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ABSTRACT

Pavement Materials Testing Laboratories (PMTLs) play a critical role in ensuring that pavement materials meet the required specifications to sustain traffic loads and achieve design standards. This study investigates the potential for transforming PMTL operations through the adoption of automation technologies, with a particular focus on developing-country contexts such as Papua New Guinea (PNG).  A systematic review of the literature published up to 2025 was conducted using targeted keyword search strategies to identify relevant advances in laboratory automation across multiple sectors. The review highlights significant progress driven by the integration of artificial intelligence (AI), the Internet of Things (IoT), robotics, and Laboratory Information Management Systems (LIMS). However, findings indicate that PMTLs remain largely dependent on manual processes, limiting efficiency, traceability, and data reliability. To complement the literature review, a case study was undertaken using structured questionnaires distributed to laboratory personnel across six PMTLs and to representatives from seven major road construction companies in PNG. The responses indicate strong support for the adoption of automation to improve laboratory operations. The study identifies a critical research gap in the absence of an integrated, end-to-end automated system capable of linking test requests, sample management, personnel allocation, and equipment utilisation within a unified PMTL framework. While the benefits of automation are evident, challenges related to sustainability, including funding constraints and resource capacity, remain significant barriers to implementation. This research contributes to the development of a conceptual foundation for PMTL automation, highlighting the need for scalable, context-specific solutions to enhance quality assurance and operational performance.
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1. Introduction

PMTLs play a fundamental role in ensuring that construction materials used in road infrastructure meet the specified design and performance requirements [17]. Reliable laboratory testing is essential for achieving durable and sustainable pavement systems capable of withstanding increasing traffic demands [13]. However, in many developing countries, including PNG, PMTL operations remain largely manual, resulting in inefficiencies, limited traceability, and challenges in maintaining consistent quality standards. The growing demand for improved infrastructure performance has intensified the need for sustainable and cost-effective automation solutions that can bridge end-to-end gaps within laboratory processes. An automated PMTL system has the potential to enhance operational efficiency by enabling seamless integration of testing workflows, from test request initiation and sample handling to personnel allocation, equipment utilisation, and results reporting. Such integration is critical for achieving real-time monitoring, improving data integrity, and ensuring compliance with quality management standards such as ISO/IEC 17025:2017 [16].
Despite these needs, several persistent challenges affect current PMTL operations. These include the lack of system integration, the absence of real-time equipment monitoring, susceptibility to human error, limited traceability of samples and data, and concerns related to data security and compliance. These issues collectively contribute to increased turnaround times, reduced reliability of test results, and inefficiencies in laboratory resource utilisation. 
Advancements in digital automation technologies provide practical solutions to address these challenges [11,12]. Technologies such as artificial intelligence (AI), robotics, and the IoT, when integrated with LIMS, enable the automation and standardization of laboratory processes. These technologies facilitate intelligent data exchange, reduce manual intervention, and support consistent execution of testing procedures. As a result, laboratories can achieve improved accuracy, reduced operational costs, enhanced productivity, and better service delivery outcomes.
The integration of digital automation systems allows disparate laboratory components, including equipment, sensors, and software platforms, to operate cohesively within a unified framework. This interconnected environment enables real-time data sharing, automated decision-making, and streamlined workflows. Such transformations have been widely observed in advanced laboratory sectors, including medical, pharmaceutical, scientific, and manufacturing industries, where automation has significantly improved sample handling, testing efficiency, and overall quality assurance [1]. However, the adoption of automation in PMTLs, particularly in developing countries, remains limited. This is largely due to constraints such as reliance on manually operated equipment, inadequate laboratory infrastructure, and challenges related to financial sustainability and technical capacity. Consequently, PMTLs continue to experience inefficiencies in critical processes, including test request management, sample tracking, personnel coordination, and equipment utilisation, all of which impact the accuracy, integrity, and timeliness of laboratory results. In response to these challenges, this study undertakes a comprehensive review of existing literature using targeted keyword search techniques to identify automation technologies successfully applied in other laboratory sectors. The study further evaluates the benefits, opportunities, challenges, and limitations associated with the adoption and long-term sustainability of these technologies within the PMTL context.
The objective of this research is to establish a conceptual foundation for a sustainable and integrated PMTL automation framework capable of addressing current operational gaps. By leveraging appropriate digital technologies, the proposed approach aims to improve laboratory efficiency, reduce costs and turnaround time, and enhance the quality and reliability of test results. Ultimately, this contributes to the development of more durable and sustainable road pavement systems within national infrastructure networks.
2. Literature Review

2.1 Overview of the Literature Review

The development of a user-friendly, scalable, and cost-effective automated laboratory system, particularly for resource-constrained environments, requires a comprehensive understanding of existing technological advancements and their practical applications. A systematic review of the literature is therefore essential to identify established principles, evaluate current automation practices, and assess their relevance to Pavement Materials Testing Laboratories (PMTLs). This review focuses on key components of laboratory automation, including system integration, data management, and process optimisation, while ensuring alignment with accreditation standards such as ISO/IEC 17025:2017 [7,9]. In addition, it examines the benefits and challenges associated with the adoption and long-term sustainability of automation technologies. Understanding these factors is critical for making informed decisions regarding the selection and implementation of appropriate technologies tailored to specific laboratory contexts.

