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Abstract

:

Reliability and product process quality are essential in meeting market demand and enhancing competitiveness in the machine tool industry. In addition, manufacturing time performance is also one of the important indices. Therefore, this paper focuses on process quality and manufacturing time and defines a manufacturing time performance index to feedback the acceptance rate of the manufacturing time. The process performance evaluation chart delineated the observations of variations in various workstations, and, hence, in controlling the stability of the work process. The Six Sigma quality indices are constructed by the process accuracy indices and precision indices are represented by X-axis and Y-axis respectively. The process quality evaluation chart evaluates the level of the process quality, as well as proposes the direction of improvement. The manufacturing time performance—Z-axis is used to assess whether the manufacturing time performance meets the requirements. The process performance evaluation chart constructed by this paper makes it easier for researchers to observe which workstations have a process variation in the process, to control the stability of the process effectively, to provide the improvement reference for staff on the scene and to enhance the competitiveness of the industry.
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1. Introduction


The machine tool industry is the foundation of all manufacturing industries and mainly produces components for various types of machining platforms and processing equipment. Machine tools play a pivotal role in the development of the entire machine industry and thus are known as the “mother of all machines”. The development of the machine tool industry in a country is strongly correlated with its economic system as machine tools are a major foundation for the nation’s economic development and demonstrate national competitiveness. Numerous industries must rely on machine tools to achieve production value. Taiwan is the seventh-largest machine tool producer and fourth-largest machine tool exporter in the world. Japan and Germany have enacted policies to depreciate their currency, and China has experienced rapid and considerable technological development. Consequently, Taiwan’s advantage in the export of machine tools has been declining. To satisfy market demands and improve the competitiveness of the industry, improving the quality and manufacturing process of machine tools and mitigating the effects of international competition are necessary steps to take.



Machines tools are composed of numerous components. Bearings are a critical part of such components, and they mainly function to hold moving parts in a machine. The use of bearings can reduce friction loss in shafts and other machine elements. Bearings also guide and limit the movement of other machine elements, support the rotational or linear motion of moving parts, and effectively increase transmission efficiency. As such, bearings are critical to the smooth operation of a machine. When a bearing is excessively misaligned, its shaft may experience unnecessary resistance and friction, affecting product quality and machine service life. Therefore, bearing connectors must be used to assist bearings to maintain shaft alignment and control shaft movement. Bearing connectors can be separated into three categories according to structure and function; these categories are rigid coupling, flexible coupling, and fluid coupling. The main function of bearing connectors is to connect two shafts so that the rotational movement and torque of one shaft can be transmitted to the other. Bearing connectors also tolerate and compensate for the misalignment between two rotating shafts, allowing them to pass on the momentum created in their rotating motion. Therefore, the quality of bearing connectors not only affects bearing rotation but also affects the operation of machine tools indirectly.



In today’s industrial environment with intense international and global competition, assisting businesses to effectively evaluate the performance of bearing connector production and determine if it meets the standards of customer demands is an urgent issue. Therefore, this study targeted rigid couplings, as depicted in Figure 1, and endeavored to develop an evaluation model for examining the performance of bearing connector production. The objective was to create a reference for improving and enhancing the performance of the manufacturing process of bearing connectors.



This study cooperated with a case company and used the rigid coupling provided by the case company as an example. The aim was to propose improvements for key qualities and characteristics of the product. Chen et al. [1] argued that the manufacturing time is a major indicator of manufacturing performance. An overly short manufacturing time can affect quality, and an overly lengthy manufacturing time may affect corporate performance. On the basis of this premise, we proposed a manufacturing time performance index that can reflect the approval rate of manufacturing time. The Six Sigma quality index can present the relationship between manufacturing performance and product specifications in a numerical manner. The index is commonly used to evaluate whether manufacturing quality has reached the level of customer demand [2,3,4,5]. However, in 1986, Motorola proposed the Six Sigma quality management model, which is a method for process improvement. The model can be used to continually improve the manufacturing process, effectively reducing defect rate and improving product quality. To increase the reliability and overall product quality of machine tools, the quality of the manufacturing process of all machine components must be improved [6,7,8,9,10]. Although the aforementioned study could determine the range of manufacturing process quality, it could not precisely quantify manufacturing process quality. To enable quality control personnel to determine manufacturing capacity more easily, Chen et al. [8] proposed applying the Six Sigma quality index, which can be used to directly judge the quality of products of the manufacturing process. Specifically, the index can precisely reflect the quality level of the product’s quality characteristics. This facilitates the implementation of manufacturing process analysis and improvements by quality control personnel. Based on Chen et al. [11], this paper adapts their proposition of Six Sigma Quality Indices (SSQIs) containing LTB, STB, and NTB and uses it as the evaluation tool. By virtue of this, quality control personnel can implement their manufacturing process analysis and improvement with relative ease. Many studies point out these three indices all have one-to-one mathematical relation with process yield and can directly reflect the process yield; simultaneously, they can directly reflect SSQIs quality [12,13,14,15,16].



