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Tires are vehicle parts that have a significant economic impact. When the tires 

reach their end-of-life, they can be retreaded for further use. A company in 

Padang, Indonesia, manufactures retreaded tires with hardness specifications of 

at least 61 Shore A. The technology used by the company is the hot cure 

retreading. Historical data showed that the process produced 7% of defective 

tires and cost the company $16 per unit of defective tires. It was identified that 

curing temperature, mold pressure, inner tube pressure, curing time, and fuel 

type mixed with adhesive affect tires’ hardness. This paper aims to find the best 

combination of the above parameters so that the hardness of the retreaded tires 

is maximized. Experiments were performed, and the Taguchi method was 

employed to design the experiments. Since the experiments have five factors, 

and each involves two levels, the degree of freedom of the experiments is five. 

There were three replications for each treatment. Thus, an L8 orthogonal array 

was selected. The experimental results showed that the best combination of 

factors is curing temperature at 140 ˚C, mold pressure at 4 bar, inner tube 

pressure at 8 bar, curing time for 2 hours, and fuel mixed with adhesive was 

SBP. The above combination was predicted to produce an average hardness of 

63.10 Shore A. A confirmation experiment was then performed by applying the 

above combination of factors, which resulted in an average hardness of 63.15 

Shore A and no retreaded tires having hardness below 61 Shore A. 
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1. INTRODUCTION 

There will be around 1.5 billion vehicles, or one car 

for every five people in the world, in 2024 [1]. 

Historical data show that about 25% of them ended 

up in landfills [2]. It is known that end-of-life 

vehicles have a negative impact on the environment. 

 

A vehicle is complex and consists of thousands of 

individual parts. One of the parts that has significant 

economic and ecological impacts is the tires [3]. 

When the tires reach their end-of-life, they might be 

recycled. The raw materials of the tires are extracted 

and used in other products. Tires can also be 

incinerated to obtain energy. Another option is to 

retread the tires for further use [3]. 

Retreading is the process of replacing the worn 

tread of a tire with a new one. Among the 

remanufacturing processes, retreading is one of the 

most succesfull [4], [5].  

 

The performance of retreaded tires is 60 – 70% 

compared to brand-new tires [6]. In Indonesia, 

retreaded tires must conform Indonesian National 

Standard (SNI 3768:201) to ensure safety. In the 

European Union (EU), the retreaded tires industry is 

worth €1.2 billion and supports 32,000 jobs. In EU5 

(France, Italy, Germany, Spain, and the UK), 

retreaded truck tires have a market share of 30%.  

 

Moreover, retreaded tires have environmental 

advantages. Compared to new tires, retreaded tires 

http://metal.ft.unand.ac.id/
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save 70% natural resource extraction, 29% land use, 

24% CO2 emissions, 21% particulate matter 

emissions, and 19% water consumption [7]. 

 

Tires with worn treads can be retreaded if they do 

not have broken ply, belt, sidewall, and bead. Two 

technologies can be applied to retread tires: cold 

cure and hot cure retreading. The retreading process 

using a cold cure can be done several times. The 

process is carried out by pasting new treads on a tire 

in special chambers. The hot cure retreading process 

can only be done once. In this process, the new tread 

is applied to the surface of a used tire and continued 

with pressing the tire to the pressure of 8 bar and 

heating to the temperature of 135 - 140 °C. This 

paper focuses on the hot cure retreading technology.  

 

The hot cure retreading process consists of nine 

steps. They are initial inspection, buffing, grinding, 

brushing, adhesive application, gum insertion, 

cushion gum attachment, hot cure, and final 

inspection. Schematically, the process is presented 

in Figure 1.  

 

In the initial inspection process, a trained inspector 

inspects the used tire to decide whether the tire is 

within quality limits. If the inspector finds broken 

ply, belt, sidewall, and bead, the tire does not 

qualify for retreading. Tires passing the inspection 

will be buffed. A high-speed rotating buffer 

mechanically removes the old tread. Suppose there 

are undetected tears on the inside of the tire which 

are not detected at the inspection stage; they will be 

visible at this stage.  

