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 A B S T R A C T 
This research paper documents the advanced manufacturing processes implemented to develop injection molding tools and 

assembly fixtures for a toilet seat assembly program. The customer-provided 3D-printed prototype parts were reverse-engineered 
to design and produce steel mold bases, addressing challenges such as sink mark defects. Through iterative tooling adjustments 
and a smart-manufacturing approach, the final product met all customer expectations and quality standards. The successful 
deployment of this project reflects innovative solutions in plastic injection molding and emphasizes the importance of robust 
engineering management in low-volume production programs.

Keywords: Reverse engineering, Injection molding, Sink mark defect, Smart-manufacturing, Assembly fixtures, Quality 
engineering, Plastic injection molding

1. Introduction
The plastic injection molding industry demands precision, 

creativity and adaptability to meet the evolving needs of diverse 
markets. As a cornerstone of manufacturing, injection molding 
facilitates the production of complex, high-quality plastic 
components across industries. However, the transition from 
concept to production often introduces challenges that require 
advanced engineering and problem-solving capabilities. This 
paper delves into one such scenario, where I led the development 
of tooling and fixtures for a customer’s toilet seat assembly 
program, specifically designed for portable restrooms.

The program’s inception was marked by the customer’s 
reliance on 3D-printed prototype parts. While these prototypes 
provided an initial proof of concept, they lacked the structural 
integrity and process challenges inherent to injection molding. 
The transformation of these prototypes into high-quality, 
injection-molded products necessitated a comprehensive 
approach that encompassed reverse engineering, defect analysis 
and iterative tooling optimization.

My role in this project extended beyond technical execution. It 
required a vision for integrating smart-manufacturing principles 
into the development process, ensuring not only product quality 
but also operational efficiency. This paper highlights the 
methodologies employed, the challenges encountered and the 
solutions devised to achieve a successful outcome that exceeded 
customer expectations. The insights gained from this experience 
underscore the critical role of engineering innovation in driving 
manufacturing success.

2. Problem Statement
Transitioning from a 3D-printed prototype to an injection-

molded product presents a unique set of challenges. While 
3D printing offers unparalleled flexibility in design and rapid 
prototyping, it does not replicate the material behavior and 
processing dynamics of injection molding. The primary 
challenge in this program revolved around addressing sink 
marks-a common defect in injection molding that occurs due to 
uneven cooling and shrinkage of material.
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One critical improvement involved the integration of 
advanced cooling channels within the mold. These channels 
were strategically placed to regulate material shrinkage and 
ensure uniform cooling across the part’s surface. Additionally, 
the tool shop’s expertise was leveraged to rework the core 
geometry, focusing on gradual transitions in wall thickness to 
minimize stress concentrations and enhance material flow.

To validate the effectiveness of these modifications, each 
iteration was followed by a series of trial runs. The resulting 
parts were analyzed for defect patterns, surface finish and 
dimensional accuracy. Feedback from these analyses guided 
further refinements, ensuring that the final tool design met the 
highest standards of quality and performance.

Figure 3: Design Change by coring out to Improve the Sink-
Situation.

3.3. Smart-Manufacturing Implementation

The integration of smart-manufacturing technologies played 
a pivotal role in optimizing the injection molding process. 
Sensors were embedded within the molding machine to monitor 
critical parameters such as temperature, pressure and injection 
speed in real time. This data-driven approach enabled proactive 
adjustments, minimizing defects and enhancing process stability.

The use of analytics software further augmented this process 
by providing actionable insights from the collected data. For 
instance, trends in pressure variations were analyzed to predict 
potential sink mark issues, allowing preemptive measures to be 
taken. Additionally, the implementation of automated alarms 
ensured that deviations from predefined parameters were 
promptly addressed, reducing downtime and material waste.

3.4. Assembly Fixture Development

The final stage of the methodology involved designing 
custom assembly fixtures to streamline the integration of 
sub-components. These fixtures were tailored to accommodate 
the specific dimensions and geometries of the toilet seat 
assembly, ensuring precise alignment and secure fastening of 
components such as hinges and fasteners.

Assembly fixtures were instrumental in transforming the 
assembly process into a streamlined and error-free operation. 
The design of these fixtures began with an in-depth analysis 
of the components’ geometries and tolerances. Precision-
engineered clamps and guides were incorporated to ensure 
the accurate alignment of parts before fastening. To address 
potential variations in sub-component dimensions, adjustable 
elements were incorporated into the fixtures, enabling minor 
modifications without requiring a complete redesign.

The toilet seat assembly’s back rib design was a key source 
of this defect. The prototype’s wall thickness variations did not 
pose issues during 3D printing; however, in injection molding, 
these variations led to excessive sink marks on the front surface of 
the part. This aesthetic and functional defect required immediate 
attention, as it directly impacted on the product’s acceptability 
in the market.

