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[bookmark: _Toc661383680]1. Introduction

[bookmark: _Toc1869980716]1.1. Industry 4.0 and Quality Improvement
In modern automotive manufacturing, maintaining consistent product quality is critical due to the safety critical nature of vehicle components. Even minor defects can result in customer complaints, increased costs and potential safety risks. As a result, manufacturers are increasingly adopting Industry 4.0 digital technologies to support continuous improvements initiatives and enhance quality control. Industry 4.0 refers to the integration of digital systems, automation, and real time data into manufacturing operations, enabling more connected intelligence and responsive production environments (Lasi et al.). Technologies such and digital vision systems, data analytics, and automated inspection enable earlier detection of defects, reducing reliance on manual process and supporting more reliable decision making.

[bookmark: _Toc1533259007]1.2. Workplace Context at ZF Automotive
At my workplace, ZF Automotive UK Ltd, we manufacture automotive brake caliper assemblies that are manufactured for major vehicle manufacturers like Nissan or Audi. These components contain critical sealing surfaces that must remain defect free to ensure correct hydraulic brake performance. This is due to brake systems being directly linked to vehicle safety as quality standards are extremely high and customer requirements are tightly controlled. Recently we had a customer quality concern which raised relating to a scratch found on the copper washer sealing surface of a rear brake caliper. Although the defect appears minor, its location is critical due to the potential impact on the sealing performance and brake reliability. Issues of this nature require immediate investigation and structured problem solving to prevent recurrence and protect customer confidence.

[bookmark: _Toc1717534857]1.3. Aim of the Report
This report investigates how digital manufacturing technology can support continuous improvement using a real quality issue from ZF Automotive. This case study focuses on post assembly handling damage and the implementation of an in-process camera inspection system as a permanent countermeasure. The report explores the problem context, application of Industry 4.0 technology, development of an improvement plan, evaluation of impact and challenges associated with implementation.
[bookmark: _Toc824116130]2. Case Study Description and Manufacturing Context

[bookmark: _Toc126776763]2.1. ZF Manufacturing Environment
Globally, ZF Automotive operates as a Tier-1 supplier within the global automotive industry, manufacturing safety critical components in high volume production environments. As a Tier-1 supplier, ZF is directly responsible for delivering parts that meet original equipment manufacturer (OEM) specifications with zero tolerance for defects that can affect the safety or reliability of the vehicle. This case study is based on a rear brake caliper assembly process within our manufacturing facility. Brake calipers must meet strict dimensional, sealing and surface condition requirements before being released to the customer. Any damage to sealing surfaces or other cosmetics in appearance, can lead to the part being rejected and customer concerns.
  
[bookmark: _Toc337408649]2.2. Overview of the Brake Caliper Process
The manufacturing process begins with machined caliper housings, which undergo several CNC machining operations from OP10 up to OP50 depending on the specific part to achieve precise tolerances. After machining, the components progress into assembly where the pistons, seals and other components are installed. During assembly, automated in-process camera checks are used to verify the presence and condition of key features. Traditionally, the process also includes a manual final inspection step prior to packaging. Following inspection, the parts were manually handled and packed into trays or pallets for dispatch. This post-inspection handling stages introduced opportunities for damage that were not always detectable before shipment.
[bookmark: _Toc1399942189]2.3. Existing Quality Management Approach
ZF currently utilises established quality management systems including ISO 9001 based processes and customer specific requirements. We use structured problem-solving methods such as 8D which is used to respond to customer complaints. This case shows that traditional inspection focused quality controls are not always sufficient when defects occur after inspection. This incident highlighted the limitation of relying on manual inspection and handling, particularly where defects are caused by process interactions rather than machining or assembly errors. This problem created are requirements to strengthen quality control through digital technology and process redesign.
[bookmark: _Toc1504567501]3. Problem Identification and Process

[bookmark: _Toc2130603968]3.1. Description of the Quality Issue
The quality issue investigated originated from a customer product incident report (PIR), which found there was a scratch on the copper washer sealing surface on one of the rear brake calipers. This surface is a critical feature as it plays a role in maintaining a hydraulic seal, meaning any damages present leads to a potential risk to brake system integrity. Although only one affected component was reported, the issue was escalated due to the safety critical nature of the product and the potential for similar defect to exist undetected in other parts. As a result, immediate containment actions and a root cause investigation were required.