 

The process continues with grinding. A trained 

operator grinds the surface of the tire to make 

minute rips visible. After grinding, the operator 

brushes the tire's surface, freeing it from dirt and 

dust. A clean surface makes the gluing process 

easier. Special adhesive is then applied to the 

surface of the tire. The adhesive is used to attach the 

cushion gum.  

 

The next step is gum insertion, this process aims to 

close the tears on the tire's surface. This process 

prevents bloating. Cushion gum is then attached to 

the tire's surface (cushion gum attachment). This 

step aims to glue the tire's casing to the new 

tread. The process continues with the hot curing 

step.  

 

In the hot curing step, the new tread has no tread 

pattern yet, so it is called compound rubber. After 

the compound rubber is attached to the tire's surface, 

the tire is placed on a plate. An inner tube is inflated 

with a pressure of 8 - 10 bar. The tire is then placed 

inside a mold. The mold is pressurized (3 - 4 bar) 

and heated at the temperature of 135 - 140 ˚C. This 

process lasts for at most 2 hours. The combination 

of heat, pressure, and time produces tread pattern 

and depth as intended.  

 

After the curing process is completed, the final 

inspection is performed. In the final inspection, the 

hardness of the tire tread is inspected to determine 

whether it meets specifications. The hardness of the 

tire produced by this process is measured in the 

Shore A unit. Shore A is a unit used to measure the 

hardness of materials, typically polymers. 

Inspection also ensures that the tire has no defects. 

 

In the literature related to tire recycling, the majority 

of the studies are on the processes and strategies for 

tire waste management [8], [9], [10]. There are 

limited studies on tire retreading process 

improvement. In this area, most of the studies 

discussed the energy efficiency of the hot cure 

process [11], [12], [13]. For the initial screening 

process of tire retreading, fuzzy logic was suggested 

to decide whether a tire could be retreaded [14]. In 

order to improve the bonding between the tread and 

carcass of the retreaded tires, numerical simulation 

and experimentation were used [15]. Quality tools 

have also been used to improve the quality of the 

retreading process in general [16]. This paper aims 

to improve the retreading process, focusing on the 

hot cure retreading, by finding the best combination 

of the process's parameters to maximize tires' 

hardness. 
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Figure 1. Hot cure tire retreading process 

2. PROBLEM DESCRIPTION 

PTIV is one of the retreaded tire producers in 

Indonesia. The company sets the hardness 

specification of its products to at least 61 Shore A, 

and the maximum allowable proportion of tires 

whose hardness does not meet this specification is 

4%.  

 

A sample of 100 retreaded tires produced by the 

company using the hot cure process was randomly 

selected. It was found that the hardness mean was 

61.87 Shore A, the standard deviation was 0.54 

Shore A, and there were seven tires whose hardness 

was below 61 Shore A. It was indicated that the 

proportion of tires whose hardness was below 61 

Shore A was 7%. It was 3% higher than the 

maximum allowable proportion.  

The out-of-specification tires are discarded and cost 

the company $16 per unit. Since the hardness is the 

case of the The-Larger-The-Better (L Type) quality 

characteristic, the loss function associated with the 

L Type can be applied to calculate the loss. Using 

the 100 observations taken, it is found that the loss 

is, 

 

𝐿 = 𝐴∆2 1

𝑛
∑

1

𝑦𝑖
2

𝑛
𝑖=1 = 16 × 612 ×

1

100
(

1

622 +
1

602 + ⋯ +

1

622) = $15.56 per unit,        

 

where A = cost of a defective tire, ∆ = lower 

specification limit, n = sample size, and yi = the 

hardness of the ith tire in the sample. 

 

Therefore, there is a need to improve the process 

and reduce the percentage of retreaded tires that do 

not meet the specification limit. 

 

Several factors might contribute to the out-of-

specification tires, such as the type of fuel mixed 

with the adhesive, operators' skills, especially in the 

initial inspection step, equipment performance, 

inner tube pressure, mold pressure, mold 

temperature, and curing duration. Some of those 

factors are controllable, and some are 

uncontrollable.  