Chen et al. [1] pointed out that manufacturing time is also one of the important indices for the evaluation of manufacturing process performance besides the examination of quality. Based on this point, this paper combines SSQIs with manufacturing time performance index, establishing a manufacturing process performance evaluation chart for bearing connectors so to provide the staff with a reference for improvement, and thereby improve competitiveness. There are several advantages to the manufacturing process performance evaluation chart used in this paper:




	
It can simultaneously evaluate product process quality performance with multiple quality characteristics so as to make the real-time staff supervise the manufacturing process quality or submit improvement measures when the quality is below standard.



	
It provides simultaneous supervision of manufacturing time performance, offering the quality control staff the best timing for manufacturing.








The framework of this study is as follows: Section 1 is the introduction. Section 2 introduces the process and three crucial qualities and associated tolerances of bearing connectors. Section 3 defines and evaluates manufacturing process quality and manufacturing time performance evaluation indices. Additionally, the method for judging whether product quality has been satisfactory is explained in the Section. Section 4 describes the sampling that was conducted on the three crucial quality characteristics of bearing connectors. Additionally, outcomes of calculation were integrated into the manufacturing process quality and time performance evaluation model with the aim to provide improvement direction for quality characteristics that failed to reach the standard level. Finally, Section 5 summarizes the research outcomes to provide reference information for the industry and future research directions.




2. Case Introduction


This study used bearing connectors processed by a small-scale machinery factory in central Taiwan for a case study. The company’s standard operation process was subjected to situation analysis. The case company first purchases raw materials and examines whether the materials meet its quality requirements. Before conducting the numerous processes, parameter setting for the machine tools involved is conducted. Additionally, the selection of cutters is also of great importance. Subsequently, the manufacturing process can be conducted, and a measuring instrument can be used to examine whether the products are within the acceptable tolerance range following the manufacturing process. Products can be packaged and shipped if they pass the inspection. The manufacturing process for the bearing connector is introduced in the following, and the flow chart of the manufacturing process is depicted in Figure 2.



Explanation of the entire manufacturing process is as follows:




	
Raw material procurement and inspection: The material is stainless steel, and it is examined for rust or defects.



	
Parameter setting: According to product characteristics, suitable cutters and rotation speeds are selected. Subsequently, CNC program codes are entered to control the automatic manufacturing process of machine tools.



	
External diameter cutting: A lathe is used to conduct processing, with a rotation speed of 3000 rpm. During heavy cutting, the cutters can wear out easily. To ensure processing quality, cutters are given individual codes for easier monitoring of processing time and cutter condition.



	
Internal diameter cutting: The lathe is set at 1500 rpm, and the processing time of cutting the internal diameter of a workpiece to the required tolerance is approximately five minutes.



	
Thread carving: The lathe’s rotation speed is set at 2000 rpm and the feeding rate is 20 threads per minute. A cycle involves moving a milling cutter precisely and steadily around the circumference of a workpiece in relative rotation. The grooves that are formed initially guide the forward movement of the milling cutter.



	
Finished product inspection: Examine whether the external diameter, internal diameter, and threads of the product have become deformed due to the cutting. Additionally, whether the product meets the specifications is examined. Products that fail to meet the specifications are eliminated to ensure product quality.



	
Packaging and shipping: protective measures are implemented on products to avoid rusting or friction-induced damage, and products can be shipped after packaging.