Compounding the challenge was the iterative nature of 
mold design. Multiple adjustments to the core were required to 
achieve an acceptable balance between structural integrity and 
visual quality. This process involved collaboration with the tool 
shop to refine the mold design and implement advanced cooling 
solutions. Moreover, the low production volume of the program 
added a layer of complexity, as the tools needed to be cost-
effective without compromising quality.

This problem statement highlights the inherent difficulties 
in transitioning from prototype to production, emphasizing 
the need for a systematic, innovative approach. By leveraging 
reverse engineering, smart-manufacturing technologies and 
robust engineering management, I navigated these challenges to 
deliver a solution that met the customer’s stringent requirements.

 
Figure 1 and 2: Part-CAD and Tool-CAD generated through 
Reverse Engineering from Prototype Part.

3. Methodology
3.1. Reverse engineering

Reverse engineering formed the cornerstone of this project. 
Starting with the customer’s 3D-printed prototype parts, the 
process involved meticulous measurement and digital modeling 
to recreate the design. Using advanced CAD software, I 
replicated the prototype, making necessary modifications to 
ensure compatibility with injection molding processes. Critical 
dimensions were identified and validated through comparative 
analysis with the prototype to ensure functional and aesthetic 
consistency.

The reverse engineering process was not limited to 
replication. It also involved evaluating the prototype’s structural 
design for potential weak points or areas of improvement. For 
example, the wall thickness of the back rib was optimized to 
address known sink mark issues during molding. This step not 
only enhanced the part’s manufacturability but also ensured 
long-term reliability in its application.

3.2. Tool design and iteration

Designing the injection molding tool was an iterative and 
collaborative effort. The initial mold design was informed by 
the reverse-engineered CAD model. However, the real-world 
challenges of sink marks and cooling inefficiencies necessitated 
multiple redesigns. Each iteration aimed to refine the mold’s 
performance by addressing specific defects observed during trial 
runs.
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Testing played a pivotal role in the development of these 
fixtures. Rigorous stress and cycle testing simulated real-world 
production conditions, ensuring durability and reliability under 
repeated use. Insights from these tests guided enhancements 
such as reinforcing high-stress areas, optimizing ergonomic 
features for operator convenience and integrating wear-resistant 
materials to extend fixture lifespan.

A significant innovation in this project was the integration 
of Poka-yoke method within the assembly fixtures. The nest and 
the locations were designed to detect misalignment or improper 
component placement in real-time, providing immediate 
feedback to operators. These features significantly reduced 
human error, ensuring that only correctly assembled parts 
progressed through the production line.

Flexibility was another hallmark of the fixtures. Their modular 
design allowed for quick reconfiguration to accommodate 
future product design changes or new assembly requirements. 
This adaptability ensured long-term utility, making the initial 
investment in fixture development cost-effective over multiple 
production cycles.

Customer feedback underscored the success of these fixtures. 
Operators reported a significant reduction in assembly time and 
error rates, attributing these improvements to the fixtures’ user-
friendly and reliable design. The customer highlighted how 
these innovations not only enhanced production efficiency but 
also contributed to the high-quality final product that exceeded 
market expectations.

3.5. Process Validation and Customer Collaboration: 
The process validation and customer collaboration phase 
played a critical role in ensuring that the final products met 
all technical and functional requirements. This phase began 
with a comprehensive series of tests to validate the injection-
molded parts against the customer’s specifications. Dimensional 
accuracy, surface quality and structural integrity were rigorously 
examined using advanced metrology equipment and visual 
inspection techniques.

Collaboration with the customer was integral to the validation 
process. Weekly meetings were held to present findings, 
discuss challenges and align on quality expectations. Customer 
representatives were actively involved in the inspection and 
review of initial production batches, providing valuable feedback 
that informed subsequent adjustments.

To further enhance confidence in the production process, a 
pilot production run was conducted. This run replicated full-
scale manufacturing conditions, allowing both my team and 
the customer to assess performance metrics such as cycle time, 
assembly accuracy and defect rates. The insights gained from 
this pilot run were instrumental in fine-tuning the process and 
ensuring its robustness before full-scale production commenced.

A key aspect of the validation phase was the implementation 
of a traceability system. Each batch of molded parts was tagged 
with a unique identifier, enabling precise tracking of production 
data. This traceability provided an additional layer of quality 
assurance, allowing any issues to be quickly identified and 
addressed.

The collaborative nature of this phase fostered a strong 
partnership with the customer. Open communication and 
transparency ensured that any concerns were promptly addressed, 

building trust and confidence in the project’s success. By the end 
of the validation phase, the customer expressed high satisfaction 
with the quality and consistency of the delivered products, as 
well as the responsiveness and expertise demonstrated by my 
team.

Customer collaboration extended beyond validation to include 
continuous improvement initiatives. Based on the customer’s 
feedback, additional refinements were made to enhance product 
performance and manufacturability. This proactive approach not 
only met the customer’s immediate needs but also positioned the 
project for long-term success in future production cycles.