2.2 Applications of Automation in Laboratory Systems

Automation technologies have been widely implemented across various laboratory and industrial domains, demonstrating significant improvements in efficiency, accuracy, and operational performance.
Internet of Things (IoT)-based automation enables the use of interconnected instruments and sensors to monitor and control laboratory processes in real time. Applications include automated equipment operation, environmental monitoring, and remote system control, contributing to improved efficiency, reduced operational costs, and enhanced safety in laboratory environments [3,4] .
Artificial Intelligence (AI) and machine learning (ML) applications enhance data analysis capabilities by identifying complex patterns and trends that may not be easily detectable through manual interpretation. These technologies support high-volume data processing, improve decision-making, and facilitate knowledge sharing across laboratory systems [6].
Robotic Process Automation (RPA) is increasingly used to automate repetitive, rule-based tasks traditionally performed manually, such as data entry, sample tracking, and report generation. This reduces human intervention, minimizes errors, and improves process consistency [10,11,12] .
Information technology (IT)-based optimisation systems have been shown to significantly improve laboratory performance by reducing turnaround time and operational errors, particularly in high-demand environments such as emergency testing laboratories [2,15].
Cloud-based platforms, such as cloud computing infrastructures, provide scalable and secure environments for data storage, processing, and system integration. These platforms support automation by enabling laboratories to manage digital operations efficiently and expand their capabilities as required. A central component of modern laboratory automation is to build, manage, and expand its digital abilities [2,5].  
Laboratory Information Management System (LIMS), which serves as an integrated platform for managing laboratory activities. LIMS facilitates sample tracking, workflow management, equipment monitoring, data analysis, and reporting, thereby enhancing efficiency, accuracy, and compliance with regulatory requirements [ 1, 8,].
.
2.3 Impact of Automation on Quality Assurance

Quality assurance (QA) is a fundamental component of laboratory operations, ensuring that processes and outputs meet established standards and performance expectations. In traditional laboratory environments, QA relies heavily on manual supervision, periodic inspections, and personnel oversight, which can introduce inconsistencies and delays.
The integration of automation transforms QA processes by embedding quality control mechanisms directly into laboratory systems [7,9] . Automated systems enable real-time monitoring of sample handling, data integrity, and testing procedures, ensuring the immediate detection of deviations and non-conformities. This enhances the reliability and accuracy of laboratory results while reducing dependence on manual intervention.
In engineering and construction contexts, effective QA systems are critical for ensuring the quality of infrastructure projects. The integration of automated QA processes supports informed decision-making, improves compliance with standards, and contributes to the delivery of durable, high-quality road infrastructure.

2.4 Automation in Relation to ISO/IEC 17025:2017 Requirements

Automation technologies play a significant role in supporting compliance with ISO/IEC 17025:2017 by enhancing the management, control, and traceability of laboratory processes. Through the integration of digital systems, laboratories are able to standardise operations and ensure consistent adherence to quality management requirements. In the area of document control, automated systems ensure that only current and approved versions of documents are accessible for use. This is achieved through embedded version-control mechanisms and workflow-based approval processes, which minimise the risk of outdated or unauthorised documents being applied in laboratory activities.  Similarly, equipment management is significantly improved through automation by enabling systematic scheduling, calibration tracking, and maintenance monitoring. Automated alerts and system controls help prevent the use of non-compliant or out-of-calibration equipment, thereby reducing risks associated with inaccurate test results.  Automation also enhances data integrity and reporting by facilitating secure, paperless data management systems. These systems reduce the likelihood of manual transcription errors and protect data from unauthorised access or manipulation, ensuring the reliability and authenticity of laboratory records.  In terms of personnel competency management, automated systems provide effective tracking of staff training, certification, and authorisation. This ensures that only qualified and competent personnel are permitted to perform specific laboratory tasks, thereby maintaining the integrity of testing processes.
Furthermore, automation supports method validation by enabling structured workflows for verifying testing procedures and ensuring the accuracy and consistency of generated data. This contributes to improved confidence in laboratory results and compliance with standardised testing methods.  The management of nonconforming work is also strengthened through automation, as systems can generate real-time alerts when deviations or non-compliance issues occur. These systems facilitate immediate corrective actions, reducing the impact of errors and improving overall process control. Collectively, these applications demonstrate that automation significantly enhances the effectiveness of laboratory quality management systems and provides a robust mechanism for achieving and maintaining compliance with ISO/IEC 17025:2017 requirements [16].