[bookmark: _Toc517720327]3.2. Findings from 8D Investigation
An investigation using the 8D methodology confirmed that the component was free from damage during machining and during the automated in-process camera inspection. Evidence showed that the damage was not present at earlier stages of the manufacturing process, indicating that it occurred after assembly. When we inspected containment stock it showed additional defects with similar characteristics, further supporting the conclusion that the issue was related to post assembly handling. This is what led to the investigation focusing from machining accuracy and toward human interaction with the product.

[bookmark: _Toc1616019822]3.3. Root Cause and Detection Weakness
Closer examination of the damaged parts revealed signs consistent with handling related impact such as removal of the anodized coating. The manual final inspection process was unable to prevent the defect because the damage occurred after inspection had already been completed. For root cause analysis, we used the 5 Why technique which is the process of asking why repeatedly to get to the root cause (American Society for Quality). This technique showed two key contributors which were mishandling of parts after assembly and reliance on manual inspection as a detection method. This demonstrated a clear gap between quality assurance activities and actual process conditions, reinforcing the need for a more robust and digital enabled solution.

[bookmark: _Toc1026886858]4. Application of Industry 4.0 Digital Technology

[bookmark: _Toc433485813]4.1. Industry 4.0 and Digital Inspection
Industry 4.0 focuses on the use of digital technologies to improve manufacturing performance through better data, automation and real time monitoring. Within quality management, one of the most practical Industry 4.0 applications is the use of digital vision systems to replace or support traditional inspection methods. Manual inspection is often limited by human factors such as fatigue, inconsistency and time pressure especially in high volume environments like ours (Pyzdek and Keller). Digital inspection systems use cameras and image processing software to assess product features against predefined standards (Lasi et al.). This allows defects to be identified consistently and objectively regardless of shift patterns or operator experience. In quality critical manufacturing such as brake part production, this level of consistency is essential to reduce defect escape and improve overall process reliability.

[bookmark: _Toc952982494]4.2. In Process Camera Inspection at ZF
In response to the handling related defect identified in the 8D investigation, ZF validated an in-process camera inspection system as the final quality gate after assembly. The camera system was positioned to inspect critical features of the brake caliper including the copper washer sealing surface before the part reaches the packaging stage. By vting the inspection directly into the process rather than relying on a separate final inspection activity, the number of times the part is handled is reduced. This directly addresses the root cause identified in the investigation as the damage was occurring after manual inspection had already taken place. The camera inspection therefore not only improves the detection capability but also supports defect prevention by reducing the opportunities for mishandling. 
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Image 1 – In Process Camera check in action (Smith)

[bookmark: _Toc253723038]4.3. Support and Continuous Improvement
The introduction of in process camera inspection supports Lean manufacturing principles by removing nonvalue adding activities such as repeated manual inspection and unnecessary handling. From a Six Sigma perspective, the digital inspection system reduces variation in the detection process and improves process capability by ensuring defect are found consistently (Pyzdek and Keller). This shows that Industry 4.0 technologies do not replace traditional continuous improvement methods but instead enhance them. By combining digital inspection with structured problem-solving tools such as 8D and DMAIC, ZF we able to implement a more robust and sustainable quality solution.

[bookmark: _Toc1131046643]5. Continuous Improvement Plan Development

[bookmark: _Toc1987449397]5.1. DMAIC Framework Application
The improvement actions implemented in this case study closely align with the DMAIC framework which consists of Define, Measure, Analyse, Improve, Control. This is commonly used in continuous improvement and Six Sigma projects.
Define: The problem was clearly defined through the customer product incident report which highlighted the damage to a critical sealing surface.
Measure: Temporary containment action including 100% inspection were used to assess the scale of the issue and protect the customer.
Analyse: Root cause analysis found post assembly handling and limitation of manual inspection as the main contributors to the defect.
Improve: A permanent countermeasure was introduced by validating and implementing an in-process camera inspection system.
Control: Updated work instructions, operating training and confirmation of countermeasure effectiveness ensured the improvement was sustained.
Using DMAIC provided a structured approach that ensured the improvement addressed both the cause and the detection weakness, rather than treating the issue as a one-off event.
[bookmark: _Toc1711432931]5.2. Integration with Existing Quality Systems
A key strength of this improvement was that it was integrated into existing quality management systems rather than introduced as a single solution. The camera inspection became part of the normal production process and aligned with existing control plans and work instructions. This integration reduced resistance to change and ensured the improvement could be supported long-term without adding unnecessary complexity to the process. It also allowed the improvement to be considered for future read across to similar products and processes.