These steps indicate that bearing connectors are associated with three quality characteristics, namely the internal diameter, external diameter, and threads. These are the key quality items that manufacturers must examine after the whole manufacturing process is completed. Therefore, this study first focused on these crucial nominal-the-best quality characteristics and provided evaluation indices corresponding to manufacturing process quality and time. As mentioned previously, the study of Chen et al. [17] was referenced for the manufacturing time performance index, and the Six Sigma quality indices proposed by Chen et al. [8] were used for quality evaluation. Additionally, an evaluation model concerning both manufacturing time performance and process quality was constructed for the manufacturing process of bearing connectors. The objective was to improve the manufacturing process quality and manufacturing time performance of bearing connectors.



A detailed explanation regarding the processing of bearing connectors has been provided in the previous section. Bearing connectors are key components that affect the stability of machine tools, and their process quality directly affects the operational quality of the bearing, which in turn affects the quality of machine tools. We compiled the three critical quality characteristics of the bearing connector and list them in Table 1. Figure 3 depicts a bearing connector and its three pivotal process quality characteristics. The first process quality characteristic, marked as A, is external diameter, with a tolerance of ∅19±0.04. The second process quality characteristic is internal diameter, marked as B, with a tolerance of ∅10+0.01+0.03. The third process quality characteristic is threaded, marked as C, with a tolerance of 8.125 ± 0.1.




3. Defining the Evaluation Indices of Manufacturing Process Quality and Manufacturing Time Performance


The manufacturing process of the bearing connector has been introduced in the previous section. The quality of processing affects the smooth operation of the entire bearing connector. The manufacturing process of the bearing connector includes numerous procedures, and the rotation speed and feeding rate of each procedural step affect the manufacturing time of workpieces. Therefore, this study constructed an evaluation model that considers both manufacturing process quality and manufacturing time performance. For manufacturing process quality, the Six Sigma quality indices were used, and for manufacturing time, the manufacturing time performance evaluation index was used. Section 3.1 describes the use of the Six Sigma quality indices as the measuring tool of the three key quality characteristics; additionally, the procedures for manufacturing process control and sampling inspection are explained. In Section 3.2, the performance of the manufacturing time is discussed and the approval standard of products is defined. Subsequently, an evaluation model is developed according to the two aforementioned indices and is used to judge whether the manufacturing process meets the approved standard.



3.1. Manufacturing Process Quality Evaluation Index


External diameter, internal diameter, and threads were used as important references. Using variables to convert important process quality characteristics, they were subsequently standardized to determine the manufacturing process quality of bearing connectors. If a random variable Xh is hypothesized to indicate the distribution of the manufacturing process of external diameter (h=1), internal diameter (h=2), and threads (h=3), respectively, accuracy index δ and precision index γ are first defined as follows:


δ=μ−Td ,γ=σd








where δ is used to judge the mean deviation of the process from the target value, γ is used to determine the degree of process variation, and d represents the tolerance of process quality characteristics. When the process quality level of the product reaches kσ, δ and γ can be represented as follows:


|δ|=|μ−T|d≤1.5k



(1)






γ=σd=1k



(2)







Apparently, the SSQIs proposed by Chen et at. [11] can be seen as the function of accuracy index and precision index; therefore, they can adequately display the causes of poor process quality (i.e., insufficient accuracy or insufficient precision) to determine the factors of process performance. Based on this, the indices can be re-defined as the following:


Qpuh=1−δhγh+1.5



(3)






Qplh=1+δhγh+1.5



(4)






Qpkh=min(Qpuh,Qplh)=(1−δhγh+1.5, 1+δhγh+1.5)



(5)







Many studies indicate that if a product has multiple quality characteristics, the product can satisfy customers and be viewed as a good product only when all quality characteristics of the process quality meet the required quality level [15,16,18,19,20,21,22]. According to Huang et al. [10], the required quality level of quality characteristics is k′σ and the required quality level of bearing connector is kσ. That is, the quality level of the manufacturing process concerning all process quality characteristics must be increased to ensure the reliability and overall production process quality of bearing connectors. If any of a product’s process quality characteristics fail to meet the specifications, the product is regarded as defective. Under the hypothesis that the manufacturing process quality has a normal distribution, this study defined index events to explain the corresponding yield rate as the following:



Eh: Event of quality characteristic h meeting the specifications: P(Eh)≥ph=2Φ(Qpkh−1.5)−1



Ehc: Event of quality characteristic h not meeting the specifications: P(EhC)≤1−Ph≤2×[1−Φ(Qpkh−1.5)].



