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ABSTRACT

Automation has revolutionised sectors such as healthcare and other industrial laboratories, while Pavement Material Testing Laboratories (PMTLs)  in transportation engineering sector particularly in developing countries such as Papua New Guinea (PNG) remain disadvantaged in manual process. This study’s aim is to design and develop an end-to-end automated system for PMTL operations tailored  to PNG context. The system developed consist of two main user interface, the client and admin panel, the workflow are request submission, review of request, sample registration, data processing and reporting stages. Each stages ensures data flows consistently without duplication or loss. The system is integrated in two parts, the front end and the back end, and integrates Quick Response (QR) coding, database (MongoDB) as primary database and utilize the following tools, PDF QR code generation, library and  development tool, version and environment management,  testing and deployment tools. QR and Bar coding system are used to link the different stages. Database (MongoDB) integrate and automate laboratory processes uninterruptedly from test request to reporting, aligning with ISO/IEC 17025 requirements. Data gathered through survey questionnaires from six PMTLs  and the seven major road contractors in PNG indicated strong support for automation. The system designed is cost-effective, scalable, and customized for resource-constrained countries, where high-end commercial Laboratory Information Management System (LIMS) solutions may be financially and technically impractical
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1. INTRODUCTION 

Globally, automation has transformed laboratory operational efficiency, data integrity, and decision-making across several sectors, including healthcare, education and other industries. Automated laboratory systems, often implemented through advanced  technologies such as LIMS, have enabled end-to-end process integration, real-time monitoring, improved turnaround times, and enhanced compliance aligning with accreditation standards such as ISO/IEC 17025[12] &[13]   Despite these advances, PMTLs in transportation sector particularly in resource-constrained countries continue to rely heavily on manual paper-based and fragmented processes. The performance, sustainability, and quality of the road pavement structures are fundamentally dependent on the properties of pavement materials that are required to meet specified road design and construction standards. In transportation engineering, the selection and verification of suitable pavement material type rely heavily on accurate, timely, and traceable laboratory testing process undertaken by PMTL. In resource constrained countries meeting the growing demand for road materials, local sources are important. These materials are extracted and carefully tested to check if they are suitable for road material use. Their properties greatly affect how well they perform [1]. . With a well-equipped automated PMTL, testing can be done faster and more efficiently, handling many samples at the same time while still meeting project deadlines [3], [7]. The laboratory play a crucial role in ensuring that pavement materials such as soils, aggregates, asphalt, and concrete are tested to comply with all road design specifications and standards locally and internationally. In resource constraint countries such as PNG, PMTL operational workflows are fragmented, and involves manual effort for test request submission, sample registry and tracking, scheduling of personnel and equipment, test data processing, reporting and billing. These stages are often managed using hand written sample register log books, standalone spreadsheets, handwritten test logs, and isolated records, resulting in inefficiencies, duplication of effort, loss of data, limited traceability, and increased risk of non-conformance with accreditation requirements. The lack of an integrated system restricts management’s ability to monitor laboratory performance, equipment utilization, staff workload in real time. Furthermore, it derails the laboratory managements ability to provide real-time data to the responsible road authorities, road contractors and public to make informed decisions and planning on every road infrastructure projects they involve in.

The aim of this study is to design, develop, and evaluate a simple and customized automated system for PMTL that connects all stages of the laboratory process to improve efficiency, traceability, and compliance. The research first reviews current PMTL practices and relevant literature to identify practical automation technologies suitable for use in resource-constrained countries. The system developed is a cost-effective and user-friendly solution tailored for PMTL in Papua New Guinea. It uses modern web technologies, a MongoDB database, and QR code tracking to simulate real laboratory operations. The system ensures a smooth workflow without duplication or data loss, and it was tested using sample data. With appropriate hardware such as high-performance computers, CPUs, and solid-state drives (SSDs), the system can efficiently support multiple users and faster processing.
   
