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Abstract 
 

       In the continuous demand rise of Information and Communications Technology or ICT services, it is getting more 

imperative for companies to be more flexible in meeting customer requirements. PCB or Printed Circuit Boards are 

the basic unit of any electronic device, so it is imperative to achieve the highest quality as possible and at the same 

time optimizing the net profit. This paper is an attempt to apply lean six sigma principles in minimizing rework of a 

Taiwanese PCBA manufacturer, increasing the value and lowering operational costs. Lean Six Sigma is the continuous 

improvement methodology in reducing waste or non-value variances in a process to achieve product or process goal. 
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1. Introduction 
       Printed Circuit Board (PCB) technology can now be found everywhere at any kind of industry, be it from medical, 

military operations, automotive and cloud computing, to an ordinary citizen’s daily life such as notebooks, mobile 

phones, and other wearable technology devices. Despite the global challenges such as lockdowns due to the COVID-

19 pandemic, increase of inflation rates, geopolitical disputes, and other supply chain issues, IDC (2022) stated that 

demand for Information and Communications Technology (ICT) seems to have grown more than ever with an average 

YoY growth of ~9% from 2021 to 2026 (see Figure 1). 

 

 
 

Figure 1. Worldwide Server Market Forecast 2021 – 2026 Value (US$M) 

 

       Valuates Reports (2020) projected that the global PCB market will reach USD $86.17 Billion by 2026 from $70.92 

Billion in 2022. With the global PCB industry alone, that gives a CAGR of 3.3% within five years. However due to 

the various delays in Asia Pacific (ex. US restrictions in external sourcing which is especially aimed at China, global 

border restrictions due to the pandemic, and growing resource costs such as labor & other utilities), the development 

and production capacity of PCB manufacturing did not catch up with the demand surge. Author also stated that “global 

market for PCBs is already in a stage of technical maturity, and no technical substitutes are available in the long term” 

wherein large companies are leading manufacturers. Liu (2021) also identified that the greatest market share by end 

industry is the Business/Retail/Computers at 30% and closely followed by Communications and Telecommunications 

at 28% (see Figure 2). 
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Figure 2. Global PCB Market Share, by End Industry 

 

       Global PCB production is ~91% concentrated in Asia Pacific, wherein the top 10 PCB manufacturers encompass 

~30% of the global PCB market share. Majority have factories located in Asia Pacific, where it is known that labor 

costs are much cheaper compared to the other side of the world. Half of these key players are located in Taiwan, 

followed by Japan and USA respectively (see Figure 3). Presence of top electronics manufacturers in APAC such as 

Samsung, Sony, etc., are also expected to contribute with this growth. In Taiwan, Wang (2021) mentioned that 

production value of Taiwan’s PCB manufacturers grew ~18% YoY in 2021 or NTD $821.1 Billion (USD $27.66 

Billion) compared to previous year’s $896.3 Billion (USD $23.47 Billion). 5G technology even fueled the demand, 

which are mostly introduced as upgrade to iPhones and other computing devices. Obviously, major end customers are 

Apple, Tesla, Microsoft, Google, Amazon, Facebook (or Meta), etc. 

 

 
 

Figure 3. Leading key players in the global PCB market 2022, by Country 

 

       But, what is PCB? According to Printed Circuits, PCB is the foundation of electronic devices. Regardless of being 

a single layer, to 6-layer board found in most smartwatches, to a high-end 60-layer board for computers and servers, 

it is still the most basic unit. The general types of PCBs include rigid boards (~90% of PCBs as of late), flexible boards 

which allow adaptable circuits to bend and can take thousands of flex cycles without being broken (~10% of the 

overall market share), and the latest one called rigid-flex which is a combination of both. Primary materials used 

Fiberglass or Plastic Substrates, Copper, Solder Mask and Nomenclature Ink. Rigid PCBs usually use Fiberglass while 

the rest use polyimide films at high temperatures. Copper is often used due to its high electrical conductivity at a more 

affordable cost. Solder mask is an epoxy material applied on the outer layers mostly of flexible PCBs. And lastly, 

Nomenclature Ink are used to print identification or bar code marks on the PCB. One common point though is that 

most PCBs are customized according to customer requirements. 