2.5 Benefits of Laboratory Automation

The adoption of automation technologies provides several key benefits that enhance laboratory performance and service delivery. These include improved traceability through real-time data access, reduced human error due to minimised manual intervention, and increased operational efficiency through streamlined and 
standardised workflows.  Automation also improves data quality and reproducibility by ensuring consistent execution of testing procedures. In addition, it contributes to cost reduction by optimising resource utilisation and reducing material wastage. Turnaround time is significantly reduced as automated systems can operate continuously and perform multiple tasks simultaneously. Furthermore, automation enhances workplace safety by limiting human exposure to hazardous environments and incorporating automated monitoring and control systems.

2.6 Challenges of Automation

Despite its advantages, the adoption of automation presents several challenges, particularly in resource-constrained environments. High initial investment costs and ongoing maintenance requirements can limit accessibility and sustainability. Additionally, continuous capacity development is necessary to equip personnel with the technical skills required to operate and maintain automated systems.
System integration and technological complexity also pose challenges, especially when multiple platforms and devices must function cohesively. Infrastructure limitations, such as inadequate laboratory facilities and unreliable digital systems, further restrict the applicability of automation solutions.
Moreover, limited knowledge and experience in implementing quality assurance systems can increase risks during the transition from manual to automated processes, necessitating additional training and organisational support. In the context of PMTLs, existing inefficiencies and inadequate infrastructure contribute to compromised material quality and increased road maintenance costs, underscoring the need for carefully planned, context-specific automation strategies.

3. Methodology

3.1 Overview of the Methodology
This study adopts a systematic review and framework development approach to investigate and establish an automation model for PMTL processes. The methodology integrates a structured literature analysis with conceptual system design to identify, evaluate, and synthesise appropriate automation technologies applicable to laboratory operations.
The approach is guided by the objective of developing a practical, scalable, and cost-effective automation framework tailored to resource-constrained environments. Emphasis is placed on enhancing laboratory efficiency, improving data integrity, and ensuring compliance with ISO/IEC 17025:2017 requirements. The methodology further incorporates an applied component through a case-based assessment to validate the relevance of the proposed framework within a real PMTL context.
3.2 PMTL Needs Assessment and Requirement Analysis

A comprehensive assessment of existing Pavement Materials Testing Laboratory (PMTL) workflows was conducted to identify operational inefficiencies, system limitations, and areas requiring improvement. The current laboratory processes, as illustrated in Figure 1, were systematically analysed across key functional stages, including request submission and billing, sample receipt and registration, test allocation and scheduling, data recording and processing, and result validation and reporting. The assessment revealed that PMTL operations remain predominantly reliant on manual and paper-based processes. This reliance contributes to fragmented workflows, limited integration between laboratory functions, and inefficiencies in data management and process coordination.  Based on these observations, a gap analysis was undertaken to evaluate the discrepancies between existing practices and the requirements of an automated laboratory system. The analysis identified several critical challenges, including a strong dependence on manual data handling and record-keeping, high susceptibility to transcription and calculation errors, and a lack of integration across laboratory systems and processes. In addition, delays in data processing, reporting, and decision-making were observed, alongside an increased risk of non-compliance with ISO/IEC 17025:2017 requirements. These findings established the functional and technical requirements necessary for automation and provided a foundation for the design and development of an integrated PMTL automation framework. Furthermore, the identified gaps informed the selection of appropriate technologies and system components aimed at improving workflow efficiency, enhancing traceability, and strengthening overall laboratory performance.
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Figure 1:: PMTL Manual Process