 

Almost all operations are completed manually by 

the operators. Thus, it is challenging to control the 

operations they conduct. Therefore, this research 

focused on controllable factors influencing the tires' 

hardness. Those factors are curing temperature, 



WAHYU HANDAYANI PUTRI / METAL: JURNAL SISTEM MEKANIK DAN TERMAL - VOL. 8 NO. 2 (2024) 39-48 

Wahyu Handayani Putri   https://doi.org/ 10.25077/metal.8.2.39-48.2024 42 

mold pressure, inner tube pressure, curing time, and 

the type of fuel mixed with the adhesive. The 

objective of this paper is to find the best 

combination of hot cure retreading process 

parameters that will maximize the hardness of the 

retreaded tires and reduce the tire's percentage not 

meeting the specification limit. 

3.  METHOD 

3.1. Experimental Design 

Factors influencing the hardness of the retreaded 

tires considered in this research are curing 

temperature, mold pressure, inner tube pressure, 

curing time, and the type of fuel mixed with the 

adhesive. The setup of the experiment is presented 

in Figure 2.  

 

The input was shaved tires. They were tires whose 

worn-out treads had been inspected, buffed, 

grinned, and brushed. Their conditions were 

maintained the same. The adhesive, previously 

mixed with an additive, was then applied to the 

shaved tires. Two types of additives were 

considered in the experiment, Pertamax and SBP. 

 

Gum insertion was not part of the experiment 

factors, but the process must have been completed 

before the cushion gum was attached. Thus, the type 

of gum used was kept the same. Similarly, the 

cushion game attachment process was maintained 

uniformly, and the type of cushion gum attached 

was the same.  

 

The majority of the variables analyzed in the 

experiment were in the hot cure process. They were 

mold temperature, mold pressure, inner tube 

pressure, and curing time. The variables’ levels 

were set up using an indicators panel, which was 

part of the mold system. Pressure and temperature 

were built and increased by flowing steam into the 

mold. The last step was the hardness checking of the 

retreaded tire using a durometer. 

 

Several levels were chosen for the factors 

considered in this experiment. The levels’ values 

depend on the prior knowledge about the process, 

equipment capability, and resources available. 

Based on the direct observation and operators’ 

experience, it was decided to use two levels for each 

controllable factor. Their values are presented in 

Table 1. The dependent variable is the hardness of 

the retreaded tire expressed in Shore A. 

 

Table 1. Factors and levels 

Factors Level 1 Level 2 Unit 

Curing temperature 135 140 ˚C 

Mold pressure 3 4 bar 

Inner tube pressure 8 10 bar 

Curing time 1.5 2 hour 

 

Since the experiment would be conducted on the 

production floor, it was only possible to have a few 

experimental units. The experiment must not disrupt 

the production process. Therefore, a lesser 

experimental unit than the factorial design was 

required. For this reason, the Taguchi method was 

applied. 

 

The experiment's degree of freedom (DoF) is 5 × (2-

1) = 5, where 5 is the number of factors and 2 is the 

number of levels for each factor. Based on the 

degree of freedom and Table 2, L8 orthogonal array 

was selected. 

  

Table 2. DoF and orthogonal array 

DoF Orthogonal Array 

2 – 3 L₄ 

4 – 7 L₈ 

8 – 11 L₁₂ 

12 – 15 L₁₆ 
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Figure 2. Experimental set-up 

 

3.2. Data Collection 

The experiment was conducted on the production 

floor. Based on the L8, measurements were carried 

out, and three replications were made for each 

treatment. The instrument used to measure tire 

hardness was a rubber hardness tester, called a 

durometer, presented in Figure 3. The 

measurements were carried out by pressing the 

device against the tire's tread that will make contact 

with the road. 

 

Figure 3. Measuring tire hardness using durometer 

 

Observations were collected based on the fuel 

mixed with the adhesive. When the company used 

Pertamax, treatments number 1, 3, 6, and 8 were 

conducted, see Table 3. On a day, two treatments 

were conducted. So, when Pertamax was used, 

treatments number 1 and 3 were conducted on the 

first day. On the next day, treatments number 6 and 

8 were completed. There were three replications for 

each treatment. Thus, there were six observations 

per day. For the SBP, the same procedure was 

followed. The treatments were conducted when the 

company used SBP. 

3.3. Confirmation Experiment 

The combinations of factors and levels maximizing 

the hardness mean and signal-to-noise (S/N) ratio 

were implemented in a confirmation experiment. It 

was decided that ten observations were collected. 

