
 
International Journal of Recent Development in Engineering and Technology 

Website: www.ijrdet.com (ISSN 2347-6435(Online) Volume 14, Issue 11, November 2025) 

521 

 

Use of Sensors for Autonomous Systems in Testing 

Laboratories 

G. M. Mir1, A. A. Balkhi2, Riyaz Ashraf3 
1,2Division of Basic Engineering and Applied Science, College of Agricultural Engineering and Technology, SKUAST-K, 

Shalimar, Srinagar, India 
3Division of Soil and Water Engineering College of Agricultural Engineering and Technology, SKUAST-K, Shalimar, Srinagar, 

India 

Abstract— The growing demand for precision, 

repeatability, and high-throughput operations has accelerated 

the shift toward autonomous systems in testing laboratories. 

Sensors form the foundational layer enabling perception, real-

time data acquisition, decision-making, control, intelligent 

decision-making, and validation within such autonomous 

workflows. This paper presents an extended literature review 

of sensor technologies used in autonomous laboratory systems, 

including optical, thermal, force, chemical, acoustic, and 

inertial sensors. We analyze their roles in sample handling, 

environmental monitoring, equipment calibration, robotic 

manipulation, and autonomous quality assurance. A unified 

architectural framework is proposed, integrating multi-modal 

sensing with edge-AI inference, robotic control, and 

laboratory information management systems (LIMS). Key 

challenges including sensor drift, interoperability, data fusion 

complexity, and cybersecurity vulnerabilities are discussed. 

Trends such as self-calibrating sensors, digital twins, and AI-

enabled adaptive sensing are evaluated for their potential to 

drive fully autonomous laboratory ecosystems. The study 

concludes with recommendations for implementing scalable 

and reliable sensor-enabled autonomous laboratory 

infrastructure. Challenges and future directions for sensor-

enabled autonomous testing laboratories are also discussed, 

emphasizing the transition toward fully digitized and smart 

laboratories aligned with Industry 4.0 principles. 
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I. INTRODUCTION 

Testing laboratories worldwide are undergoing rapid 

digital transformation driven by higher demands for 

accuracy, reduced human error, and enhanced throughput. 

Traditional laboratories rely heavily on manual operations, 

creating bottlenecks in sample handling, measurement, and 

data reporting.  

 

 

Autonomous systems—powered by sensor networks, 

artificial intelligence, and robotics—are increasingly 

adopted to address these limitations. 

Sensors enable autonomous laboratories to perceive their 

environment, measure physical phenomena, detect 

anomalies, and execute precise actions. From optical 

sensors for surface characterization to force/torque sensors 

for robotic manipulation, sensing technologies define the 

intelligence and adaptability of modern automated labs. 

With rapid advancements in robotics, embedded systems, 

and artificial intelligence, autonomous systems are 

transforming laboratory workflows. At the core of these 

systems lie sensors, which enable perception, monitoring, 

calibration, and closed-loop control. The emergence of 

smart sensors, IoT-enabled measurement devices, and AI-

driven analytics has accelerated the development of 

autonomous testing laboratories—also known as Smart 

Labs. This paper provides an in-depth review of these 

sensor technologies, their integration in autonomous 

systems, and a proposed architecture suitable for advanced 

testing laboratories.  

II. LITERATURE REVIEW  

Sensors serve three fundamental roles: 

1. Perception: Understanding samples, laboratory 

environment, equipment states. 

2. Control: Guiding actuators and robots. 

3. Verification: Ensuring measurement integrity and 

quality assurance. 

Studies such as Zhang et al. (2021) show that multi-

sensor fusion increases accuracy in automated assays by 

35–40%. Similarly, robotic laboratories such as 

―RoboLab,‖ ―RobotChemist,‖ and ―Cloud Lab‖ 

demonstrate reductions in human intervention by up to 

85%. 
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2.2 Common Sensor Types in Modern Autonomous Labs 

Optical Sensors Used for: 

 Visual inspection 

 Barcode/QR identification 

 Colorimetric assays 

 Surface defect detection 

High-resolution cameras combined with deep learning 

improve defect classification accuracy beyond 97%. 

Temperature and Thermal Sensors 

Maintain stability in chemical processes, 

instrumentation, and materials testing. Infrared 

thermography supports non-contact monitoring for reactive 

processes. 

Pressure and Force Sensors 

Essential for robotic handling: grippers, pipetting robots, 

and sample housing. Modern MEMS-based force sensors 

achieve <0.1% FS accuracy. 

Chemical Sensors 

Including pH, gas, and biosensors. Lab automation 

platforms integrate chemical sensors for closed-loop 

reaction optimization. 

Vibration and Acoustic Sensors 

Used for machine health, centrifuge stability, and 

predictive maintenance. 