3.3 System Design and Architecture

Based on the outcomes of the needs assessment and gap analysis, a conceptual PMTL automation system architecture was developed to address identified inefficiencies and operational limitations. The system design adopts a cost-effective, customized modular and integrated approach, enabling interoperability between laboratory processes, equipment, and data management platforms.
The proposed architecture consists of the following customized core components:
Laboratory Information Management System (LIMS): Serves as the central platform for managing sample registration, workflow coordination, data processing, and reporting. 
Internet of Things (IoT) Integration: Enables real-time monitoring of laboratory equipment, environmental conditions, and test processes through connected sensors and devices. 
Artificial Intelligence (AI) and Machine Learning (ML): Supports data validation, anomaly detection, and predictive analysis to improve decision-making and quality assurance. 
Automation Interfaces and Robotics (where applicable): Facilitate the execution of repetitive laboratory tasks, reducing manual intervention and improving consistency.
Cloud-Based Infrastructure: Provides scalable data storage, secure access, and system interoperability across multiple users and locations. 
The customized system is designed to enable end-to-end integration of laboratory operations, linking test requests, sample tracking, personnel allocation, equipment utilisation, and result reporting within a unified digital environment. This architecture ensures real-time data flow, improved traceability, and enhanced compliance with ISO/IEC 17025:2017 requirements.
3.4 Case Study Design and Data Collection

To evaluate the applicability and practical relevance of the proposed automation 
framework, a case study approach was adopted in the context of PMTL operations in PNG. The case study was designed to capture industry perspectives, assess current operational challenges, and determine the level of readiness for the adoption of automation technologies. Data were collected using from a structured questionnaire survey administered to laboratory personnel from six PMTLs and representatives from seven major road construction companies. These participants were selected due to their direct involvement in laboratory testing processes and their familiarity with existing operational practices. A purposive sampling strategy was employed to ensure that respondents possessed the necessary technical knowledge and professional experience to provide reliable and relevant input. The questionnaire was structured into thematic sections covering current laboratory practices, operational challenges, awareness and understanding of automation technologies, perceived benefits and barriers to implementation, and readiness for digital transformation. Both closed-ended and limited open-ended questions were included to capture quantitative responses as well as qualitative insights. A total of thirteen (13) questionnaires were distributed to six PMTL laboratories, with eleven (11) valid responses received, resulting in a response rate of eighty percent (80 %), indicating issues with the laboratory processes. The other three (3) questions were issued to seven contractors in PNG, with five (5) valid responses received, resulting in a response rate of sixty-seven percent (67%) indicating issues with the PMTL process, and the results are presented in Table 1. The outcome of the study indicated strong support for automation from both scenarios, with eighty percent (80%) each. The collected data were screened for completeness and consistency prior to analysis to ensure data quality and reliability. Quantitative data were analyzed using descriptive statistical methods, including frequency distributions and percentage analysis, to identify trends in responses and measure the level of support for automation adoption. Qualitative responses were analysed using thematic analysis to identify recurring patterns, key concerns, and stakeholder perspectives regarding laboratory automation. To enhance the reliability of the findings, the questionnaire design was informed by the literature review and aligned with the study objectives. Content validity was ensured through the inclusion of domain-relevant questions, while consistency in responses was evaluated through cross-comparison of related variables. The integration of quantitative and qualitative data provided a comprehensive understanding of the feasibility, acceptance, and potential implementation challenges of automation in PMTL operations. This case study therefore serves as a critical validation component, linking the proposed framework to real-world laboratory conditions and stakeholder expectations.

	Category
	No. of people
	Support for Automation

	Six PMTL in PNG

	Total Questionnaires
	13
	60
	
80%

	Response Receved
	11
	49
	

	Response Rate
	80%
	

	Seven Contractros in PNG

	Total Questionnaires
	3
	7
	
70%

	Response Recieved
	2
	5
	

	Respose Rate
	67%
	


Table 1: Case Study Response and Respondent Summary

3.5 Data Analysis Methods

The data obtained from the literature review and case study were analysed using a mixed-methods approach, combining qualitative and descriptive quantitative techniques.
Qualitative analysis was applied to interpret responses related to challenges, opportunities, and perceptions of automation. Thematic analysis was used to identify recurring patterns and key issues affecting PMTL operations. 
Quantitative analysis involved summarising questionnaire responses using descriptive statistics, such as frequencies and percentages, to evaluate the level of support for automation adoption. 
The integration of these methods enabled a comprehensive evaluation of both theoretical insights and practical perspectives, strengthening the reliability of the study findings.

3.6 Framework Development

The development of the Pavement Materials Testing Laboratory (PMTL) automation 
framework was informed by a combination of findings derived from the literature review, results obtained from the needs assessment and gap analysis, and insights generated through the case study. These components collectively provided a comprehensive foundation for identifying system requirements and defining the structure of the proposed solution. Based on this integrated analysis, a conceptual framework was designed to consolidate key laboratory functions within a cohesive and automated system environment. The framework enables end-to-end integration of laboratory workflows, facilitating seamless coordination from test request initiation through to final reporting. It incorporates real-time data management capabilities to enhance traceability and ensure continuous monitoring of laboratory activities. In addition, the framework supports the automation of critical laboratory processes, thereby reducing manual intervention and improving operational efficiency.
The proposed system is further aligned with the quality management principles outlined in ISO/IEC 17025:2017, ensuring that compliance requirements are embedded within the automated processes. Emphasis is placed on scalability and adaptability, allowing the framework to be effectively implemented in resource-constrained environments while maintaining the flexibility to accommodate future technological advancements and improvements in infrastructure and technical capacity.

