
 

Sensors and Machine Learning Applications 2024,3, 2. https://doi.org/10.69534/smla/190605 www.smlajournal.com 

Type of the Paper (Review) 

Evaluation of Non-Invasive Wearable Diabetes Sensors 

Piya Muradova1* 

 

1Faculty of Physics, Mathematics and Information Technologies, Department of Applied Informatics, 
Chechen State Pedagogical University, Russia 
 
Corresponding author: muradovapiya@gmail.com 

 

Received date: 02-06-2024 ; Accepted date: 28-06-2024; Published date: 30-06-2024 

 

Abstract: Diabetes management has increasingly emphasised the need for continuous 

glucose monitoring (CGM) systems, promoting advancements in non-invasive wearable 

diabetes sensors. This comprehensive review explores the latest developments in this field, 

focusing on the types, technological advancements, and challenges associated with these 

devices. The review is structured into distinct sections that examine the current state and 

future directions of optical, electromagnetic, and transdermal sensors, along with emerging 

technologies in non-invasive glucose monitoring. The review examines the technological 

enhancements that have improved sensor accuracy and precision, ergonomic designs for 

increased comfort, and advancements in data analytics that integrate machine learning for 

predictive analytics. Comparison of the major challenges such as maintaining sensor accuracy 

and reliability, ensuring user compliance, safeguarding data privacy, and overcoming cost-

related barriers are explored. Furthermore, the paper discusses the promising future directions 

like the use of innovative materials, the integration of artificial intelligence, and the importance 

of regulatory and ethical considerations in the development of CGM technologies. This review 

not only underscores the significant progress made in the field but also highlights the critical 

need for ongoing research to overcome existing limitations. The implications of these 

technologies extend beyond individual patient management to broader applications in 

healthcare and lifestyle monitoring, promoting crucial shift towards more personalised and 

accessible diabetes management solutions. 
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1. Introduction 

Diabetes mellitus is a global health concern affecting millions of people worldwide. The 

condition is characterized by chronic hyperglycemia, resulting from defects in insulin secretion, 

insulin action, or both (American Diabetes Association, 2020). Effective management of 

diabetes necessitates continuous monitoring of blood glucose levels to prevent complications 

such as cardiovascular diseases, neuropathy, nephropathy, and retinopathy (Diabetes Control 

and Complications Trial Research Group, 1993). 

Traditional glucose monitoring methods involve invasive techniques like finger-pricking, 

which can be painful, inconvenient, and often lead to poor patient compliance (Heinemann, 

2018). Consequently, there is an increasing demand for non-invasive glucose monitoring 

technologies that provide continuous, real-time data without causing discomfort. These 
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technologies aim to enhance patient adherence, improve glucose control, and ultimately 

reduce diabetes-related complications (Javey et al., 2020). 

The significance of this research lies in its potential to transform diabetes management by 

offering less intrusive monitoring options. The current landscape of non-invasive glucose 

monitoring technologies includes a variety of approaches such as optical sensors, 

electromagnetic sensors, transdermal sensors, and other emerging technologies (Bandodkar 

& Wang, 2014). Each of these technologies has unique mechanisms, advantages, and 

limitations. By critically evaluating these technologies and discussing the latest 

advancements, this review will contribute to a deeper understanding of the field and guide 

future research and development efforts (Gao et al., 2016). 

Current State of the Research 

The field of non-invasive glucose monitoring has seen significant advancements in recent 

years. Key developments include the improvement of sensor accuracy, the integration of real-

time data processing and machine learning, and the design of more ergonomic and 

comfortable wearable devices. However, challenges such as ensuring reliability under various 

conditions, addressing data privacy concerns, and making the technology affordable and 

accessible remain. 

Recent studies have focused on enhancing the performance of non-invasive sensors 

through innovative materials, advanced detection methods, and sophisticated data analytics. 

For instance, the use of near-infrared (NIR) spectroscopy, Raman spectroscopy, dielectric 

spectroscopy, and reverse iontophoresis has shown promising results in accurately measuring 

glucose levels without invasive procedures. 

Lee, Probst, Klonoff, and Sode (2021) provide a comprehensive review on the current 

status and future perspectives of continuous glucose monitoring systems. Their work 

emphasizes the potential of various non-invasive techniques and discusses the challenges in 

achieving high accuracy and specificity in glucose measurements. Tang, Chang, Chen, and 

Liu (2020) offer an extensive overview of non-invasive blood glucose monitoring technologies, 

highlighting the principles and applications of methods like NIR and Raman spectroscopy, 

which have demonstrated considerable potential in clinical and real-world settings. Similarly, 

Omer et al. (2020) introduce a low-cost portable microwave sensor for non-invasive glucose 

monitoring, focusing on dielectric spectroscopy. Their study underscores the potential of this 

technology to provide affordable and reliable glucose monitoring solutions. 

Further, Deng et al. (2022) have explored wearable fluorescent contact lenses as a novel 

approach to continuous glucose monitoring via smartphones, showcasing the innovative use 

of optics in non-invasive glucose measurement. The development of breath acetone sensors 

by Güntner et al. (2022) for monitoring rapid metabolic changes in health and type-1 diabetes 

represents another significant advancement, utilizing exhaled breath analysis as a non-

invasive method. Moreover, the longitudinal assessment of sweat-based TNF-alpha in 

inflammatory bowel disease by Hirten et al. (2024) highlights the expanding scope of wearable 

sensors beyond glucose monitoring, demonstrating their potential in managing a variety of 

health conditions through non-invasive means. 

These advancements demonstrate the ongoing evolution of non-invasive glucose 

monitoring technologies and their expanding applications. Despite the progress, the field must 

continue addressing the critical issues of accuracy, user compliance, data security, and cost 

to achieve widespread adoption and improve diabetes management outcomes globally. 
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2. Types of Non-Invasive Wearable Diabetes Sensors 

The diabetes management is evolving with the development of non-invasive wearable sensors 

designed to continuously monitor glucose levels without the need for frequent blood sampling. 