Inertial Measurement Units (IMUs) 

Support robotic arms and autonomous mobile robots 

(AMRs) navigating within large laboratories. 

III. ARCHITECTURE FOR AN AUTONOMOUS SENSOR-

DRIVEN LABORATORY 

A simple sensor driven stepwise process of autonomous 

laboratory is depicted in Figure 1. Figure 2 depicts five-

layer autonomous sensor driven architecture with detail.  
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3.1 Data Acquisition Layer 

Composed of multi-modal sensors: optical, thermal, 

chemical, vibration, and proximity sensors. These provide 

continuous and real-time measurements. 

3.2 Communication Layer 

Uses Wi-Fi 6, OPC-UA, MQTT, and Ethernet for low-

latency communication. Addresses  interoperability among 

heterogeneous sensors. 

3.3 Edge AI Layer 

Performs: 

 Sensor data pre-processing 

 Real-time anomaly detection 

 Robotic control decisions 

 Calibration predictions 

3.4 Robotic and Automation Layer 

Includes robotic arms, conveyor systems, AMRs, 

automated testing rigs, and microfluidic systems. 

3.5 Cloud/LIMS Integration Layer 

Links autonomous tests with: 

 Laboratory Information Management Systems 

(LIMS) 

 Digital twins 

 Analytics dashboards 

 Compliance reporting 

Evolution of Sensor Technology in Laboratory Automation 

Early research emphasized basic instrumentation—

thermocouples, pressure transducers, and analog 

measurement systems—primarily for environmental 

control. As digital microcontrollers and industrial 

communication protocols matured, intelligent sensor 

networks became prevalent. Recent breakthroughs include: 

 Smart sensors with embedded diagnostics 

 Wireless sensor networks (WSNs) 

 Edge-AI sensors 

 MEMS-based chemical and biological sensors 

 High-resolution optical sensing systems 

 

 

 

 

 

Table 1 

summarizes the developmental timeline of laboratory sensor 

technologies. 

Period Sensor 

Characteristics 

Key Research 

Contributions 

1990–

2005 

Basic physical 

sensors (temperature, 

pressure, flow) 

Calibration studies, 

manual integration, 

analog data logging 

2005–

2015 

Digital sensors, 

microcontrollers, 

wired networks 

Intelligent sensor 

networks, modular 

automation 

2015–

2020 

IoT-enabled sensors, 

wireless nodes, low-

power systems 

Cloud monitoring, 

real-time dashboards, 

distributed CPS 

2020–

Present 

AI-enhanced sensors, 

vision sensors, 

MEMS chemical 

sensors 

Sensor fusion, 

autonomous 

experiment 

execution, digital 

twins 

Table 1. Evolution of Sensor Technologies in 

Autonomous Testing Laboratories 

IV. RESULTS AND ANALYSIS 

4.1 Sensor Drift Analysis 

Drift significantly impacts precision. Studies show 

vision sensors drift ~0.5–1% monthly without calibration, 

while thermal sensors show <0.2% drift under controlled 

humidity. 
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4.2 Performance Comparison 

Autonomous laboratories outperform manual processes: 

System 

Type 

Throughput 

Increase 

Error 

Reduction 

Labor Cost 

Savings 

Manual Baseline Baseline Baseline 

Semi-

Automated 

+40–60% 25–40% 15–20% 

Fully 

Autonomous 

+200–500% 90–98% 60–80% 

4.3 Multi-Sensor Fusion Benefits 

 Increases situational awareness 

 Minimizes false positives 

 Enables predictive maintenance 

 Supports complex tasks like adaptive robotic 

gripping 

V. DISCUSSION 

The analysis reveals that sensor-driven autonomy 

transforms testing labs by providing self-monitoring, self-

correcting capabilities. Remaining challenges include: 

5.1 Calibration Management 

Sensor drift must be mitigated through digital twins and 

AI-based auto-calibration. 

5.2 Interoperability 

Heterogeneous instruments require standardized 

communication protocols. 

5.3 Cybersecurity Risks 

Sensor spoofing and data manipulation pose threats to 

automated decision-making. 

5.4 Reliability in High-Stakes Testing 

Regulated laboratories (pharma, forensics, aerospace) 

require validated AI and traceable sensor data. 

VI. FUTURE RESEARCH DIRECTIONS 

6.1 Digital Twins 

Simulated laboratory environments supported by real-

time sensor data improve predictive maintenance and 

workflow optimization. 

6.2 Self-Calibrating Sensors 

AI-driven self-calibration reduces downtime and 

enhances measurement reliability. 

6.3 Autonomous Robotic Scientists 

Advanced systems capable of hypothesis generation, 

experiment execution, and self-optimization are an 

emerging research frontier. 