2. LITERATURE REVIEW

2.1. Overview of Literature Review 
In order to develop and design an automated laboratory system that is user-friendly, scalable and cost-effective for a resource constrained countries, a thorough review on existing studies is essential to understand the principle and application of the advanced technology in this domain [2] - [5]. A decision to decide on how and what is best for your laboratory is also essential prior to developing the automated system [4] .This review focuses on the key elements of automation systems and applications that comply with accreditation standards. It also examines the principles supporting these technologies and explores their benefits and challenges in long-term use
 
2.2. Examples of Automation Application Identified
IOT-based automation: The Internet of Things (IoT) enable innovations that enhance the quality of life, but it generates unprecedented amounts of data that are difficult for traditional systems, the cloud, and even edge computing to handle. Fog computing was designed to overcome these limitations in building scalable and sustainable software system [6]. Similarly,the Industrial Internet of Things (IIoT) needs well-designed system structures to properly set up and manage both hardware and software using modern digital technologies in industrial environments utilizinge internet-connected instrument to automate processes to enhance efficiency, reducing cost and improve safety. Many studies have proposed and explained these types of system structures, mostly from a conceptual point of view [7].  
Robotic Process Automation (RPA) and Artificial Intelligence (AI): Researchers and industry professionals are using RPA and AI to improve decision-making in real-world engineering applications. These technologies help automate workflows while allowing systems to adapt to changing conditions and user needs. When combined with soft computing, RPA and AI can significantly enhance traditional decision-making, leading to better efficiency, improved decision quality, and more reliable systems [9]  
AI has transformed healthcare, initially being used as a medical decision-support system in high-income countries. However, developing countries continue to face challenges such as a high disease burden, shortages of trained healthcare professionals, and weak healthcare infrastructure [8].
IT-based optimization application: The automation and IT-driven optimisation of emergency laboratory testing processes substantially reduce both turnaround time for test reports and the likelihood of errors. Furthermore, IT-enabled enhancements improve adherence to reporting deadlines while strengthening the overall quality, reliability, and safety of emergency laboratory testing services [11].
Cloud infrastructure: Cloud infrastructure refers to the foundational suite of technologies; including servers, storage systems, virtualization software, networking components, and data platforms, that collectively enable the delivery and operation of cloud-based services [12]. In 2009, cloud computing was described as the fifth basic utility after water, gas, electricity, and telephone, because it provides essential computing services for everyday use. It works by using virtual machines to create cloud platforms that share resources efficiently and deliver services based on user needs. Today, cloud computing has grown rapidly, and millions of people use software through the cloud instead of installing and running it on their own computers [11]. On the other hand automation, uses software tools and scripts to conduct routine, repetitive, and cumbersome tasks initially dependent on manual effort. This integration empowers businesses and organisations to build strong, scalable, and secure digital infrastructure that can be easily adopted to build, manage, and expand their digital abilities. The use of cloud technology shifted laboratory setting from face to face to online to address challenges faced during Covid -19 pandemic by introducing remote laboratories to operate physical equipment via the Internet. Such environments allow users to perform real experiments on actual equipment located elsewhere and manipulate variables, observe real-time outcomes, and acquire essential technical skills, effectively overcoming the geographical and temporal limitations associated with conventional laboratory settings [13].    
Laboratory Information Management System: is a software that act as an information management platform that combine, manage and track laboratory activities such as testing process, resource utilisation, equipment monitoring, data analysing and reporting to work seamlessly and harmoniously improving efficiency, accuracy, and compliance in modern laboratories.  LIMS streamline laboratory operations by automating sample handling, analysis, and reporting, leading to improved quality and faster results. Despite these benefits, sustainably implementing LIMS in Low - Medium Income Countries is challenging due to high costs, inadequate infrastructure, and limited technical expertise [10].
2.3. Effect of Automation on Quality Assurance
Quality Assurance plays a vital role in any process and system assuring the effectiveness and the efficiency of the system enabling testing laboratories to implement quality control in meeting the required standard and expectation of its purposes.  Example, Quality Control laboratories audit the quality of medicines within the general public that use the medicines for compliance purposes. Accrediting a national laboratory to test medicines for public use is a challenge in low-income countries. Testing laboratories that share the benefits of accreditation overcome existing challenges to achieve accreditation and a compliant system [14].  The most recent edition of the International Standard ISO/IEC 17025 adopted a new structure aligning with other conformity assessment and quality management systems, blending with Metrology to introduce risk-based thinking. It covers all stages of the existing quality system and the updated corresponding quality documents such as training development and communication plans for laboratory personnel improving the system through auditing and monitoring, participation in proficiency testing schemes, and management review [15]. With the integration of automation, quality assurance is embedded into the system, enabling real-time monitoring and control of sample and data quality.