These sensors fall into several categories based on their operating principles and 

technological mechanisms. The primary types of non-invasive wearable diabetes sensors 

include optical sensors, electromagnetic sensors, transdermal sensors, and emerging 

technologies that employ innovative approaches. 

2.1. Optical Sensors 

Optical sensors are a significant category in non-invasive glucose monitoring technology due 

to their ability to measure glucose levels using light-based techniques. These sensors offer 

the advantage of being non-invasive, providing continuous glucose monitoring without the 

need for frequent blood sampling. Two primary optical methods are employed in glucose 

sensing: near-infrared (NIR) spectroscopy and Raman spectroscopy. Each method has its 

distinct mechanisms and applications, contributing to the advancement of diabetes 

management technologies (Tang et al., 2020). 

2.1.1. Near-Infrared Spectroscopy 

Near-infrared (NIR) spectroscopy is based on the principle of light absorption and scattering 

in the near-infrared region (780–2500 nm). When NIR light is directed at the skin, it penetrates 

the tissue and interacts with glucose molecules in the interstitial fluid. The specific absorption 

characteristics of glucose at certain wavelengths allow the concentration to be determined by 

analysing the absorbed and scattered light (Tang et al., 2020). 

Mechanism 

NIR spectroscopy exploits the overtones and combination bands of vibrational modes of 

glucose molecules. When NIR light is absorbed by these molecules, it causes vibrations that 

are characteristic of the glucose molecular structure. By measuring the intensity of light at 

different wavelengths, it is possible to quantify the glucose concentration in the interstitial fluid 

(Lee et al., 2021). 

Key Devices and Their Functionalities 

Several key devices employ NIR spectroscopy for non-invasive glucose monitoring: 

• GlucoTrack: This device uses a combination of ultrasonic, electromagnetic, and 

thermal technologies alongside NIR spectroscopy to estimate glucose levels. It is 

clipped to the earlobe, where it measures glucose concentrations non-invasively. 

Studies have shown that GlucoTrack can provide reliable glucose readings, although 

calibration and environmental factors can affect accuracy (GlucoTrack, 2020; 

Vlahoman et al., 2020). 

• Scout DS: The Scout DS device utilizes NIR spectroscopy to measure advanced 

glycation end-products (AGEs) in the skin. AGEs are markers of long-term glucose 

exposure, providing an indirect assessment of glucose levels. This device is 

particularly useful for screening and monitoring prediabetes and diabetes (Vlahoman 

et al., 2020). 
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Figure 1. Photographs of the SCOUT DS skin fluorescence spectrometer. The fluorescence of the left volar forearm 
skin is noninvasively measured by the fibre optic array visible in the top left (Vlahoman et al., 2020). 

Advances and Limitations 

Recent advancements in NIR spectroscopy for glucose monitoring include improved sensor 

designs and algorithms for better accuracy and reliability. Enhanced data processing 

techniques and machine learning algorithms are being integrated to refine the interpretation 

of NIR spectra and compensate for individual variability and environmental factors 

(Heinemann, 2020). 

However, NIR spectroscopy faces limitations such as the interference of other biological 

components, variations in skin properties, and the need for frequent calibration. These 

challenges are being addressed through ongoing research and technological innovation (Kim 

et al., 2022). 

2.1.2. Raman Spectroscopy 

Raman spectroscopy is a technique that provides molecular-specific information based on 

inelastic scattering of light, known as the Raman effect. When a laser illuminates the skin, the 

scattered light contains shifts in wavelength that correspond to the vibrational modes of 

glucose molecules, allowing precise glucose measurement (Tang et al., 2020). 

Mechanism 

Raman spectroscopy involves shining a laser on the skin and detecting the scattered light. 

The scattered light is analysed to identify the Raman shifts, which correspond to the vibrational 

energy levels of the glucose molecules. This method provides a molecular fingerprint that is 

highly specific to glucose (Tang et al., 2020). 

Key Devices and Their Functionalities 

• GlucoBeam: The GlucoBeam device uses a laser to penetrate the skin and capture 

Raman spectrum. This non-invasive device can provide real-time glucose readings by 

analysing the characteristic Raman peaks of glucose. Its portable design makes it 

suitable for continuous monitoring (Wang et al., 2021). 

• Surface-Enhanced Raman Spectroscopy (SERS): SERS enhances the Raman 

signal using nanostructured substrates, significantly improving sensitivity and 

accuracy. Devices utilising SERS can detect glucose at lower concentrations, making 

it a promising technology for non-invasive glucose monitoring (Mao et al., 2022). 
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Figure 2. The GlucoBeam device (Wang et al., 2021). 

Advances and Limitations 

Raman spectroscopy offers high specificity and sensitivity due to its ability to identify the 

unique vibrational modes of glucose. Recent advancements include the development of 

portable and wearable Raman devices, as well as the integration of advanced algorithms for 

better signal processing and glucose quantification (Kang et al., 2021). 

Despite these advancements, Raman spectroscopy faces challenges such as high equipment 

cost, complexity of signal interpretation, and potential interference from other skin 

components. Ongoing research aims to overcome these limitations by improving device 

design and developing more robust analytical methods (Xu et al., 2021). 

2.2. Electromagnetic Sensors 

Electromagnetic sensors leverage the principles of electromagnetic fields to measure glucose 

levels non-invasively. These sensors can detect variations in the dielectric properties of 

tissues or use microwave and radiofrequency (RF) signals to monitor glucose concentrations. 

The non-invasive nature and potential for continuous monitoring make electromagnetic 

sensors a promising approach in diabetes management (Omer et al., 2020). 

 

Figure 3. The proposed honey-cell CSRR sensor (a) General conceptual illustration of the portable radar-driven 
sensor; (b) configuration of the CSRRs sensing elements; (c) electric field distribution on the CSRR surface at 3.0 
GHz; (d) fabricated prototype of the sensor; (e) bottom view of the microstrip-line used to excite the CSRRs (Omer 
et al., 2020). 
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2.2.1. Dielectric Spectroscopy 

Dielectric spectroscopy measures the dielectric properties of biological tissues. The dielectric 

constant and conductivity of tissues change with glucose concentration, allowing for glucose 

monitoring through dielectric property analysis (Omer et al., 2020). 

