a demand of 800 m2

Tempered Glass Total Cost Finished product(m2) Unit Cost
Material (raw glass) S/ 39 000.00 800 S/ 48.75

MP (60 operators) S/ 3 000.00 800 S/ 3.75

IMC (2.5) S/ 7 500.00 800 S/ 9.38

Manufacturing cost S/ 49 500.00 800 S/ 61.88
Selling price (25%) S/ 61 875.00 S/ 77.34

IMC = Indirect manufacturing cost equal to 2.5 times the cost of man power (MP).
Source: Prepared by the author.

Table 3. Cost Structure After Step 4.

Cost Structure – Final Conditions
Average values for a demand of 1200 m2

A hand drill was acquired and two operators were hired.

Tempered Glass Total Cost Production (m2) Unit Cost
Material (raw glass) + Machinery S/ 55 544.00 1200 S/ 46.29

MP (62 operators) S/ 3 100.00 1200 S/ 2.58

IMC (2.5) S/ 7 750.00 1200 S/ 6.46

Manufacturing cost S/ 66 394.00 1200 S/ 55.33
Selling price (25%) S/ 82 992.00 S/ 69.16

IMC = Indirect manufacturing cost equal to 2.5 times the cost of man power (MP).
Source: Prepared by the author.

Table 4. Monthly Production Structure.
Production Capacity (m2)

Unit Selling Price Monthly Total Sales Increase
Daily Monthly

1 Using current resources 800 20 000 S/ 77.34 S/ 1 546 800.00
S/ 528 000.00

2 Exploiting the constraint 1200 30 000 S/ 69.16 S/ 2 074 800.00

Source: Prepared by the author.
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𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑅𝑅𝑅𝑅𝐼𝐼𝑅𝑅𝐼𝐼𝑅𝑅𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝐼𝐼𝑅𝑅𝐼𝐼𝑅𝑅𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅  

G =  S/ 528 000.00 Return 
I =  S/ 422 350.00 Investment 

ROI = 0.20

It can be deduced from the result that for every sol 
invested in this line balancing model, S/ 0.20 profit 
will be obtained, which makes the project profitable.

DISCUSSION

This line balancing model is structured around 
the execution of the 5 steps of the theory of con-
straints. On this basis, a series of improvement ac-
tions were identified upon the application of step 
2, using only the own resources of the analyzed 
area in which the restriction was detected, and no 
additional economic investment. In order to carry 
out the improvement actions, elimination of mu-
das —waste detected in the notching area—, was 
contemplated. The 5S were also implemented, 
with an emphasis on the first three, due to the low 
score obtained in the baseline report. During the 
implementation of the 5S methodology, the Quali-
ty Manager appointed the people in charge of the 
“notching” production area (one for each shift: day 
and night), who are in responsible for distributing 
tasks to 5 operators. For Vargas (2002), appointing 
a person in charge is important because it helps 
with the continuous compliance of this tool and 
also contributes to the integration and training of 
the workers.

The line balancing model (independent variable) 
applied influenced productivity (dependent varia-
ble), in view of the fact that the hypothesis was 
validated by means of statistical software. After 
the analysis of the final cost structure, a unit sell-
ing price of S/ 69.11 was obtained, which is lower 
than the unit selling price of the initial cost struc-
ture, S/ 77.34. This outcome benefits the compa-
ny because the product can be offered at a be-
low-market price, thus allowing it to attract more 
customers while maintaining its profit margin. The 
production line will be balanced at a capacity of 
1200 m2, which represents an increase of 400 m2 
over the initial capacity; this line balance allowed 
the company to take advantage of the area’s re-
sources: use and availability of the machinery, and 
time used by the operators.

Niebel and Freivalds (2004) believe that the possi-
bility for a business to grow and increase its profits 
lies in increasing its productivity. Such productivity 
improvement translates into an output increase dur-
ing the working hours employed, as evidenced at 
the end of the application of step 4 of TOC, where 
the production capacity increased after investment 
and implementation of improvement actions.

Andrade (2011) believes that it is easier to meas-
ure the benefits that the acquisition of a tangible 
asset (machinery) generates for the company, than 
to evaluate investments when the acquired asset 
is related, for example, to the hiring of personnel. 
In this study, it was easier to determine profitability 
because a large part of the investment consisted of 
the acquisition of a drill and hiring only 2 additional 
workers.

CONCLUSIONS

To implement the line balancing model, this study 
relied on the execution of the 5 steps of the theory 
of constraints; good results were obtained by us-
ing lean manufacturing tools, such as the detection 
and elimination of wastes or mudas, and continu-
ous improvement tools, such as the 5S methodolo-
gy. These tools were jointly applied in the improve-
ment actions established in step 2 of the theory of 
constraints.

To properly implement the 5S methodology in the 
notching area and achieve an acceptable score in 
a final audit, it is very important to train the area’s 
production manager, who will guide and engage the 
personnel in charge of the area to meet the objec-
tives set.

Based on the results obtained after the implemen-
tation of the line balancing model and the demon-
stration of the hypothesis, productivity was indeed 
improved, as the improvement actions made it pos-
sible to better capitalize on the area’s resources and 
obtain a greater production capacity and, conse-
quently, lower production costs, as can be observed 
in the final cost structure.

As for the analysis of this study, ROI value of the 
implementation of the line balancing model can be 
measured, according to which positive results were 
obtained in terms of profitability.

This line balancing model could be applied to oth-
er organizations within the same industry, as most 
tempered glass manufacturing companies in the 
country (7 in total) tend to have low productivity in 
their production processes. This happens because 
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their production lines are very similar and have the 
same type of machinery and distribution of oper-
ators; therefore, they would have the same initial 
conditions and an increase in productivity could be 
achieved after the application of the line balancing 
model, considering that it was beneficial for this 
case study.

RECOMMENDATIONS

The tempered glass production line should be ana-
lyzed continuously, taking as a reference the line 
balancing model proposed to timely eradicate new 
constraints that may arise in the production line and 
thus prevent it from becoming a limitation.

Production capacities of each production area 
should not be balanced individually; the goal should 
be to obtain a production flow equivalent to that re-
quired by the demand of the commercial area. 

Lean manufacturing and continuous improvement 
tools, such as the detection and elimination of mu-
das and the 5S methodology, which were used in 
the line balancing model, can be applied. All these 
tools can also be applied in other areas of the com-
pany, such as maintenance, warehouse, office, etc., 
to obtain positive results. 

Constant training of the workers (area managers) 
who will support the implementation of 5S technolo-
gy is important, as they maintain direct contact with 
the operators assigned to their work shift and are 
the ones who operate the machines.
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