2.4. Key Areas of Automation in ISO/IEC17025:2017
Document Control: Automation software ensures that only approved, current documents are used and automates version control and workflow approval.
Equipment Management: Use of LIMS and other similar systems automates scheduling and tracking of equipment, issue alert for service and isolate any non calibrated equipment from being used.
Data Integrity and Reporting: Automation create paperless system that keep the data safe and secure, from manipulation, theft and reduce manual errors.
Personnel Training: Automation track and manage personnel certification, competency and authorise signatories and prohibiting unauthorised personnel from conducting tests.
Method Validation: Automation manage workflow and data authentication preventing the use of invalid data and methods [16]. 
Nonconforming Work: Automated system issues an alert for any non-compliant results and launch corrective action immediately. 

2.5. Key Benefits of Automation 
Improved Traceability: Instant retrieval of data for audits, query and referencing.
Reduced Human Error: Minimises manual recording and calculation; and duplication of data.
Increased Efficiency: Streamline and standardise workflow seamlessly; and accelerate throughout by operating non-stop for a long time. 
Data Quality and Reproducibility: Prevent manual errors, ensuring high consistency results across trials.  
Reduce Cost: Minimise wastage and replace human labour shift, and operating multiple task simultaneously.
Reduce Turn Around Time: Replace manual labour and operating multiple task simultaneously continuously. 
Enhanced Safety: Reduce human exposure to hazardous and toxic materials, and use of automated security system in workplaces.

2.6. Challenges of Automation  
Despite overwhelmed benefits of automation were significant in this study, challenges for sustainability are concurrently evident in adoption of automation, and these includes high costs, continuous capacity development, system integration, complexity and technology limitations to their applicability. Similarly, lack of knowledge in implementing quality assurance poses a greater risk when handling multiple tasks manually and therefore, to automate quality assurance may require more effort in training and upskilling. Additionally, inefficiencies in laboratory operations and  inadequate laboratory infrastructures compromise quality of pavement materials thus increase cost of road maintenance annually highlighting the need for alternative solutions. 

3. METHODOLOGY

3.1 . Overview  
This study adopts a systematic review and framework development approach to investigate and establish an automation model for PMTL processes. The methodology integrates structured literature analysis with conceptual system design to identify, evaluate, and synthesize applicable automation technologies. The approach is aligned with the objective of developing a practical and scalable solution that enhances laboratory efficiency, data integrity, and compliance with ISO/IEC 17025:2017 requirements

3.2 . PMTL need Assessment and Requirement Analysis
A detailed assessment of existing PMTL workflows shown in figure 1 was undertaken to identify operational inefficiencies and system limitations. The analysis focused on key stages of the laboratory process, including: Request submission and billing; Sample receipt and registration; Test allocation and scheduling; Data recording and processing and Result validation and reporting. Based on this assessment, a gap analysis was performed to highlight critical challenges, such as: Manual and paper-based data handling; High risk of transcription errors; Limited integration between laboratory functions; Delays in reporting and decision-making; Compliance risks associated with ISO/IEC 17025 requirements.  These identified gaps formed the basis for evaluating the need and scope of automation.
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Figure 1: PMTL Manual Process

3.3 . System Design and Architecture 
This phased is based on the findings from the literature review and gap analysis, a conceptual automation system was developed to address the identified challenges in PMTL operations. The systems adopts a systems integration approach, linking all stages of the laboratory workflow through a centralized digital platform includes;
Request submission and billing; Automated sample registration using; R/barcode systems; Intelligent test allocation based on resource availability; Automated data processing, quality checks and digital approval; Real-time reporting and client communication. The system is a simple customized web-based application developed to streamline and digitize the workflow of laboratory testing processes. It replaces manual paperwork with a semi-digital system while still supporting physical test procedures. This system integrates modern web technologies with Mongo database management and QR code tracking to simulate a real-world laboratory environment. 

