
MULTI-SENSOR TECHNOLOGIES IN CHEMICAL METROLOGY: FUSION OF 
OPTICAL AND ELECTROCHEMICAL MEASUREMENT TECHNIQUES

Erman KARAKUŞa and Lokman LİVb

a Organic Chemistry Laboratory, Chemistry Group, The Scientific & Technological Research Council of Türkiye, National Metrology Institute, (TÜBİTAK UME), 41470 Gebze, Kocaeli, Türkiye
b Electrochemistry Laboratory, Chemistry Group, The Scientific & Technological Research Council of Türkiye, National Metrology Institute, (TÜBİTAK UME), 41470, Gebze, Kocaeli, Türkiye

Optical Chemosensors

• Optical chemosensors are molecular or material-based systems that detect the presence of target analytes using optical signals, such as 
absorbance, fluorescence, or colorimetric changes.

• These sensors play a critical role in chemical, environmental, and biomedical sensing due to their high sensitivity, selectivity, and non-
invasive characteristics.

Sensor Type Sensitivity Selectivity Cost
Common 

Applications

UV-Vis 

Absorption
Moderate

High with proper 

ligand
Medium

Heavy metal 

detection, food 

analysis

Fluorescence High Very high High

Bioimaging, 

environmental 

monitoring

Naked-Eye Low-Moderate Moderate Low
Point-of-care 

testing, security

Smartphone-

Based
High High Low-Medium

Mobile 

diagnostics, 

environmental 

testing

Electrochemical Sensors

• Electrochemical sensors are analytical instruments that transform chemical information into an electrical signal, permitting the 
detection and quantification of target analytes. 

• These sensors are extensively utilized in environmental monitoring, healthcare, food safety, and industrial applications owing to their 
high sensitivity, selectivity, and real-time detection capabilities.

Sensor Type Sensitivity Selectivity Cost
Common 

Applications

Amperometric High Moderate Medium

Glucose sensors, 

heavy metal 

detection

Potentiometric Moderate High Low
pH sensors, blood 

ion analysis

Impedimetric Very High Very High Medium-High

Pathogen 

detection, DNA 

biosensors

Voltammetric Very High High Medium

Heavy metal 

analysis, 

neurotransmitter 

detection

Rationale behind Fusion of Optical and Electrochemical Measurement Techniques in Multi-Sensor Systems

The integration of optical and electrochemical 
measurement techniques offers a synergistic 
advantage by eliminating the limitations of each 
approach. Expected impacts of combining both 
methods:

1. Enhanced Sensitivity and Selectivity

➢ Allows for more precise detection of trace 

analytes in complex environments by reducing 

errors (false positive and negative)

2. Broader Applicability Across Various Fields

➢ Environmental Monitoring: Real-time detection 

of contaminants (e.g., heavy metals, pesticides) 

in water, soil, and air.

➢ Industrial Process Control: Monitoring chemical 

processes in pharmaceuticals, food safety, and 

material science. 

➢ Biomedical and Healthcare Applications: Early 

disease detection in blood, urine, or tissue 

samples. Multi-analyte detection for 

personalised medicine and point-of-care 

diagnostics

3. Real-Time and In-Situ Monitoring Capabilities

➢ Faster Response Time: Rapid detection of 

chemical changes in dynamic environments 

(e.g., industrial reactors, environmental 

monitoring stations)

➢ Non-Invasive and Miniaturized Systems: Optical 

methods offer remote sensing, whereas 

electrochemical systems provide miniaturisation 

for portable applications such as wearable and 

implanted biosensors in healthcare.

4. Data-Driven Insights and AI 

Integrations

➢ Advanced-Data Processing: Machine 

learning algorithms can integrate data 

from both sensors to enhance 

recognition trends.

➢ Internet of Things (IoT) Integration: 

Intelligent sensor networks capable of 

real-time communication and 

automation in industrial and 

environmental monitoring.

5. Economic and Societal Benefits

➢ Cost Reduction in Chemical Analysis: 

Minimizes the need for multiple 

instruments, lowering operational 

costs. Enhanced efficiency in labs and 

industrial procedures.

➢ Increased Safety in Hazardous 

Environments: Early detection of toxic 

chemicals or biological hazards 

reduces health risks in industrial, 

military, and public safety 

applications.

New Metrological Needs for Fusion of Optical and Electrochemical Measurement Techniques

Challenges in Calibration and Uncertainty Analysis:

➢ Advanced Calibration Chains: Integrated systems need 
calibration processes covering optical and 
electrochemical domains. Each modality has different 
uncertainty sources, and combining these into a single 
traceable measurement result requires advanced 
uncertainty propagation methods.

➢ Reference Materials: Traditional reference materials and 
standards are often designed for single-method 
measurements. There is a growing demand for multi-
modal reference materials and calibration procedures 
designed for hybrid systems.

Standardisation Requirements:

➢ Unified Protocols: International and national organisations 
must develop guidelines (preparation, calibration and 
maintenance of instruments) for integrated measurement 
systems.

➢ Data Fusion and Digitalization: Novel metrological 
frameworks must consider the data fusion algorithms, 
ensuring the combined output is traceable and its 
uncertainty well-characterized.

➢ Improved Calibration Tools: Development of new 
multi-modal reference standards and calibration 
instruments for the complex interactions in hybrid 
systems.

➢ Enhanced Data Analytics: Integrating machine 
learning and advanced statistical methods to 
combine data streams, improve uncertainty 
estimation, and automate quality control.

➢ Interdisciplinary Standardization Efforts: 
Collaboration among metrology institutes, 
standardisation organisations (BIPM, ISO, and 
OIML), and technology developers to establish 
updated, universally accepted standards for 
integrated measurement techniques. 

Future Evolutions

References:
1. S. López-Sanz et al., Analytical metrology for nanomaterials: Present achievements and future challenges, Anal. Chim. Acta 1059 (2019) 1–15.
2. A. Wain Metrology Needs for Electrochemical and Electrical Biosensors: Stakeholder Engagement Report, NPL Report. TQE 22 (2022)
3. M. Mattarozzi et al., Metrological traceability in process analytical technologies and point-of-need technologies for food safety and quality 
       control: not a straightforward issue, Anal. Bioanal. Chem. 415 (2023) 119–135.
4. P. Tawade and M. Mastrangeli, Integrated Electrochemical and Optical Biosensing in Organs-on-Chip, ChemBioChem 25 (2024) e202300560
5. C.-Y. Hsu et al., Advances in electrochemical-optical dual-mode biosensors for detection of environmental pathogens, Anal. Methods 16 (2024)
       1306–1322.
6. A. V Kalinichev et al., Optical sensors (optodes) for multiparameter chemical imaging: classification, challenges, and prospects, Analyst 149 (2024) 29–45. 

Contact Information: erman.karakus@tubitak.gov.tr

mailto:erman.karakus@tubitak.gov.tr

	Slide 1: MULTI-SENSOR TECHNOLOGIES IN CHEMICAL METROLOGY: FUSION OF OPTICAL AND ELECTROCHEMICAL MEASUREMENT TECHNIQUES