4. Results 
The results of this project provide a comprehensive 

illustration of how an innovative and iterative approach can 
yield exceptional outcomes in the injection molding industry. 
One of the most prominent achievements was the resolution of 
sink mark defects. Initial trials revealed pronounced sink marks 
on the front surface of the toilet seat assemblies, which were 
progressively minimized through iterative tool adjustments, 
wall thickness optimization and advanced cooling solutions. By 
the final phase, sink marks were reduced to a negligible level, 
meeting stringent aesthetic and functional requirements.

Another significant outcome was the enhanced dimensional 
precision of the parts. Through the integration of real-time 
monitoring sensors and process analytics, the production 
process achieved a remarkable dimensional tolerance of ±0.1 
mm, a substantial improvement from the initial ±0.3 mm 
observed during early trials. This level of precision ensured that 
sub-components aligned seamlessly during assembly, resulting 
in a robust and reliable final product.

The project also demonstrated substantial improvements in 
surface finish. Advanced cooling channel designs and optimized 
material flow contributed to a defect-free and aesthetically 
pleasing surface. This improvement was crucial for the application 
of these assemblies in portable restrooms, where durability 
and visual appeal play pivotal roles in customer satisfaction. 
The refined surface finish exceeded customer expectations, 
reinforcing the value of advanced tooling techniques.

In addition to part quality, the assembly process was 
significantly streamlined. Custom-designed assembly fixtures 
played an integral role in aligning and securing components 
with precision. The fixtures minimized manual intervention and 
assembly errors, enhancing overall production efficiency. The 
modular design of the fixtures allowed for easy reconfiguration, 
ensuring adaptability to potential design changes in future 
production runs.

Customer feedback was overwhelmingly positive. The 
customer specifically commended the consistency of the 
delivered products and the collaborative approach adopted 
throughout the project. Regular communication and feedback 
loops ensured that the customer’s requirements were not only 
met but often exceeded. The successful launch of the program 
solidified the customer’s confidence in the project’s execution 
and my team’s expertise.

Economic benefits were another critical result of this project. 
The adoption of smart-manufacturing practices significantly 
reduced the number of trial iterations required, minimizing 
material wastage and production downtime. This efficiency 
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translated to reduced overall production costs, making the 
project economically viable despite its low-volume nature.

Table 1: Performance Metrics Comparison.
Metric Initial Trials Final Production

Dimensional Tolerance ±0.3 mm ±0.1 mm

Surface Finish Quality Average Excellent

Sink Marks Severe Minimal

Assembly Error Rate High Negligible

Overall, the project stands as a testament to the efficacy 
of combining engineering innovation with customer-focused 
strategies. It underscores the importance of leveraging advanced 
manufacturing technologies and iterative design processes to 
overcome complex challenges and achieve excellence in plastic 
injection molding.

5. Assembly Fixtures 
Custom assembly fixtures were designed to integrate 

sub-components, including hinges and fasteners, into the final 
toilet seat assembly. The fixtures ensured proper alignment and 
robust assembly, streamlining production and reducing assembly 
errors.

Figure 4: Final assembly process.

6. Conclusion 
This program exemplifies the application of advanced 

manufacturing principles and engineering expertise to overcome 
challenges in plastic injection molding. By integrating reverse 
engineering, iterative tooling optimization, smart-manufacturing 
technologies and custom assembly fixtures, I successfully 
transformed a prototype concept into a production-ready 
solution. Each phase of this project emphasized collaboration, 
innovation and a commitment to quality, ensuring that customer 
expectations were not only met but exceeded.

The resolution of sink mark defects, achieved through a 
combination of design refinement and smart cooling strategies, 
underscores the importance of adaptability and iterative 
improvements in manufacturing. Smart-manufacturing 
technologies further enhanced process stability and part quality, 
demonstrating the value of data-driven approaches in modern 
production environments. The custom assembly fixtures, 
tailored to the specific requirements of the toilet seat assemblies, 
streamlined production and reduced error rates, highlighting the 
critical role of precision and innovation in assembly processes.

Beyond the technical achievements, this project reaffirmed 
the importance of customer collaboration and continuous 
improvement. Regular feedback sessions and a proactive 
approach to addressing customer needs fostered a strong 
partnership and contributed to the program’s overall success. 
The positive feedback received from the customer validated the 
effectiveness of the methodologies employed and reinforced the 
value of a customer-centric approach.

Looking ahead, the insights gained from this project will 
serve as a foundation for future endeavors in the plastic injection 
molding industry. The lessons learned in defect resolution, process 
optimization and customer engagement will be invaluable in 
driving continued innovation and excellence in manufacturing. 
This program not only delivered a successful product but also 
exemplified the potential of advanced manufacturing techniques 
to tackle complex challenges and achieve exceptional results.
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