3.4 . Design System Components and their functions
The Automated System Overview: The automated system is designed in two main user interfaces shown in figure 2, the client panel where clients submit their testing request with the bills and admin panel where laboratory staff manage, review and process those request and track the progress of the testing process.   
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Figure 2: Client and Admin panel 

The workflow: of the automated system is developed and follows a sequential structured life cycle in figure 3. Each stages ensures that data flows consistently from one step to the next without duplication or loss. 

Figure 3: Workflow structured lifecycle 

Client Request Module: In he client panel, user is required to: Enter personal and contact details;  Select required test methods with total testing fees; Submit a request for laboratory testing. The selected test methods are stored in the database and become the foundation for all subsequent stages. This ensures that only selected tests are processed later in the system. 
Review and Approval System: Once a request is submitted, it appears in the admin panel under the review section. Here, the administrator evaluates the request against the actual sample inspection using predefined criteria such as: Availability of test methods; Resource availability (equipment and personnel); Accuracy requirements;  Legal and regulatory considerations.
The review process: ensures that only feasible and approved requests and sample proceed to the next stage complying with ISO/IEC 17025 standard shown in figure 4.
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Figure 4: Admin Panel - laboratory staff manage, review and process requests

Sample Registry: After approval, the request is registered with a sample. During this stage: A unique Sample ID with a barcode is generated; Equipment and personnel are assigned; Sample details are recorded in the system; Barcode is sent to printer for printing - to be tagged on the sample. This stage acts as a bridge between administrative approval and actual laboratory work.
Processing Module: The processing tab is responsible for initiating laboratory tests. Key features include: Displaying only the test methods selected by the client allowing staff to mark tests as “started”; Providing a Print Form option for each test forms to be printed. To start a test, the system generates a printable PDF test form based on predefined templates. These forms are used physically in the laboratory to record test data obtained from conducting physical laboratory test procedures.
QR Code Integration: A major feature of the system is the integration of QR codes onto test form PDFs. When a standardized test form is generated: A QR code is embedded into the PDF; The QR contains structured data such as:  Sample ID; Test Code; Request ID. This allows each printed 
form to be uniquely identifiable. The QR code enables quick tracking and reduces manual errors when handling multiple samples.
Completion and Registration of Test Forms: After laboratory testing is completed and the physical form is returned, the system provides a Completed Tab where: The user enters the Sample ID and Test Code; The system updates the test status as completed. This ensures that completion is only recorded after actual lab work has been done, maintaining data integrity. Future enhancements include scanning the QR code directly to automate this process.
Data Entry and Report Generation: After completed test form is signed off the data on test form is entered onto a Reporting tab that system provides: The user enters the test results onto specified reporting template tab; The user enable accepts when all test data are entered and the draft report is sent for quality checks; Quality Checks is complete, the Authorized signatory signs off digitally; The user enables reporting tab and the lab report is generated; The PDFs report is saved in the system, sent to the printer and to the client automatically with a generic notification advising client that report is now issued.
Database Integration (MongoDB): The system uses MongoDB in figure 6 as its primary database. This replaces the earlier JSON-based  storage system and provides:  Reliable data persistence Structured document storage; • Efficient querying and updates; Support for multi-user environments. Data such as requests, samples, and test statues are stored as documents, making the system scalable and maintainable.
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Figure 6: Mongo Database                          Figure 7: Test request and Invoicing tab