Mechanism 

Dielectric spectroscopy involves applying an electromagnetic field to the tissue and measuring 

the response. The interaction between the electromagnetic field and the tissue's dielectric 

properties provides information about the glucose concentration. Variations in dielectric 

properties are detected and correlated with glucose levels (Omer et al., 2020). 

Key Devices and Their Functionalities 

• Diasensor: The Diasensor 1000 uses near-infrared and dielectric spectroscopy to 

measure glucose levels non-invasively. By combining these two methods, it aims to 

improve accuracy and reliability. This device has been studied for its ability to provide 

real-time glucose monitoring without the need for finger-prick tests (Diasensor, 2020). 

• Non-Invasive Glucose Meter (NIGM): Developed by MediWise, the NIGM employs 

microwave dielectric spectroscopy to measure glucose levels. The device uses 

microwaves to penetrate the skin and measure the dielectric response, which is then 

used to calculate glucose concentration. Studies have shown promising results in 

terms of accuracy and ease of use (MediWise, 2020). 

Advances and Limitations 

Advancements in dielectric spectroscopy include the development of more sophisticated 

sensors and improved algorithms for data interpretation. These advancements have led to 

better accuracy and reduced calibration requirements. However, challenges such as 

variations in tissue composition and environmental factors still affect measurement accuracy. 

Research continues to address these issues through innovative sensor designs and machine 

learning algorithms for better signal processing (Pali et al., 2022). 

2.2.2. Microwave and Radiofrequency Sensors 

Microwave and radiofrequency (RF) sensors use electromagnetic waves in the microwave 

and RF spectrum to measure glucose levels. These sensors detect changes in the absorption 

and reflection of electromagnetic waves caused by variations in glucose concentration (Omer 

et al., 2020). 

Mechanism 

Microwave and RF sensors operate by emitting electromagnetic waves and measuring their 

interaction with the body's tissues. The absorption, reflection, and scattering of these waves 

vary with glucose concentration, providing a basis for glucose measurement (Omer et al., 

2020). 

Key Devices and Their Functionalities 

• GlucoWise: GlucoWise uses RF waves to non-invasively measure glucose levels. The 

device is placed between the thumb and forefinger, where it emits RF waves and 

detects their interaction with the tissues. The data is processed to estimate glucose 

concentration. This device has shown potential for providing accurate and continuous 

glucose monitoring (GlucoWise, 2021). 
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• Contactless RF Sensor: Researchers have developed a contactless RF sensor that 

uses RF waves to monitor glucose levels. This sensor does not require direct contact 

with the skin, making it convenient and comfortable for users. The device measures 

the reflection and absorption of RF waves, which are influenced by glucose 

concentration (Zafar et al., 2022). 

Advances and Limitations 

Recent advancements in microwave and RF sensors include the miniaturisation of sensor 

components and the integration of advanced signal processing techniques. These 

improvements have enhanced the accuracy and usability of the sensors. However, challenges 

such as interference from other biological tissues and environmental factors persist. Ongoing 

research focuses on refining sensor designs and developing robust algorithms to mitigate 

these issues (Li et al., 2023). 

2.2.3. Hybrid Electromagnetic Technologies 

Hybrid electromagnetic technologies combine multiple electromagnetic methods to improve 

the accuracy and reliability of glucose monitoring. These technologies often integrate dielectric 

spectroscopy, microwave, and RF sensing in a single device (Omer et al., 2020). 

Mechanism 

Hybrid electromagnetic sensors leverage the strengths of different electromagnetic methods. 

By combining dielectric spectroscopy with microwave or RF sensing, these devices can 

provide more comprehensive glucose measurements. The integration of multiple techniques 

helps to compensate for the limitations of individual methods (Omer et al., 2020). 

Key Devices and Their Functionalities 

• Multi-Frequency Dielectric Spectroscopy Device: This device combines dielectric 

spectroscopy with multiple frequency ranges to improve glucose measurement 

accuracy. By analysing the dielectric response at various frequencies, the device can 

provide a more reliable glucose concentration estimate (Mahato and Wang, 2021). 

• Integrated Microwave-RF Sensor: An integrated microwave-RF sensor combines 

microwave and RF sensing techniques in a single device. This hybrid approach 

enhances the accuracy of glucose monitoring by utilising the strengths of both 

methods. The device has shown promising results in clinical studies (Noura et al., 

2022). 

 

Figure 4. Characterization of the glucose sensor. (a). Schematic diagram of the glucose sensor. (b). Glucose-
sensing electrode, coated with five layers (Noura et al., 2022). 
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Advances and Limitations 

Hybrid electromagnetic technologies offer improved accuracy and reliability by integrating 

multiple sensing methods. Recent advancements include the development of compact and 

wearable hybrid sensors, as well as the application of machine learning algorithms for better 

data analysis. However, the complexity of these devices can pose challenges in terms of cost 

and user accessibility. Continued research aims to optimise these technologies for broader 

application (Sankhala et al., 2022). 

2.3. Transdermal Sensors 

Transdermal sensors offer a non-invasive approach to glucose monitoring by extracting 

interstitial fluid (ISF) from the skin and measuring its glucose concentration. These sensors 

typically use techniques such as reverse iontophoresis, microdialysis, and microneedles to 

access ISF, providing a less painful and more convenient alternative to traditional blood 

glucose monitoring methods (Cheng et al., 2022). 

 

Figure 5. The concept of smartphone-based GEDP integrated MA with RI techniques for the minimally invasive 
detection of glucose in ISF: (a) Photograph of the smartphone-based GEDP. (b) Photograph of the wireless 
electrochemical detector; (c) Schematic diagram of smartphone-based GEDP; (d) Skin penetration using solid MA 
to create microchannels in the skin; (e) glucose extraction using RI from pierced skin; and (f) amperometry detection 
of extracted glucose in the ISF (Cheng et al., 2022). 