The relationship between bearing connectors’ crucial quality characteristics and yield rate PT can be represented by the following:


P(∪h=13EhC)≤∑h=13P(EhC)≤6×[1−Φ(k′−1.5)]










PT=P(∩h=13Eh)=1−P(EhC)≥1−6[1−Φ(k′−1.5)]



(6)







If the required manufacturing quality level of bearing connectors reaches kσ, the bearing’s yield rate PT should satisfy PT≥Φ(k−1.5)+Φ(k+1.5)−1; that is, pT≥p(k). Only at this point, can the product be called a qualified product, and its quality characteristics must all be above kσ. Next, the corresponding k′ value when the quality level reaches kσ is determined:


Φ(k−1.5)+Φ(k+1.5)−1=1−6[1−Φ(k′−1.5)]










⇒k′=Φ−1⟨1−16{2−[Φ(k−1.5)+Φ(k+1.5)]}⟩+1.5



(7)







Montgomery [23] suggested that normal manufacturing process quality uses control charts to conduct quality control. Therefore, this study used the X¯−S control chart to conduct the evaluation and analysis of manufacturing capacity. First, sampling was conducted on the three crucial quality characteristics of the bearing connectors. A sample size of n was collected each time, and a total of m groups of samples were collected. The collected samples were organized as shown in Table 2 and are subject to the following equations:


X¯hi=1n∑i=1nXhi, Shi2=1n−1∑i=1n(Xhi−X¯h,i)2, N=∑i=1nm=n×m











On the basis of the sampling statistical data in Table 2, δh and γh were estimated according to the following:


δ^h=μ^h−T^hdh , μ^h=X¯¯h=1m∑i=1mX¯h,i










γ^h=σ^hdh,  σ^h=S¯h2=1m∑i=1mSh,i2











In this case, the Six Sigma quality index estimator can be represented as follows:


Q^pkh={Q^puh,Q^plh}








where


Q^puh=1−δ^hγ^h+1.5










Q^plh=1+δ^hγ^h+1.5











According to Boole’s inequality, the (1−α)×100% confidence regions of δ and γ can be derived as follows:


δ:P{δ^h−γ^hNta4(N−1)<δ<δ^h+γ^hNta4(N−1)}










γ:P{(N−m)γ^h2χa4(N−m)2<γ<(N−m)γ^h2χ1−a4(N−m)2}











The set S is defined as the joint (1−α)×100% confidence interval of δ and γ, thus S can be expressed as follows:


S=[δU,δL]×[γU,γL]








where δL:δ^h−γ^hNta4(N−1), δU:δ^h+γ^hNta4(N−1)


γL:(N−m)γ^h2χa42(N−m), γU:(N−m)γ^h2χ1−a42(N−m)











Subsequently, the aforementioned δ and γ can be used to construct a square-shaped joint confidence interval, as depicted in Figure 4:




3.2. Performance Evaluation Index of Manufacturing Time Performance


According to Chen et al. [17], process quality performance and manufacturing time performance are two pivotal indices for evaluating manufacturing process quality. Therefore, we set and created a manufacturing time performance index according to the concept proposed by Chen et al. [17]. We hypothesized that manufacturing time performance is T, the conforming mean is μT, and the variance is the normal distribution of σT2; that is, T~N(μT,σT2). To account for both manufacturing process quality performance and manufacturing time performance, a manufacturer usually sets the upper limit of the manufacturing time performance as UT and the lower limit of the manufacturing time performance as LT. Consequently, if the chance of exceeding the upper limit of manufacturing time performance is Pu and the chance of exceeding the lower limit of manufacturing time performance is Pl, the disapproval rate of manufacturing time performance can be described by the following:


Pu=P(T>UT)=P(Z>UT−μTσT)=1−Φ (UT−μTσT)=1−Φ(ZU)



(8)






Pl=P(T<LT)=P(Z>LT−μTσT)=1−Φ(μT−LTσT)=1−Φ(ZL)



(9)







Subsequently, we directly used the approval rate of manufacturing time (IMT) as the performance index of manufacturing time, and the equation is as follows:


IMT=Φ(ZU)+Φ(ZL)−1



(10)







Combining Pu and Pl, the range of the approval rate of manufacturing time performance (IMT) becomes 0≤ IMT≤1. The disapproval rate of manufacturing time performance (JMT) is defined as the following:


JMT=1−IMT=Pu+Pl=2−[Φ(ZU)+Φ(ZL)]



(11)




when IMT≥I0, JMT≤J0 and J0=1−I0.