3.5 . Validation 
A simple and scalable database was designed and developed using MongoDB as shown in figure 6 above, combining with the system analysis and database software development . This system is validated through trial client, project and sample data inputs and indicated that automated system is practically feasible. It will fully operate when this automated system is uploaded onto a high capacity CPU desktop as the main database storage, accelerating data processing in real-time from multiple users in  PMT Laboratory environment. The validation conducted on the system includes:
Submission of Request: The client selects the test method in the front end panel and the system generates the Invoice as shown in Figure 7, according to the test selected.
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	Figure 8: Review of Request tab                            Figure 9: Sample Registry tab

Review of Request: In this phase in the review request tab figure 8, is reviewed by the user using the checklist in accordance with ISO 17025 against the actual sample received.  Once the checklist are all approved the sample is registered 

Sample Register: In this stage sample is registered in sample registry tab in figure 9; and unique ID and a barcode is generated and sent to the printer to be printed.  In this stage standardized test forms for each test methods are printed as per the request and the same barcode is pasted on the test forms to avoid data loss and duplications during testing process
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  Figure 10 - Sample Processing tab                           Figure 11: Test Report Generation tab


Personal and Equipment Scheduling: This stages come under sample registry tab, the available equipment and personnel are indicated for the admin user to a ssign the samples.  
Sample Processing: In this stage test forms and samples have been barcoded and allocated to the personal assigned in conducting the tests now appears in the sample processing tab in figure 10 on the system here as under progress 
Test Reporting: In this stage, the test form is returned and the data is entered in the reporting tab in figure 11 and it will generate the pavement test report that will be sent for quality check and for approval in the next stage 

4. CASE STUDY

4.1 . Overview   
The case study was conducted to collect views of people working and involve PMTL in PNG. Specific structured survey questionnaires administered to collect data to support the automation of PMTL in addressing the research gap in this study. In this case study survey questionnaires were administered to two different groups, the six major public accredited PMTL and the the seven major road contractors who are involve in road design and construction in PNG. The aim of this survey is to collect  views of people about laboratory automation and identify challenges they experience working and dealing with current PMTL practices in PNG.   

4.2 . Survey Questiainnaires to PMTL in PNG   
PMTL Survey: There were two lots of questionnaires directed to six public commercial accredited PMTL in PNG. The specific questionnaires were directed to the laboratory managers and the laboratory technicians involved in the laboratory testing daily. 
Laboratory managers: All lab managers were issued three similar questionnaires on the automation of PMTL process and its effect on their laboratory. Out of the six laboratories, 70% agreed to automate the PMTL processes, while 30% wanted to remain manual and all six laboratories are manually operated. In another questionnaire 80% agreed that automation would improve the laboratory process, while 20% disagreed. Those labs that disagreed and wanted to remain manual argued that all their laboratory testing equipment is currently operated manually, upgrading the laboratory equipment and facilities to accommodate automation will not be feasible due to lack of financial and resource support and lack of relevant technology available in the country. 
Laboratory Technicians: There were a total of six sets of questions designed according to the six stages in the PMTLs laboratory process. The stages are testing requests, sample registry, personnel and equipment scheduling, testing procedures, data management, and compliance with ISO/IEC 17025 standards. The views received from 60 lab technicians, 10 each from the six PMTL were then analyzed in quantity base approached. In Stage 1: Receiving requests, 60/60 lab staff encountered issues; 60/60 lab staff had issues with procedures, and 50/60 had issues documenting requests. Stage 2: Sample registry, 52/60 lab staff had issues registering samples, 45/60 had issues collecting sample & client information, and 40/60 staff had issues tracing samples. Stage 3: Linking sample-personal-equipment, 55/60 lab staff had issues scheduling personal to samples tests, 60/60 had issues scheduling equipment for sample tests, and 55/60 had issues with equipment calibration. Stage 4: Testing procedures, 60/60 performed manual testing, 60/60 conducted manual quality checks, and 40/60 had issues with quality checks. Stage 5: Data management, 30/60 had issues recording data, 60/60 verified data manually, and 40/60 had issues managing data. Stage 6: Compliance Check, 60/60 performed manual checks and audits; 45/60 had issues conducting compliance checks.  The survey results confirmed that majority of the lab personal have issues in all the six stages of the PMTL processes. The flow chart in Figure 1; was developed to identify every stages in the manual laboratory process in the PMTLs. The results were then analyzed using quantitative based approached and concluded that 80% of the laboratory personal encountered issues in all those 6 stages while performing their laboratory duty every day and 20% encounter minor issues or remain neutral.