The confirmation experiment was completed in a 

day. 

3.4. Statistical Analysis 

The observations collected were analyzed to 

determine factors maximizing the mean and S/N 

ratio. The first analysis was the Analysis of 

Variance (ANOVA) for mean and S/N ratio. From 

the ANOVA, factors having a significant influence 

on the mean and S/N ratio of retreaded tire hardness 

were decided.  

 

Next, response tables for mean and S/N ratio were 

presented. From the tables, the ranking of the 

factors and levels maximizing mean and S/N ratio 

were determined. Also, factors that increased or 

decreased the mean and S/N ratio were decided. 
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After that, the main effect plots for the mean and 

S/N ratio were presented. 

 

 

                                Table 3. Experimental results  

 
 

The analyses of variance for means and S/N ratio 

are shown in Table 4 and 5. Table 4 shows that only 

curing temperature significantly affects the 

hardness of the tire's treads at an α-level of 0.1 (P = 

0.083). Similarly, for S/N ratios (Table 5), only 

curing temperature is significant at an α-level of 0.1 

(P = 0.083). 

 

Table 4. Analysis of variance for means 

 
 

Table 5. Analysis of variance for S/N ratios 

 
 

Table 6 presents that curing temperature is ranked 

1, meaning that curing temperature has the highest 

contribution to tread hardness. Table 6 also shows 

that the best combination, labeled by *, is curing 

temperature at level 2 (140 ˚C), mold pressure at 

level 2 (4 bar), inner tube pressure at level 1 (8 bar), 

curing time at level 2 (2 hours), and fuel mixed with 

adhesive at level 2 (SBP).  

 

For S/N ratio, Table 7, curing temperature also has 

the most significant influence, followed by mold 

pressure, curing time, inner tube pressure, and fuel 

mixed with the adhesive. Similarly, to maximize 

S/N ratio, the best combination, labeled by *, is 

curing temperature at level 2 (140 ˚C), mold 

pressure at level 2 (4 bar), inner tube pressure at 

level 1 (8 bar), curing time at level 2 (2 hours), and 

fuel mixed with adhesive at level 2 (SBP). 

 

Table 6. Response table for means 

 
 

Table 7. Response table for S/N ratios (larger is 

better) 

 
 

Figures 4 and 5 are the graphical representations of 

the main effects for means and S/N ratios. 
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Examining the main effects plots confirms the 

above results. The goal is to increase tread hardness; 

factor levels producing the highest mean are 

wanted. In Taguchi's experiments, the objective is 

always to maximize the S/N ratio. Based on the 

results, the curing temperature was set at 140 ˚C, 

mold pressure at 4 bar, inner tube pressure at 8 bar, 

curing time for 2 hours, and fuel mixed with 

adhesive was SBP.  

Based on the above results, the mean, standard 

deviation, and S/N ratio of the retreaded tires’ 

hardness were predicted. Factor levels used for 

prediction were curing temperature at 140 ˚C, mold 

pressure at 4 bar, inner tube pressure at 8 bar, curing 

time for 2 hours, and SBP as the fuel mixed with the 

adhesive. The predicted values of the mean, 

standard deviation, and S/N ratio are presented in 

Table 8. 

 

Figure 4. Main effects (data means) plot for means 

 

 

Figure 5. Main effects plot (data means) for S/N ratios 

 

A confirmation experiment was then conducted. 

Ten retreaded tires were produced using the same 

factor levels, and the results are (in Shore A) 62.5, 

62.7, 62.3, 62.7, 63.5, 63.0, 63.8, 63.0, 64.0, and 

64.0. Based on this result, the proportion of 

retreaded tires that fell below the specification limit 

of 61 Shore A was 0%. The mean, standard 

deviation, and S/N ratio are summarized in Table 8. 
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The table shows that the results of the confirmation 

experiment are very close to the predicted values. 

 

Compared to the 100 tires’ hardness previously 

collected, it was found that the result of the 

confirmation experiment has a higher average and 

less standard deviation. Data previously collected  

had an average of 61.87 Shore A, and a standard 

deviation of 0.54 Shore A.   