Per the description of sampling in Section 3.2, statistical process control was conducted on manufacturing time. The statistical data of the sample JMTi were used, yielding the following:


J¯MT=1n∑i=1nJMTi, SJMT2=1n−1∑i=1n(JMTi−J¯MT)2








where J¯MT is the sample mean, and SJMT is the sample standard deviation. Therefore, the estimator of index JMT is as follows:


J^MT=2−[Φ(Z^U)+Φ(Z^L)]



(12)








3.3. Construction of Evaluation Model of Manufacturing Process Quality and Manufacturing Time Performance


Chen et al. [24] and Pearn et al. [25] suggested that a product usually has several quality characteristics. Only when all quality characteristics meet the required level can the product be regarded as satisfactory. The manufacturing process performance evaluation chart proposed by Chen et al. [11] can be used to simultaneously evaluate nominal-the-best, the-larger-the-better, and the-smaller-the-better quality characteristics. δ is used as the x-coordinate and γ is used as the y-coordinate to analyze whether the accuracy and precision of process quality characteristics meet the required level. Accordingly, process quality characteristics with poor performance are improved. The X-axis and Y -axis are first defined according to the following:


X axis:|δ|≤1.5k










Y axis:γ=1k











A conversion table of the manufacturing process quality index Qpkh and the k−sigma quality level can be developed using Equation (3). For example, when the quality level of the manufacturing process reaches 3σ, Qpkh(3)=3.785 and the yield rate is 93.31894%. When the quality level of the manufacturing process reaches 4σ, Qpkh(4)=4.580 and the yield rate is 99.37903%. When the quality level of the manufacturing process reaches 5σ, Qpkh(5)=5.451 and the yield rate is 99.97674%, and when the quality level of the manufacturing process reaches, Qpkh(6)=6.367 and the yield rate is 99.99966%. The results are shown in Table 3.



When the process quality level is kσ, the corresponding yield rate and k′ value can be found in Table 3; they can be used to draw a manufacturing process performance evaluation chart, as shown in Figure 5.



When δ and γ are close to the origin, it indicates they have higher accuracy and precision. Conversely, when δ and γ deviate from the origin, the manufacturing process has low accuracy and precision. The set S can be used to determine the upper limit and lower limit of the confidence level of the manufacturing process quality. Finally, according to the aforementioned results, accuracy is used as the X-axis and precision are used as the Y-axis to construct a manufacturing process performance evaluation chart. This diagram can be used to evaluate whether the manufacturing process quality level of each process quality characteristic meets the requirement. Concurrently, the manufacturing process quality improvement direction is provided for process quality characteristics that do not meet the requirement. The performance index of manufacturing time is subsequently used as the Z-axis. When the manufacturing time performance exceeds the model, the manufacturing time performance must be improved. This is used to evaluate whether the performance of manufacturing time meets the approval standards. The aforementioned method can be used to determine the manufacturing process capacity of each process quality characteristic, and underperforming process quality characteristics can also be identified and improved.




3.4. Explanation of Manufacturing Process Quality and Manufacturing Time Performance Evaluation Model


A comprehensive manufacturing process quality and manufacturing time performance evaluation model has been constructed in the previous section. Subsequently, in terms of quality, this study uses 5σ as the standard. First, a few different scenarios that can occur in the process performance evaluation chart are defined. This study defines four performance regions, namely ZA, ZB, ZC, and ZD, as follows using precision (γ), accuracy (δ), and manufacturing time performance index JMT:


ZA={δ, γ, JMT| δ−(k−1.5)γ≥−1, δ+(k−1.5)γ≤1, γ≥0, 0≤JMT≤1 |}










ZB={δ, γ, JMT| δ−(k−1.5)γ≤−1, γ≥0, δ<0,0≤JMT≤1 |}










ZC={δ, γ, JMT| δ+(k−1.5)γ≥−1, γ≥0, δ>0,0≤JMT≤1 |}










ZD={δ, γ, JMT| δ−(k−1.5)γ≤−1, δ+(k−1.5)γ≥1, γ≥0, 0≤JMT≤1 |}











As mentioned previously, precision and accuracy indices can adequately identify reasons for poor quality in the manufacturing process. When a process quality characteristic falls into region ZA, it indicates that the process quality characteristic is satisfactory and its precision and accuracy are above the required quality level. When a process quality characteristic falls into region ZB, it indicates that the process quality characteristic has insufficient accuracy and its manufacturing process is skewed to the left. When a quality characteristic falls into region ZC, it indicates that the process quality characteristic has insufficient accuracy and its manufacturing process was skewed to the right. When a process quality characteristic falls into region ZD, it indicates that the quality characteristic has insufficient precision and process variation is overly large. Subsequently, the quality region is depicted in Figure 6.



In terms of manufacturing time performance, the manufacturing time performance defect rate JMT is used as the Z-axis, as shown in Figure 7. When the height of the set S is within the model, it indicates that the manufacturing time performance has met the requirements of the company. When the height of aggregate S is outside of the model, it indicates that the manufacturing time performance has fallen short of the standard allowed by the company and improvement is needed. Through the use of the model, whether the manufacturing process of each product has met the standard can be seen clearly. Additionally, a table for the comparison of manufacturing process quality and manufacturing time performance is made for reference and is shown in Figure 3. The Table 4 allows quick identification of process quality characteristics whose manufacturing time performance has not met the standard, enabling companies to focus on the problems and improve them accordingly.





4. Practical Application


A comprehensive manufacturing process quality and manufacturing time performance evaluation model has been constructed in Section 3. Manufacturers can set a quality level according to their own capacity and the requirements of their clients. This section uses the manufacturing process of a bearing connector in our case study. The case company collected sample information through random sampling. The number of sampling groups was set to m=20 and the sample size was set to n=11. Additionally, the Kolmogorov–Smirnov test was used to determine whether the samples were in the normal distribution. The results suggested that the values were all larger than 0.07 and p values were all bigger than 0.05. This indicated that the samples had a normal distribution. The data are presented in Table 5.



Three crucial nominal-the-best process quality characteristics were estimated and analyzed. Sampling was conducted separately for manufacturing process quality and manufacturing time performance, and the means and standard deviations of the sampling were found. The results of the sampling are presented in Table 6.



The variables δ and γ in Table 7 can be used to construct a joint confidence region, with coordinates that represent the maximum and minimum values of precision and accuracy, respectively. The coordinate points of the three aforementioned pivotal process quality characteristics were subsequently drawn into an evaluation diagram of pivotal process quality characteristics of the bearing connectors.



Analyzing the diagram of pivotal process quality characteristics can help determine whether a bearing connector has met the manufacturer’s requirements. Figure 8 illustrates that quality characteristic A (external diameter) was located in the satisfactory region ZA, quality characteristic B (internal diameter ) was located in the satisfactory region ZA, and quality characteristic C (threads) was located in the unsatisfactory region ZC. This indicates that the accuracy of the manufacturing process was insufficient and skewed to the right.



The manufacturing time performance defect rate index JMT was added as the Z-axis, as shown in Figure 9. If manufacturers set the manufacturing time performance defect index JMT at 0.006, Figure 9 clearly shows that process quality characteristic A (external diameter) and process quality characteristic B (internal diameter) were both within the model. This indicates that the manufacturing time performance met the standard. Process quality characteristic C (threads) protruded outside the model, indicating that the manufacturing time performance exceeded the range of approval and its mean value was overly large. The implication is that the manufacturing process quality characteristic C must be shortened for the product to be shipped on time. The manufacturing process quality performance evaluation model clearly indicates whether the manufacturing process quality and manufacturing time performance of bearing connectors have met the requirement. Process quality characteristic C (threads) performance in terms of manufacturing process quality and manufacturing time performance failed to meet the standard. An investigation revealed that bearing connectors can easily deform during the process of thread carving. Because of this problem, the manufacturer would adjust their parameter settings and improve their technical skills. This case shows that manufacturers can use the model as a reference to improve the manufacturing process. The manufacturing process quality and manufacturing time performance model facilitates the adjustment of parameter errors and the monitoring of manufacturing time performance. This, in turn, reduces the defect rate and achieves the goal of process quality control.