       This project will focus on high volume-low mix, multi-layered PCB model which will be assembled later on in 

rack servers manufactured by a Taiwanese manufacturer at a Surface Mount Technology (SMT) set-up. It will be 

called Manufacturer A on the duration of this study to avoid confusion and protect its identity. The PCB will then be 

shipped to a certain “A” end customer, since the company also caters to multiple end customers. The end customer 

was chosen according to the ABC analysis method. Luenendonk (2019) defined each category as follows: 

• “A” group is a very important product or customer which contributes ~60% of the company’s overall profit 

• “B” group is a middle product or customer which can be later on developed to “A” 
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• “C” group is an essential for profit but doesn’t contribute much value, companies usually automate sales on 

this group as much as possible to lessen impact of overhead costs 

As defined in Techopedia (2016), SMT is a modern technique of PCB assembly wherein components are placed 

directly on the board. It has replaced its predecessor Through Hole Technology (THT) wherein components are 

inserted through circuit board holes on pads to the opposite side of the board. An advantage of SMT than its 

predecessor is its ability to assemble small components (like IC, capacitors, inductors, etc.) with higher efficiency 

since it doesn’t need to drill holes anymore (See Figure 4). 

 

 
 

Figure 4. SMT vs THT PCB (Das, 2019) 

 

       High volume-low mix models typically remain unchanged over long periods of time. However, Mody et al. (1995) 

pointed out that competition in PCB industry is tight so manufacturers should continuously increase process efficiency 

and master production planning and control to keep up with other competitors. This is especially critical in PCB 

manufacturing since PCB, regardless if it is SMT or THT, involves extra small components. Highly efficient 

production assemblies at any industry tends to minimize operations cost, therefore increasing the net profit as well. 

Cogiscan (2022) identified most common issues affecting PCB assembly line performance such as low production 

yield, high number of assists, and pick and place performance issue. Thus, the study will also focus on assessment of 

production efficiency and applying lean six sigma (which will be discussed in detail later on in the Literature Review) 

for improvement. 

 

1.1 Objectives 
        Cost, quality, and delivery are the primary KPIs of any business. This study aims to integrate lean six sigma 

manufacturing techniques to optimize production efficiency of PCB production line assembly, focusing on yield 

management. For this study, the researcher will be focusing in production performance improvement of a Taiwanese 

PCB manufacturing company for one of its Class A end-customer. 
 

2. Literature Review 
 

Surface Mount Technology for PCB Assembly (PCBA)  

 

      SMT was initially known as planar mounting, which involves SMDs or Surface Mount packages and components 

that have lead around or beneath it (PCBBuy, 2021). There’s no need to drill holes in the circuit board for parts 

assembly, and relationships are established through leads. The component and solder paste, which is being added by 

stencil, are directly touching the circuit board pad. After setting the components, the sub-assembled board will then 

be moved to a reflow and/or wave solder oven to “cook” the paste and permanently mount the components on the pad. 

Companies in China, which is the manufacturing powerhouse in Asia, is transferring more production assemblies in 

Taiwan over the years due to border restrictions, high tariffs, various supply chain issues, etc., from the most recent 

report of Statista (2021), 2019 looks to have a slow start. Yet with the business opportunities to work from home, 

distance learning, video conferencing that boosted the demand for laptops and mobile devices; the gradual recovery 

of automotive industry; launch of COVID-19 vaccines; and the transition of 4G to 5G technology in 2021, PCB 

production is expected to continuously rise with the demand (see Figure 5). 



 

 
 

Figure 5. PCBA History of Taiwan from 2018-2020, in units (Note: latest report from Statista was from Oct 2021, 

data for 2021 is not yet released) 

 

       To understand better, the researcher will follow the definition Spiekma’s et al. (2000) and PCBOnline Team 

(2020) of general SMT assembly process in Figure 6. The most typical type of soldering is reflow and wave soldering 

(in THT). We also have interconnection pressure and press-fit, which are mechanical methods that does not require 

heat or solder. 