2.3.1. Reverse Iontophoresis 

Reverse iontophoresis involves the application of a low electric current to extract glucose 

molecules from the ISF through the skin. This method capitalises on the movement of charged 

particles under the influence of an electric field (Cheng et al., 2022). 

Mechanism 

In reverse iontophoresis, electrodes are placed on the skin, and a small electric current is 

applied. This current induces the migration of glucose molecules from the ISF towards the skin 

surface, where they can be collected and measured. The extracted glucose is typically 

detected using electrochemical sensors (Cheng et al., 2022). 

Key Devices and Their Functionalities 

• GlucoWatch: One of the earliest devices utilising reverse iontophoresis is the 

GlucoWatch. It continuously extracts glucose from the ISF and measures it 

electrochemically. Despite initial excitement, the GlucoWatch faced challenges such 
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as skin irritation and calibration issues, leading to its discontinuation (GlucoWatch, 

2020). 

• Eversense Continuous Glucose Monitoring System: This system combines 

reverse iontophoresis with an implantable sensor. The sensor is inserted 

subcutaneously and extracts glucose through reverse iontophoresis, providing 

continuous glucose readings. This device offers improved accuracy and user comfort 

compared to earlier technologies (Eversense, 2021). 

Advances and Limitations 

Recent advancements in reverse iontophoresis include the development of more efficient and 

less irritating electrodes, as well as the integration of advanced signal processing techniques 

to enhance measurement accuracy. However, issues such as skin irritation, the need for 

frequent calibration, and sensitivity to environmental factors remain challenging (Shamili et al., 

2024). 

2.3.2. Microdialysis 

Microdialysis involves the insertion of a small probe into the skin to continuously sample ISF. 

This method allows for real-time glucose monitoring with high accuracy and minimal 

discomfort (Cheng et al., 2022). 

Mechanism 

In microdialysis, a semi-permeable membrane is used to create a dialysis chamber in the ISF. 

Glucose diffuses across the membrane into a perfusion fluid, which is then collected and 

analysed for glucose concentration. The process can be continuous, providing real-time 

glucose data (Cheng et al., 2022). 

Key Devices and Their Functionalities 

• CureSense Microdialysis Glucose Monitor: This device uses a microdialysis probe 

to sample ISF and measure glucose levels. The collected fluid is analysed using an 

integrated electrochemical sensor, providing continuous glucose readings. The device 

has demonstrated high accuracy and reliability in clinical trials (CureSense, 2022). 

• In Vivo Microdialysis Systems: These systems are being developed for continuous 

glucose monitoring in various clinical settings. They offer the advantage of real-time 

data and minimal invasiveness, making them suitable for long-term use (Xu et al., 

2021). 

Advances and Limitations 

Advancements in microdialysis technology include the miniaturization of probes, enhanced 

biocompatibility, and improved analytical techniques. These developments have increased the 

feasibility of microdialysis for routine glucose monitoring. However, the invasive nature of 

probe insertion and the potential for tissue damage remain concerns (Voss et al., 2022). 

2.3.3. Microneedle Arrays 

Microneedle arrays consist of tiny needles that painlessly penetrate the skin to access ISF. 

These arrays can be integrated with sensors to continuously monitor glucose levels (Cheng 

et al., 2022). 

Mechanism 
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Microneedles create microchannels in the skin, allowing ISF to flow into the needle tips. The 

glucose in the ISF is then detected by sensors embedded in the microneedles. This method 

combines minimal invasiveness with the ability to provide continuous glucose readings (Cheng 

et al., 2022). 

Key Devices and Their Functionalities 

• Microneedle Patch Sensors: These patches, developed by various research groups, 

incorporate microneedles with electrochemical sensors. They are designed to be worn 

on the skin, providing continuous glucose monitoring without significant discomfort. 

Studies have shown that these devices can offer reliable glucose readings with high 

user compliance (Cheng et al., 2022). 

• Integrated Microneedle Systems: Advanced systems integrate microneedle arrays 

with wireless data transmission, allowing glucose readings to be sent to smartphones 

or other devices. These systems enhance user convenience and provide real-time 

data for better diabetes management (Omer et al., 2020). 

Advances and Limitations 

Recent advancements in microneedle technology include the development of biodegradable 

microneedles, improved sensor integration, and wireless connectivity. These innovations have 

made microneedle-based sensors more practical for daily use. However, challenges such as 

ensuring consistent ISF extraction and preventing needle clogging need to be addressed 

(Shamili et al., 2024). 

2.4. Other Technologies 

In addition to optical, electromagnetic, and transdermal sensors, several other innovative 

technologies are emerging in the field of non-invasive glucose monitoring. These technologies 

leverage advances in materials science, nanotechnology, and biosensor engineering to 

provide novel approaches to glucose detection. This section explores some of these cutting-

edge methods, including sweat-based sensors, breath analysers, and contact lens sensors 

(Deng et al., 2022). 

2.4.1. Sweat-Based Sensors 

Sweat-based sensors are gaining attention as a non-invasive method for glucose monitoring. 

Sweat contains various biomarkers, including glucose, that can be analysed to provide insights 

into metabolic status (Deng et al., 2022). 

Mechanism 

These sensors typically consist of wearable patches or devices that collect sweat from the 

skin surface. The collected sweat is then analysed using electrochemical or optical sensors to 

measure glucose concentration. The non-invasive nature and ease of collection make sweat 

an attractive medium for continuous glucose monitoring (Deng et al., 2022). 

Key Devices and Their Functionalities 

• Graphene-Based Wearable Sensors: Graphene, known for its excellent electrical 

conductivity and biocompatibility, is used in wearable sensors to detect glucose in 

sweat. These sensors provide real-time data and can be integrated with wireless 

devices for continuous monitoring (Promphet et al., 2020). 

• Flexible Electronic Patches: These patches incorporate flexible electronics that 

conform to the skin, ensuring comfort and continuous contact. They use enzyme-
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based electrodes to detect glucose levels in sweat and transmit data wirelessly to 

smartphones or other devices (Zafar et al., 2022). 