According to Figure 9, a combination of perspectives from real practices and theories are as follows:




	
The process quality performance of the three process quality characteristics of a bearing connector can be evaluated simultaneously to facilitate engineers to supervise process quality easily.



	
Among the three process quality characteristics, A and B have achieved process quality far better than the process quality level and C just meets the requirements. However, C must be supervised strictly from the view of sampling errors.



	
Process time performance of A and B both fulfill the required level but C fails. The engineers must further improve.









5. Conclusions


This paper uses Qpk as a tool to evaluate the manufacturing process quality because Qpk is both corresponding to process yield in terms of math and directly reflects SSQIs., the paper proposes a manufacturing time performance index, called JMT, which can reflect the manufacturing failure rate, and uses it as the evaluation tool of manufacturing time performance. Subsequent to this, a three-dimension manufacturing process performance evaluation chart is proposed in which δ is the X-axis, γY-axis, and JMTZ-axis. Apart from this, the statistical process control data are used to construct the joint confidence interval of δ and γ to replace the point estimate, which is used as the tool of evaluation of manufacturing process quality, and downplay the risks caused by sampling errors. On the other hand, the module proposed by this paper can present an effective evaluation of manufacturing time performance besides the examination of process quality. This paper provides a useful module to examine the manufacturing performance of bearing connectors; it can also be used for multiple evaluations of manufacturing performance in other manufacturing industries. In sum, the tree-dimension manufacturing process performance evaluation chart is featured with the following advantages:




	
Six Sigma quality indices (SSQIs) correspond to process yield, and, therefore, can directly reflect the manufacturing process quality in terms of SSQIs.



	
The tree-dimension manufacturing process performance evaluation chart can provide manufacturing engineers with a useful reference to draft strategies and improve the manufacturing process when the process performance of quality characteristics is poor.



	
The tree-dimension manufacturing process performance evaluation chart both analyzes manufacturing process quality and supervise manufacturing time performance index, offering the control staff the best timing to manufacture.








Finally, the process data used must come from a stable process, and assuming that the process data distributed as the normal distribution are the major limitations and assumption encountered in this study. According to Yang et al. [26], process measurement data are usually full of indeterminacy, so the fuzzy theory can be combined to evaluate the process performance reliably for further study in the future.
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Figure 1. Rigid coupling. 






Figure 1. Rigid coupling.
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Figure 2. Manufacturing process of the bearing connector. 
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Figure 3. Product diagram. 
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Figure 4. The set S. 
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Figure 5. Manufacturing process performance evaluation chart. 
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Figure 6. Quality region of manufacturing process performance evaluation chart. 
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Figure 7. Manufacturing process performance evaluation chart with 5-sigma. 
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Figure 8. Evaluation of major process quality characteristics. 
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Figure 9. Evaluation model of crucial manufacturing process quality and manufacturing time performance. 
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Table 1. Process quality characteristic specifications.






Table 1. Process quality characteristic specifications.





	Quality Characteristic
	Tolerance
	Manufacturing Time





	External diameter
	19 ± 0.04
	300 ± 40/s



	Internal diameter
	10+0.01+0.03
	300 ± 40/s



	Threads
	8.125 ± 0.1
	600 ± 40/s
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Table 2. Sampling statistics of crucial quality characteristics.






Table 2. Sampling statistics of crucial quality characteristics.





	Sample
	Xh,i,1
	Xh,i,2
	…
	Xh,i,n
	X¯h,i
	Sh,i



	1
	Xh,1,1
	Xh,1,2
	…
	Xh,1,n
	X¯h,1
	Sh,1



	2
	Xh,2,1
	Xh,2,2
	…
	Xh,2,n
	X¯h,2
	Sh,2



	⋮
	⋮
	⋮
	…
	⋮
	⋮
	⋮



	m
	Xh,m,1
	Xh,m,2
	…
	Xh,m,n
	X¯h,m
	Sh,m
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Table 3. Manufacturing process Qpkh and k−sigma quality indices.
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	Quality Characteristics
	k′
	|δ|
	γ
	pT





	6-sigma
	6.367
	0.2356
	0.1571
	0.9999966



	5-sigma
	5.451
	0.2751
	0.1834
	0.9997674



	4-sigma
	4.580
	0.3275
	0.2183
	0.9937903



	3-sigma
	3.785
	0.3962
	0.2641
	0.9331894
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Table 4. Comparison of manufacturing process quality and manufacturing time performance.