 

By using the results of the confirmation experiment 

and the loss function associated with the L Type, it 

was found that the loss, 

𝐿 = 𝐴∆2
1

𝑛
∑

1

𝑦𝑖
2

𝑛

𝑖=1

= 16 × 612

×
1

10
(

1

62.52
+

1

62.72
+ ⋯ +

1

64.02
)

= $14.93 per unit. 

 

This result indicates that by applying the result 

obtained using the Taguchi experiment, a 63 cents 

or 4% saving per unit of retreaded tire produced was 

gained. On average, the monthly production rate 

was 240 tires. Thus, the yearly saving was predicted 

to be $1,814.4 on average. 

 

Table 8. Prediction and confirmation experiment 

results for mean, standard deviation, and S/N ratio 

 

4. DISCUSSIONS 

This research found that the combination of factors 

maximizing the retreading tire hardness is the 

curing temperature at 140 °C, mold pressure at 4 

bar, inner tube pressure at 8 bar, 2 hours of curing 

time, and fuel mixed with adhesive is SBP. Previous 

research found similar results, including curing 

temperature at 110 °C, pressure at 4 bar, capsule 

pressure at 7 bar, and 2.5 hours of curing time [17]. 

The difference in mold temperature and inner tube 

pressure is due to the difference in the type of tire 

investigated. This research investigated truck tires, 

and the previous investigated passenger car tires. 

The difference in the efficiency of the heat transfer 

process in the mold could cause a difference in 

curing time.   

    

The statistical analysis showed that only curing 

temperature significantly affected the retreading tire 

hardness; the higher the temperature, the harder the 

tire. A higher temperature is needed because of the 

mold's heat transfer process's inefficiency. The 

sources of the inefficiency are the use of steam and 

the inflation method of the bladder [13]. Thus, a 

more efficient method for heating and inflating is 

required to improve the process. Another study 

suggested minimizing the temperature difference 

between the upper and lower parts of the bladder 

(one of the components of the mold) [18]. This is 

important because inefficiency in heat transfer 

affects the curing time. Longer curing time means 

lower productivity. The effect of heat flow during 

the curing process was also emphasized in the 

literature [19]. 

 

Furthermore, mold temperature affects the 

performance of the adhesive. A previous study 

found a stable adhesion formed at 130 – 175 °C 

[20]. The curing temperature suggested by this 

research is in that interval.  

 

As an additive, SBP performs better than Pertamax 

at the above temperature. SBP helps transfer 

vulcanizing agents into the rubber compound better 

than Pertamax. Thus, it improves the binding force 

between the tire and its cushion gum.  

     

It is important to note that the initial diagnostic 

process of the worn-out tires plays a crucial role in 

determining the quality of the retreaded tires. In this 

study, the tires were eligible to be retreaded, and 

their conditions were homogenous. Previous 

research showed that it is not only the curing 

process that affects the quality of the tire but also 

their initial conditions, such as the distance that the 

tires had traveled [3]. Final inspection is also 

crucial. Besides the hardness specification, it must 

be ensured that the retreaded tire has no carcass 

defect [17]. 
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Improving the energy efficiency of the process will 

be one of the directions for future research. 

Improvement in energy consumption of the 

proceeds will directly affect the emissions of the 

process. Thus, assessing the environmental impact 

and eco-efficiency of the process will be another 

direction for future research. 

5. CONCLUSION 

This paper identified factors affecting the hardness 

of retreaded tires produced by the hot cure 

retreading process. The factors are curing 

temperature, mold pressure, inner tube pressure, 

curing time, and fuel mixed with the adhesive. The 

specification of the retreaded tires is that they must 

have hardness at least 61 Shore A. An experiment 

was designed using the Taguchi method to 

determine the combination of factors that maximize 

retreaded tire hardness. The result of the experiment 

showed that the best combination is curing 

temperature at 140 ˚C, mold pressure at 4 bar, inner 

tube pressure at 8 bar, curing time for 2 hours, and 

fuel mixed with adhesive was SBP. A confirmation 

experiment was then conducted by using the above 

combination. The confirmation experiment showed 

that the average hardness of 63.15 Shore A was 

produced, and no retreaded tires had hardness below 

61 Shore A. By using the above combination, the 

company is expected to save $1,814.4 annually. For 

future research, it is suggested to investigate the 

eco-efficiency of the hot cure retreading process.    
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