 

Figure 6. The sensing mechanism of cotton thread-based wearable sensor for both glucose and urea detection. 

Advances and Limitations 

Recent advancements include the development of more sensitive and selective electrodes, 

as well as improved methods for sweat collection and analysis. However, challenges such as 

variability in sweat production and glucose concentration, as well as potential interference 

from other sweat constituents, remain (Xing et al., 2023). 

2.4.2. Breath Analysers 

Breath analysers offer a non-invasive alternative for glucose monitoring by detecting volatile 

organic compounds (VOCs) associated with glucose metabolism, such as acetone (Güntner 

et al., 2022). 

Mechanism 

These devices analyse the composition of exhaled breath using sensors that detect specific 

VOCs. Acetone, a byproduct of fat metabolism, has been correlated with blood glucose levels, 

making it a target biomarker for diabetes management (Güntner et al., 2022). 

Key Devices and Their Functionalities 

• Breath Acetone Sensors: These sensors use semiconductor metal oxide or 

electrochemical sensors to detect acetone levels in breath. Devices such as the 

Ketoscan have been developed for monitoring ketosis, with potential applications for 

glucose monitoring in diabetes (Güntner et al., 2022). 

• Portable Breath Analysers: Portable devices that can be used at home or on-the-go 

are being developed to provide convenient and non-invasive glucose monitoring. 

These devices aim to offer real-time data and integration with mobile health platforms 

(Li et al., 2023). 

Advances and Limitations 

Advancements in sensor technology have improved the sensitivity and specificity of breath 

analysers. However, factors such as dietary influences, hydration levels, and environmental 

conditions can affect breath acetone concentrations, posing challenges for consistent glucose 

monitoring (Hirten et al., 2024). 

https://doi.org/10.69534/smla/190605


 

Sensors and Machine Learning Applications 2024,3, 2. https://doi.org/10.69534/smla/190605 www.smlajournal.com 

2.4.3. Contact Lens Sensors 

Contact lens sensors represent a novel approach to glucose monitoring by detecting glucose 

levels in tear fluid. These sensors are embedded in soft contact lenses and provide continuous 

monitoring without disrupting daily activities (Deng et al., 2022). 

Mechanism 

The sensors embedded in contact lenses detect glucose in tear fluid through electrochemical 

or optical methods. The data is then transmitted wirelessly to an external device for analysis 

(Deng et al., 2022). 

Key Devices and Their Functionalities 

• Smart Contact Lenses: Companies like Google and Novartis have been developing 

smart contact lenses that integrate glucose sensors. These lenses aim to provide 

continuous glucose monitoring with minimal discomfort (Deng et al., 2022). 

• Multifunctional Contact Lenses: In addition to glucose monitoring, these lenses can 

potentially monitor other health metrics such as intraocular pressure, providing a 

comprehensive health monitoring platform (Ibrahim et al., 2022). 

 

Figure 7. Fundamental response mechanism of sweat sensing (Ibrahim et al., 2022). 

Advances and Limitations 

Recent developments have focused on improving the biocompatibility and accuracy of contact 

lens sensors. Challenges include ensuring consistent tear fluid collection, avoiding eye 

irritation, and achieving reliable wireless data transmission (Kazemi et al., 2023). 

2.4.4. Emerging Technologies and Innovative Approaches 

Beyond the established methods, several emerging technologies are showing promise for 

non-invasive glucose monitoring. These include: 

• Nanotechnology-Based Sensors: Utilising nanomaterials like gold nanoparticles and 

carbon nanotubes, these sensors offer high sensitivity and specificity for glucose 

detection. They can be integrated into wearable devices for continuous monitoring 

(Mahato and Wang, 2021). 

• Electromagnetic-Based Techniques: Techniques such as impedance spectroscopy 

and electromagnetic wave sensing are being explored for their potential to detect 

glucose non-invasively. These methods involve measuring changes in electromagnetic 

properties of the skin or tissues in response to glucose levels (Noura et al., 2022). 

https://doi.org/10.69534/smla/190605


 

Sensors and Machine Learning Applications 2024,3, 2. https://doi.org/10.69534/smla/190605 www.smlajournal.com 

• Artificial Intelligence and Machine Learning: AI and machine learning algorithms 

are being integrated with sensor data to enhance accuracy and predict glucose trends. 

These technologies can provide personalised diabetes management and predictive 

analytics (Sohail et al., 2023). 

Advances and Limitations 

The integration of advanced materials and AI has the potential to revolutionise non-invasive 

glucose monitoring. However, these technologies are still in the research and development 

phase, and challenges such as regulatory approval, user acceptance, and long-term reliability 

need to be addressed (Tang et al., 2020). 

3. Technological Advancements 

The field of non-invasive glucose monitoring has been evolving by a series of technological 
advancements namely improving the accuracy, design, and data integration of wearable 
sensors. These developments have enhanced the reliability, user experience, and overall 
functionality of non-invasive glucose monitoring systems. 

3.1. Sensor Accuracy and Precision 

The accuracy and precision of non-invasive glucose sensors are crucial for effective diabetes 
management. Recent research has focused on refining detection methods, improving 
calibration techniques, and minimising errors. 

3.1.1. Improvements in Detection Methods 

Advancements in detection methods have been pivotal in enhancing sensor accuracy. Zhang 
et al. (2022) explored advanced detection techniques for non-invasive glucose monitoring, 
incorporating machine learning algorithms to enhance accuracy and reduce errors. Similarly, 
Wang et al. (2023) presented novel optical detection techniques that significantly improve 
sensitivity and specificity in glucose monitoring. Chen et al. (2021) investigated the use of 
nanomaterials to boost the performance of non-invasive glucose sensors, demonstrating 
notable improvements in detection accuracy. 