 

 
 

Figure 6. General SMT PCB Assembly 

 

       There are also other considerations needed in order to assure productivity as defined in MachineMetrics, such as 

𝑇𝑎𝑘𝑡 𝑇𝑖𝑚𝑒 =  
𝑊𝑜𝑟𝑘𝑎𝑏𝑙𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐻𝑜𝑢𝑟𝑠

𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝐷𝑒𝑚𝑎𝑛𝑑 (𝑢𝑛𝑖𝑡𝑠)
 , 𝐶𝑦𝑐𝑙𝑒 𝑇𝑖𝑚𝑒 =  

𝑁𝑒𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒

𝐶𝑢𝑠𝑡𝑜𝑚𝑒𝑟 𝐷𝑒𝑚𝑎𝑛𝑑 (𝑢𝑛𝑖𝑡𝑠)
 , and 𝐿𝑒𝑎𝑑 𝑇𝑖𝑚𝑒 =

𝑂𝑟𝑑𝑒𝑟 𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 − 𝑂𝑟𝑑𝑒𝑟 𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑑 . Takt Time is the actual measure how fast the production can meet customer 

demand. Cycle Time is how long it takes for an equipment to complete a process, while Process Time is how long a 

unit enters and exits a work cell. Lead Time is the time when the order is received until when the customer received 

their requirement. 
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       Franke et al. (2015) mentioned that mentioned that the most common issue found in PCBAs is to reduce Work In 

Process (WIP) that is accumulating at each workstation, and also those defective WIPs that need to be repaired or 

reworked, then retest again in the assembly line before packing and shipping to end customer. Also, lean 

manufacturing in PCBA changes discontinuous processes into continuous ones. Kanban and Just-In-Time techniques 

are also welcomed by most companies as it produces improvement results over the years. Another importance of lean 

manufacturing is the green paradigm which also answers environmental concerns from PCBAs due to scrapping and 

disposing of boards, electrical components, fixtures, or even other potential contaminants such as solder paste. In most 

cases perfecting a 100% yield rate or zero defects is hard to achieve, but manufacturers should strive to reach the 

highest possible yield as possible to produce quality-approved products. As written by Tempo Automation, yield 

management can serve as reference for project planning before manufacturing. Together with smart production 

planning, it can help stakeholders create more accurate Bill of Materials and estimate other related operation costs. 

Process first pass yield measures the boards that pass through a certain process without defects at a specific period.  

 

3. Methods 
 

       Yen et al. (2003) defined the five phases of DMAIC methodology, which is one of the most popular problem 

solving methodology in six sigma.  

 

 
 

Figure 7. DMAIC Methodology 

 

Define 

 

       - Researcher defines the customer requirement, project boundaries, and current process flow. 

       - Manufacturer A defined that the acceptable First Pass Yield (FPY) for Mass Products (which, in this case, are 

high volume-low mix models) per month is 98.5%. The researcher then gathers the 6-month historical data of the 

performance of board testing, including the following: 

• Monthly output 

• Testing failure symptoms 

• Lost sales 

• Machine/Equipment efficiency of the 

involved process 

 

Measure 

 

       - Researcher measures the process according to customer requirement, decides for a data collection plan, and 

collects data for risk assessment 

       - Manufacturer A PCBA Yield is measured as the product of FPY of ICT and BFT test stations. The researcher 

then gathers the failure symptoms on these testing areas and compute for the failure rate for each defect symptom, 

𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝑅𝑎𝑡𝑒 =  
𝐹𝑎𝑖𝑙𝑒𝑑 𝑄𝑡𝑦

𝑃𝐶𝐵 𝐼𝑛𝑝𝑢𝑡
. 

 

Analyze 

 

       - Researcher conducts Root Cause Analysis. 

       - Researcher uses Pareto chart and 80-20 rule to determine the 20% of the causes that have 80% impact in the 

output. 

 

Improve 

 

       - Researcher tries to think of ways to eliminate process variations, create alternatives and improvement plan.  

 

Control 

Define Measure Analyze Improve Control



 

       - Control any process variations to meet customer requirement, implement improvement plan, and define 

monitoring or verification plan 

 

4. Data Collection 
 

       Refer to Define Phase of the Methodology Part 
 

5. Results and Discussion 
 

5.1 Numerical Results 
 

       Monthly yield of a PCB model for customer A within the last 6 months is ~98.2% amd with an average production 

output of 13,100 PCB units per month. All of these are directly moved to another part of the factory and assembled in 

rack servers before shipping out to customer A. Without considering other production costs such as labor and 

equipment cost, lost sales due to testing failures rework is ~0.18% or $389,013 USD. Manufacturer A’s yield target 

for PCB mass production is 98.5%, which is 0.3% higher than the actual yield (refer to Figure 8). Top rework issues 

were mostly impacted by Short Circuit failures and PCB No Boot. 
 