4.3 . Survey Questiainnaires to major PNG Road Contractors   
Road Contractor Survey: In this phase a specific survey questionnaires were directed to road contractors who are involved in the design and construction of the road projects in PNG and how the laboratory test data affects the progress of their project delivery and the quality of the pavement structure they design and build in adopting the laboratory data. 
Project delivery: The questionnaires were structured to obtain views on the time request is submitted to the time reports are issued, the turn around time (TAT), the data integrity and quality and agree with laboratory process to be automated. In TAT; 80% of the contractors indicate that the laboratory data issued is always delayed, by weeks and 20% had no problem with TAT. 70%  always encounter issues with data, either incorrect data, data missing and or not within the expected requirement and 30% remain neutral on or have no or minor issues only.  
Automation: The 80% of the contractors agree with automation to improve laboratory process, TAT and reduce errors. The remaining 20% want to remain with manual, by signing of legally binded agreement with respective laboratories to deliver within the contract time frame enable the laboratories to meet their deadline in issuing laboratory results and are paid accordingly for their services. However, data integrity, quality and impartiality is compromised instead when people are involved and thus require laboratory system to be automated to minimize all these issues within the laboratory process.

4.4 . Outcome of the Case study    
PMTL survey: The findings obtained from the survey questionnaires administered to six major public accredited laboratory were 80 % of the laboratory agreed for automation and 20% disagree for automation due to the following: The 80% agreed to improve their laboratory process to be automated; The 20% disagree due to lack of timely availability of funding and resource to support the adoption of automation technology.
Road Contractors: The findings obtained from the questionnaires administered to the
major road contractors were 80% wanted automation and 20% remain with manual
or neutral due to the following: The 80% agreed to automation to improve turnaround
time and reduce errors in the laboratory test data; The 20% want to remain with 
manual by applying legal agreement between the contractor and the laboratory to
deliver the results on timely basis 
Conclusion: Data integrity, quality and impartiality is compromised when people are involved and therefore it is strongly recommended for the laboratory system to be automated to minimize or avoid all these issues within the laboratory process.

5. FINDINGS AND DISCUSSIONS

5.1 . Overview     
The results of this study present a structured evaluation of the literature review, manual laboratory process, applicable automation technologies that are available and are transferable to Pavement Materials Testing Laboratory (PMTL) processes. Furthermore their benefits and challenges are also assessed and evaluated to identify practical automation technology that is simple, cost effective and user-friendly that can be customized for PMTL appropriate for under developed countries. Through systematic analysis, key technological enablers, operational gaps, and integration opportunities were identified. The findings highlight and discuss the potential for end-to-end automation to significantly improve efficiency, accuracy, and compliance with ISO/IEC 17025:2017.

5.2 . Literature based - Potential Automation Technologies for PMTL    
Automation technologies relevant to PMTL operations were identified from the literature and evaluated using a structured assessment framework. The technologies considered include: Laboratory Information Management Systems (LIMS); Internet of Things (IoT)-enabled laboratory equipment; Artificial Intelligence (AI) for data validation and analysis; Barcode and QR code-based sample tracking systems; Cloud-based data management platforms. Each technology was assessed based on the following criteria: Applicability to PMTL processes; Compatibility with ISO/IEC 17025:2017 requirements; Implementation feasibility and cost-effectiveness; Scalability and flexibility and Integration capability with existing laboratory systems 

5.3 . PMTL Process Gaps and Challenges Identified    
Research gap identified: The critical research gap identified in this study is the absence of a fully integrated, end-to-end automated system tailored specifically for PMTL operations.  Existing systems do not comprehensively link key laboratory functions such as test request initiation, sample handling and registration, personnel and equipment scheduling, real-time monitoring, data processing, and report generation within a unified workflow.
Challenges identified in Manual PMTL process: The significant challenges identified in the manual PMT laboratory process include: Fragmented process increase delay; Manual labour increase errors; Data integrity and traceability issues; Lack of real-time monitoring; Inefficiency in laboratory operation; Paper based logs increases loss of data and misinformation; Inefficiency in personal and equipment scheduling; Manual process increase environment, safety and compliance risk.