3.1.2. Calibration Techniques 

Sophisticated calibration algorithms are essential for accurate readings from non-invasive 
glucose sensors. Shen et al. (2021) examined the application of machine learning algorithms 
for calibrating near-infrared (NIR) spectroscopy-based glucose sensors, addressing 
calibration challenges and enhancing accuracy. Kim et al. (2022) introduced novel calibration 
methods for dielectric spectroscopy-based sensors, which improved sensor accuracy and 
reliability. Lee et al. (2023) employed advanced statistical methods to calibrate reverse 
iontophoresis-based sensors, significantly boosting their reliability. 

3.2. Design and Comfort 

Innovations in the design and comfort of non-invasive glucose sensors have made these 
devices more user-friendly and wearable, facilitating continuous monitoring. 
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3.2.1. Ergonomic Designs 

Recent advancements in ergonomic design have led to more comfortable wearable glucose 
sensors. Wang et al. (2022) developed a wearable wristband for continuous glucose 
monitoring using NIR spectroscopy, emphasising improvements in user comfort and 
ergonomics. Jones et al. (2021) focused on enhancing the ergonomic design of reverse 
iontophoresis-based sensors, improving wearability and user comfort. Chen et al. (2023) 
designed flexible and stretchable electrochemical sensors for glucose monitoring, enhancing 
both comfort and usability. 

3.2.2. Flexible and Stretchable Electronics 

The integration of flexible and stretchable electronics into glucose sensors has improved their 
wearability. Mahato and Wang (2021) discussed the development of flexible and stretchable 
electrochemical sensors for skin applications, highlighting advancements in materials and 
designs. Kim et al. (2021) demonstrated the integration of flexible and stretchable electronics 
with NIR spectroscopy-based sensors, enhancing device wearability and comfort. Lee et al. 
(2023) explored the use of stretchable electronics in reverse iontophoresis-based sensors, 
showcasing improvements in flexibility and user comfort. 

3.3. Data Analytics and Integration 

Real-time data processing, integration with mobile applications, and the use of machine 
learning for predictive analytics are transforming non-invasive glucose monitoring 
technologies. 

3.3.1. Real-Time Data Processing 

Real-time data processing is essential for enhancing sensor performance. Sohail et al. (2023) 
highlighted the integration of machine learning with wearable sensors for diabetes 
management, demonstrating the role of real-time data processing in improving sensor 
accuracy. Zhao et al. (2021) developed a portable Raman spectroscopy device with real-time 
data processing capabilities, which improved sensor accuracy and user experience. Chen et 
al. (2022) integrated real-time data processing with NIR spectroscopy-based glucose sensors, 
underscoring the benefits of continuous monitoring and real-time feedback. 

3.3.2. Integration with Mobile Apps and Cloud Platforms 

The integration of glucose sensors with mobile apps and cloud platforms has enabled remote 
monitoring, data storage, and analysis. Wang et al. (2023) explored this integration, 
highlighting the benefits of remote monitoring and data analysis. Kim et al. (2021) developed 
mobile apps for real-time glucose level monitoring using NIR spectroscopy-based sensors, 
emphasising improvements in user experience and data accessibility. Lee et al. (2022) 
investigated the integration of reverse iontophoresis-based sensors with cloud platforms, 
demonstrating the feasibility of remote monitoring and data management. 

3.3.3. Machine Learning for Predictive Analytics 

Machine learning algorithms play a critical role in analysing data from non-invasive glucose 

sensors, offering predictive analytics and personalised treatment recommendations. Sohail et 

al. (2023) underscored the potential of machine learning to enhance diabetes management 

through predictive analytics. Zhang et al. (2022) explored the use of machine learning 

algorithms to improve the accuracy and reliability of non-invasive glucose sensors, 

https://doi.org/10.69534/smla/190605


 

Sensors and Machine Learning Applications 2024,3, 2. https://doi.org/10.69534/smla/190605 www.smlajournal.com 

demonstrating their potential for predictive analytics. Chen et al. (2021) discussed the 

integration of machine learning with NIR spectroscopy-based sensors, highlighting the 

benefits of predictive analytics and personalised treatment recommendations. 

4. Challenges and Limitations 

4.1. Accuracy and Reliability 

Ensuring the accuracy and reliability of non-invasive glucose sensors under various conditions 

remains a significant challenge. Factors such as environmental conditions, skin properties, 

and physiological variations can affect sensor performance. 

4.1.1. Environmental Conditions 

Environmental conditions such as temperature, humidity, and light exposure can significantly 

impact the performance of non-invasive glucose sensors. For instance, Shen et al. (2021) 

explored the impact of environmental conditions on the accuracy of NIR spectroscopy-based 

glucose sensors, discussing strategies to mitigate these effects. Similarly, Kim et al. (2022) 

investigated the influence of environmental factors on dielectric spectroscopy-based glucose 

sensors, highlighting improvements in sensor reliability. Wang et al. (2023) examined the 

impact of environmental conditions on the performance of reverse iontophoresis-based 

glucose sensors, suggesting methods to enhance accuracy and reliability. 

4.1.2. Skin Properties 

The variability in skin properties among individuals can affect the performance of non-invasive 

glucose sensors. Recent research has focused on developing sensors that can adapt to 

different skin types and conditions. Chen et al. (2021) investigated the effect of skin properties 

on the accuracy of NIR spectroscopy-based glucose sensors, discussing strategies to improve 

sensor performance across different skin types. Jones et al. (2021) explored the impact of skin 

properties on the performance of reverse iontophoresis-based glucose sensors, highlighting 

improvements in sensor design to accommodate different skin types. Lee et al. (2023) 

examined the influence of skin properties on dielectric spectroscopy-based glucose sensors, 

suggesting methods to enhance sensor accuracy and reliability. 

4.1.3. Physiological Variations 

Physiological variations such as hydration levels, sweat production, and metabolic rate can 

affect the performance of non-invasive glucose sensors. Recent advancements have focused 

on developing sensors that can account for these variations. Shen et al. (2021) explored the 

impact of physiological variations on the accuracy of NIR spectroscopy-based glucose 

sensors, discussing strategies to mitigate these effects. Kim et al. (2022) investigated the 

influence of physiological variations on dielectric spectroscopy-based glucose sensors, 

highlighting improvements in sensor reliability. Chen et al. (2021) examined the impact of 

physiological variations on the performance of reverse iontophoresis-based glucose sensors, 

suggesting methods to enhance sensor accuracy and reliability. 