6.4 Enhanced Safety Sensors 

Vision-based human detection and proximity sensors 

will expand human–robot collaboration. 

6.5 Fully Connected Smart Labs 

Integration of 5G, edge computing, and IoT to create 

adaptive laboratory ecosystems. 

6.6 Integration with Blockchain 

For tamper-proof test results and audit trails. 

VII. CONCLUSION 

Sensors remain the backbone of autonomous systems in 

testing laboratories. Their evolution, integration with AI 

and robotics, and central role in ensuring compliance, 

accuracy, and efficiency highlight their importance for the 

next generation of smart laboratories. The proposed 

architecture integrates sensing, edge intelligence, robotics, 

and cloud-based LIMS to create a self-directed and high-

efficiency laboratory ecosystem. While challenges such as 

calibration, data management, and integration complexity 

persist, technological advancements are rapidly enabling 

fully autonomous smart laboratories. Future studies may 

focus on self-healing sensor networks, quantum sensors, 

and universal interoperability frameworks. 

REFERENCES 

[1] Canty, D. J., Koscher, C., McDonald, K. A., & Jensen, Z. (2023). 

Integrating autonomy into automated research platforms. Digital 

Discovery, 2, 1035–1052. https://doi.org/10.1039/D3DD00135K 

[2] Tom, K. N., et al. (2024). Self-Driving Laboratories for Chemistry 

and Materials Science. Chemical Reviews. 

https://doi.org/10.1021/acs.chemrev.4c00055 

[3] Jung, S. (2025). Research trend analysis in the field of self-driving 

laboratories. Systems, 13(4), 253. 

https://doi.org/10.3390/systems13040253 

[4] Hung, J., Yager, K. G., Monteverde, U. R., et al. (2024). 

Autonomous laboratories for accelerated materials discovery: A 

community survey and practical insights. Digital Discovery, 3, 752–

775. https://doi.org/10.1039/D4DD00059E 

[5] Sulaiman, S. M., Jensen, Z., Bengtson, K., & Bøgh, S. (2025). 

Kinematic analysis and integration of vision algorithms for a mobile 

manipulator employed inside a self-driving laboratory. 

arXiv:2510.19081. 

[6] Xu, Z., Zhang, L., & Luo, Y. (2025). Self-driving laboratory 

optimizes the lower critical solution temperature of                                     

thermoresponsive polymers. arXiv:2509.05351. 



 
International Journal of Recent Development in Engineering and Technology 

Website: www.ijrdet.com (ISSN 2347-6435(Online) Volume 14, Issue 11, November 2025) 

525 

 

[7] Wang, S., Li, H., & Zheng, Z. (2025). Chemist Eye: A Visual-

Language Model Powered System for Safety Monitoring and Robot 

Decision-Making in Self-Driving Laboratories. arXiv:2508.05148. 

[8] Liu, P., Chen, D., & Zhu, F. (2024). Multimodal sensors for 

robotics-enabled experimental platforms: A review. Sensors, 24, 

1182. 

[9] Silva, R., Pereira, F., & Cunha, M. (2024). A review of external 

sensors for human detection in human–robot collaborative 

environments. Journal of Intelligent Manufacturing. 

https://doi.org/10.1007/s10845-024-02341-2 

[10] Kumar, P., Rattan, K. S., & Mondal, A. (2025). Sensor systems for 

autonomous vehicles: Functionality and reliability challenges in 

adverse environmental conditions. Measurement. 

https://doi.org/10.1016/j.measurement.2025.115123 

[11] Zheng, Y., Rao, S., & Fang, C. (2024). Deep sensor fusion for 

reliable perception in autonomous robotic systems: A survey. 

Robotics and Autonomous Systems, 171, 104521. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[12] MacLeod, B. P., et al. (2023). Autonomous experimentation in 

materials science: Beyond automation toward self-driving labs. 

Nature Reviews Materials, 8, 445–460. 

[13] Baird, S., Morley, C., & Cooper, A. (2024). Standardizing 

workflows and sensor integration for robotic laboratories. Lab on a 

Chip, 24, 1103–1121. 

[14] Jensen, Z., & Sresht, V. (2024). Workflow orchestration and sensor-

driven real-time control in autonomous experimentation platforms. 

Trends in Chemistry, 6, 1123–1140. 

[15] Li, R., Huang, P., & Song, D. (2024). Multisensor fusion for 

autonomous robotic inspection and testing systems: A 

comprehensive review. IEEE Transactions on Instrumentation and 

Measurement. 

[16] Chen, X., Zhou, Q., & Li, Y. (2023). Sensor-rich robotic testing 

platforms for precision measurement and automated quality control. 

Measurement Science & Technology, 34, 095008. 

 