3.7 Validation of the Proposed Framework

The proposed automation framework was evaluated through a comparative analysis of existing laboratory practices, alongside an assessment of its alignment with the identified operational challenges and user requirements. The validation process considered the extent to which the framework effectively addresses the gaps observed in PMTL operations, particularly in relation to workflow integration, data management, and process efficiency.  In addition, feedback obtained from case study participants was used to assess the feasibility and practical relevance of the proposed framework within the local context. This was complemented by a comparison with established automation practices in other laboratory sectors to ensure consistency with proven technological approaches and industry standards.  This validation approach ensures that the proposed framework is not only theoretically robust but also practically applicable and contextually appropriate for implementation in resource-constrained and developing country environments.

4. Findings and Discussion

The findings of this study, derived from the review of recent literature published up to 2025, indicate that laboratory automation has significantly transformed operational practices across multiple sectors, including medical, pharmaceutical, and scientific laboratories. These advancements have been particularly evident in developed countries, where the integration of automation technologies has enhanced efficiency, accuracy, and overall quality assurance. In contrast, laboratories in developing countries such as Papua New Guinea (PNG) continue to rely predominantly on manual processes, largely due to limitations in financial resources, infrastructure, and technical capacity.
Despite these constraints, the technologies identified in the literature such as artificial intelligence, the Internet of Things, robotics, and Laboratory Information Management Systems, demonstrate strong potential for application within Pavement Materials Testing Laboratories (PMTLs), provided that they are appropriately adapted to the local context. PMTLs play a critical role in transportation engineering by ensuring the quality and certification of pavement materials, thereby supporting reliable road design and construction outcomes.
A key finding of this study is the identification of a significant research and operational gap, namely the absence of an integrated, end-to-end automated system capable of linking test requests, sample handling and registration, personnel allocation, and equipment monitoring within a unified framework. This lack of integration contributes to inefficiencies, limited traceability, and an increased risk of errors in laboratory operations. Furthermore, inadequate laboratory infrastructure continues to compromise safety, quality, and compliance with established standards, presenting an ongoing challenge for PMTLs in resource-constrained environments.
The results obtained from the case study further highlight that, despite these challenges, PMTLs in PNG operate under considerable pressure to deliver timely and accurate results in response to the increasing demand. While laboratories strive to maintain reliability in their outputs, the findings reveal that the risks associated with manual processes, particularly in relation to data handling, traceability, and error management, are significant and may undermine the integrity of test results.
These findings underscore the urgent need for the development and implementation of a customized automation framework tailored to the specific operational and resource conditions of PMTLs in developing countries. Such a system would address existing inefficiencies, enhance data integrity, and improve overall laboratory performance, thereby supporting the delivery of high-quality and sustainable road infrastructure.



5. Conclusion

This study demonstrates that digital automation technologies have significantly transformed laboratory operations across medical, scientific, and industrial sectors, leading to improved efficiency, reduced reliance on manual labour, and enhanced quality and reliability of results. Despite these advancements, Pavement Materials Testing Laboratories (PMTLs) remain largely dependent on manual processes, particularly in areas such as sample handling, test scheduling, personnel coordination, and equipment utilisation.
The findings of this research highlight the strong potential of adopting automation technologies—including artificial intelligence, the Internet of Things, robotics, and Laboratory Information Management Systems—to transform PMTL operations. However, it is evident that a generic approach to automation is insufficient; instead, a customised and context-specific system design is required to effectively address the unique operational challenges and constraints of PMTL environments.
While the benefits of automation are substantial, the study identifies sustainability as a critical barrier to successful implementation. Challenges related to financial constraints, infrastructure limitations, and technical capacity continue to hinder the adoption of automation in developing countries. In particular, the digitalisation of laboratory equipment, data processing systems, and reporting mechanisms requires consistent investment and long-term strategic support.
Therefore, the successful implementation of PMTL automation depends not only on the availability of appropriate technologies but also on sustained funding, infrastructure development, and capacity building. Addressing these factors is essential to enable the transition toward integrated, automated laboratory systems that 
improve operational efficiency, ensure data integrity, and support the delivery of high-quality and sustainable road infrastructure.
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