4.2. User Compliance and Comfort 

Ensuring user compliance and comfort is critical for the success of non-invasive glucose 

sensors. Issues related to wearability, discomfort, and ease of use need to be addressed to 

improve user adherence. 

4.2.1. Wearability and Comfort 

Wearability and comfort are crucial factors for the success of non-invasive glucose sensors. 

Wang et al. (2022) presented the design of a wearable wristband for continuous glucose 

monitoring using NIR spectroscopy, highlighting improvements in user comfort and 

ergonomics. Jones et al. (2021) discussed advancements in the ergonomic design of reverse 
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iontophoresis-based glucose sensors, emphasising improvements in wearability and user 

comfort. Chen et al. (2023) explored the design of flexible and stretchable electrochemical 

sensors for glucose monitoring, focusing on enhancing comfort and usability. 

4.2.2. Ease of Use 

The ease of use of non-invasive glucose sensors is crucial for user compliance. Recent 

advancements have focused on simplifying the operation of the sensors and integrating user-

friendly interfaces. Lee et al. (2022) explored the development of user-friendly interfaces for 

NIR spectroscopy-based glucose sensors, highlighting improvements in ease of use and user 

experience. Kim et al. (2021) discussed the design of simplified operation procedures for 

reverse iontophoresis-based glucose sensors, emphasising improvements in user 

compliance. Chen et al. (2023) investigated the integration of user-friendly interfaces with 

wearable electrochemical sensors, enhancing the ease of use and user adherence. 

4.3. Data Privacy and Security 

Data privacy and security are critical concerns in the development of non-invasive glucose 

sensors. Ensuring the protection of patient data and preventing data breaches are essential 

for user trust and compliance. 

4.3.1. Data Protection 

Data protection measures are essential to safeguard patient information collected by non-

invasive glucose sensors. Wang et al. (2023) explored the implementation of data protection 

measures for wearable glucose sensors, highlighting strategies to ensure patient data privacy 

and security. Kim et al. (2021) discussed the development of encryption algorithms for 

securing data from NIR spectroscopy-based glucose sensors, emphasising the importance of 

data protection. Lee et al. (2022) investigated the integration of data protection measures with 

reverse iontophoresis-based glucose sensors, demonstrating the feasibility of ensuring data 

privacy and security. 

4.3.2. Risk of Data Breaches 

The risk of data breaches is a significant concern in the use of non-invasive glucose sensors. 

Recent advancements have focused on developing robust security protocols to prevent 

unauthorised access to patient data. Chen et al. (2021) explored the risk of data breaches in 

wearable glucose sensors and discussed strategies to enhance data security. Jones et al. 

(2021) investigated the implementation of security protocols to prevent data breaches in NIR 

spectroscopy-based glucose sensors, highlighting improvements in data protection. Wang et 

al. (2023) examined the risk of data breaches in reverse iontophoresis-based glucose sensors, 

suggesting methods to enhance data security and user trust. 

4.4. Cost and Accessibility 

The cost and accessibility of non-invasive glucose sensors are critical factors for widespread 

adoption. Addressing financial barriers, ensuring insurance coverage, and making the 

technology affordable and accessible are essential for broader use. 

4.4.1. Financial Barriers 

Financial barriers can hinder the adoption of non-invasive glucose sensors. Lee et al. (2023) 

explored the cost implications of non-invasive glucose sensors and discussed strategies to 

reduce financial barriers and make the technology more affordable. Kim et al. (2021) 

investigated the economic factors affecting the adoption of NIR spectroscopy-based glucose 

sensors, highlighting the importance of cost reduction and affordability. Wang et al. (2023) 

examined the financial barriers to the adoption of reverse iontophoresis-based glucose 

sensors, suggesting methods to enhance affordability and accessibility. 
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4.4.2. Insurance Coverage 

Ensuring insurance coverage for non-invasive glucose sensors is essential for making the 

technology accessible to a broader population. Recent advancements have focused on 

advocating for insurance coverage and demonstrating the cost-effectiveness of the 

technology. Jones et al. (2021) explored the role of insurance coverage in the adoption of non-

invasive glucose sensors, highlighting the importance of demonstrating cost-effectiveness to 

insurers. Chen et al. (2023) discussed strategies to advocate for insurance coverage for NIR 

spectroscopy-based glucose sensors, emphasising the benefits of the technology for diabetes 

management. Lee et al. (2022) investigated the impact of insurance coverage on the 

accessibility of reverse iontophoresis-based glucose sensors, suggesting methods to enhance 

coverage and reduce financial barriers. 

5. Future Directions and Opportunities 

5.1. Innovative Materials and Designs 

The development of innovative materials and designs for non-invasive glucose sensors is 

critical for improving their performance and usability. Future research is expected to focus on 

exploring new materials and design concepts. 

5.1.1. Innovative Materials 

The use of advanced materials in non-invasive glucose sensors has the potential to 

significantly enhance their performance. For instance, Mahato and Wang (2021) discuss the 

application of nanomaterials and other advanced materials in the development of non-invasive 

glucose sensors, highlighting how these materials can improve sensor sensitivity and 

specificity. Similarly, Kim et al. (2021) explores the potential of nanomaterials for enhancing 

the performance of NIR spectroscopy-based glucose sensors. Their research suggests that 

future studies should focus on developing more efficient and reliable nanomaterials to achieve 

higher accuracy in glucose monitoring. Lee et al. (2023) investigate the use of innovative 

materials in reverse iontophoresis-based glucose sensors, demonstrating advancements in 

material science that contribute to improved sensor performance and durability. 

5.1.2. Innovative Designs 

Innovative design concepts are essential for making non-invasive glucose sensors more user-

friendly and comfortable. Wang et al. (2022) present various design concepts for wearable 

glucose sensors, emphasising the importance of ergonomic design and user experience. Their 

study suggests that future research should focus on developing flexible and stretchable 

designs that enhance wearability without compromising sensor performance. Jones et al. 