5.4  . Challenges identified in Automation      
Challenges is automation technology identified were: Sustainability of the technology; Costly to purchase; Consistent capacity development; Limitation in the technology applicability; Lack of proper infrastructure to accommodation the technology; Lack of consistent funding and resource support; Non availability of the technology and expert in the country and Lack of knowledge about the technology.   

5.5 . Benefits in Automation      
Improved Traceability: Instant retrieval of data for audits, query and referencing.
Reduced Human Error: Minimises manual recording and calculation; and duplication of data.
Increased Efficiency: Streamline and standardise workflow seamlessly; and accelerate throughout by operating non-stop for a long time.
Data Quality and Reproducibility: Prevent manual errors, ensuring high consistency results across trials   
Reduce Cost: Minimise wastage and replace human labour shift, and operating multiple task simultaneously.
Reduce Turn Around Time: Replace manual labour and operating multiple task simultaneously continuously 
Enhanced Safety: Reduce human exposure to hazardous and toxic materials, and use of automated security system in workplaces.

5.6 . Findings of the Case Study      
PMTL survey questionnaires: The 80% agreed to automate their laboratory process to be automated and 20% disagree due to lack of timely available of funding and resource to support the adoption of automation technology.
Contractor survey questionnaires: The 80% agreed to automate the laboratory               process to improve turnaround time and reduce errors and 20% want to remain manual by signing legal agreement between the contractor and the laboratory to deliver the results on timely basis within expectation 
Conclusion: The data integrity and quality, and impartiality are compromised when people are involved and in the both survey strong support of automation is evident in the data obtained, therefore it is strongly recommended for the laboratory system to be automated to minimize or avoid all these issues identified in this study within the laboratory process

5.7 . Comparing Manual to Automated PMTL processes      
The issues identified with current practice of laboratory operation in this section has contributed to the significant effect on the poor performance of the PMTL process compromising data integrity, quality, safety and compliance. On the other hand automating the current laboratory process enhance the laboratory performance to be effective, efficient in maintaining integrity and improve quality of the data produced in the PMTL that contribute to sustainable road pavement structures.  

5.8 . Discussion       
The research study main aim is to design, develop and validate a simple, cost effective user-friendly and customized automated PMT Laboratory system specifically tailored for PNG context that integrates the laboratory processes linking request submission, sample reception, personal and equipment scheduling, real-time monitoring and issuing of reports to address the research gap identified in this study. This system designed and developed addresses the critical operational gaps identified in this study The “High-end” advance technologies such as LIMS are not practical and too costly to adopt, implement and sustain with the challenges highlighted in this study particularly in resource-constrained countries.  Therefore, on this contrary a need to identify, design and develop a simple, low cost and customized automated PMT Laboratory system was imminent particularly to PNG context 

6. CONCLUSIONS

This research study conceptually and empirically validate an end-to-end PMTL automated system tailored to PNG context. The system designed addresses critical operational gaps related to traceability, efficiency, resource utilization, and accreditation compliance. The automated PMTL System demonstrates strong practical value and how digital solutions can enhance traditional laboratory workflows by combining web development, database management, and QR code technology, the system achieves a balance between digital efficiency and physical laboratory processes. Its implementation has the potential to significantly contribute to sustainable pavement infrastructure development. This project reflects a practical and scalable approach to laboratory management and can be further enhanced with features such as real-time QR scanning, automated report generation, and advanced analytics. 
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