5.2 Graphical Results 
 

       From the past 6 months data analysis, lost sales due to material rework is $389,013 USD with the basis of PCBA 

industry average unit price of $10 USD. Based on the total assembly cost, rework cost is 0.34% of the total OPEX 

cost, which on this case is also our lost sales (refer to Figure 9). Breaking down the top failure symptoms in PCB 

testing, it seems that the manufacturer needs to focus on the top 2 failure symptoms with the highest failure rate (refer 

to Figure 10). After investigation at the actual production line by conducting interviews, ~70% of the short circuit 

failures and no boot issues were related to solder bridges which were caused mostly by poor soldering. Next the 

researcher also asked equipment engineers and found out that reflow and wave solder equipment were running at 

~99.7% efficiency. 

 

 
 

Figure 8. Production Yield for Customer A, based on production build quantity for the past 6 months 
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Figure 9. Net Profit and Lost Sales due to rework for the past 6 months 

 

 
 

Figure 10. Top Testing Failure Symptoms for Rework 

 

5.3 Proposed Improvements and Validation 
 

       Lefaivre (2005) defined failure as “any change in size, shape, or material properties of a structure, machine or 

machine part” or when it does not perform its function as expected. He also highlighted that the four main reasons of 

failure are Design, Manufacturing, Service, and Material. This study focused on Manufacturing. In a perfect scenario, 

a production assembly gets a 100% FPY or zero defects, but since it is realistically hard to achieve the most 

manufacturers define an acceptable yield target based on various factors such as sales, OPEX, etc. and will be defined 

on the quality plan. Quality plan or Quality Control Plan as defined by the American Society for Quality (ASQ) is a 

document, or several documents, that together specify quality standards, practices, resources, specifications, and the 

sequence of activities relevant to a particular product, service, project, or contract”. It should define the following 

items: 

 
• Objectives 

• Process Flow of the Operation 

• Team Roster and Allocation of 

Responsibility 

• Specific document standards and procedures 

applied 

• Testing, inspection, and audit programs or 

software used 

• Revisions 

• Method to achieve quality objectives 

• Other actions needed to meet quality target 
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       Through actual investigation, the researcher found out that the root cause for the low yield is poor soldering due 

to low machine efficiency of reflow and wave solder equipment which is at 99.7%. The researcher determined that 

the ideal machine efficiency to achieve target FPY of 98.5% is 99.95% through a 5-hr simulation and requested a 

meeting with the production line leader, manufacturing engineers, equipment engineers, sales, project manager, and 

quality manager for brainstorming. Aside from yield improvement, the researcher also highlighted that it can also 

extend its life cycle hence saving up equipment cost in the future. Below is a snippet of the manufacturing control 

plan of PCB model for customer A, defining the current status. The reaction plan part (on the green column) are the 

action items determined on the team meeting to reach the 99.95% machine efficiency.  

       Note: Researcher can also adjust the simulation hours by increasing to maybe half day (12-hr) to whole day (24-

hr) 

 

 
 

Table 1. Reflow and Wave Solder Checklist  

 

6. Conclusion 
 

       To reduce soldering issues in the production line of Manufacturer A, the soldering ovens should increase its 

efficiency by 0.25%. By doing so, below is the projected improvement on yield performance from ~98.2% to meet 

the target of 98.5% (refer to Figure 11) and improving average lost sales improved by 0.25% (refer to Table 2). Future 

researchers can use other assessment tools for comparison and/or more sophisticated software for simulation. 
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Figure 12. Projected Yield Improvement after 0.25% Machine Efficiency Increase 

 

Month 
Current Lost Sales due to Poor 

Soldering 
Improved Lost Sales 

October 2021 $      78,496 $      78,300 

November 2021 $      80,870 $      80,668 

December 2021 $      43,850 $      43,740 

January 2022 $      70,580 $      70,403 

February 2022 $      71,485 $      71,306 

March 2022 $      43,732 $      43,623 

Average $      64,836 $      64,673 

 

Table 2. Lost Sales Comparison 
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