Table 4. Comparison of manufacturing process quality and manufacturing time performance.





	Region
	Manufacturing Process Quality
	Situation





	ZA
	Satisfactory
	Both accuracy and precision have met the standard



	ZB
	Unsatisfactory
	Insufficient accuracy and manufacturing process is skewed to the left



	ZC
	Unsatisfactory
	Insufficient accuracy and manufacturing process is skewed to the right



	ZD
	Unsatisfactory
	Insufficient precision with excessive process variation



	JMT Outer
	Satisfactory
	Manufacturing time performance has met the standard



	JMT Inner
	Unsatisfactory
	Failure to meet the standard and requires improvement
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Table 5. Kolmogorov–Smirnov test.






Table 5. Kolmogorov–Smirnov test.





	

	
Characteristic

	
External Diameter (A)

	
Internal Diameter (B)

	
Threads (C)




	
Indicator

	






	
Manufacturing process quality index

	
Ks = 0.084

	
Ks = 0.084

	
Ks = 0.093




	
p > 0.05

	
p > 0.05

	
p > 0.05




	
Manufacturing time performance index

	
Ks = 0.073

	
Ks = 0.091

	
Ks = 0.097




	
p > 0.05

	
p > 0.05

	
p > 0.05
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Table 6. Sampling of manufacturing process quality and manufacturing time of the bearing connectors.






Table 6. Sampling of manufacturing process quality and manufacturing time of the bearing connectors.





	
a1 External diameter (A) 19±0.04 mm

	
a2 External diameter manufacturing time (A) 300±40 s




	
Sample

	
X1

	
X2

	
…

	
X11

	
X¯

	
Sample

	
X1

	
X2

	
…

	
X11

	
X¯




	
1

	
19.005

	
19.01

	
…

	
19.004

	
19.001

	
1

	
311

	
293

	
…

	
312

	
298.1




	
2

	
18.994

	
18.995

	
…

	
19.007

	
18.998

	
2

	
288

	
286

	
…

	
295

	
297.3




	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮




	
20

	
18.991

	
19.021

	
…

	
19.006

	
19.002

	
20

	
287

	
304

	
…

	
309

	
299.5




	
b1 Internal diameter (B) 10+0.01+0.03 mm

	
b2 Internal diameter manufacturing time (B) 300±40 s




	
Sample

	
X1

	
X2

	
…

	
X11

	
X¯

	
Sample

	
X1

	
X2

	
…

	
X11

	
X¯




	
1

	
10.020

	
10.019

	
…

	
10.019

	
10.020

	
1

	
315

	
284

	
…

	
304

	
296.7




	
2

	
10.023

	
10.022

	
…

	
10.022

	
10.020

	
2

	
291

	
291

	
…

	
300

	
295.2




	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮




	
20

	
10.020

	
10.018

	
…

	
10.019

	
10.019

	
20

	
294

	
316

	
…

	
305

	
295.2




	
c1 Threads (C) 8.125±0.1 mm

	
c2 Threads manufacturing time (C) 600±40 s




	
Sample

	
X1

	
X2

	
…

	
X11

	
X¯

	
Sample

	
X1

	
X2

	
…

	
X11

	
X¯




	
1

	
8.123

	
8.137

	
…

	
8.098

	
8.122

	
1

	
589

	
607

	
…

	
606

	
600.3




	
2

	
8.118

	
8.105

	
…

	
8.135

	
8.119

	
2

	
619

	
584

	
…

	
603

	
598.8




	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮

	
⋮




	
20

	
8.106

	
8.127

	
…

	
8.141

	
8.120

	
20

	
581

	
616

	
…

	
614

	
600.2
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Table 7. Process quality characteristics δ, γ, and IMT.






Table 7. Process quality characteristics δ, γ, and IMT.
















	
	δ
	γ
	δL
	δU
	γL
	γU
	Qpk
	JMT





	External diameter
	−0.011
	0.173
	−0.037
	0.015
	0.149
	0.186
	5.696
	0.004



	Internal diameter
	0.008
	0.171
	−0.017
	0.034
	0.148
	0.183
	5.797
	0.005



	Threads
	0.083
	0.137
	0.104
	0.120
	0.124
	0.153
	5.483
	0.008
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