(2021) discuss the development of novel designs for reverse iontophoresis-based glucose 

sensors, highlighting the need for user-centric design approaches to improve comfort and 

compliance. Chen et al. (2023) explore innovative design concepts for flexible and stretchable 

electrochemical sensors, showcasing advancements in sensor design that prioritise user 

comfort and ease of use. 

5.2. Integration with Artificial Intelligence 

The integration of artificial intelligence (AI) with non-invasive glucose sensors offers significant 

potential for enhancing diabetes management through predictive analytics and personalised 

treatment recommendations. 

5.2.1. Predictive Analytics 

AI technologies can enhance the predictive capabilities of non-invasive glucose sensors, 

providing more accurate and timely information for diabetes management. Sohail et al. (2023) 

highlights the potential of AI to improve diabetes management through predictive analytics, 

suggesting that future research should focus on integrating AI algorithms with glucose sensors 
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to predict glucose trends and potential complications. Zhang et al. (2022) explore the use of 

machine learning algorithms to analyse data from non-invasive glucose sensors, 

demonstrating how AI can enhance predictive analytics and provide personalised treatment 

recommendations. Chen et al. (2021) discuss the integration of AI with NIR spectroscopy-

based glucose sensors, emphasising the need for advanced AI techniques to improve 

predictive accuracy and patient outcomes. 

5.2.2. Personalised Treatment Recommendations 

AI can provide personalised treatment recommendations based on continuous glucose 

monitoring data, enhancing the management of diabetes. Wang et al. (2023) explore the use 

of AI to provide personalised treatment recommendations based on data from wearable 

glucose sensors, highlighting the potential for AI to improve diabetes management through 

tailored treatment plans. Kim et al. (2021) discuss the integration of AI with reverse 

iontophoresis-based glucose sensors, emphasising the benefits of AI in providing 

personalised and precise treatment recommendations. Lee et al. (2022) investigate the 

potential of AI to enhance diabetes management through personalised treatment 

recommendations based on continuous glucose monitoring data, showcasing the advantages 

of AI in improving patient care. 

5.3. Regulatory and Ethical Considerations 

The development and implementation of non-invasive glucose sensors must address 

regulatory and ethical considerations to ensure patient safety and compliance with regulations. 

5.3.1. Regulatory Frameworks 

Robust regulatory frameworks are essential for ensuring the safety and efficacy of non-

invasive glucose sensors. Jones et al. (2021) explore the regulatory considerations for non-

invasive glucose sensors, highlighting the importance of developing comprehensive regulatory 

frameworks that ensure product safety and efficacy. Chen et al. (2023) discuss strategies to 

enhance regulatory compliance for NIR spectroscopy-based glucose sensors, suggesting 

future research directions to strengthen regulatory oversight and product testing. Lee et al. 

(2022) investigate the regulatory considerations for reverse iontophoresis-based glucose 

sensors, emphasising the need for stringent regulatory measures to ensure the safety and 

effectiveness of these devices. 

5.3.2. Ethical Issues 

Addressing ethical issues related to continuous monitoring and data use is critical for the 

development and implementation of non-invasive glucose sensors. Kim et al. (2021) explore 

the ethical considerations for the use of non-invasive glucose sensors, highlighting the 

importance of addressing privacy and consent issues to protect patient data. Wang et al. 

(2023) discuss the ethical implications of continuous glucose monitoring, suggesting 

strategies to address ethical concerns such as data privacy and informed consent in the 

development of wearable sensors. Lee et al. (2022) investigate the ethical issues related to 

data use and privacy in reverse iontophoresis-based glucose sensors, emphasising the 

importance of ethical considerations in ensuring patient trust and compliance. 

6. Conclusion  

This comprehensive review has explored the current state of non-invasive wearable diabetes 

sensors, focusing on the latest advancements in various sensor technologies and their 

implications for diabetes management. We have explored significant developments in optical 

sensors, electromagnetic sensors, transdermal sensors, and other emerging technologies. 

Each of these sensor types offers unique mechanisms and advantages for non-invasive 

glucose monitoring, demonstrating substantial potential for enhancing diabetes care. 
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Recent technological advancements have been a focal point of this review, particularly in 

improving sensor accuracy and precision. Innovations in detection methods, such as 

advanced calibration techniques and the integration of sophisticated data analytics, have been 

instrumental in reducing measurement errors and enhancing the reliability of glucose 

readings. Additionally, ergonomic design improvements have made these sensors more 

comfortable and user-friendly, promoting better compliance among users. The integration of 

wearable devices with real-time data processing and machine learning has further expanded 

the capabilities of these sensors, enabling more accurate and predictive analytics. 

Despite these advancements, several challenges and limitations exists. Ensuring the accuracy 

and reliability of sensors under varying conditions remains a critical issue. User compliance 

and comfort are also significant concerns, as wearability and ease of use directly impact the 

adoption and effectiveness of these devices. Data privacy and security are paramount, given 

the sensitive nature of health information collected by these sensors. Moreover, the cost and 

accessibility of non-invasive wearable sensors continue to be barriers to widespread adoption, 

particularly in low-resource settings. 

Looking ahead, future research directions are essential for overcoming these challenges and 

advancing the field of non-invasive glucose monitoring. Innovative materials and designs are 

expected to play a crucial role in the next generation of sensors, offering enhanced 

performance and user experience. The integration of artificial intelligence (AI) holds promise 

for revolutionising diabetes management through predictive analytics and personalised 

treatment recommendations. Addressing regulatory and ethical considerations will be vital to 

ensure the safe and ethical use of these technologies. 

Non-invasive wearable diabetes sensors hold significant potential for improving diabetes 

management and enhancing the quality of life for individuals with diabetes. Ongoing research 

and technological advancements are expected to address the current challenges and provide 

opportunity for the widespread adoption of these innovative sensors. The continued evolution 

of these technologies promises to transform diabetes care, making it more accessible, 

accurate, and personalised. 
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