[bookmark: _Toc1993380107]6. Evaluation of Impact on Performance

[bookmark: _Toc2022073486]6.1. Quality and Productivity Improvements
Although exact performance figures are commercially sensitive, the implementation of the in-process camera inspection is expected to significantly reduce the risk of defect escape related to handling damage. By ensuring that inspection take place at once before packaging, the opportunity for the damage after inspection is removed. 
This improvement is expected to increase first pass yield and improve confidence in the quality of shipped parts. The automated system also provides more consistent inspection results compared to manual checks which will support more reliable quality decision making. (Lasi et al.)

[bookmark: _Toc1790903423]6.2. Operational and Business Improvement
From an operational perspective, removing manual final inspection will reduce labour requirements and inspection time allowing for resources to be used more effectively elsewhere in the process. The reduced handling will also reduce the risk of cosmetic and functional damage which contributed to improved overall equipment effectiveness (OEE).
From a business perspective, preventing customer quality concerns will help protect ZF’s reputation as a reliable Tier-1 supplier. This will reduce the likelihood of repeat issues and minimise the cost of poor-quality including rework, scrap and customer claims.






[bookmark: _Toc1503093851]7. Implementation Challenges and Mitigations

[bookmark: _Toc421864900]7.1. Technical and Organisational Challenges
Although the introduction of the in-process camera provides clear quality and operational benefits, implementing digital technology within an automotive manufacturing environment is not without challenges. These changes can be technical, organisational and cultural and if they are not address correctly, they can reduce the effectiveness of the improvement or lead to the process reverting to old habits. One of the main technical challenges associated with implementing camera inspection systems is ensuring that the system is fully confirmed and reliable under all production conditions. These factors include lighting variations, part positioning and surface reflectivity which all affect the accuracy of image recognition. In a safety critical process, a small risk of false acceptance or false rejection must be carefully managed, this requires time and resources to validate the system and confirm that it could consistently detect damage to the sealing surface.
From an organisational perspective, operator training was also a key challenge. Operators needed to understand how the camera system working, what it was checking and how to respond if a defect was found. Without sufficient training, there is a risk that operators may lose trust in the system or fail to follow correct escalation procedures, In addition, changes to inspection processes in the automotive industry often require customer approval and updates to documentation such as control plans and work instruction causing implementation to slow down. Cultural resistance to change can also be a barrier. Manual inspection has always been viewed as a core quality control activity leading to some operators feeling that automated inspection will reduce the importance of their role. This resistance can result in poor engagement or tries to bypass new systems which will reduce the effectiveness of the improvement.

[bookmark: _Toc688870323]7.2. Mitigation Measures
To mitigate these challenges, a phased implementation approach was adopted. The camera inspection system was confirmed in stages with operators and quality engineers involved in testing and confirmation activities. This helped build confidence in the system and ensured practical issues were found early. Training sessions were also delivered to explain the purpose of the system and how it supports quality rather than replacing responsibility. Updated work instructions and audits were introduced to ensure consistency.
[bookmark: _Toc1051679692]8. Conclusion

This report proves how Industry 4.0 digital manufacturing technology can support continuous improvement within a quality critical automotive manufacturing process. Using our ZF case study, the investigation shows a customer quality concern relating to brake caliper sealing surfaces damaged was caused by weaknesses in post assembly handling and limitations in manual inspection methods.
The use of structured problem-solving tools such as the 8D investigation and root cause analysis, allowed the true cause of the issue to be found. The findings showed that the defect did not originate from machining or assembly operations but occurred after inspection during manual handling. This highlighted the gap between traditional quality controls and actual process risks.
The implementation of the in-process camera inspection system provides an effective digital solution to address the occurrence and detection root causes. By integrating inspection into the process and removing unnecessary manual handling, the risk of defect escape was significantly reduced. The improvement also aligned with lean and Six Sigma principles by elimination waste, reducing variation and improving reliability.
Although challenges were met during implementation, these were successfully managed through validation, operator involvement, training and ongoing monitoring. Ensuring improvement was sustaining and integrated into existing quality management systems.
Overall, the case study highlighted the value of Industry 4.0 technologies in enhancing tradition continuous improvement approaches. By applying digital solution in a structured and practical way, ZF can improve quality performance, reduce the cost of poor quality and support high levels of customer confidence in a competitive automotive industry.
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